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SUMMARY 

Managing fracture flow in subsurface geological formations is central to optimizing 
energy resource extraction from reservoirs. The presence of fractures can both hinder and 
promote recovery:  

• During secondary and enhanced oil recovery, fractures divert injected fluids away from 
target zones, thereby limiting sweep efficiency.   

• A similar phenomenon can be present in enhanced geothermal reservoirs where water is 
injected into hot fractured rock. Fractures cause short circuits, directing water away from 
hot zones and resulting in poor heat extraction.  

• In “tight” and shale reservoirs the problem is inadequate permeability such that oil and 
gas cannot flow easily through the matrix to production wells. Fractures are induced by 
hydraulic stimulation and serve as conductive pathways for production flow.  

In all cases, where fractures impede production or are essential for it, the addition of 
particles has the potential to engineer the desired fluid flow through them. If fluid diversion 
through fractures is a problem, particles can be selectively agglomerated in larger fractures. 
In this way larger fractures can be partially blocked making them effectively smaller. On the 
other hand, if fractures are required as conductive pathways, proppant particles can be 
packed inside them to “prop” them open and prevent closure. In this work particle flow in 
fractures is investigated for both applications.  

For the same pressure drop we used the difference in shear-rate between large and small 
fractures as a means to selectively agglomerate particles in larger ones. This shear-induced 
effect was investigated in batch stirred cells using a standard CaCO3 oilfield particulate 
material and different ionic environments. In these tests we showed that particle 
agglomeration occurs at shear-rates found during flow in subsurface fractures. As predicted 
by theory, particle growth rates by agglomeration were shown to increase with increasing 
shear until a maximum size. We also showed that ionic concentration was important for 

 
 



agglomeration in the subsurface and that ions acted as precipitating species which “glued” 
collided particles together.  

For proppant placement in hydraulic fractures we developed a novel placement fluid 
using shear-induced structure (SIS) viscoelastic surfactants (VES). The fluid is unique in that 
it thickens to form a viscoelastic network capable of suspending proppant particles in a 
discrete shear regime. We investigated the fluid’s viscous and elastic properties with a 
Couette rheometer in steady shear and oscillating flow respectively. The VES fluid has a 
non-Newtonian and non-monotonic shear-viscosity response, forming SIS at higher shear 
rates. Oscillatory measurements showed this thickened fluid to be viscoelastic in nature, 
compared to the purely viscous fluid properties at lower shear rates. Extensional rheology 
was investigated using a microfluidic contraction/expansion device. These measurements 
showed that extensional flow, such as that from the wellbore through a perforation into a 
fracture, can result in SIS formation promoting proppant carrying in the near-wellbore 
region.  

Since the fluid is non-Newtonian, properties cannot be easily accounted for across 
different rheological tests. This becomes apparent when one does a critical comparison of 
Couette, pressure driven flow and falling ball rheology.  To study their behaviour in 
dynamic flows, proppant particles were flowed through a purpose built variable width clear 
glass fracture cell. The flow field was visualized with Particle Image Velocimetry and used 
to determine the rheological regime of the entering fluid. Particle Tracking Velocimetry 
tracked individual particles which allowed settling velocity to be determined across the 
fracture. We show that if flow rates are too low then the fluid relaxes, particles are not well 
suspended and settling velocity accelerates. If however the flow rates are high enough, the 
particles remain well suspended, with constant settling velocity significantly lower than that 
observed for settling in a fluid at rest. This is due to viscoelastic networks that are only 
present and maintained at higher flow rates. This demonstrates the effects of cross flow on 
settling velocity and the self-regulating nature of the fluid. 

The properties of shear induced structure fluids were compared to viscous Newtonian 
fluids in the fracture flow cell. In this way we confirmed the effects of the shear induced 
structures as beneficial for a proppant placement fluid. These fluids exhibit the desired 
viscoelastic properties only in a discrete shear regime. Compared to benchmark fracturing 
fluids, SIS-VES fluids obviate the need for added viscosifiers. Furthermore, we show that 
during flowback in porous proppant packs the fluid has a low flow resistance with a 
viscosity comparable to its zero-sheared state. Pack permeability is retained after flowback 
of the fluid thereby resulting in optimum fracture clean-up without the need for breakers. 
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1 

INTRODUCTION 

 

 

 

1.1 Fractures in reservoirs 

Subsurface resources for energy include hydrocarbons and geothermal heat. A 
hydrocarbon reservoir is a subsurface rock formation whose pores contain oil and gas. We 
are concerned with the presence of fractures in subsurface reservoirs. For our purposes a 
fracture is defined as a macroscopic planar discontinuity in the rock as a result of rupture 
due to stress (Aguilera, 1983). These fractures influence the flow during injection and 
production and this can be either positive or negative and depends on the geology of the 
reservoirs. The different rock types and fractures contained within them must be considered 
to optimise resource extraction. In recent years, the technique of fracturing has been 
developed to access gas in low permeability reservoirs. Part of the engendered controversy 
has derived from the use of severe chemicals to generate the right fluid rheology for placing 
“proppant” particles in stimulated fractures.  This study looks at simple alternative chemical 
additives which might be used. 

Subsurface geology can be divided into basement and sedimentary rock. Sedimentary 
rock is composed of mineral particles that have settled in bodies of water and compacted 
over time to form rock. The mineral particles are formed from weathering, erosion or 
precipitation processes that determine both the mineral type and particle size. Particles are 
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often composed of calcites or silicates to create limestone or sandstone formations 
respectively. Large particles form highly porous rock with high permeability (κ = 0.5mD – 
1D) and are classified as conventional formations, whereas small particles give rise to low 
porosity and permeability rock classified as tight rock (κ = 1 – 500 µD) or shale (κ = 1 – 1000 
nD) and are deemed unconventional (King, 2012). Sedimentary formations can also be 
naturally fractured with fractures in sandstones being less than 0.5mm in size (Gale et al., 
2007) and between 0.4mm and 1mm for carbonates (Sodsri, 1992).  Unconventional 
formations require hydraulic fracturing (stimulation) which increases reservoir permeability 
and access, enabling hydrocarbon production. Fracturing results from the injection of fluids 
into the matrix via the wellbore at high pressure which cracks reservoir rock open forming 
extended fractures shown in Fig. 1.1 below. 

 

Figure 1.1. Diagram showing a horizontal well drilled into a shale reservoir with multiple stimulation points.  

Initially a fluid known as “the pad” is used to create the fracture in the first stage of 
stimulation. This fluid is often a linear gel with moderate viscosity used to propagate the 
fracture as well as reduce leak-off into the matrix. Once a fracture is created, it is packed 
with proppant that keeps it open when fluid pressures are let down and the fracture 
partially closes (see Fig. 1.2 below). Pumping the slurry deep into a fracture requires specific 
rheology. A high proppant carrying capacity (high viscosity) ensures premature settling 
does not occur. Once proppant has been placed in the fracture, the fluid must be recovered 
to the surface in the third stage called flowback. This requires a low viscosity (Montgomery 
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2013).  The viscosity and associated proppant pack retention requirements entail the use of 
complex sequences of chemical treatments.  

The bulk of our work is concerned with oil and gas reservoirs. However many of the 
arguments used, were motivated from and are applicable to geothermal reservoirs. These 
deeper basement rocks (e.g. granite) also contain natural fractures that range in size from 0.3 
– 8mm. (Sircar, 2004). Natural or induced fractures in basement geothermal systems are 
essential to allow a conductive path for injected fluids to flow through and heat up.  

 

Figure 1.2. Diagram showing a fracture in a shale reservoir (“pay zone”) filled with proppant particles to keep it 
open during production. (Schlumberger©).  

1.2 Fracture flow engineering  

Particle suspensions in fluids are used in various aspects of hydrocarbon production. In 
unconventional gas the role of particles is to keep fractures open following high pressure 
hydraulic fracturing (also known as stimulation or fracking). In conventional oil recovery 
pre-existing (“natural”) fractures rather than stimulated ones provide high conductivity 
paths. During secondary production, injected water breaks through to the producer well. 
This limits the amount of oil that can be swept in the permeable matrix. Particles can be 
used to reduce leak-off via fractures. (Similar effects are also observed in enhanced 
geothermal systems where, following stimulation, it is desirable to block high conductivity 
paths (i.e. large fractures) so that the heat is more efficiently extracted (Brown et al. 1999)).  

Schlumberger ©
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The common element in all these applications is the introduction of small particles 
suspended in the injection fluid. Proppant materials are pumped in slurries into fractured 
unconventional shale gas reservoirs to prop open fractures and maintain conductivity 
(Smith and Shlyapubersky 2000). Silica micro-particles are introduced in fractured oil 
reservoirs to block pores and reduce fluid leak-off. The use of injected particles, to engineer 
these fracture-flow systems is the focus of this work. Novel rheological effects for the 
placement of particles are investigated with a particular focus on their use for fluid 
diversion and fracture propping. We now summarise the two applications in this thesis: (1) 
use of particles to block large fractures (2) engineering the fluids to enable placement of 
particle proppants. 

1.3 Particles for fluid diversion 

In oil reservoirs larger fractures divert a disproportionately large amount of the injected 
water and prevent efficient matrix penetration and permeable reservoir sweep. This leads to 
low recovery. These fluid diversions are known as subsurface “short-circuits” and are 
shown in Fig. 1.3 below. Short circuits are also a feature of fractured enhanced geothermal 
systems (Kubik, 2006). Short circuits mean that heat is not efficiently recovered and high 
flows of unheated water are obtained, rather than a smaller flow with higher quality heat.  

 

Figure 1.3. Diagram showing the channelling of injected water in short circuit fractures during secondary oil 
recovery. (Boaz van der Plas ©). 

Boaz van der Plas
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INTRODUCTION 

In both the oil and geothermal cases, fluid diversion results in non-optimal use of the 
energy resource stored in the reservoir. Managing such short-circuits becomes a significant 
challenge for reservoir engineers and operators. The classic reservoir techniques for fracture 
shut-off applied to oil/gas reservoirs, such as cementing or polymer injection, have the 
problem that they are not fracture-size selective (Schechter 1992). We postulate and test a 
potentially fracture-aperture dependent particle growth mechanism. Orthokinetic 
agglomeration of particles could be used to selectively shut off larger fractures thereby 
eliminating short circuits. We couple a flow characteristic of large fractures to cause selective 
material blocking in them and not in small fractures. The questions investigated are: (1) Are 
the shear rates at which this agglomeration occurs relevant for subsurface flow of injected 
fluids? (2) What are the rates and do they result in suitable particle growth?  

1.4 Proppant flow in hydraulic fractures 

Unconventional gas reservoirs differ from those deemed conventional by nature of their 
lower permeability and the resulting difficulty to produce. These reservoirs require 
hydraulic fracturing as shown in Fig. 1.1 above. A fracture is kept open by a permeable pack 
composed of particles known as proppant, which “props” the fracture during hydrocarbon 
production. The fracture’s conductivity Kfr is given as the product of propped fracture width 
wpr and the permeability of the propped zone κfr (Kfr = wpr∙κfr) (Bennet et al., 2005). The 
success of the process is determined by the production rates achieved and the length of time 
these can be maintained. This is directly related to the ability of the proppant pack to retain 
conductivity and the total propped fracture length. Filling vertical fractures with proppant 
to achieve these goals is a complex engineering challenge that varies from reservoir to 
reservoir and involves specific fluid rheology, particle properties, pump rates and fracturing 
stages.  

This work investigates the flow of particles used as proppant in a custom designed flow 
cell while suspended in a novel viscoelastic surfactant (VES) fluid with non-monotonic 
shear-viscosity behavior. For these fluids, shear-induced structures (SIS) give rise to 
viscoelastic properties that are induced by flow within certain limits which we explore. We 
term this flow induced viscoelasticity (FIVE). By contrast, other VES fracking fluids are 
shear thinning and have high viscosity in the low shear rate range (“native viscosity”) that is 
regulated chemically rather than by flow rate. The focus here is specifically on the effects of 
fracture dimensions and of flow rate on particle settling rates in different fluid 
compositions. We also demonstrate a correlation of particle settling to the cross flow in the 
fracture.  The questions investigated in this section are: (1) Can we control settling velocity 
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of a proppant suspension based on the fluid velocity? (2) How does this relate to observable 
properties of the fluid? (3) Are these effects absent during low-shear flowback operations in 
a proppant pack? 

1.5 Outline of thesis 

In Chapter 2 and 3 of this thesis the background to the key aspects of the challenge is 
presented and explored. In Chapter 2 we develop two applications for particle flow in 
fractures. Firstly, we focus on particle agglomeration in sheared fluids as a means to 
mechanically divert fluid from larger fractures. Secondly, we extend the investigation of 
particle flow in sheared fluids and couple it with flow-regulated rheology of fluids as a 
means to suspend proppant particles during placement in hydraulic fractures. In Chapter 3 
a rheological study of the fracturing fluid from a chemical and mechanical point of view is 
given. We establish the models used for particle settling in static and dynamic fluids and 
discuss the flow characteristics of the cell used for imaging and particle tracking. Finally, we 
describe the flow behavior of non-Newtonian fluids in a proppant pack as applied to the 
flowback stage of hydraulic fracturing.  

In Chapter 4 the experimental approach is detailed. For particle agglomeration, we 
characterize the effects of shear rate, particle size, solution chemistry and particle 
concentration in batch stirred cell tests. For novel fracturing fluids, we characterize the 
viscous and elastic properties of different concentrations of the VES fluid with Couette flow, 
particle-laden flow in a slit and flow in a proppant pack. The work consists of four main 
experiments, (1) particle agglomeration in stirred cells, (2) standardized VES fluid rheology, 
(3) particle settling in static and sheared fluids and, (4) VES flow though a porous proppant 
pack in a standardized conductive cell. The design of the setups used as well as the 
measurement procedures, parameters and analysis methods are included. Results of the 
experimental and analytical parts for each subject are given in Chapter 5. This includes a 
discussion of the findings and how they relate to oil/gas field applications. Finally, this 
thesis concludes with a summary and outlook for future development. 
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2 FRACTURE FLOW 

 

 

 

2.1 Fluid engineering 

The simplest representation for flow in a fracture is pressure driven flow located 
between two parallel plates. This is, of course, an approximation: in reality fractures have 
constantly changing apertures and surface roughness that result in continuously 
redeveloping flow. Nevertheless we consider a Newtonian fluid between two parallel plates 
of width w and infinite breadth shown in Fig. 2.1 below.  

 
Figure 2.1. Velocity profile for a Newtonian fluid between parallel plates. 

y

x

w

y= w/2

y= -w/2
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From the continuity and momentum equations we obtain the standard solution for a 
parabolic velocity profile given by Eq. 2.1: 

𝑢𝑢𝑥𝑥 (𝑦𝑦) = 1
2𝜇𝜇

𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥

(𝑦𝑦2 − 𝑤𝑤2

4
),      (2.1) 

with an average velocity: 

𝑢𝑢𝑥𝑥 = 𝑤𝑤2

12𝜇𝜇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥

        (2.2) 

This corresponds to the classical Hagen-Poiseuille relationship for a Newtonian fluid. 

The fluid shear rate γ is given as: 

𝛾𝛾 = 𝑑𝑑𝑢𝑢𝑥𝑥
𝑑𝑑𝑑𝑑

        (2.3) 

Differentiating Eq. 2.1 with respect to y we get the shear rate as a function of y-distance 
across the aperture: 

𝛾𝛾 = 1
𝜇𝜇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥
𝑦𝑦        (2.4) 

where y is the distance from the centre line (y=0) to the fracture wall (y = w/2 and w is the 
fracture width).  

For a Newtonian fluid the shear rate (given in Eq. 2.4 above) is related to the stress (τ) by the 
constant of proportionality, the viscosity µ: 

𝜏𝜏 = 𝜇𝜇𝛾𝛾        (2.5)  

The above equations are only for Newtonian fluids flowing in a simple geometry. In this 
study however, we investigate flow properties of both non-Newtonian and Newtonian 
fluids. Commonly non-Newtonian fluids can be studied as generalized Newtonian fluids. In 
this case the viscosity in Eq. 2.5 above is replaced by an “apparent” viscosity that is a 
function of the shear rate, µapp(γ): 

𝜏𝜏 = 𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎(𝛾𝛾)𝛾𝛾        (2.6)  

In what follows we use these equations to develop particle-flow solutions to the 
problems associated with subsurface fractures. Special care has been made to indicate the 
applicability of these fluid equations, generalized for non-Newtonian flow in more 
complicated geometries.  
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2.2 Competing fractures 

In a reservoir there are a multitude of fractures and none of them will be simple single 
dimensioned conductive routes. The size selective shut-off problem can be reduced 
conceptually to a comparison of a small and large fracture pair extending between injector 
and producer wells. In this way we can investigate the problem of fluid losses in a simple 
manner. The basic principle of a low and high resistance path can thus be represented as in 
Fig. 2.2.  

 

 
Figure 2.2. Schematic of dual fracture system for competitive flow in fractured connectivity systems: a) 3D side 
view of injector and producer wells connected by a small and large vertical fracture; b) dual connectivity vertical 
fractures shown from above indicating fracture width size difference. 

Injector Producer

a

Injector

0.1mm

1mm

Producer

b
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This is a simplification because in reality fractures are complex, three dimensional, 
tortuous and spaced in interacting networks. Furthermore, fractures have surface roughness 
and a constantly varying aperture width. However, the essential differences between 
fracture sizes are captured in this model.  There is a fixed pressure drop between the two 
ends of the fracture network – the injection well at one end and the producer at the other. If 
the large fracture aperture is 10 times that of the small fracture, then 1000x as much water 
passes through the large fracture compared to the small one, due to the cubic dependence of 
flow rate on the fracture width, w, given by the Hagen-Poiseuille relationship from Eq. 2.2:  

𝑄𝑄 =  𝑤𝑤
3ℎ

12𝜇𝜇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥

        (2.7) 

Q is the volumetric flowrate, h is the fracture vertical height, w is the aperture width, μ is the 
fluid viscosity and dP/dx is the pressure drop across the distance x, often the fracture length 
between injector and producer wells. Of course all these parameters vary across the fracture, 
especially the width – fracture faces are never smooth. However, large scale flow 
predictions can be, and are made in the field, on averaged values for fracture width (Bennet 
et al, 2005). 

In a hydrocarbon reservoir, injected water channelled through a large fracture is 
diverted away from optimally sweeping the reservoir permeable zones and smaller 
fractures, and thus from displacing oil within the porous matrix to the production well 
(Zimmerman & Bodvarsson, 1996). To control these losses selectively with added particles 
and by exploiting fluid mechanical differences between high and low conductivity zones, 
we need a fluid property related to the fracture size which can be coupled to particle 
growth. Such a property is the fluid shear rate to which two features can be associated: 

• The shear rate is proportional to fracture width and therefore is larger in large 
fractures than in smaller ones. 

• Suspensions of small particles agglomerate faster under high shear conditions 
in the process of “orthokinetic agglomeration”. 

The first observation follows from Eq. 2.4. For flow within fractures the shear rate at the 
wall γw is determined by the fracture aperture width w and the pressure drop dP between 
the injection and producer wells separated by a distance dx,  

𝛾𝛾𝑊𝑊 = 𝑤𝑤
2𝜇𝜇

𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥

        (2.8) 

This is derived from the Navier-Stokes equations for an incompressible, Newtonian fluid 
in laminar flow. For non-Newtonian fluids the shear rates will be different to this law, 
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although they are still a function of fracture width. We will consider the implication of shear 
rate for non-Newtonian fluids later in this work. Here we continue with the application for 
Newtonian fluids. 

Consider the schematic shown below (Fig. 2.3) of a Newtonian fluid flowing in a large 
(1mm) and small (0.1mm) fracture with an average pressure drop of 10mbar/m  

 

Figure 2.3. Schematic showing shear rates for laminar Newtonian flow in a large and small fracture. 

For the 1mm fracture the shear rate ranges from 0s-1 in the centre to 500s-1 at the wall, 
whereas for a 0.1mm fracture the shear rate ranges from 0 – 50s-1. It is this order of 
magnitude difference that we investigate to selectively block larger fractures by selective 
orthokinetic agglomeration. 

2.2.1 Physical effects 

We now describe a particle-based method for selectively limiting flow through large 
fractures. This is applicable to both hydrocarbon and geothermal reservoirs where a system 
of injector and producer wells are connected via fractures, either natural or artificial.  

Particle agglomeration can be attributed to two physical causes. Brownian motion results 
in isokinetic agglomeration which is shear independent. In orthokinetic agglomeration, 
particle collision rates increase with shear: at higher shear rates, layers of fluid (with 
suspended particles), move faster past one another (Elimelech et al. 1995). Eq. 2.8 shows that 
the shear is larger in larger fractures. Orthokinetic processes thus have potential to 
mechanically block or narrow larger fractures selectively because of the faster 
agglomeration processes in them due to larger shear. This applies to both particles 

1mm

0.1mm

dP = 10 mBar/m

1s500 −=Wγ 1s250 −=γ

1s50 −=Wγ 1s25 −=γ
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agglomerating with each other or agglomerating with the fracture wall. This effect, 
orthokinetic agglomeration, has not been studied in fracture flow for size-selective growth. 
We look at applying it here.  

 

Figure 2.4. Two particles in a sheared fluid (broken lines indicate fluid velocity vectors). 

Fig. 2.4 above shows two particles flowing in a sheared fluid. Shearing results in the 
fluid having different velocities as a function of y-distance (Eq. 2.3). When particles travel in 
different streamlines they flow at different velocities. In the case above, the green particle 
has a higher velocity than the red one. The difference between particle velocities due to fluid 
shearing, results in particle-particle collisions. 

Smoluchowski (1917) first described the rate of collision as dependent on the shear rate 
γ, particle number concentration n for particle i and j respectively, and particle size d: 

𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐 =  𝛽𝛽𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖,        (2.9) 

where the collision rate constant βij, between particle i and j, is given by: 

𝛽𝛽𝑖𝑖𝑖𝑖 = 1
6

(𝑑𝑑𝑖𝑖 + 𝑑𝑑𝑖𝑖)3𝛾𝛾       (2.10) 

Not every collision leads to an agglomeration event. The rate at which two colliding 
particles (i and j) agglomerate is therefore different from the collision rate: 

𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑘𝑘𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖        (2.11) 

x

y

ux(y)
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The fraction of collisions which lead to agglomeration (either with another particle or with a 
wall) is determined by the sticking frequency, ϕ: 

φ =  𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎
𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐

        (2.12) 

It is important to note that this treatment does not take into account the elementary 
processes of the formation of a new particle of size dij and number concentration nij by 
breakage as well as the reduction of a particle of size dij by breakage. The rate in Eq. 2.11 is 
rather an overall expression of particle evolution. Considering these elementary processes 
where k is the formation rate constant and b is the breakage rate constant we get (Hintz, 
2007): 

𝑑𝑑𝑛𝑛𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑

 =  ∑ 𝑘𝑘𝑖𝑖−𝑘𝑘,𝑖𝑖+𝑘𝑘𝑛𝑛𝑖𝑖−𝑘𝑘𝑛𝑛𝑖𝑖+𝑘𝑘𝑚𝑚𝑎𝑎𝑥𝑥
𝑘𝑘=1 − ∑ 𝑘𝑘𝑖𝑖𝑖𝑖,𝑘𝑘𝑛𝑛𝑖𝑖𝑖𝑖𝑛𝑛𝑘𝑘𝑚𝑚𝑎𝑎𝑥𝑥

𝑘𝑘=1 + ∑ 𝑏𝑏𝑖𝑖𝑖𝑖𝑘𝑘𝑛𝑛𝑖𝑖𝑖𝑖+𝑘𝑘𝑚𝑚𝑎𝑎𝑥𝑥
𝑘𝑘=1 − ∑ 𝑏𝑏𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑚𝑚𝑎𝑎𝑥𝑥

𝑘𝑘=1 ,     (2.13) 

where the first two terms are formation and loss due to agglomeration and the last two 
terms formation and loss due to breakage respectively. Whilst individual analysis of these 
elementary rate equations is difficult experimentally, the equation provides insight into the 
evolution of the process since the agglomeration rate constant, k and breakage rate constant, 
b are both functions of the shear rate as well as solution chemistry. The overall process will 
reach equilibrium resulting in a stable size distribution.   

The validity of this theory has been investigated both numerically and experimentally 
(Balakin et al. 2012; Yates et al. 2008) and has been shown to describe the relationship 
between particle growth and collision rates. At moderate shear rates this dependence is 
linear (Eq. 2.10). However, at high shear rates where tensile forces are large, particle 
disruption occurs resulting in breakup and reduced agglomeration rates, which ultimately 
fall to zero (Hollander et al. 2003; Colomer et al. 2005). As particles grow, Balakin et al. 
(2012) have also shown that collision rates decrease possibly due to larger agglomerates 
being limited to the high velocity streamlines and hence reduced shear rates, but also due to 
reduced polydispersity and number concentrations. These effects are not captured in 
Smoluchowski’s original theory. Mumtaz and Hounslow (2000) showed that for batch and 
continuous experiments of the crystallization and growth of calcium oxalate, the 
agglomeration rate constant which best fits the data is particle size independent. This 
convenient finding allows the agglomeration rates described in Eq. 2.11 to be simplified in 
terms of N, the total particle concentration, as follows: 

𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 = 1
2
𝑘𝑘𝑁𝑁𝑁𝑁2        (2.14) 
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Furthermore, Mumtaz et al. (1997) employed this simplification to develop a model to 
quantify agglomeration rate constants. Using the same assumptions, the collision rate 
constant β can be estimated using the average particle diameter for the size independent 
system and is given by a simplification of Eq. 2.10 for the monodisperse case: 

𝛽𝛽𝑁𝑁 = 4
3

(�̅�𝑑)3�̅�𝛾        (2.15) 

The size independent agglomeration rate constant kN and collision rate constant βN can 
therefore be related through total number concentration and mean particle diameter – which 
can be determined experimentally. The sticking efficiency can then be calculated from: 

𝜙𝜙 = 𝑘𝑘𝑁𝑁
𝛽𝛽𝑁𝑁

        (2.16). 

 

2.2.2 Chemical effects  

These are all physical effects. However the final result is also dependent on chemical 
effects determined by solution ionic strength and counterion supersaturation (Mumtaz and 
Hounslow 2000; Ilievski and Livk 2006; Livk and Ilievski 2007). Whereas shear forces 
promote collisions, it is the interaction energy that determines sticking between particles. 
The ionic nature of the solution influences these forces. Ions determine the surface charge 
and the ability of free ions to shield surfaces charges (Elimelech et al., 1995). DLVO theory 
attempts to describe sticking by adding both repulsive forces (from common surface charges 
–  the zeta potential), and attractive forces (arising from Van der Waals interactions ). The 
ionic nature of the solution influences these forces whereby ions determine the particle 
surface charge due to their role in H+ activity and water dissociation. Furthermore, the 
ability of free ions to shield surfaces charges results in particles being able to move closer 
together by experiencing a compressed electric double layer (Elimelech et al., 1995). 
Standard DLVO theory does not however explain the effect of supersaturation on sticking 
efficiency. The degree of supersaturation α is defined as the ratio of the concentration of ions 
in solution to the concentration that is stable at thermodynamic equilibrium – given in Eq. 
2.17 below: 

𝛼𝛼 =  
[𝐶𝐶𝑎𝑎2+]𝑆𝑆𝑆𝑆×�𝐶𝐶𝑂𝑂22−�𝑆𝑆𝑆𝑆
[𝐶𝐶𝑎𝑎2+]𝐸𝐸𝐸𝐸×�𝐶𝐶𝑂𝑂22−�𝐸𝐸𝐸𝐸

       (2.17) 

 Mumtaz et al. (2000) describe supersaturation as providing “bridging cement” between 
particles upon collision due to the precipitation of mineral salts on the surface. The degree of 
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supersaturation thus directly influences the rate of precipitation. In this way the sticking 
efficiency is expected to correlate with the degree of supersaturation. 

Numerous studies have investigated the link between solution chemistry and particle 
agglomeration. Huang et al. (1991) showed that in CaCO3 suspensions, Ca2+ ions were the 
zeta potential determining ion (ions that are free to move from the surface to the bulk 
solution), and that surface charge increased with increasing Ca2+ concentration. They also 
showed that increases in surface charge resulted in increased particle-particle repulsion and 
reduced agglomeration. Rashchi et al. (1998) showed that Ca2+ adsorption on silica was 
again the zeta potential determining ion. However, in the presence of carbonate ions, CaCO3 
is precipitated, suggesting the importance of supersaturation and precipitation as a way to 
overcome the effects of high Ca2+ adsorption and high surface charges. Our experiments 
(described in Chapter 4) examine a combination of the features above, in order to assess 
applicability to the subsurface fracture environment.  

2.3 Unconventional hydrocarbons and hydraulic fracturing  

Having established methods for particle size engineering as a way to limit flow in 
fractures via orthokinetic agglomeration, we now turn to systems that require maximizing 
flow through fractures with the prior addition of particles to keep fractures open, i.e. 
unconventional reservoirs and hydraulic fracturing. 

The International Energy Agency (IEA) currently estimates that unconventional gas 
comprises 40% of the world’s remaining recoverable gas resources. Furthermore, 
unconventionals are set to comprise approximately 40% of hydrocarbon production in 2035. 
But what are unconventionals, how do they differ from conventional hydrocarbons and 
what technology is required to meet the challenges of fueling the global economy? 

Oil and gas are generated from the thermal breakdown of organic material present in 
source rock. This material, called kerogen, is the remains of algae, plankton, bacteria and 
terrestrial plants that have accumulated over millions of years. Burial by mineral particles 
results in a pressure and temperature increase which facilitates cracking of these trapped 
organics. Shorter, less viscous hydrocarbons are then transported from the source rock 
through faults and permeable zones until they reach a trap which prevents further transport 
to the surface. This region where the hydrocarbon remains in the subsurface is known as the 
reservoir. The difference between conventional and unconventional reservoirs is the type of 
sedimentary rock to which the hydrocarbon migrates and from which it is produced. These 
formations are shown in Fig. 2.5.  
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Figure 2.5. Diagram showing a vertical well in a conventional sandstone reservoir and a horizontal well in an 
unconventional shale reservoir. 

Conventional oil and gas gets trapped generally in sandstone and carbonate formations 
composed of grains 0.05-2mm in size. This gives rise to a permeability that ranges from 
0.5mD – 1D (King, 2012). In such reservoirs the fluid in place is able to flow freely though 
the rock, allowing reservoir pressure to drive initial production. When this pressure is 
depleted, fluids are injected to maintain secondary production. In both stages the 
hydrocarbon can flow freely through the porous, permeability matrix. Unconventional oil 
and gas on the other hand are found in shale formations. These are composed of much 
smaller grains, less than 4μm in size, which give rise to a matrix permeability of 1nD to 
1μD. Tight formations (often also considered unconventional) fall somewhere in between 
shale and sandstone (1μD to 0.5mD). In both tight and shale hydrocarbons, the low 
permeability means that traditional extraction methods do not yield economic levels of 
production. In this case hydraulic fracturing is required to increase the surface area in 
otherwise impermeable zones. 

 

 

 

 

conventional sandstone

unconventional shale 
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Hydraulic fracturing is the process by which fluid is injected at high pressures to crack 
the reservoir rock and form fractures. Consider Fig. 2.6 below: 

 

Figure 2.6. Schematic showing principal stresses during hydraulic fracturing in a shale formation. Fractures are 
shown for both vertical and horizontal wells. (Schlumberger ©).  

There are three principal in-situ stresses oriented orthogonal to each other in the 
subsurface. We consider the direction of gravity to be vertical (i.e. towards the earth’s core) 
and the plane orthogonal to gravity as horizontal. In this way we have the vertical stress, 
τvertical, the minimum horizontal stress τhorizontal_min and the maximum horizontal stress 
τhorizontal_max. The vertical stress is called the overburden and, due to the weight of the 
overlying rock, it is the greatest. Upon injection of high pressure fluid and above a critical 
pressure, the first stress to be overcome is τhorizontal_min, thus the rock will crack open in the 
direction of the minimum horizontal stress. With the fracture opened in this direction it will 
further propagate in the direction of the maximum horizontal stress.  In this way cracks 
extend into fractures. They form either side of the wellbore forming a double winged 
fracture (Hanna et al., 1992). The characteristic “wing” shape is due to lower fluid pressures 
at the tip of the fracture compared to the region near the wellbore injection point. 
Definitions for the various fracture dimensions are shown in Fig 2.7 below where lfr, wfr, and 
hfr are the length, width and height respectively. 

 

τvertical 

τhorizontal_max 

τhorizontal_min 
Schlumberger © 
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Figure 2.7. Schematic showing dimensions in a “wing” shaped fracture. 

The spacing and length of hydraulic fractures in a horizontally-drilled well system are 
dependent on reservoir characteristics and economics. Typically spacing is about 20m 
between fractures and 120m from wellbore to fracture tip (although fractures can be up to 
300m long). Width ranges from 1-10mm but averages around 2.5mm (Yu & Sepehrnoori, 
2013). The height (hfr) depends on the thickness of the formation “pay zone” and ranges 
from 10m – 100m (Jenkins & Boyer, 2008). 

Currently almost all large scale commercial hydraulic fracturing projects exist within the 
United States. Most data on the nature of shale gas plays are therefore US based. These data 
indicate that shale reservoirs are often deep (2-4km below sea-level) and range in thickness 
from 10m to 100m (Jenkins & Boyer, 2008). Horizontal wells are drilled within these 
formations and range from 600m to 1800m in length (King, 2012). Fractures are spaced 
within this pay zone and have a width of approximately 1mm – 10mm, but average around 
2.5mm (Yu & Sepenhrnoori 2013).  This is in contrast to natural fractures that are less than 
0.5mm in size. Unlike the injector-producer well systems with fractures located in the 
reservoir matrix (described in the previous section), hydraulic fractures in unconventional 
reservoirs are not located between multiple wellbores but rather originate from a single 
wellbore. Thus, a single wellbore serves as the injector during stimulation and the producer 
during production. 

Once fractured, a shale gas reservoir consists of fractures of different sizes. The 
orientation and size of these fractures, created by a certain pump volume, rate and pressure 
are determined by the relative magnitude of the three principal confining stresses acting on 
the formation: two horizontal stresses and the vertical stress (known as the overburden). In 

lfrwfrhfr

y

x

z
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most cases (below 600m) the vertical stress is largest and fractures will thus form in a 
vertical orientation perpendicular to the lower horizontal stresses. The permeability, 
porosity and mineral composition of the fractured rock formation will determine the 
geometry of the fracture which can be short and wide, long and narrow or a combination 
(Weaver et al., 2002). 

A hydraulic fracturing treatment can be broken up into three stages, each including 
multiple sub-stages. These include (Nolen-Hoeksema, 2013):  

1. Injection of the pad fluid. To initiate the fracture and allow it to grow, the pad is 
pumped via the wellbore at pressures above the combined minimum principal 
stress of the rock and the tensile strength of the rock. This produces a fracture 
normal to the minimum stress; in most cases this is vertically oriented. The pad 
is often a “linear” fluid (not composed of crosslinked molecules) with low to 
moderate viscosity to reduce leak-off and create broader fractures during 
pumping. Low viscosity pad fluids tend to produce long thin fractures whereas 
more viscous fluids produce short and fat ones (Weaver et al., 2002) 

2. Proppant placement. A slurry of proppant particles is pumped into the open 
fracture. The fluid needs to transport proppant deep into the fracture (up to 
300m long). Therefore it must have suitable particle carrying ability as well as 
prevent formation damage and flow easily. In addition, the environmental 
requirements are stringent. The fluid must carry large particles that range from 
0.2 to 1.7mm in size depending on the requirements (Coker & Mack, 2013). In 
traditional fracturing applications, huge amounts of proppant are used per 
stimulation treatment – up to 2 million pounds at concentrations of up to 
60pptg (pounds per thousand gallons) (Gidley et al., 1989). Optimum 
placement of proppant is critical to the success of the overall treatment. Ideally, 
proppant must fill the whole fracture, provide maximum permeability and 
maintain the structural integrity.  

3. Flowback and clean-up. Once the fracture is filled, the pressure is let down and 
the fracture partially closes on the proppant. Closure stress often ranges from 
2000-12000psi depending on the formation (Palisch et al., 2007). Fluid is 
recovered to the surface leaving a propped fracture into which gas can diffuse 
from the matrix and then flow to the wellbore. Removing the fluid effectively is 
required to optimize the fracture conductivity and hence production. As such 
low viscosity is required in this stage (Brown et al., 2000) 
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Stages 2 and 3 require apparently incompatible fluid rheology, high carrying capacity for 
proppant placement and low flow resistance for flowback. In this work we develop a novel 
fluid capable of overcoming this rheological inconsistency without complex chemical 
interventions, and focus on the interaction of the particles and the fluid in fracture flow.  

2.4 Fracturing fluids 

For stage 2, proppant placement, a general rule of thumb is that a viscosity of 100mPa.s 
is required at shear rates of 100s-1 (Chase 1997). This is based on a shear-thinning, purely 
viscous fluid, although it is increasingly accepted that fluid elasticity also contributes 
significantly to the ability to carry proppant (Hu et al., 2015). Viscoelastic fluids are therefore 
currently the state-of-the-art with regards to fracturing fluids for proppant placement 
(Barati & Liang, 2014). Traditionally polymers such as guar gum (Kapoor 2013; Kesavan and 
Prud’homme 1992) have been used. To form a viscoelastic gel fluid required for good 
carrying capacity, ionic crosslinkers such as borate ions are used (Kefi et al 2004) (see 
example in Fig. 2.8). The stability of cross-linked guar is highly pH dependent and such 
fluids require buffers to prevent gel-degradation and the formation of insoluble material 
(Kesavan and Prud’homme 1992). At low shear rates the viscosity is high and the materials 
are shear thinning (Kapoor 2013). This means that once the fracture is filled with proppant a 
time-delayed viscosity breaker (acids or enzymes) is needed to thin the fluid and allow for 
easy flowback in stage 3 (Montgomery 2013). 

 

Figure 2.8. Example of crosslinked guar gum, a gelled viscoelastic fracturing fluid. 
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A number of challenges are associated with placement and flowback. Apart from 
complicated chemistry and the requirement for a wide variety of added chemicals, 
polymeric fluids often damage the proppant pack by leaving behind a residue, reducing 
permeability. Polymers also can create a filter-cake on the fracture surface that permeates 
the porous matrix and reduces the flow of hydrocarbons from the matrix to the fracture 
(Reinicke et al., 2010). Fracture clean-up is a problem with the use of gel-based fluids which 
leads to poor production rates due to damaged formations. High viscosity fluids also create 
shorter, fatter fractures which sometimes do not penetrate sufficiently into the formation. 
Failure to completely break the fluid, particularly near the fracture tip, results in proppant 
being back-produced and loss of propped fracture length (Barati & Liang, 2014). These 
factors have led to a change in fracturing strategies where lower viscosity fluids and 
reduced proppant concentrations are used. 

In recent years a wide variety of alternative fracturing fluids and techniques have been 
employed to overcome these challenges. These include slick-water fluids which have very 
low viscosity, hybrid fracturing (a combination of slick-water and traditional fracturing 
stages), foamed fluids and viscoelastic surfactants (VES) (Gupta 2009). For VES fluids, 
dationic, anionic or zwitterionic surfactants have been used in combination with an 
inorganic salt, but also in combination with each other. To boost high temperature stability, 
organics salts have also been added to VES formulations (Samuel et al. 2000). Since VES 
fluids often have high zero-shear viscosity, breaking the fluid during flowback is still 
required. This is commonly done by contact with hydrocarbons or with added internal 
breakers (Barati and Liang 2014). An example of such a fluid is ClearFRAC®, a purely shear 
thinning VES based fracturing fluid produced by Schlumberger (Kefi et al. 2004). 

Slick-water fracturing is done with mostly water and added friction reducers, resulting 
in a viscosity of around 1mPa.s. This is suited to extremely low permeability formations 
where leak-off is not a major concern and long thin fractures are desired. The problem with 
slick-water is that transporting proppant is significantly reduced because it has limited 
viscoelastic carrying capacity. To compensate for the low viscosity which results in poor 
proppant transport, slickwater jobs are pumped at much higher rates: 100 bbl/min or higher 
compared to 10-50 bbl/min for other fluids and much lower proppant loading (Palisch et al 
2010). In this way, slickwater relies on the inertial transport of proppant at high flow rates 
due to higher forces of fluid on the particle.  

To overcome this, hybrid fracturing was developed which involves slick-water and a 
gel-based fluid (Reinicke et al., 2010).  This involves an initial slick-water phase to create the 
fracture and then a viscous gel to transport proppant. Foamed fluids were developed also to 
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overcome the concerns of polymer based fluids and the issue of temperature stability, 
whereby polymers break-down or networks fail at high subsurface temperatures (Gupta, 
2009). Viscoelastic surfactants are relatively new fracturing fluids. They were developed 
because of the high viscosities possible by the formation of worm-like micellar networks – 
viscosities comparable to polymer-based fluids. Since they are polymer free they also do not 
cause formation damage and allow for easier cleanup (Chase, 1997).  In all cases, when a 
viscoelastic gel is used, either polymer or surfactant based, it required the addition of 
further chemicals to create high viscoelasticity and then break the gel viscosity. A number of 
other novel fracturing fluids that includes methanol emulsions and CO2 based fluids are 
currently being developed (Gupta, 2009).  

Different kinds of slickwater and VES fluids have been applied in countless stimulation 
treatments and literature spans laboratory development to field tests. Such fluids have 
shown improved production due to higher retained proppant conductivity post-stimulation 
(Crews et al. 2008, Dayan et al. 2009, Gomaa et al. 2011, Kaufmann et al. 2008, Omeiza & 
Samsuri 2014, Samuel et al. 1999, Woodworth et al. 2007). In this work we we aim to couple 
the low viscous properties of slickwater (for easy injection and recovery) with the high 
viscoelasticity of VES fluids (for adequate proppant suspension) to develop a new class of 
fracturing fluids whose rheology is regulated by flow rate. We consider a novel subclass of 
viscoelastic fluid whose carrying capacity depends on the flow regime. It has flow induced 
viscoelasticity (FIVE) and potentially no crosslinkers or breakers are required. This non-
Newtonian fluid is also non-polymeric, non-power-law and non-monotonic in its shear-
viscosity response, as opposed to other viscoelastic fracturing fluids which are purely shear 
thinning (Kefi et al. 2004). Depending on the shear regime, the VES fluid in this study 
exhibits Newtonian, shear thickening, shear thinning, purely viscous or viscoelastic 
properties.  The flow rates required for proppant placement with such a fluid are still 
comparable to traditional pump rates, and below the very high pump rates required for 
slickwater, (i.e. the property of the fluid here that “thickens above a critical shear rate” does 
not require pump rates higher than conventionally used). The benefits of such a system are 
that of low concentration additives which have the injection and flowback properties of 
slickwater but the carrying capacity of VES fluids. The derivation of the required fluid 
rheology is considered in the next chapter. 
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The rheology of a fluid describes how it will behave when undergoing flow. Viscosity 
and elasticity are the two main parameters used to characterize this behaviour. Viscosity is a 
fluid’s resistance to flow as a result of shear or tensile stress whereas elasticity is a fluid’s 
ability to return to its original shape after such a deformation. There are three 
characterization techniques we use to measure viscous and elastic parameters: Couette flow 
rheometry, Poiseuille flow (pressure driven flow) pressure measurements and falling ball 
viscometry. We also develop a novel method to show the effects of the last two in 
combination 

3.1 Newtonian Fluids 

The velocity profile is derived from the Navier-Stokes equations and the shear rate is 
given by: 

𝛾𝛾 = 𝑑𝑑𝑢𝑢𝑥𝑥
𝑑𝑑𝑑𝑑

          (3.1) 

The stress 𝜏𝜏𝑥𝑥𝑑𝑑  in the fluid arises from frictional forces between the layers. For a 
Newtonian fluid the viscosity µ is independent of strain rate (or shear rate) and relates stress 
τ to shear rate γ by the following equation: 𝜏𝜏𝑥𝑥𝑑𝑑 = 𝜇𝜇𝛾𝛾. In this case, stress is linearly 
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proportional to shear rate and viscosity is the constant of proportionality. Newtonian fluids 
are also purely viscid and exhibit no elastic properties.   

3.2 Non-Newtonian fluids 

Non-Newtonian fluids are characterised by their non-linear stress-strain response. The 
best known of these are shear thinning and shear thickening fluids, constant viscosity elastic 
(Boger) fluids, viscoelastic fluids and Bingham plastics. In this study our fluids do not fall 
into one of these categories uniquely: they display Newtonian, thinning and thickening, and 
viscoelastic properties depending on the shear-rate range. Therefore it is useful to review 
the most common models for these kinds of fluids.  

In Fig. 3.1 below the stress-strain behaviour of shear thinning and thickening fluids is 
compared to that of a Newtonian one. 

 

Figure 3.1. Shear-strain versus shear-stress for Newtonian, shear-thickening and shear-thinning fluids. 

The linear relationship between stress and stain for a Newtonian fluid is apparent. 
Thinning and thickening fluids do not have this property but they can be described by a 
power-law model. 
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For viscoelastic fluids, the fluid has the added property of also being elastic, i.e. it has the 
ability to return to its original shape after deformation. This property can exhibit itself to 
varying degrees in a viscoelastic fluid and is characterised by a hysteresis in the stress–strain 
curve due to viscous stresses being out of phase with applied strain and elastic stresses 
being in phase. Viscoelastic fluids also exhibit stress relaxation, which occurs upon the 
imposition of a constant strain, as well as increasing strain which occurs upon the 
imposition of a constant stress, known as creep. These features are used to quantify 
viscoelasticity by means of rheometer experiments such a dynamic oscillatory rheology. 
They are discussed in the experimental section, Chapter 4.  

3.3 Viscoelastic surfactant fluids 

Having described the main flow properties of fluids above, we now explore features of 
the novel fluids applied in this work. The fluids are viscoelastic surfactants (VES) that form 
shear-induced structures (SIS) which give rise to flow-induced viscoelasticity (FIVE). They 
are non-polymeric and have non-monotonic shear-viscosity.  

Surfactant molecules are composed of a non-polar carbon chain and a polar head group. 
This allows them to self-assemble into aggregates called micelles to reduce their entropy in 
aqueous solutions. In polar solutions like water, the non-polar end is oriented inwards to 
avoid contact with the polar molecules of the solvent. The polar end is oriented outwards 
and interacts with the water molecules through dipole-dipole intermolecular forces. The 
degree to which the aggregates form is determined by surfactant concentration in solution. 
At very dilute concentrations the solution consists of isolated molecules. Above the critical 
micelle concentration (CCMC) small spherical balls form. These micelles transition into rod-
like cylinders when the concentration is increased and further into worm-like structures 
similar to flexible polymers (Rothstein et al. 2008; Yang 2002). These long chains are often 
described as “living polymers” because they can break and reform and can have similar 
rheology to polymeric solutions. This transition is shown in Fig. 3.2 below. 

 

Figure 3.2. Diagram showing the transition of micellar structures. 
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In this study we use a viscoelastic surfactant (VES) that forms flow-induced viscoelastic 
(FIVE) solutions with unique properties outside the traditional ranges of behaviour 
associated with non-Newtonian fluids.  One such pair on which we focus is the combination 
of cetyltrimethylammonium bromide (CTAB), a quaternary-ammonia cationic surfactant 
and sodium salicylate (NaSal), an organic salt, dissolved in water at low concentrations. 
Both are shown in Fig. 3.3 below.  

 

Figure 3.3. Molecular structure of CTAB (left) and NaSal (right). 

When CTAB is combined with NaSal two intriguing properties develop: firstly, the fluid 
exhibits elasticity coupled with strong viscous behaviour and secondly, a non-monotonic 
shear-viscosity response (Vasudevan et al., 2008). NaSal acts as a counter-ion, 
electrostatically shielding the CTAB’s polar head groups from each other. This shielding 
facilitates the formation of extended micellar networks (Kim & Yang, 2000). It is the 
presence of worm-like micelles that causes the non-Newtonian rheology. In shear flow, 
micelles undergo stretching and tumbling cycles (Vasudevan et al., 2008). These motions 
stretch the micelles, increasing their chance of interactions with other micelles compared to 
when they are coiled (in the absence of high shear rates). These interactions result in 
micelles with residual charges aggregating and forming extended structures (Rojas et al., 
2008). Numerous authors have studied this transition optically. Small angle light scattering 
(Fischer et al., 2002, Liu & Pine, 1996) and electron microscopy (Cardiel et al., 2013, Lin et al., 
1994) tests, verified the formation of shear induced structures and show that the solution 
changes from clear to turbid. Furthermore, Miller and Rothstein (2007) performed flow 
visualization tests inside a Couette configuration on similar fluids. They showed that no 
vortices or flow instability occurred which could otherwise be the cause of the sudden jump 
in viscosity. It is therefore only due to these network structures that flow-induced 
viscoelasticity is generated within a discrete shear regime.  
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These shear effects differ depending on the relative concentrations of CTAB and NaSal, 
so the fluid can be “tuned” to provide the desired rheology in the desired shear regime. The 
CTAB:NaSal ratio is given as: 

𝑅𝑅 =  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝑁𝑁𝑎𝑎𝑆𝑆𝑎𝑎𝑐𝑐

        (3.2) 

Lin et al. (1994) showed that for a fixed CTAB concentration with low co-solute 
concentrations there is no micelle entanglement, and the solution behaved as a Newtonian 
fluid in Couette cell tests. Above a critical co-solute concentration the solution had a 
“Newtonian plateau” at low shear rates and then shear thickened within a higher discrete 
shear-rate range. At much higher shear rates the solution thinned and plateaued at the low-
shear viscosity.  

In Couette flow tests by Vasudevan et al. (2008) the effect of CTAB/NaSal concentration 
for varying R was investigated in sheared solutions. Experiments were performed in a cone 
and plate and a Couette cell and results were comparable regardless of geometry. Solutions 
of 50mM CTAB with different NaSal concentrations (giving R values of 3 – 5.5), all showed 
shear thickening and the formation of a shear induced structure phase above a critical shear 
rate γcr. This was observed by other authors as well (Lin et al 1994; Hartmann and Cresseley, 
1998, 1997a, 1997b).  

These features are shown conceptually in Fig. 3.3 below where we define a number of 
key features: the viscosity in the Newtonian plateau region is termed µ0 and is the same as 
the zero shear viscosity. The shear rate at which thickening occurs is termed the critical 
shear rate, γcr. The shear rate at which the maximum viscosity µmax occurs is termed γmax. 
The shear regime in which shear induced structures (SIS) are present is termed the SIS 
regime. 
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Figure 3.3 Diagram showing key rheological features of the shear-rate versus viscosity for a general, non-
monotonic CTAB/NaSal solution. 

In the experiments mentioned above, the zero shear viscosity and the peak viscosity both 
increase as R decreased. Furthermore, the critical shear rate decreased for lower R values. At 
the lowest ratio CTAB:NaSal (R = 3) the solution had the highest viscosity and only shear 
thinned. This is because the relatively high concentration of NaSal results in high viscosity 
due to effective shielding, and the formation of longer micelles at static conditions reduces 
further micellar network formation when sheared.  

Vasudevan et al (2008) also found that the normal stress effects associated with elastic 
fluids were only observable in the shear thickened regime indicating that elasticity is 
induced and not present in the lower shear regimes or relaxed state. These normal stresses 
also grew with increasing shear, reaching a plateau before destruction of the micellar 
network resulted in a decrease in normal stresses. These findings agree with those of Nowak 
(2001) and Fisher (2000).  

Berret (2006) discussed the phenomenon of shear banding in a semi-dilute regime (3 – 
300 mmol/l) of micellar solutions with a co-solute. When undergoing shear-flow, the stress 
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increases linearly with increasing shear rate until a critical point when the solution demixes 
into two phases, separated by a mechanically unstable shear regime. The phases exist in a 
low and high shear regime respectively, one isotropic and the other nematic, with uniformly 
oriented rod-like micellar structures. This transition gives rise to the shear-induced 
structures that contribute to the apparent thickening of CTAB-NaSal solutions. Similar 
effects are described by Huang and Desroches (2004). To overcome the difficulty in 
analysing experimental results that may arise from shear-banding phenomena we compare 
our FIVE fluids with Newtonian fluids of the same Newtonian plateau viscosity. This allows 
us to predict the rheological regime of the VES fluids without speculating on the specific 
shear rates across the different measuring cells we used.  

In Fig. 3.4 below we apply the rheology requirements of the fracturing fluid to each stage 
of fracturing and compare that to the fluid behaviour in different shear regimes from typical 
Couette data for the SIS fluids described here. We consider a pump rate of 20bbl/min from 
an 8 ½ inch diameter wellbore into a fracture 30m in height and 5mm in width. For 
Reynolds number calculations we assume a viscosity of 10mPa.s. For flowback we assume a 
rate of 10ft/day in a proppant pack with a permeability of 10 Darcy and a porosity of 0.4. 

1. Injection: In the wellbore the fluid undergoes turbulent deformation (Reynolds number 
= 30000, > 2100 for laminar flow). Here the shear rates in the fluid are not defined and 
there are large localized stresses due to eddies. Such turbulence disrupts shear-induced 
structures and it has been shown that turbulence results in significant drag reduction 
in surfactant solutions of CTAB and NaSal (Drappier et al. 2006). In this regime the 
fluid has a low viscosity suitable for high injectivity rates and reduced pressure losses. 

2. Placement: Inside the fracture, flow is laminar (Re = 350) and the shear rate at the wall 
is well defined (γw = 420s-1). In this regime SIS networks are formed and maintained. 
This results in a more viscous and elastic fluid with high proppant carrying ability 
(comparable to VES fluids). 

3. Flowback: When the fluid is recovered during flowback, the shear rates are lowest 
through the porous proppant pack. Using the Blacke-Kozeny model (Garrocuh & 
Gharbi, 2006) the apparent shear rate is 25s-1. Here the fluid behaves as a low viscosity 
Newtonian fluid (comparable to slickwater) aiding easy clean-up of the fracture (van 
Santvoort & Golombok, 2015). 
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Figure 3.4. Non-monotonic apparent shear-viscosity response of SIS forming fluids showing application to 
different shear-regimes during a fracturing treatment. 

When considering fracturing requirements and fluid behaviour in this way, the potential 
application of the non-polymeric fluid, free of viscosifiers and breakers, is clear. In this work 
we explore this application potential by measuring particle settling rates in a unique fracture 
flow cell as well as fluid-flow resistance in a standardized proppant-pack conductivity cell. 
We investigate the relationship between fluid flow rate and induced viscoelastic properties 
within discrete shear regimes. 

3.4 Particle settling in fluids 

For Newtonian fluids the only fluid properties needed to determine particle settling 
rates are the density and viscosity. When the fluid is non-Newtonian and viscoelastic, 
traditional rheometry tests do not yield sufficient information to predict particle behaviour 
within the fluid. For example, Couette cell tests determine bulk shear viscosity by 
measuring the torque exerted on a rotating cup. Pressure-driven flow tests determine shear 
viscosity by measuring the pressure drop across a certain length of a flowing fluid. In both 
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cases neither localized viscosities nor elastic effects are captured. Since VES fluids have a 
complex molecular microstructure, simple bulk shear viscosities cannot predict localized 
settling or carrying capacity under flow conditions. One of the central themes of this study 
is to relate the unique behaviour described in the section above to particle settling and 
transport. In this way, we extend our rheological characterization of the fluid to include 
observed viscosity from particle settling. We now briefly review background work on 
particle-fluid interactions. 

3.4.1 Static fluid settling 

We start by considering a particle settling in a static, unsheared fluid, termed static 
settling. Classic single particle models for static settling are based on the drag force 
experienced by the particle and are dependent on the fluid density ρf, velocity v and  particle 
cross sectional area A given by: 

𝐹𝐹𝑑𝑑 = 1
2
𝜌𝜌𝑓𝑓𝑣𝑣𝑎𝑎2𝐶𝐶𝐷𝐷𝐴𝐴        (3.3) 

The drag coefficient CD is an additional factor used to account for the particle’s 
properties influencing the drag force and is a function of the Reynolds number (Novotny, 
1977). Stokes derived an expression for the drag force in the low Reynolds number regime 
(Re < 0.1) by a linearization of the Navier-Stokes equations called Stokes or creeping flow 
and showed that:  

𝐶𝐶𝐷𝐷 = 24
𝑅𝑅𝑅𝑅

         (3.4) 

At intermediate Reynolds numbers (0.1 < Re < 6000) empirical expressions for CD are 
used. One such expression for a sphere is (Bird et al., 2007): 

𝐶𝐶𝐷𝐷 = ��24
𝑅𝑅𝑅𝑅

+ 0.5407�
2

       (3.5) 

At higher Reynolds number, known as Newtonian drag, CD is approximated as 0.44 
(Bird et al., 2007). 

The net force on a particle Fp is the difference between the drag force and the force due to 
gravity and is given as: 

𝐹𝐹𝑎𝑎 = 𝑚𝑚.𝑎𝑎 = 𝑚𝑚𝑑𝑑𝑣𝑣𝑝𝑝
𝑑𝑑𝑑𝑑

= 𝑚𝑚.𝑔𝑔 −  1
2
𝜌𝜌𝑣𝑣𝑎𝑎2𝐶𝐶𝐷𝐷𝐴𝐴     (3.6) 
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In the case for particles settling in a fluid we consider the buoyant force by the displaced 
fluid. This is done by using the Archimedes principle where the mass is replaced by a 
reduced mass: 

𝑚𝑚𝑟𝑟 = 𝑉𝑉𝑎𝑎(𝜌𝜌𝑎𝑎 − 𝜌𝜌𝑓𝑓)       (3.7) 

Making this substitution we get: 

𝑣𝑣𝑎𝑎 = �4𝑎𝑎𝑑𝑑
3𝐶𝐶𝐷𝐷

(𝜌𝜌𝑝𝑝−𝜌𝜌𝑓𝑓)
𝜌𝜌𝑓𝑓

tanh��3𝐶𝐶𝐷𝐷𝑎𝑎
4

(𝜌𝜌𝑝𝑝−𝜌𝜌𝑝𝑝)
𝜌𝜌𝑓𝑓

𝑡𝑡�     (3.8) 

and at terminal settling velocity vp = vt as t→∞: 

𝑣𝑣𝑑𝑑 = �
4𝑎𝑎𝑑𝑑𝑝𝑝
3𝐶𝐶𝐷𝐷

(𝜌𝜌𝑝𝑝−𝜌𝜌𝑓𝑓)
𝜌𝜌𝑓𝑓

       (3.9) 

For the Stokes regime (substituting Eq. 3.4) the terminal settling velocity is given as: 

𝑣𝑣𝑑𝑑 = 1
18

(𝜌𝜌𝑝𝑝−𝜌𝜌𝑓𝑓)
𝜇𝜇

𝑔𝑔𝑑𝑑2       (3.10) 

In most cases proppant particles settling in a hydraulic fracture are found to be in the 
Stokes or intermediate regimes (Acharya, 1986). Note that this model is for a single spherical 
particle in a Newtonian fluid settling due to gravity. Dynamics in viscoelastic fluids are 
different with non-constant viscosities and elasticity contributing significantly to particle 
suspension and settling behaviour. 

A suitable shear rate must be defined when using a settling particle, or falling ball, to 
determine fluid viscosity. In Couette flow, the moving surface cause the fluid to be sheared 
and in Poiseuille flow the pressure source causes the shearing.  By contrast, in a stagnant 
fluid the particle is the only source of shearing. As such, the characteristic shear rate is given 
by the slip velocity of the particle divided by half its diameter: 

𝛾𝛾𝑎𝑎 = 2𝑣𝑣𝑝𝑝
𝑑𝑑𝑝𝑝

        (3.11) 

3.4.2 Dynamic fluid settling  

The above models are all for quiescent fluids. In the case of flowing, dynamic fluids, the 
fluid cross flow imposes an additional shear. The effective shear rate γeff experienced by the 
settling particle is given by (Novotny, 1977): 
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𝛾𝛾𝑅𝑅𝑓𝑓𝑓𝑓 =  ��2𝑣𝑣𝑝𝑝
𝑑𝑑𝑝𝑝
�
2

+ �𝛾𝛾𝑓𝑓�
2       (3.12) 

In this case the terminal settling velocity must be solved iteratively in the Stokes regime. 

Additional complicating factors to modelling particle settling are the effects of confining 
walls, fluid elasticity that cannot be described by viscous models and hindered particle 
settling at high concentrations. These effects have been studied both experimentally and 
numerically.  

Malhorta et al (2012) studied proppant settling in static power-law VES fluids. Their 
work focused on both unbounded and bounded settling and analysed the effect of confining 
walls and rheological properties (viscosity and elasticity) on suspension characteristics. 
They showed that elasticity could both increase and decrease the drag in unbounded fluids. 
But in the case of settling between walls with high wall-spacing to particle diameter ratios, 
fluid elasticity was shown to decrease the otherwise retarding effect of confining walls. For 
shear thinning VES fluids, drag was reduced in all cases, as expected.   

Bazilevskii et al (2010) investigated the difference between particle-settling in static 
versus sheared fluids. Their study focussed on a viscous Newtonian fluid, glycerine, as well 
as on viscoelastic polymeric and surfactant based fluids. The non-Newtonian fluids could all 
be described by a shear thinning power-law model. They tested single particles settling in 
the gap between two concentric cylinders, with the inner cylinder rotated to provide the 
required fluid shear rate. Measurements were taken visually and the settling velocity 
calculated. The settling velocity for particles in the different fluids was then normalized to 
settling in a static fluid calculated for power law fluids. The authors found that settling 
velocities increased as a result of shear. This was expected for a shear thinning fluid. 
However, the degree to which the velocity increased was much lower than that predicted 
from the power law parameters.  This was attributed to the elastic character of the fluid that 
cannot be captured in a simple power-law model. This can be explained by considering the 
fluid streamlines around a particle settling in creeping flow – the flow is convergent in front 
of the particle, with elastic forces retarding it, and the flow is divergent behind the particle, 
with elastic forces accelerating it. Due to the relaxation times associated with the fluid, the 
elastic forces retarding the flow are greater and result in a net slowing down effect.  

Van den Brule and Gheissary (1993) also found that elastic effects reduced particle 
settling velocity when comparing the settling of a spherical particle in a Newtonian fluid, in 
a shear-thinning viscoelastic polymeric fluid and in a constant viscosity, elastic Boger fluid. 
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In static fluid tests, the Boger and polymeric fluids exhibited a reduced settling velocity 
compared to what would be expected when calculated using Stokes law and power-law 
viscosity respectively. Since these two models do not capture elastic effects, the reduced 
settling found in reality can be attributed to elasticity. The Newtonian fluid did not show 
any differences in settling velocity compared to that predicted by Stokes. These results were 
then compared to settling in sheared fluids using a similar concentric cylinder set-up as 
Bazilevskii et al (2010). As before, the Newtonian fluid showed no differences in settling 
characteristics when undergoing shear. However, for the elastic fluids, settling velocities 
were reduced compared to the static tests. Since the Boger fluid has constant shear viscosity, 
the reduction could be attributed again to elasticity that comes into effect to a greater degree 
when the fluid is sheared. For the shear thinning polymeric fluid, an increase in settling 
velocity could be expected due to a decrease in viscosity. This did not occur however, and 
the reduction in settling velocity could again be attributed to the significant contribution of 
elasticity to particle suspension, which increased with shear.  

Padhy et al. (2013) performed numerical simulations investigating the effects found by 
Van den Brule and Gheissary (1993), i.e. in viscoelastic polymeric solutions, settling velocity 
decreases with increasing cross flow as a result of fluid elasticity. They showed that the 
viscous stress in the direction of sedimentation becomes asymmetric due to the presence of 
polymers (providing elasticity) and propose that this asymmetry in the stress tensor 
becomes dominant, which results in an increase in particle drag. Furthermore, they 
proposed a critical polymer concentration for maximum drag increase whereby the 
interplay between viscous shear thinning and elastic non-linearity is optimized. Tanner et al. 
(2014) used the Oldroyd-B model, an extension of the classic Maxwell model, and a force 
balance to compare the experimental data of both Van den Brule and Gheissary (1993) and 
Padhy et al. (2013). They showed that indeed normal stresses can generate an upward lift 
force on settling particles when streamlines are deformed in an elastic fluid. This mechanism 
is somewhat different to that proposed by Bazilevskii et al (2010). 

In experiments focussing on larger particle settling a shear-thinning equimolar 50mM 
CTAB and NaSal solution, Chen and Rothstein (2004) found settling instabilities which 
resulted in non-repeatable velocities. They investigated the cause for these effects which 
showed the dynamic nature of micelle filament formation and rupture. As a particle 
accelerates from rest, extensional stresses build up in its wake, creating strongly aligned 
micellar filaments and networks. This then results in particle deceleration until a critical 
stress after which the filaments rupture and the particle begins to accelerate into the 
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unaffected fluid causing the cycle to repeat itself. These phenomena have been previously 
observed by Jayaram & Belmonte (2003). 

The above studies have implications for hydraulic fracturing fluids where viscosity is 
often cited as the main variable affecting proppant suspension. Goel et al. (2002) 
investigated fluid elasticity versus viscosity to determine which correlated best with the 
fluid’s suspension capabilities. They looked at linear and crosslinked guar gums with a 
range of properties. All fluids displayed a Newtonian plateau followed by shear-thinning 
power law behaviour. They found that solutions which had suitable suspension properties 
in large scale fracture transportation tests had similar elastic moduli G’ but dissimilar 
viscous moduli G’’ (indicating different viscosities). Based on these findings the authors 
propose the elastic modulus as a more appropriate criterion for solid suspension and 
transport. These findings have been supported by other studies (Hu et al. 2015). 

It is clear that particle settling cannot be predicted only from bulk rheology, because the 
fluid microstructure plays an important role. Polymeric and surfactant based fluids have 
different suspension properties even if their bulk rheology is comparable. The problem 
becomes even more complex when the viscoelastic fluid does not have power-law 
behaviour (as in the case of those forming shear-induced structures studied here). In these 
instances the fluid can change from one that appears Newtonian to one that thickens and 
exhibits strong elastic behaviour. Relating these features to particle settling in fracture flow 
applications constitutes the central focus of this work and is investigated optically in a 
fracture flow cell. 

3.5 Transient effects 

The above descriptions are for fluids subjected to a shear stress. In reality extensional 
stresses are present throughout fracturing and hydrocarbon production (as a result of strain 
not in the direction of flow). This includes three notable cases: 

1. Flow through wellbore perforations into fractures whereby the fluid undergoes a 
rapid expansion. 

2. Fracture flow in non-smooth fractures whereby the rough surface gives rise to 
extensional effects and prevents fully-developed flow from forming. 

3. Flow in proppant pack where tortuous flow-paths from pore-throat to pore-space 
give rise to continuous extensional stresses. 
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In this work we investigate the rheology of the novel fluids described in cases 1 and 3 
above. 

3.5.1 Wellbore to fracture flow (expansion flow) 

A crucial period is the transport from the injection wellbore to the near wellbore region 
inside the fractures. This often occurs via casing perforations. The initial injection of 
proppant through the perforations in the wellbore can often make or break a fracturing 
treatment (Daneshy, 1973). Early bridging or settling of proppant in the near-wellbore zone 
of the fracture will limit further packing deep into the fracture. This transport is determined 
by the rheological properties of the fluid to effectively transport the proppant away from the 
near-wellbore (Gruesbeck and Collins, 1982). The fracture aperture geometry (tortuosity and 
alignment), proppant concentration and pump rate also determine proppant transport from 
the perforation into the fracture (Romero et al., 1995).  Most studies in an oil and gas context 
focus on wellbore to perforation (i.e. injection/stimulation) or reservoir to perforation (i.e. 
production) (Brooks et al., 2011; Gruesbeck and Collins, 1982; Li et al., 2012; Razi et al., 1995).   

Here we determine flow performance from a perforation into an open fracture with a 
view to optimize carrying capacity – the fluid’s ability to suspend proppant during shear 
flow as a result of its viscoelastic properties. A considerable amount of work had been done 
on using viscoelastic surfactant fluids, however such VES fluids still require some 
modifying chemical interaction e.g. contact with hydrocarbons or breakers, in order to 
change their proppant carrying characteristics (Samuel et al. 1999). In the near-wellbore in 
particular, shear rates are higher than at the fracture tip (Constein et al. 2000).  Traditional 
fracturing fluids are shear-thinning and therefore have a lower viscosity in this region. 
Indeed, insufficient viscosity to transport proppant in this region is known to cause 
screenouts (Aud et al., 1994). By contrast the fluids in this study exhibit flow-induced 
viscoelasticity (FIVE), meaning that they do not have reduced proppant carrying capacity in 
the near-wellbore. This has been investigated by studying the fluid’s rheological properties 
when undergoing extensional flow (such as that from perforation to fracture) and relating 
this rheology to expected proppant transport ability.  

We consider expansion fluid flow from a perforation into a fracture where the flow 
cross-sectional area increases when going from the perforation into the larger fracture (see 
Fig. 3.5).  
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Figure 3.5. Schematic showing flow from a sudden expansion into a larger fracture. Characteristic recirculating 
zones are shown in the corners of the fracture immediately after the expansion.  

In this case the fluid has a non-zero velocity gradient in the direction of flow dvx/dx ≠ 0, 
known as the extension rate. Extra flow resistance is caused by the presence of extensional 
viscosity (Macosko, 1994). Extensional viscosity μex is the viscosity coefficient when applied 
stress is extensional:  

𝜏𝜏𝑥𝑥𝑥𝑥 = 𝜇𝜇𝑅𝑅𝑥𝑥
𝑑𝑑𝑣𝑣𝑥𝑥
𝑑𝑑𝑥𝑥

        (3.13) 

For Newtonian fluids μex is given by Trouton’s law and is 3 times the shear viscosity for 
uniaxial extension (Rojas et al. 2008). For viscoelastic fluids however an elastic contribution 
results in much higher fluid resistance caused by extensional flow (Ober et al., 2013, van der 
Plas and Golombok, 2015b).  In the discussion that follows we consider previous work 
investigating the velocity profile in flow through a sudden expansion. In particular we focus 
on how the fluid’s rheology influences its flow profile. 

Expansion flows of both Newtonian and non-Newtonian fluids have been extensively 
studied (Mishra and Jayaraman, 2002). The overall pressure loss due to a sudden expansion 
is well described for Newtonian fluids by the Borda–Carnot equation. Other common 
features such as the presence of recirculating zones downstream of the inlet are also well 
described (see Fig. 3.5 above). There is limited theory to predict other parameters 
analytically such as the length of the recirculation zones and entrance lengths required to 
achieve fully developed flow (Forrester and Evans, 1997). In addition, little work has been 
done to investigate the effects of the expansion ratio (the ratio between inlet diameter and 
channel height), as most studies focus on either small (1:2 or 1:3) expansions or larger ones 
(1:16). 
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Macango and Hung (1967) verified that for Newtonian fluids the size of the recirculation 
zone increased linearly with inlet Reynolds number. The Reynolds number is given as Rei = 
(ρui.di)/μ; ui and di are the inlet average velocity in the perforation tube and diameter 
respectively. Oliveira and Pinho (1997) also showed that entrance length Le ∝ Re.  

The recirculation zones are strongly dependent on rheology and we can use this to infer 
in what state the fluid enters the channel. In computational studies Mishra and Jayaram 
(2002) found for a planar expansion of 1:16 that shear thinning fluids reduced the size of the 
recirculating zones compared to Newtonian fluids with the same inlet Reynolds number. 
This was attributed to the competition between inertia and shear thinning – the fluid in the 
corners (immediately downstream of the expansion) has a higher viscosity than the bulk 
fluid due to it flowing at slower velocities. These findings were confirmed for laminar flow 
in a 1:3 expansion ratio by Ternik (2009). Conversely, shear thickening fluids have an 
opposite effect by elongating the recirculation zone (Dhinakaran et al., 2013). Yet when the 
fluid in a sudden expansion has elastic properties, the recirculation zones are smaller – 
implying that elasticity has a damping effect (Oliveira, 2003).      

In this work, we are concerned with novel fluid rheologies and their behavior at the 
most vulnerable stage of fracking application i.e. proppant placement during the transition 
from the wellbore to fracture through the casing perforations. The effect of fluid elasticity on 
its flow behavior in the channel with a sudden expansion inlet provides further insight into 
the complex rheology, especially when coupled with particle suspension. Furthermore, we 
can use inlet flow profiles for VES fluids to determine if they exhibit viscoelastic properties 
when undergoing extensional flow. This can indicate if the preferential flow-induced 
viscoelasticity is present in the near-wellbore and in this way can potentially aid proppant 
suspension.  

For this reason, detailed particle image velocimetry (PIV) experiments were performed 
in a fracture cell with a sudden expansion. We tested Newtonian fluids with a viscosity the 
same as that as the plateau viscosity obtained for our fluids. We then compared recirculation 
zone sizes and entrance lengths. This information, coupled with rheology data, was then 
used to further characterize the fluid in a channel to better understand the onset of shear 
induced structures and elasticity.  In addition, we tested our fluids’ flow resistance due to 
extensional flow in a microfluidic device called an EVROC (extensional viscometer-
rheometer-on-a-chip). 
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3.5.2 Flow through proppant packs 

During flowback, fluid flows through the porous proppant pack which has been built 
up. The resistance to flow is the apparent viscosity (μapp) given from Darcy’s law (Bear 1972): 

𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎 =  𝜅𝜅
𝑢𝑢𝑓𝑓

𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥

        (3.14) 

where dP/dx is the pressure drop gradient and uf the average fluid velocity. 

Fig. 3.6 below shows the flow path in porous media such as a proppant pack: 

 

Figure 3.6. Flow through porous media showing tortuous and varying-dimension flow paths. 

For viscoelastic surfactant fluids the apparent viscosity as derived from Eq. 3.14 is not 
constant. At low flow rates VES fluids forming SIS behave similarly to Newtonian fluids – 
this is the flow regime where shear rates are too low to promote SIS formation as a result of 
which there is no extra fluid resistance. Previous work has shown that extensional and 
elastic effects increase flow resistance at higher flow rates and depend on the permeability 
(van Santvoort and Golombok 2015a, Rojas et al. 2008). Higher shear rates favour the 
formation of SIS giving rise to FIVE and the extensional flow component strengthens this 
viscoelasticity. As a result the apparent viscosity can be orders of magnitude higher than 
that associated with purely viscous behaviour. This has positive implications for the 
development of a breaker-free VES fracturing fluid, because we can predict flowback rates 

39 
 



PARTICLE FLOW IN FRACTURES 

and constitute the solution to remain in its low-viscosity Newtonian state. This can 
potentially be fracture specific by changing the relative concentrations of VES solution 
components.  

3.6 Segue 

The background discussed above covers a number of physical disciplines and is by no 
means exhaustive. It serves as a starting point for an integrative approach to fracture flow 
engineering with particles. In the sections that follow we discuss the experimental methods 
and their results as a means to develop two novel particle-fracture flow engineering 
solutions: 

1. Fracture blocking to limit flow – This is done by selective particle blocking of fractures 
though agglomeration achieved by the differences in shear rates between large and 
small fractures. 

2. Fracture propping to promote flow – This is done by proppant placement and flowback 
with a novel surfactant-based fluid that shows flow-induced viscoelasticity, thereby 
obviating the need for viscosifiers and breakers associated with traditional 
fracturing fluids.  
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4 EXPERIMENTAL DESIGN & 
METHODS 

 

 

 

4.1 Particle agglomeration  

As described in the background chapter section 2.2, we aim to use particle 
agglomeration to mechanically block fractures. We exploit the higher shear rates in larger 
fractures compared to smaller ones. (NB this is for a fixed pressure drop between injector 
and producer). Orthokinetic particle agglomeration is shear rate dependent. To test the 
validity of this and its applicability for the shear rates and chemical environments found in 
subsurface reservoirs we performed batch stirred cell tests. We wanted to determine if, for a 
particle-laden fluid, higher rates lead to particle agglomeration. This chapter contains an 
experimental description and an analysis of the methods used. 

4.1.1 Stirred cell 

Batch tests in a stirred cell provide a controlled environment to study sheared particle 
systems maintained in suspension. The tests were performed in a glass cylindrical cell of 
diameter 100mm and height 140mm with a square stirrer paddle of 85mm x 85mm. (See 
below for shear rate determination.) A Galai CIS-100 was used to measure particle size at 
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different measurement times throughout the tests. A diagram of the experimental setup is 
shown in Fig. 4.1 and an image of the laboratory tests in Fig. 4.2 below:  

 
Figure 4.1. Diagram showing experimental setup for stirred batch particle agglomeration tests. 1) mechanical 
stirrer 2) cylindrical batch vessel 3) 85mmx85mm square paddle 4) Galai particle sizer. 

 
Figure 4.2. Batch stirred cell system. 

1

2

3

4

Stirrers

Test Cells
Particle Sizer
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4.1.2 Shear rate selection 

Inside a fracture there is a distribution of shear rates present. In a Newtonian fluid, the 
shear rate as a function of distance across a smooth fracture is given by: 

𝛾𝛾 =  1
𝜇𝜇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥
𝑦𝑦        (4.1) 

where y is the distance from the centre line (y=0) to the fracture wall (y = w/2 and w is the 
fracture width).  

The smallest value is always γ=0 which can be found in the middle of the fracture, the 
largest can be found at the wall. To choose the shear rates used in our experiment we 
considered a two fracture system. Consider Fig. 2.3 previously described in section 2.2 of the 
background:  

 
Figure 2.3. Schematic showing shear rates for laminar Newtonian flow in a large and small fracture. 

For a pressure gradient of 10 mbar/m in a 1mm wide fracture, the wall shear is 500 s-1 

with an average of 250 s-1 and 50s-1 and 25s-1 respectively for a 0.1mm fracture. We therefore 
look at average shear rates inside the stirred cell within this range (25-500s-1). We need to 
apply these values to the shear rate in a stirred tank, given by Sanchez Perez et al. (2006): 

𝛾𝛾 =  �8𝜌𝜌𝐷𝐷2Ω3

𝜋𝜋𝜇𝜇
        (4.2) 

This expression for shear rate is derived from the total energy dissipation rate (power 
input). Spatial averages will bias the results, and the shear experienced by particles will 
differ between their positions in the cell (Hollander et al. 2003). Errors due to concentration 
and shear gradients in the stirred cell can be overcome by sampling from numerous points 
in the batch system. 

1mm

0.1mm

dP = 10 mBar/m

1s500 −=Wγ 1s250 −=γ

1s50 −=Wγ 1s25 −=γ
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4.1.3 Particle selection 

The agglomeration mineral studied was Baracarb obtained from Halliburton Europe. It 
is a commercially available, unimodal size-dispersed CaCO3 product with size classes 
centered on 2, 5 & 25μm respectively. (The number given after the name “Baracarb” 
designates the size.) Baracarb was chosen based on its availability, cost, known properties, 
and on the fact that it is environmentally benign and can be easily removed upon the 
addition of acid. It also has existing applications in the oil and gas industry. Previous 
Couette tests within Shell also confirmed that CaCO3 is most susceptible to shear induced 
agglomeration. The particles are produced from ground calcite marble, resist size reduction 
beyond their specified range and have a specific gravity of 2.7g/cm3.  

4.1.4 Ionic supersaturation 

The ionic environment as well as the supersaturation affects the degree of agglomeration 
(see background section 2.2.2). To study these effects we tested a range of solution chemical 
environments. The solubility product for CaCO3 is given as: 

𝐾𝐾𝑠𝑠𝑎𝑎 = [𝐶𝐶𝑎𝑎2+][𝐶𝐶𝐶𝐶32−]       (4.3) 

and Ksp= 4.96 x 10-9 in water at equilibrium. Since Ca2+ and CO32- are equimolar this gives a 
nominal solubility of 7 x 10-5 mol/l for each species. The degree of supersaturation α is 
defined by:  

𝛼𝛼 =  
[𝐶𝐶𝑎𝑎2+]𝑆𝑆𝑆𝑆×�𝐶𝐶𝑂𝑂22−�𝑆𝑆𝑆𝑆
[𝐶𝐶𝑎𝑎2+]𝐸𝐸𝐸𝐸×�𝐶𝐶𝑂𝑂22−�𝐸𝐸𝐸𝐸

       (4.4) 

Reagent grade CaCl2 and Na2CO3 provided by Sigma Aldrich were used to make up 
stock solutions. This was then added to the particle suspension to obtain the final solutions 
with α = 5, 10 and 20. Preliminary tests showed that no spontaneous nucleation and 
precipitation occurred.  

4.1.5 Particle size analysis  

Particle size was measured using a Galai CIS-100. A rotating prism scans a laser beam 
across the particle suspension. As the laser beam encounters a particle, the beam is obscured 
for a time and measured by a detector.  The time of obscuration is measured and since the 
rotary speed of the laser is known, the particle diameter can be determined using the Laser 
Obscuration Time (LOT) principle (Moes & Flash, 2013). Due to direct particle size 
measurement, in comparison to other optical techniques LOT is independent of material 
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optical properties and solution chemistry. The technique also does not assume spherical 
particles.  Particle sizes can be measured in the range 0.1-300μm and data are analysed for 
particle size distribution, number (NMD) and volume (VMD) mean diameters and particle 
concentration.  

The effects of low and high shear rates on agglomeration under different conditions of 
ionic concentration, particle concentration and particle size were investigated. First, particles 
were sheared in deionised water at a rate of 1800s-1 for 1 hour to break up existing 
agglomerates and then measured for size. We selected the number mean diameter as the 
basis for our analysis because it is this quantity on which the orthokinetic agglomeration 
theory is based. This size was deemed the initial particle size at time t=0, �̅�𝑑(0). Next particles 
were dosed into the solution (made up to the supersaturation described above) at two 
different concentrations of 0.25g/l and 2.5g/l giving a final volume of 700ml in the cell. We 
sheared the mixtures for 8hrs at 100, 150, 200, 275 and 500s-1 with an IKA-WERKE Eurostar 
digital electric stirrer. Samples were taken every 2 hours and analysed in duplicate for size 
distribution. 

4.1.6 Agglomeration analysis 

We measured the number mean diameter at different times at different experimental 

conditions (shear rate, supersaturation, particle size, particle concentration). The results are 

given as the normalized number mean diameter (normalized NMD), the particle size at time 

t, �̅�𝑑(𝑡𝑡), normalized to the initial particle size, �̅�𝑑(0): 

𝑁𝑁𝑁𝑁𝑟𝑟𝑚𝑚𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑑𝑑 𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑑𝑑�(𝑑𝑑)
𝑑𝑑�(0)

      (4.5) 

The sticking efficiency is the fraction of particle collisions that results in sticking given by 
(based on Eq.12 in the background): 

φ =  𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎
𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐

=  𝑘𝑘𝑁𝑁
𝛽𝛽𝑁𝑁

         (4.6) 

We consider a mono-disperse sample for simplicity (recall that previous work showed 
that this is suitable – see background section 2.2 and Mumtaz & Hounslow, 2000; Mumtaz et 
al., 1997). This gives a simplified agglomeration rate (Eq. 2.14 in background) in terms of N, 
the total particle concentration: 

𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 = 1
2
𝑘𝑘𝑁𝑁𝑁𝑁2        (2.14) 
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and the collision rate constant β for the monodisperse case: 

𝛽𝛽𝑁𝑁 = 4
3
�̅�𝑑3�̅�𝛾        (2.15) 

 Integrating Eq. 2.14 over the time of shearing we obtain:  

1
𝑁𝑁𝑡𝑡
− 1

𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑐𝑐
= 1

2
𝑘𝑘𝑁𝑁𝑡𝑡       (4.7) 

Since the initial and final particle concentrations, Ninitial and Nt, as well as the average particle 
size �̅�𝑑 are measured and shear rates and time known, we can calculate the average 
agglomeration rate constant, kN from Eq. 4.7 and collision rate constant, βN from Eq. 2.15. 
Using the empirical values for kN and βN the sticking efficiency can be obtained from Eq. 4.6.  

4.2 Viscoelastic surfactant materials   

In the section above we described the experimental equipment and procedures for 
measuring particle agglomeration in sheared fluids as a means to mechanically narrow 
larger fractures compared to smaller ones. We now turn to the development of shear-
induced structure forming VES fluids for flow-regulated particle placement in hydraulic 
fractures. Here we similarly make use of shear variations within fractures and the induced 
viscosity, to generate enhanced proppant carrying capacity in solutions of viscoelastic 
surfactants.  

For hydraulic fracturing, a widely accepted rule of thumb is that a proppant carrying 
fluid should have a viscosity of 100mPa.s at a shear rate of 100s-1 (Armstrong, 1995).  We are 
however interested in viscoelastic rather than purely viscous properties as a means to 
suspend particles, as discussed in the background (section 3.4.2). We therefore focus on VES 
fluids that have high SIS regime growth in applicable shear ranges (a high viscosity contrast 
ratio, VCR = μmax/μ0). We also want as low a viscosity as possible at low shear rates. 
Previous work on oil recovery (Golombok, et al., 2008; van der Plas and Golombok, 2015) 
was used to identify two test fluid formulations – 30mM CTAB, 10mM NaSal (denoted 
30/10) and 50mM CTAB, 14mM NaSal (denoted 50/14).  

CTAB (C19H42NBr) and NaSal (C7H5NaO3) were purchased from Sigma Aldrich with a 
purity of >99.0% and >99.5% respectively. CTAB was added to deionised water and mixed 
at 30oC until the solution turned from cloudy to clear. Once fully dissolved, NaSal was 
added and further mixed until clear and homogeneous (approx. 3hrs). The solution was left 
to cool and equilibrate for 2 days before use. 
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In addition, as a means of assessment we compared the SIS-forming VES fluids with 
Newtonian fluids that have the same viscosity as the Newtonian plateau of the VES fluids, 
i.e. the region of shear-independent low viscosity present at low shear rates. For this 
purpose, glycerol was purchased from Sigma Aldrich (>99.0% purity) and mixed with water 
at the desirable concentrations to give the same viscosity as the Newtonian plateau/zero-
shear viscosity. A table of all solutions (in water) is given below (Table 4.1) with zero shear 
viscosity at 22oC. The 30/10 solution and the Newtonian fluid with the same μ0 are 
designated pair A and the 50/14 solution and other Newtonian fluid, pair B. 

Pair CTAB (mM) NaSal (mM) Glycerol (vol-%) 
Zero shear viscosity 

(mPa.s) 

A 30 10 - 2.0 

- - 25 2.2 

B 50 14 - 3.8 

- - 36 4.0 

Table 4.1. Concentrations and rheological properties of fluids used in the experiments. Newtonian and VES fluids 
are matched based on zero-shear viscosity and designated pairs A and B respectively.  

4.3 Standardized rheology tests 

Investigating the fluid’s carrying capacity during proppant placement and the fluid’s 
resistance to flow during flowback operations is essentially an investigation into the 
rheology.  As mentioned before, viscosity and elasticity are the two most important 
properties of a fluid governing its response upon deformation and there are a number of 
ways to measure these.  Traditionally, fluid viscosity can be measured by applying a 
constant shear in a rotational rheometer or a Couette cell, where the resistance to flow is 
derived from the force of the fluid acting on the shear-inducing surface. In capillary or 
fracture flow however, there is a distribution of shear rates across the flow (van der Plas and 
Golombok, 2015b). The form any viscoelastic effects take is also not obvious for a proppant 
carrying application. Alternatively, viscosity can be measured in pressure driven flow 
between parallel plates or in a circular tube, where the resistance to flow is derived from the 
pressure gradient between two points. Furthermore, viscosity can be determined in a falling 
ball viscometer whereby a ball or particle is allowed to settle in a fluid and the rate at which 
it settles is correlated to the fluid resistance by a relationship such as Stokes’ law. After 
describing these standard methods, we describe our novel method for assessing the 
combination, i.e. settling under cross flow. For Newtonian fluids, the viscosity measured in 
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these three ways will always yield the same results. Non-Newtonian fluids are different in 
that their resistance to flow (viscous properties) are shear rate and measurement method 
dependent.  

Moreover, Newtonian fluids exhibit no elasticity. For viscoelastic fluids, characterising 
and modelling a fluid’s elastic properties can be challenging because these properties are 
microstructure dependent and this microstructure can be easily disturbed. A number of 
methods exist to measure elastic properties. These include stress-relaxation tests and creep 
tests. One of the most common laboratory methods however, is to use dynamic oscillatory 
rheometry. In the same way as different kinds of viscous tests can yield different results for 
non-Newtonian fluids, so too can different viscoelastic tests and the parameters used in 
these tests yield different results for quantifying elasticity. In the section below we outline 
the main rheological characterization methods (for viscosity and elasticity) used in this 
work. We also discuss how we reconcile the differences between methods and measurement 
parameters with an aim to predict behaviour in real applications.  

4.3.1 Shear viscosity 

4.3.1.1 Rotational rheometry 

Concentric cylinder geometry is used for low viscosity fluids, known as a Couette cell. A 
bob (radius Ri) rotates at angular velocity ω inside a stationary cup (radius Ro). The 
resistance forces within the fluid exert a torque on the bob which is measured and related to 
the velocity. This is shown for a single gap in Fig. 4.3 below; and the velocity profile 
resulting from a constant shear rate is indicated. We use a double gap concentric cylinder. 
This works the same way as a single gap. However, two surfaces of the torque rod are in 
contact with the fluid which increases measurement accuracy. A diagram showing the 
double gap system and relevant dimensions are given in Fig. 4.4 below. 
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Figure 4.3. Velocity profile in a Couettre cell.   Figure 4.4. Geometry of a double gap rheometer cell. 

The relative radius 𝑅𝑅� for the double gap cell is given by: 

𝑅𝑅� =  𝑅𝑅4
𝑅𝑅3

= 𝑅𝑅2
𝑅𝑅1

        (4.8) 

The shear stress τ at the surface of the bob is given by: 

𝜏𝜏 = 1+𝑅𝑅�2

(𝑅𝑅�2.𝑅𝑅32+𝑅𝑅22)
𝑀𝑀

4000.𝜋𝜋𝜋𝜋
       (4.9) 

where M is the measured torque at the surface. 

The shear rate is a function of the angular velocity (ω = 2π.Ω/60), where Ω is the rotational 
speed, and is given by: 

𝛾𝛾 = 𝜔𝜔. (1+𝑅𝑅�2)
(𝑅𝑅�2−1)

        (4.10) 

The viscosity is then calculated by: 

𝜇𝜇 = 𝜏𝜏
𝛾𝛾
         (4.11) 

Shear rate-viscosity measurements were performed in an Anton Paar MCR-302 
rotational rheometer with double gap cylindrical geometry. The gap on either side is 
0.44mm and the bob length L is 40mm. A Peltier temperature control system maintained 
temperatures at 22oC. 

Ro

Ri

ω
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When fluids have shear-dependent viscosity we ensure measurements are taken at 
equilibrium by first shearing at a constant shear rate for 120s. It was found that 60s was 
sufficient to reach a stable viscosity for all concentrations. During measurement, shear rates 
were increased logarithmically between 1s-1 and 2000s-1 with a pre-shear duration of 60s, at 
each shear rate step, in order to determine a complete equilibrium shear-viscosity profile. 
Above 2000s-1 fluids foam, preventing testing at higher rates. However, the range tested was 
applicable to situations for hydraulic fracturing fluid flow.  

4.3.1.2 Slot flow 

Viscosity can also be measured in pressure driven flow since the pressure drop is 
directly proportional to the viscosity as a result of the frictional forces within the fluid. 
Consider fluid flowing in the slot shown in Fig. 4.5 below: 

 
Figure 4.5. Geometry of a slot flow rheometer. 

From the Navier-Stokes equations the viscosity is given as: 

𝜇𝜇 = 𝑤𝑤3ℎ
12𝑄𝑄

(𝑑𝑑2−𝑑𝑑1)
(𝑥𝑥2−𝑥𝑥1)

       (4.12) 

We used an experimental setup similar to the diagram shown above as part of an 
extensional flow cell (discussed later). This kind of setup is especially useful for 
understanding the behaviour of fluids for fracture flow. In slot flow geometry the shear rate 
is not constant as shown in Eq. 4.1 (flow between parallel plates). Furthermore, for non-
Newtonian, non-power-law fluids the shear rate is unknown. In this case only a geometry 

x1

x2
x

h

w
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specific, apparent bulk viscosity can be measured that is spatially averaged across the 
aperture. 

4.3.1.3 Falling ball 

For our purposes – investigating the suspension capabilities of potential fracking fluids – 
falling ball viscometry is most relevant because it gives information on the apparent 
viscosity actually experienced by a particle in suspension. This is the method used to 
determine apparent viscosity with the aid of particle tracking velocimetry measurements. A 
particle (ball) is allowed to settle in a quiescent fluid and its velocity measured. The particle 
reaches terminal velocity when the drag force and gravitational force are equivalent (Fig. 
4.6).  The shear rate around a sphere settling in a static fluid is localised around the object. 
Considering the fluid stream lines, we can define a shear rate (duf/dx) for a falling ball test 
(Fig. 4.7). Strictly speaking the shear rate around a sphere is not constant because the fluid 
streamlines are compressed. We can however use as an “apparent” shear rate when the 
exact velocity profile around a falling sphere is unknown. This is given by (Chhabra, 1993): 

𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎 =
2𝑣𝑣𝑎𝑎
𝑑𝑑𝑎𝑎

        (4.13) 

where vp is the measured velocity of the particle.  

                     

Figure 4.6. Schematic showing falling ball viscometry 
with drag force Fd and gravitational force Fg.   

Figure 4.7. Schematic showing the fluid velocity uf 
around a particle settling in a static flow under 
creeping flow. 
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We performed settling tests in fluids that were bounded (between fracture walls) and 
unbounded (no wall effects). The bounded experiments were performed in a fracture flow 
cell described later leading to shear rates comparable to that in slot flow above. This is 
compared with particle settling in a large cylinder (unbounded). In this way we could 
investigate the effects of confining walls on particle settling in static fluids. The particle 
settling velocity was determined optically and, using Stokes’ law (Eq. 3.10), we calculated 
the viscosity. Then settling tests were performed in a fracture flow cell under fluid cross 
flow (dynamic tests). Differences in apparent viscosity between falling ball and dynamic 
tests could be attributed to properties of the fluid undergoing pressure driven flow.  
   

4.3.2 Elasticity  

Dynamic oscillatory rheometry probes the viscoelasticity in both the Newtonian plateau 
and SIS regime of the VES fluids. These tests are performed in a Couette cell such as the one 
described in section 4.3.1.1 but do not examine shear rate dependence. Rather, they measure 
how viscous or elastic a fluid’s stress-strain response is. A sinusoidal strain is imposed on 
the fluid with a frequency ω: 

𝜎𝜎 = 𝜎𝜎0sin (𝜔𝜔𝑡𝑡)        (4.14) 

and the total stress response measured: 

𝜏𝜏 = 𝜏𝜏0sin (𝜔𝜔𝑡𝑡+  𝛿𝛿)       (4.15) 

δ is the phase angle by which the stress lags the strain, i.e. for δ=0 the stress is in phase and 
the material is purely elastic and for δ=π/2 the material is purely viscous. This allows the 
stress response to be decomposed into elastic and viscous components: 

 𝜏𝜏 = 𝐺𝐺′ .𝜎𝜎0 . sin(𝜔𝜔𝑡𝑡) + 𝐺𝐺′′.𝜎𝜎0 . cos (𝜔𝜔𝑡𝑡)     (4.16) 

where the in-phase component determines the elastic modulus given by: 

𝐺𝐺′ =  𝜏𝜏0cos (𝛿𝛿)
𝜎𝜎0

         (4.17) 

and the out of phase (by π/2) component determines the viscous modulus is given by: 

𝐺𝐺′′ =  𝜏𝜏0sin (𝛿𝛿)
𝜎𝜎0

        (4.18) 
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There are two timescales relevant in such tests: the experimental time and the material 
time. The experimental time is essentially the frequency at which a strain is imposed, i.e. the 
“speed” and duration for which a strain is imposed and can be considered the fluid 
observation time. The material time is the time it takes for the fluid to respond to such a 
deformation due to the mechanics of the fluid microstructure and can be considered the 
fluid relaxation time. The Deborah number is a common parameter used to characterise 
viscoelastic fluids given as: De = λrel/λf where λrel is the fluid relaxation time and λf is the 
fluid observation time.  Furthermore, as we shall show, the fluid has another time 
dependence which relates to the formation and decay of shear induced structures under 
different shear regimes. 

During oscillatory rheology tests the fluid should remain in a linear regime. This means 
that the microstructure remains unchanged as a result of a strain. First, we performed a 
standard oscillatory strain-amplitude sweep (1 – 30%) on the fluid in the relaxed state and 
then we did the same with the fluid pre-sheared within the SIS regime before each 
measurement point. We selected a strain of 10% within this linear regime. We also 
investigated the G’ and G’’ for different measurement duration times. The viscous modulus 
was independent of measurement duration at small times (<15s). The elastic modulus 
however, showed variability, indicating that the in-phase stress response was measurement 
duration time dependent. In this case we selected 5s as a standard measurement for all 
oscillatory test points.  

4.3.3 Transitional flow due to extension 

As described in the background section 3.5.1, when fluid enters a fracture through a 
perforation it undergoes a rapid expansion resulting in extensional strain. This kind of flow 
can affect the fluid rheology during transition in the near-wellbore region. The effect of 
sudden expansion on rheology can be tested using a new microfluidic rheometer known as 
the “extensional viscometer-rheometer-on-a-chip” (EVROC) manufactured by RheoSense 
Inc. In the sections that follow, we expand this study and describe how flow imaging using 
PIV can be used to infer fluid rheology due to a sudden expansion like flow through a 
perforation. 

The EVROC unit reflects certain features of fracture flow (varying apertures size) and 
pore flow (expanding and contracting pore throats). It consists of a rectangular flow channel 
with a central hyperbolic contraction – a schematic diagram is shown in Fig. 4.8. (The 
hyperbolic geometry allegedly ensures a constant extensional rate across the centre line 
although this is disputed (van der Plas and Golombok, 2015b).) Four integrated micro-
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electromechanical pressure sensors are moulded into the channel, two before and two after 
the contraction/expansion allowing for differential pressure measurements in the extension-
free rectangular channels (cf. with slot flow above) as well as over the hyperbolic section. 
The channel width wu is 3.3mm, the height h is 0.19mm and the throat width wc is 0.4mm. 
Pressure drop was measured across each section (ΔP1-2, ΔP2-3, ΔP3-4) for flowrates ranging 
from 150μl/min to 4ml/min (4 –106mm/s in the straight section). Before each measurement 
we flushed the cell at high flowrates with 10ml of fluid to remove any other fluids and air 
bubbles. During the test, each flowrate was measured for 60s to ensure pressures were in 
equilibrium.  

 
Figure 4.8. Schematic of the EVROC mirocfluidic cell used for extentional resistance experiments (Ober et al., 
2013). 

To infer rheology in pressure-driven flow we adapt previous work by van der Plas and 
Golombok (2015b). We modelled the pressure drop as one that results from the product of a 
flow resistance Rfl composed of fluid factors, a geometric resistance Rgeo and flow rate Q: 

∆𝑃𝑃 =  𝑅𝑅𝑓𝑓𝑐𝑐𝑅𝑅𝑎𝑎𝑅𝑅𝑐𝑐𝑄𝑄        (4.19) 

For Poiseuille flow (i.e. Newtonian flow) between parallel plates, present in the 
rectangular section of the EVROC between pressure transducers P1 and P2, the shear 
viscosity is the same as that obtained in a Couette cell, given as a bulk viscosity μb. 
Resistances are therefore given as: 

𝑅𝑅𝑓𝑓𝑐𝑐 = 𝜇𝜇𝑏𝑏  and  𝑅𝑅𝑎𝑎𝑅𝑅𝑐𝑐�1−2 = 12𝑑𝑑𝑥𝑥
ℎ3𝑤𝑤𝑢𝑢

      (4.20) 

For the flow inside the contraction, the geometric resistance is not easily defined. The 
flow resistance is also composed of an additional extensional resistance. Since the uniaxial 
extension is constant across the centre-line and the contraction/expansion is symmetric, the 
contribution of extensional viscosity for a reference Newtonian fluid is cancelled out over 
the hyperbolic section (van der Plas and Golombok, 2015b). We can therefore simply use the 
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bulk viscosity μb obtained from Eqs. 4.19 and 4.20 and ΔP1-2 to determine the geometric 
resistance in the converging/diverging section: 

𝑅𝑅𝑎𝑎𝑅𝑅𝑐𝑐�2−3 =  ∆𝑑𝑑2−3
𝜇𝜇𝑏𝑏𝑄𝑄

       (4.21) 

Once this is known, the total flow resistance (composed of both shear and extensional 
viscosity) can be determined from Eq. 4.19 for the VES fluids and compared to that for the 
Newtonian fluids. Note that this approach is purely phenomenological. There is no 
estimation of extra stress terms. The fluid resistance in the converging-diverging section 
contains shear, extension and elastic effects. Furthermore the shear viscosity for non-
Newtonian fluids in this section is unknown and cannot be separated out. The non-
Newtonian application here is nevertheless pressure driven flow. In such circumstances the 
application of apparent viscosities or equivalently, resistance factors, is an accepted way of 
quantifying these effects (Rojas et. al., 2008).  What we can assess is the overall extra fluid 
resistance in the converging-diverging section compared to the straight section, and 
between Newtonian and non-Newtonian fluids. This is particularly useful when it comes to 
application for flow in a porous proppant pack which we describe later.  

4.4 Fracture flow cell 

We describe the equipment and procedures to measure particle flow in fractures in SIS 
forming VES fluids. In this case the aim is to selectively suspend proppant particles during 
placement based on fluid shear rate in fracture flow. We designed a clear glass fracture to 
optically analyse the flow properties of particles suspended in SIS fluids transported 
through uniform channels at different flow rates. Particle image velocimetry (PIV) measured 
small particles (10μm) that follow flow streamlines and allowed the fluid velocity profile to 
be determined. The geometry of the flow cell inlet is comparable to a wellbore perforation 
(6mm in diameter) into a larger fracture. Analysis of the fluid velocity field immediately 
after the inlet and the required entrance length to reach fully developed flow gave an 
indication of the rheological properties of a fluid in this region. After the PIV tests, the 
settling velocity of large proppant particles (780μm) was measured with particle tracking 
velocimetry (PTV). Knowledge of the velocity profile ensured that proppant transport tests 
were conducted in a fully developed flow regime. 

4.4.1 Flow cell design and engineering 

Fig. 4.9 below shows Poiseuille flow between parallel plates. Shear rate (dvx/dz) varies 
from γ = 0 in the centre to γ = γmax at the wall and is given by Eq. 4.1 above.  
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Figure 4.9. Flow between parallel plates. Arrows show fluid streamlines indicating sheared planes. 

We designed a clear glass fracture of variable width w to investigate the effects of 
fracture width and fluid velocity on the suspension characteristics of VES fluids. As 
described above we measured settling in the fracture under both dynamic (shear) and static 
(zero shear) fluid situations. The dimensions of the test cell were limited by a number of 
factors. Firstly, the channel width was comparable to the hydraulic fracture width in the 
subsurface and was chosen to vary between 1mm and 6mm (Yu & Sepehrnoori 2013). 
Another consideration for channel width was based on achieving the shear rates applicable 
during proppant placement. Shear rates vary from 40s-1 to 400s-1 (Navarrete et al., 1994) in 
most hydraulic fracturing treatments, with higher shear rates present at the start of a 
treatment; these higher shear rates decrease as the fracture widens and fluid is lost to the 
surrounding matrix. Secondly, high shear rates can be achieved in narrow channels with 
relatively low flow rates but much higher flows are required to achieve similar wall shears 
in larger channels. For example, to achieve a wall shear rate of 100s-1 with a Newtonian fluid 
of 0.1Pa.s viscosity in a 1mm wide channel with a 20cm height, a flowrate of only 12.5l/hr is 
required. However, in a 5mm channel for the same fluid, channel height and shear rate, a 
flowrate of 300l/hr is required. The channel cross sectional area (width x height) is therefore 
very important in determining the flowrate-shear rate combination. Since the width is 
constrained to those actually found in the subsurface, the height is the only design variable. 
Thirdly, suitable settling distances and moderate pump rates (for laboratory practicality and 
reduced pulsation) are required. Increasing the fracture height increases the settling distance 
that can be analysed, but also increases the pump rates required. Based on these 
considerations and available pump rates, a 20cm height was chosen for practical purposes. 

xz
y
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Also, to enable one-dimensional flow approximation the aspect ratio (h/w) must be larger 
(>>1). With this design is it always > 33. 

During dynamic tests, particles should be analysed in the fully developed flow regime 
without inlet and outlet effects. Using theory and analytical solutions to predict where the 
fully developed flow regime is for our fracture cell geometry, is difficult especially for 
complex fluids. (This has been previously discussed in section 3.4). We chose a fracture 
length of 60cm and used PIV to determine the zone of fully developed flow. These findings 
will be discussed in the results section.  

A 60cm x 20cm clear glass channel is formed by sandwiching different pre-defined 
spacers (1-6mm) between glass plates depending on the width required. (see Fig. 4.10 and 
4.11). Two 11mm-thick Schott Borofloat® glass-plate windows were separated by plastic 
spacers to create the fracture aperture. The thick glass provides improved rigidity compared 
to plastic and reduces bulging, caused by internal pressure. The plates were held in place by 
retainer frames to form the cell walls. The three inlets were 6mm in diameter and 
comparable to wellbore perforation size through which fracturing fluid is injected. The 
support frame and retainer frames are made of stainless steel. The unit is rated to a 
maximum operational pressure of 400mBar and fitted with a safety relief valve. A diagram 
of the flow cell is shown in Fig. 4.10 and Fig. 4.11 and a photo of the built setup is shown in 
Fig 4.12 below 
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Figure 4.10. Schematic of the flow cell showing the vertical clear glass fracture with 3 inlets and outlets. Note: 
only 1 inlet is used for investigating perforation to fracture flow. Flow is in the x-direction, particles settle due to 
gravity in the y-direction and fluid shear is in the z-direction. 
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Figure 4.11. Fracture flow cell assembly. Two glass plates are together by retainer plates inside a stainless steel 
frame. Neoprene o-rings are used as seals between the glass plates and the retainers. 

 
Figure 4.12. Image of fracture flow cell showing three inlets on the left and a high speed camera on the right. 

Glass plate

Retainer frame

Support frame

Seals
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4.4.2 Flow cell experimental conditions 

We tested a range of flow rates in two fracture width sizes, 2.4mm and 3.4mm. Table 4.2 
below gives the flow rates delivered by the pump. The table also includes the average fluid 
flow velocity inside the fracture u and the theoretical wall shear rate calculated from Eq. 4.1. 

Fracture size 
(mm) 

Flow rate 
(ml/min) 

Fluid velocity 
(mm/s) 

Wall shear rate 
(s-1) 

3.4 

600 14.7 26.0 

1200 29.4 51.9 

1800 44.1 77.9 

2400 58.8 103.8 

2.4 

420 14.6 36.5 

600 20.8 52.1 

840 29.1 72.9 

1200 41.7 104.2 

1260 43.8 109.4 

1680 58.3 145.8 

1800 62.5 156.3 

2400 83.3 208.3 

Table 4.2. Flow rates tested in the 2.4mm and 3.4mm fracture widths giving average fluid velocity and theoretical 
Newtonian fluid wall shear rate. 

4.4.3 Pump specifications 

A Masterflex L/S Variable Speed Digital Drive pump was used to deliver the VES fluid 
with particles in suspension. The peristaltic pump is able to pump particle suspensions 
without the risk of damaging the pump head and was therefore suitable for the application. 
High precision tubing of size ID 4.8mm was used and provided high-accuracy over a flow 
rate range from 3ml/min to 3000ml/min. Peristaltic pumps can have a high degree of 
pulsation, and to control this we placed a pulse damper downstream of each channel outlet 
of the pump. 
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4.4.4 Flow loop and imaging system 

A schematic diagram of the experimental setup is shown in Fig 4.13.  

 
Figure 4.13. Schematic of PIV/PTV system (view from above). 1) Clear glass fracture cell; 2) High-speed CCD 
camera; 3) Reservoir with particles maintained in suspension; 4) Multi-channel peristaltic pump; 5) Back-lit 
illumination system. 

The fluid was circulated through the facture and a reservoir tank between the pump 
inlet and fracture outlet was used to maintain particles in suspension. Four lights 
illuminated the fracture from behind for particle imaging. Photographs were obtained with 
a LaVision GmbH high-speed 2 kHz CMOS camera (Photon fastcam SA3 1024x1024 pixel) 
and a 50mm, f/1.4 Nikon lens. The camera could image 20cm x 20cm sections and was 
placed 65cm from the fracture. In this way it was possible to measure 3 different zones 
inside the fracture (inlet, middle and outlet regions – the whole channel is 60cm long) and 
later combine PIV or PTV data from each section. An automatic translation stage (ISEL 
Germany AG) moved the camera mount to the discrete points across the fracture view. 
Image post processing and vector calculation was performed with DaVis software from 
LaVision.  
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4.5 Particle image velocimetry 

4.5.1 Visualization 

The flow was visualized using particle image velocimetry (PIV) to create a profile from 
the inlet rapid expansion to the outlet. The fluid was seeded with 10μm silver coated glass 
sphere particles that have a density of 1.01g/cm3, comparable to the fluid (ρf = 1.0g/cm3) so 
as not to disturb the flow field. In this way, the trajectories of the particles follow the fluid 
streamlines. The 2D flow profile over the fracture was imaged with PIV. In this way an 
entrance length to reach fully developed flow for each flow rate was determined. A 
comparison between the flow profiles of purely viscous Newtonian fluids and viscoelastic 
fluids was also done to assess elastic effects on damped recirculating zones.  

For each zone across the fracture, 200 images were taken at 50 Hz, providing high 
resolution images for 4 seconds of flow. At the lowest flow rates, particles moved at the inlet 
point with a velocity of 180mm/s giving a per-frame distance of 3.6mm. In the largest 
fracture tested, particle velocity was rapidly reduced to 7mm/s and 0.14mm per-frame 
distance. Each image was divided into an overlapping grid of squares. The translation of 
each square from the first image to the next resulted in a vector being assigned for each 
square in the direction required to create the same image between the pairs. Thus the 
software determines a vector field for each image pair. Following this, the vector fields for 
200 images were averaged to yield a flow field for 4 seconds of flow. The standard deviation 
for each vector in the field was less than 10%. In addition, image sets were taken in duplicate 
for each flow rate to ensure repeatability.    

4.5.2 Analysis 

Once the vector field for the complete channel was determined we needed criteria to 
determine fully developed flow. The average flow field obtained, as described above, 
resulted in a 32 x 32 uniform grid vector field across the channel viewing zone. An example 
of the result from PIV tests is given in Fig 4.14: 
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Figure 4.14. Average vector field for 4seconds of flow and 600ml/min flow rate in a 2.4mm channel. This shows 
the flow field in the first 200mm of the channel – inlet zone (recall we took measurements in 3 zones). 

 If x is the direction of flow, we considered fully developed flow to be the point at which 
variations in the y-direction of velocity magnitude u and velocity vector angle relative to the 
horizontal (θ=0) were negligible. We define an entrance length using the following criteria 
on the mean average for the vectors for all y-positions at a given x-position.  

• The change in the average vector magnitude 𝑑𝑑𝑈𝑈
𝑑𝑑𝑥𝑥

< 0.0001𝑠𝑠−1 

• The change in the average angle 𝑑𝑑𝜃𝜃
�

𝑑𝑑𝑥𝑥
< 0.1𝑐𝑐𝑚𝑚𝑚𝑚−1 

The x-position at which these criteria are met is defined as the entrance length required for 
fully developed flow to be established. 

 

 

y

x
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4.6 Particle tracking velocimetry 

4.6.1 Visualization 

The fluid was seeded with spherical glass beads similar to proppant used in the field. 
They have a size range of 710-850μm (comparable to 18/25 mesh) and a particle density of 
2.4g/cm3. We dosed the fluid with 2g/l of particles giving a (negligible) particle volume 
fraction of 0.08%. A very low dosing allowed us to track individual particles that are widely 
dispersed whereby their concentration does not influence settling behaviour. This method 
ensures only the local fluid effects around each particle are determined – which can 
otherwise be complicated by hindered settling and other factors present in more 
concentrated slurries. The particles were coloured brown to allow for easy imaging and 
individual tracking in complex flows. The fluid flowed in the x-direction and particles 
settled in the y-direction. There is no variation in fluid velocity in the x-y plane, because PTV 
was only performed in the fully developed flow region. There was, of course, vertical 
acceleration downward of suspended particles. The shear rates varied across the width of 
the fracture in the z-direction (see Fig. 4.9). 

A similar measuring technique to obtain images for the PIV tests was used for PTV, the 
main difference being the size of particles images and the post-processing. Again, for each 
zone across the fracture, 200 images were taken at 50 Hz, providing high resolution images 
for 4 seconds of flow. This resulted in a set of static images separated in time by 0.02s. The 
images were pre-processed to enhance particle intensity and remove background artifacts. 
Processing involved rigorous tracking criteria. This included the intensity range of a particle 
(shown as high-intensity spots on the image), the particle velocity in x and y, and the 
relative change in velocity between image pairs.  This ensured that only particles of a certain 
size class, velocity and illumination were tracked. Particles were then tracked from one 
image to the next based on these criteria, as well as on the required track length, i.e. particles 
must meet the identification criteria but also must be track-able through a series of at least 
10 images. Subsequently, a velocity vector was assigned to each resulting in a set of 200 
images with each particle in each image having an x-y velocity vector. This was done for 
each flow rate and repeated three times to ensure repeatability, i.e. for each flow rate we 
obtained 3 sets of 200 images.  
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4.6.2 Analysis 

4.6.2.1 Settling in static fluids 

For the static tests, the fracture was filled with VES fluid. Particles were dropped from a 
small inlet at the top of the fracture cell allowing them to settle between the fracture walls. 
Again, images were taken at 50Hz for 4 seconds, allowing particles to settle out completely. 
The time to reach terminal settling velocity was negligible and particles settled almost 
immediately at constant velocity. Vectors were obtained and averaged to yield the terminal 
settling velocity, vt0 for static (i.e. zero cross flow, u = 0m/s) fluid. 

4.6.2.2 Settling in flowing fluids 

Particle tracking was only performed in the fully developed flow regime in order to 
eliminate fluid velocity gradients that may otherwise influence particle trajectories. The 
particle velocity vectors for each of the 200 images in a set were collected into a single vector 
field showing the particle trajectory and vectors for 4 seconds of flow.  An example of this is 
shown in Fig. 4.15. 

We were interested in the settling velocity of the particles (i.e. the y-component of the 
velocity vector). In particular we wanted to determine the y-velocity (termed the settling 
velocity) as a function of the position of the particles across the fracture. This information 
was desired for each flow rate as a means to determine the effect of flow rate on the ability 
of the VES fluid to suspend particles. To do this we performed an analysis illustrated in Fig. 
4.16. For each x-position, the y-component of the velocity was averaged for all particles at 
the specific position. This average velocity vy was then normalized to the settling velocity for 
static fluids in order to yield the relative settling velocity Λ as a function of x-distance across 
the fracture: 

Λ(𝑥𝑥) = 𝑣𝑣𝑦𝑦(𝑥𝑥)
𝑣𝑣𝑡𝑡0

        (4.22) 

The relative settling velocity was then plotted against x-distance. In this way we could 
determine how the particle settling velocity changed (or remained constant, i.e. terminal 
velocity) as it flows across the fractures. We could also determine the effect of shear fluids 
compared to fluids at rest and how this affected the fluids ability to suspend particles. This 
was done for each fluid and different flow rates. 
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Figure 4.15. Example of vector field for 4 seconds of flow at 600ml/min flow rate in a 3.4mm channel with 30/10. 
Vectors are show for each particle and their trajectories are clearly apparent. In this image the vectors are coloured 
by their velocity in the y-direction. Blue corresponds to a negative velocity (i.e. settling) and the intensity of blue 
corresponds to the magnitude of the velocity. White is zero y-velocity and red is positive y-velocity.  

 
Figure 4.16. The left-hand diagram shows the particle trajectory in the x-y plan across the fracture, showing the v-
component of the velocity vector in red. The right hand diagram shows how this is converted to a plot of relative 
settling velocity versus x-distance. 
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4.7 Conductivity cell 

Above we described the development and testing of flow-regulated proppant carrying 
fluids by exploiting the added viscoelastic properties of VES fluids due to shear-induced 
structures. This is applicable to stage 2 of the hydraulic fracturing process: proppant 
placement. In what follows we investigate the behaviour of the fluid during stage 3: 
flowback. Here we aim to exploit the low-viscosity “Newtonian plateau” regime of VES 
fluids, whereby they flow with little resistance at low shear rates through a porous proppant 
pack.  Recovering most of the fluid is desirable to maximize proppant-pack conductivity, Kfr, 
defined as the product of propped fracture width wpr and the permeability of the propped 
zone κf (Bennett et al., 2005): 

(𝐾𝐾𝑓𝑓𝑟𝑟 =  𝑤𝑤𝑎𝑎𝑟𝑟 × 𝜅𝜅𝑓𝑓𝑟𝑟)        (4.23) 

To test the fluid’s flowback properties and conductivity post-flowback, we used an ISO 
13503-5 standard proppant conductivity cell shown in Fig. 4.17 below. Details for set up and 
measuring practices can be found in ISO 13503-5, but they are briefly outlined here.  

 

 
Figure 4.17. ISO 13503-5 proppant conductivity cell. 
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The cell has a “stadium” geometry (two semi-circles on opposite ends of a rectangle). 
The surface area is 64.5cm2 and the breadth in the parallel section is 3.8cm. The width of the 
proppant pack (propped fracture width, wpr) is a function of both proppant mass loading 
and closure pressure. Here, we used a mass of proppant-per unit cell surface area of 2lb/ft2 
(9.8kg/m2). We placed 63g of 40/70 mesh Ohio sand proppant inside the cell. Sandstone 
cores were then placed above and below the proppant pack to act as confining walls 
comparable to the fracture surface. A hydraulic load frame exerts a closure pressure on the 
cell – in this case 4000 psig (280 bar) giving a propped fracture width wpr = 8.4 mm. A 
differential pressure sensor measures pressure drop across the proppant pack, the high and 
low pressure ports are 127mm apart. An additional pressure sensor measures the actual 
pressure inside the cell.  

Initially the cell was loaded and the closure pressure applied for 50hrs to let proppant 
settle and compact under pressure. 2% KCl solution was used to determine pack 
permeability from Darcy’s law (Eq. 3.14). Pressure drops for flow rates from 2ml/min to 
4ml/min were tested. The conductivity could then be determined from Eq. 4.23. Once the 
pack permeability was known we tested the VES fluid to determine its apparent viscosity 
during flowback from Eq. 3.14. Initially, the cell was filled at very low flow rates 
(0.1ml/min) to avoid the formation of a flow-induced structure phase that is known to occur 
for surfactant solutions in microporous flow under high flow rates (Vasudevan 2010). After 
saturation, pressure drops were measured in the range 0.1 – 0.5ml/min. These are an order 
of magnitude lower than those tested for the 2% KCl fluid, because higher flow rates 
resulted in far greater pressure drops. (Porous media have previously been shown to induce 
disproportionately large flow resistances (van Santvoort and Golombok 2015b)). After the 
flow properties of the VES fluid were measured we repeated the initial conductivity test 
with 2% KCl to verify the retained conductivity post-flowback – i.e. to what degree the VES 
fluid was recovered and whether the proppant pack was altered.  
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5.1 Particle agglomeration 

 Abstract 
Orthokinetic agglomeration is a candidate mechanism for selectively increasing 

proppant size in large fractures during subsurface flow. The rate of agglomeration shows a 
maximum at shear rates of 275s-1 suggesting that the ability to selectively grow particles 
depends on the hydrodynamics. Growth rates are shown to increase with increasing ion 
availability per unit surface area. The availability of solution ions and the average shear 
rates are the key parameters determining agglomeration. Precipitated species act as bridging 
“glue” between particles. Reduced growth rates are found for higher particle concentrations 
and also for larger particle size. This result has possible applications for shear-selective 
mechanical blocking which can be applied to solve the problem of high conductivity paths 
in fractured reservoirs for both traditional oil recovery and geothermal energy.  

 Results 

5.1.1 Growth and distribution 

The aim of this study was to apply particle agglomeration in water or brines of similar 
carrying capacity. The first test is the fluid’s suspension ability at the required shear rates. 
Initial visual tests showed Baracarb-2 and -5 to be maintained in suspension even at the 
lowest shear rates. Baracarb-25 settled out at shear rates below 275s-1 – a critical value for 
characterising behaviour – see below. As we only deal here with aqueous carrying capacity 
as outlined above, these large particles were excluded from further investigation in this 
study. The suspension ability of the fluid is governed by factors that include viscosity, 
particle size, and fluid velocity. There is potential for applications of larger particles at 
higher shear rates or viscosified aqueous media. This is the focus of future research and is 
not germane to the study described here, which focuses on small particle shear induced 
agglomeration potential in water-like media, i.e. aqueous viscosities. 

Fig. 5.1 shows particle size evolution for Baracarb-5 over 8 hours for three shear rates 
tested in the stirred cell. Results are reported as a normalized number mean diameter 
(NMD), d�(t)/d�(0), since it is the number of particles on which the agglomeration equation is 
based, rather than other standards such as volume or mean diameters.   
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Figure 5.1. Particle agglomeration for Baracarb-5 at initial concentration of 0.25 g/l and solution supersaturation 
α=10 at different shear rates. 

The initial rates over the first 0-2 hours support Smoluchowski’s theory (Eq. 2.9 and 
2.10): 

𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐 =  𝛽𝛽𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖,        (2.9) 

and the collision rate constant βij is given by: 

𝛽𝛽𝑖𝑖𝑖𝑖 = 1
6

(𝑑𝑑𝑖𝑖 + 𝑑𝑑𝑖𝑖)3𝛾𝛾       (2.10) 

The 500s-1 shear case has the highest initial growth and 100s-1 the lowest. Increase in size 
is also a linear function of shear rate at this stage. These rates decrease as the solution 
becomes less saturated and other disruptive mechanisms develop. This growth rate decrease 
is seen most notably for the highest shear case, 500s-1, where rapid growth over the first 2 
hours falls to nearly zero, equilibrating at 1.5 times initial size – the lowest value for all cases 
tested. This is because larger agglomerates are unstable as high shearing forces break them 
apart.  
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For all cases final particle size did not exceed 2 times the initial number mean diameter. 
This indicates that the smaller particles preferentially agglomerate compared to the larger 
particles in the size distribution. This is supported by Fig. 5.2 which shows a particle size 
distribution for Baracarb-5 before and after shearing at 275s-1 for 8 hours (NB: the 
distribution in Fig. 5.2 is based on the Sauter mean diameter – based on particle surface area 
– compared to the NMD which we use for the other analyses) . The initial size distribution is 
unimodal with a second peak developed after shearing. The initial peak, centred on 1µm, is 
reduced, indicating a significant reduction in the number of particles in the smaller size 
classes. The percentage of particles above 5µm remains relatively unchanged, suggesting 
that the second peak is composed of agglomerates of the smaller particles.  

 
Figure 5.2. Particle size distribution for 0.25g/l of Baracarb-5 before and after shearing for 8 hours at α=10 and 
γ= 275 s-1. 

5.1.2 Sticking probability 

The sticking efficiency φ (Eq. 4.6) can be calculated by comparing the measured 
agglomeration rate (from Eq. 2.14) and the predicted shear induced collision rate (from Eq. 
2.15). It is shown in Fig. 5.3 below.  
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Figure 5.3. Sticking efficiency as a function of shear rate γ for different time durations of test.  

Fig. 5.3 shows that the sticking efficiency φ, i.e. the ratio of observed mean agglomeration 
to orthokinetic collision rate derived from Eq. 4.6, is negatively affected by fluid shear and 
the duration thereof. These results agree with Mumtaz et al. (2000) in so far that the number 
of collisions resulting in sticking is much lower than predicted and decreases for increasing 
shear. This can be explained by hydrodynamic forces and collision contact time having a 
significant effect in maintaining a newly formed “doublet” of two sticking particles. For 
higher shear, contact time is reduced and sufficient precipitation cannot occur. In addition, 
the strength of the bond depends on bridging chemistry and electrostatic forces (Hounslow 
and Andreassen, 2004) and, as time elapses, bridging ions are depleted. The sticking 
efficiency decreases with shear rate (Fig. 4) but also decreases with the time duration of 
shearing. Even though sticking efficiency decreases with increasing stirrer speed, we still 
observe increasing growth as predicted by Smoluchowski.  
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Figure 5.4. Normalized number mean diameter at different shear rates and experimental time for 0.25g/l of 
Baracarb-5 at α=10. 

Fig. 5.4 above shows particle NMD versus shear rate at different experimental times. 
Over the first two hours the agglomeration rate increases linearly with shear rate. This 
means that the increase in collision rates as a result of higher shear rates is enough to 
overcome the lower sticking efficiency. As time progresses a peak develops for the 
intermediate shear rate, 275s-1. This is due to lower collision rates in the low shear regime 
and breakage in the high shear regime as discussed previously. At lower shear rates sticking 
efficiency also declines more rapidly than at higher shear rates (see Fig. 5.3). This indicates 
that growth will slow even more rapidly for low shear rates as time progresses. These 
findings have positive implications for application in size selective fracture blocking: lower 
wall shear rates (as found in smaller fractures) will result in lower collision rates as well as a 
more significant drop in sticking efficiency as shown in Fig. 5.3.  

5.1.3 Supersaturation/precipitation 

Fig. 5.5 below shows the effect of varying the solution supersaturation and Fig. 5.6 
shows Baracarb-5 particle growth for two different mass concentrations, 0.25g/l and 2.5g/l.  
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Figure 5.5. Normalized number mean diameter for 0.25g/l of Baracarb-5 at different solution supersaturations 
after shearing for 8hrs at γ = 275s-1. 

 
Figure 5.6. Normalized number mean diameter for different concentrations of Baracarb-5 at 0.25g/l and 2.5g/l and 
α=10. 

At higher supersaturations the particle growth is faster and reaches larger final particle 
sizes (Fig. 5.5). This is due to the availability of the solvated Ca2+/CO32- in the 
supersaturated solution which forms the “glue” for enabling colliding particles to stick. At a 
higher supersaturation there are more ions in the solution. However, because the particle 
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mass concentration in liquid remains the same (0.25g/l) there is more “glue” per unit 
surface area in the form of ions available to precipitate out and form interparticle connecting 
bridges. For the same particle concentration, but with more ions in the solution, the mass of 
solute depositing from solution has a correspondingly larger effect.  

The same effect is found for lower particle number concentrations at constant 
supersaturation (Fig. 5.6). In this case the number of particles in the 2.5g/l system is 10 times 
higher than that in the 0.25g/l. The growth for lower concentration is faster and reaches a 
larger final size due to the higher ion to surface area ratio. If we consider the effect of size on 
particle agglomeration using Eq. 2.9 and Eq. 2.10, for the same mass in solution the rate of 

collision of particle size di differs by a factor of �𝑑𝑑𝑖𝑖
𝑑𝑑𝑖𝑖
�
3
compared to that for particle size dj. This 

is because of the higher number concentration of smaller particles. To test this 0.25g/l of 
Baracarb-2 and -5 were sheared separately at the same supersaturation condition, α=10.  

These results are shown in Fig. 5.7 below. Initially, the Baracarb-2 agglomerates at a 
faster rate, due to the higher collision rate. As time progresses however Baracarb-5 results in 
greater agglomeration compared to Baracarb-2. This is probably due to the reduced surface 
area-to-mass ratio for larger particles compared to smaller ones which leads to a higher ion 
to surface area ratio.  

 
Figure 5.7. Normalized number mean diameter for Baracarb-2 and Baracarb-5 showing the effect of particle size 
on agglomeration at 0.25g/l and α=10. 
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 Conclusions 
1. Smaller size distributions agglomerate faster than larger ones.  
2. The hydrodynamic effects formalized by Smoluchowski are supported below a critical 

shear rate of around 275s-1 after which breakage dominates.  (The shear process arising 
from stirring increases the collision rate.)   

3. Low particle number-concentration suspensions agglomerate faster than higher ones 
when considering the critical role of ion precipitation. This contradicts Smoluchowski’s 
theory which does not take agglomeration chemistry into consideration.  

4. The sticking efficiency is a function of the particle/fluid chemistry. Factors such as 
surface charge and supersaturation govern these effects.  

5. Selective agglomeration controlled by shear rate and chemistry manipulations can thus 
be induced in particles flowing in the subsurface. The rates we found were too low and 
final particle size too small for immediate practical use.   

6. When applied to reservoir applications the findings above indicate that manipulation 
of the chemical environment can be a means to enhance particle-particle and particle-
wall sticking. Future investigation into solid surface charges through ion concentration 
coupled with pH manipulation is expected to further improve sticking. 

5.2 Surfactant solutions rheology  

 Abstract 
Fluids displaying flow induced viscoelasticity are tested for proppant placement and 

flowback. Two fluid compositions are investigated in relation to Newtonian fluids of similar 
base viscosity to determine how shear induced structures (SIS) influence flow properties for 
fracturing applications. In Couette flow, the fluid displays shear thickening and thinning 
within a discrete shear regime. At low shear rates the fluids have Newtonian behaviour. 
Within the SIS regime the fluids are viscoelastic and this viscoelasticity is transient and 
disappears when high shear is removed. Extensional flow tests in a microfluidic device 
reveal a flow resistance up to 25 times compared to Newtonian fluids. This extra flow 
resistance is due to an induced intermicellar network and has a potential application for 
improved proppant carrying after injection via a perforation. 
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 Results 

5.2.1 Rotational rheometry 

Fig. 5.8 shows the results of the Couette cell shear-viscosity experiments for both fluids 
tested (30/10 and 50/14).  

 
Figure 5.8. Steady shear-viscosity measurements for VES fluids from Couette cell tests. At low shear rate all 
fluids have Newtonian behaviour. At higher shear rates VES fluids form SIS and exhibit shear-thickening. 

At low shear rates both fluids behave as Newtonian fluids with constant viscosity 
independent of shear rate. In this region - the “Newtonian plateau” - 30/10 and 50/14 have 
relatively constant zero-shear viscosities of 2mPa.s and 3.8mPa.s respectively. The higher 
viscosity for 50/14 is due to the higher concentration of surfactant and aromatic salt in 
solution. At higher shear rates (> γcr) both fluids thicken due to the formation of shear 
induced structures (SIS). The lower concentration ratio for 30/10 results in a lower critical 
shear rate compared to 50/14 (Vasudevan et al. 2008). The maximum viscosity of the 
thickened solution peaks at μmax = 10mPa.s for both solutions. 10mPa.s is not suitable for 
adequate proppant suspension (recall a viscosity of 100mPa.s at 100s-1 is suggested). As we 
shall show later, although this measured value is an “apparent” shear viscosity from 
Couette tests, when particles are actually allowed to settle in the fluid during flow, much 
higher “apparent” viscous behaviour is obtained due to the drag increasing effects of 
elasticity that are not captured in simple shear viscosity parameters. At higher shear rates 
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(400s-1 – 2000s-1) both solutions displayed shear thinning. Testing at even higher shear rates 
was not possible due to the fluids foaming in the Couette apparatus – this is however above 
the shear rates expected in fractures. 

We define a viscosity contrast ratio as the ratio between the base viscosity and the 
maximum viscosity in the thickened region (see Fig 1.). This is given as: 

𝑉𝑉𝐶𝐶𝑅𝑅 = 𝜇𝜇𝑚𝑚𝑎𝑎𝑥𝑥
𝜇𝜇0

        (5.1) 

30/10 has VCR of 4.3 and 50/14 and VCR of 2.6. The higher VCR for 30/10 indicates that it 
forms a more extensive shear induced structure network relative to its relaxed state than 
does 50/14.  The effects of this difference during pressure flow will be discussed in the 
findings that follow. The shear-viscosity features are summarized in Table 5.1 below: 

CTAB 
(mM) 

NaSal 
(mM) 

Zero shear viscosity 
(mPa.s) 

γcr 

(s-1) 
Max viscosity 

(mPa.s) 
γmax 

(s-1) 
VCR 

30 10 2.0 50 10 380 5 

50 14 3.8 110 10 320 2.6 

Table 5.1. showing key rheological parameters for CTAB/NaSal solutions tested. 

The time it takes for shear induced structures to form was determined by measuring the 
stress response as a function of time for a step-change in shear rate. First we sheared the 
fluid at 1s-1 for 120 seconds, then stepped up the shear rate to 300s-1 (within the SIS regime) 
for 120 seconds and recorded the stress response throughout the test. Next, we determined 
the time it takes for SIS to degrade/relax when high shear rates are stopped by stepping the 
shear rate back down from 300s-1 to 1s-1. Results in Fig. 5.9 and Table 5.2 below, show that 
the 30/10 fluid has a shorter SIS formation time and longer relaxation time than 50/14. The 
effects of this hysteresis are used as a basis for pre-shear protocols for the elasticity and 
particle suspension tests that follow. 
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Figure 5.9. VES fluids’ stress-response as a function of time for a step change in shear rate a) shear rate step up 
from 1s-1 to 300s-1 b) shear rate step down from 300s-1 to 1s-1. 

Fluid Formation time (s) Relaxation time (s) 

30/10 20 35 

50/14 40 15 

Table 5.2. SIS formation and relaxation times for different fluid compositions. 

We compared the VES fluids discussed above with glycerol-based, Newtonian fluids of 
the same zero-shear (or “Newtonian plateau”) viscosity, thereby enabling a quantification of 
the added effects of shear-induced structures in subsequent experiments. The shear-
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viscosity responses for the glycerol solutions are shown in Fig. 5.10 below and compared to 
the VES fluids. They matched the VES fluids’ Newtonian plateau viscosity within 5%.  

 

Figure 5.10. Steady shear-viscosity measurements for Newtonian (open markers) and VES (closed markers) 
fluids. At low shear rate all fluids have Newtonian behaviour. At higher shear rates VES fluids for SIS and exhibit 
shear-thickening. 

5.2.2 Dynamic oscillatory rheometry 

We know that elasticity, not only high viscosity, is preferential for suitable proppant 
carrying capacity of fracking fluids (see section 3.4). To assess the viscoelastic properties of 
the fluids, we performed dynamic oscillatory rheometry. This measurement technique 
decomposes the stress response of a fluid subjected to a sinusoidal strain into in-phase 
(elastic) and out-of-phase (viscous) components (see section 4.3.2).  

During these tests the fluid should remain in a “linear” regime. This means that the 
stress imposed does not disturb the molecular microstructure of the fluid (i.e. the stress 
response is strain-amplitude independent). First we tested the fluids initially at rest for 
strain amplitudes of 1-30%. Both fluids showed strain independent responses across the 
strain-amplitude whole range. Next, we chose a strain amplitude of 10% to perform a 
frequency sweep measurement in the range from ω = 1 to ω = 10Hz. A sinusoidal strain of 
the form: σ = σ0sin(ωt) was imposed for 5 seconds at each frequency. In these tests, the shear 
rate is very low (0.6s-1 to 6s-1 across the range) and well below the critical shear rates for SIS 
to form. The results for both fluids 30/10 and 50/14 are given in Fig. 5.11-a and -b below. In 
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the same graphs we compare each fluid’s response with that of their “Newtonian analogue” 
(glycerol solutions). 

 

 
Figure 5.11. Frequency sweep at a strain amplitude of 10% for a) 30/10 and 25% glycerol; b) 50/14 and 26% 
glycerol. 

The stress in a viscous fluid is highest at the maximum strain rate where the strain rate is 
given as dσ/dt. Therefore, upon the imposition of a sinusoidal strain (σ = σ0sin(ωt)), a 
purely viscous fluid exhibits a stress response out of phase by π/2, τ=τ0cos(ωt) (since dσ/dt 
= σ0cos(ωt)). As shown in the results above, the tests for all fluids yielded only a viscous 
modulus G’’. There was no elastic response. This shows that the phase behaviour of the 
fluid undergoing a sinusoidal strain was out of phase by π/2 radians and the fluids are 
purely viscous across the whole frequency range. The results for the VES fluids are also 
comparable to their glycerol-based analogues because they are in the Newtonian plateau. 
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The above behaviour is for the fluids tested initially from rest. But what happens when 
the fluids are pre-sheared into the SIS regime shown in Fig. 5.8 above? To test this we 
performed the same tests (a frequency sweep with a strain amplitude of 10%), but in this 
case we first pre-sheared the fluid at γ=300s-1 for 60 seconds (in the middle of the SIS 
“hump” in Fig. 5.8), thereby forming shear-induced structures that are present at the start of 
the frequency sweep. We performed the tests for both increasing and decreasing frequency. 
The results are shown in Fig. 5.12-a and -b below for 30/10 and Fig. 5.13-a and -b for 50/14 
and are compared to the results without pre-shearing (shown above). 

 

 

Figure 5.12. 30/10 frequency sweep at strain amplitude of 10% showing G’ and G’’ without (solid markers) and 
with pre-shearing (open markers) at 300s-1 for 60s, (a) measurement with increasing frequency, (b) measurement 
with decreasing frequency. 

0.01

0.1

1

1 10

G
'' 

  G
' (

Pa
)

Hz

G'' no pre-shear

G''

G'

30/10

a

Hz 

0.001

0.01

0.1

1

1 10

G
'' 

  G
' (

Pa
)

Hz

G'' no pre-shear

G''

G'

Hz 30/10

b

83 
 



PARTICLE FLOW IN FRACTURES 

 

  
Figure 5.13. 50/14 frequency sweep at strain amplitude of 10% showing G’ and G’’ without (solid markers) and 
with pre-shearing (open markers) at 300s-1 for 60s, (a) measurement with increasing frequency, (b) measurement 
with decreasing frequency. 

For both fluids, without pre-shear (solid markers) the frequency test results in only a 
viscous modulus G’’ and the fluid is purely viscous when initially at rest. The open markers 
show the results for the frequency-sweep test, but with the fluid pre-sheared just before the 
start of the measurement. Here, the results show both viscous and elastic moduli, G’’ and G’ 
in the first stages of the test (recall that the measurement starts at low frequency – 1Hz – in 
Fig. 5.12-a & Fig. 5.13-a and high frequency – 10Hz – in Fig. 5.12-b & Fig. 5.13-b). Moreover, 
the viscous modulus G’’ deviates from the result when the fluid is not pre-sheared (solid 
markers). As the test proceeds (Hz increasing for Fig. 5.12-a & Fig 5.13-a and decreasing for 
Fig. 5.12-b & Fig. 5.13-b), the elastic modulus degrades and the viscous modulus recovers to 
its purely-viscous state as shown by it falling to match G’’ for the fluid which was not 
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subjected to preliminary shearing. Fig. 5.9 above showed how stress, at constant-shear, 
relaxes when the fluid is no longer sheared in the SIS regime and shear-induced structures 
degrade. The dynamic oscillatory tests show a similar result but in terms of viscoelasticity. 
When the fluid is pre-sheared at 300s-1, SIS are formed. These structures give rise to 
viscoelasticity that is otherwise absent.  

Finally, we performed a frequency sweep test as above, but this time with fluid pre-
sheared before each measurement point. The viscoelastic behaviour of the SIS regime could 
be investigated across the frequency range without SIS relaxation. The results below in Fig. 
5.14-a and -b for 30/10 and 50/14 show a viscoelastic response across the whole frequency 
range. Furthermore, both fluids are always viscous dominated (G’’>G’).  

 
Figure 5.14. G’ and G’’ frequency response at 10% strain and 300s-1 pre-shearing between each measurement 
point (a) 30/10, (b) 50/14. 
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The results above highlight three main properties of the SIS-forming VES fluid: 

1. The fluids are purely viscous at low shear rates.  
2. The fluids only have viscoelastic properties in the SIS regime. 
3. These viscoelastic properties are transient and decay upon cessation of high shear 

rates that otherwise form and maintain shear-induced structure networks.   

5.2.3 Extensional rheometry 

We now compare the fluid flow resistance due to extensional strain of VES fluids with 
their Newtonian analogues to assess possible extra carrying capacity factors which might 
arise. This is applicable to rapid expansion flow from a wellbore perforation into a fracture. 
Extensional effects are measured in the EVROC, a microfluidic device that measures 
pressure drops with an extensional flow component in a 0.19mm x 0.4mm contraction 
(described in section 4.3.3). The small length scales in the microfluidic device are suitable to 
accurately measure the difference between shear and extensional flow resistance. This is 
because low flow in the straight channel ensures low Reynolds numbers, but at the same 
time ensures high deformation in the hyperbolic section. In a larger channel, the pressure 
drop would have to be higher to generate flow and as a result the range of shear rates would 
not be realistic.  

For each fluid, the pressures at the four transducers of the EVROC were measured for 18 
flowrates between 100μl/min and 4ml/min. The ΔP data across the cell was analysed using 
the method described in section 4.3.3 of the experimental section. As expected, in the 
rectangular section the glycerol solutions have the same viscosities as those obtained in the 
Couette cell. They are thus Newtonian and these viscosities also apply in the converging-
diverging section. The viscosities are used to determine the geometric resistance in the 
hyperbolic extensional section:  

∆𝑃𝑃 =  𝑅𝑅𝑓𝑓𝑐𝑐𝑅𝑅𝑎𝑎𝑅𝑅𝑐𝑐𝑄𝑄        (4.19) 

For a Newtonian fluid the flow resistance factor Rfl and the bulk viscosity are the same 
(shown experimentally by van der Plas and Golombok (2015a)). This is for classical flow in a 
straight conduit. In this case the resistances are therefore given as:  

𝑅𝑅𝑓𝑓𝑐𝑐 = 𝜇𝜇𝑏𝑏  and  𝑅𝑅𝑎𝑎𝑅𝑅𝑐𝑐�1−2 = 12𝑑𝑑𝑥𝑥
ℎ3𝑤𝑤𝑢𝑢

      (4.20) 
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Using this Newtonian viscosity as the flow resistance Rfl we can calculate the geometric 
resistance in the converging-diverging (hyperbolic) section with Eq. 4.19 to get Rgeo|2-3 = 
8x1012m-3. With the geometric resistance factor known, the pressure drop across the 
hyperbolic section is used to calculate flow resistances for the VES fluids during extensional 
flow from Eq. 4.19. To assess the relative effect of SIS fluids compared to its Newtonian 
equivalent we calculated the ratio of flow resistances for each glycerol/water-SIS fluid pair. 
This is defined as the extra flow resistance factor that VES fluids show compared to glycerol 
(Newtonian) solutions. The ratio is given as Rex: 

𝑅𝑅𝑅𝑅𝑥𝑥 = 𝑅𝑅𝑓𝑓𝑐𝑐 𝑉𝑉𝐸𝐸𝑆𝑆
𝑅𝑅𝑓𝑓𝑐𝑐 𝑁𝑁𝐸𝐸𝑁𝑁

         (5.2) 

where the subscripts NEW and VES refer to the Newtonian glycerol and viscoelastic 
surfactant solutions respectively. In this way we can determine the extra resistance effects 
due to VES fluids. (These have an extensional and viscoelastic source).   

Fig. 5.15 shows the flowrate in the EVROC cell versus elastic fluid flow resistance Rex. 
For both fluid pairs (A: 30/10 & 25% glycerol solution and B: 50/14 & 36% glycerol solution) 
the extensional resistance ratio is greater than 1. This reveals the added resistance due to 
extensional strain in the VES fluids compared to Newtonian ones. The extensional resistance 
ratios are also highest at low flow rates and reduce to unity at the highest flow rates. This is 
because the micellar network for VES fluids is only present in a discrete shear regime and 
broken down at higher flow rates. The ratio decreasing to unity shows that the micellar 
network breaks down to its Newtonian plateau viscosity. 

 
Figure 5.15. Extensional fluid flow resistance ratio for fluid pairs A and B versus flowrate through EVROC cell. 
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A notable trend is that the resistance ratio for 30/10 is always higher than for 50/14. We 
propose that this is due to the higher viscosity contrast ratio (µmax/µ0) discussed above and 
given in Table 5.1. The 30/10 solution has a higher Rex because of its higher viscosity 
increase and SIS formation shown in the Couette cell tests, compared to its relaxed state 
(viscosity contrast ratio, VCR = 5 for 30/10 vs. VCR = 2.6 for 50/14). The difference between 
these two fluids shows the importance of viscosity contrast ratios for exploiting the SIS 
behaviour of VES fluids. In perforation-fracture flow we expect the induced elasticity due to 
SIS formation to be present and aid proppant suspension, but to optimise this we must 
consider viscosity contrast ratios. 

 Conclusions 
1. Viscoelastic surfactants have a shear-viscosity profile that could be used for proppant 

placement. They are non-polymeric, non-Newtonian, non-power law and non-
monotonic in their response. They are characterized by low viscosity at low shear rates 
suitable for flowback and obviating the need for viscosity breakers usually associated 
with gelled fluids. At intermediate shear rates the fluid displays a thickened 
viscoelastic phase suitable for high proppant carrying capacity during placement in the 
fracture, eliminating the need for cross linkers. 

2. Viscoelastic surfactant fluids that form shear induced structures exhibit no elastic 
properties when the fluid is tested in its relaxed state (zero or low shear). When pre-
sheared within the SIS regime, there is an increase in the viscous modulus but also an 
elastic modulus appears for all frequencies confirming the presence of an induced 
viscoelastic network. 

3. The viscoelasticity disappears if shear rates are not sufficiently high to maintain shear 
induced structures. Then the fluid relaxes back to its low viscosity state. This means 
that during proppant placement in hydraulic fracturing the fluid can potentially be 
maintained in the shear induced structure regime with high shear rates and then this 
thickened viscoelastic phase can be removed for efficient flowback by stepping down 
the shear rate. 

4. Extensional strain tests in a hyperbolic contraction/expansion cell show that VES 
fluids have a significant extensional component that increases flow resistance 
compared to Newtonian fluids. This increase in flow resistance (i.e. effective viscosity) 
increases proppant carrying capacity of a fluid entering a fracture through a 
perforation.  This will help to avoid premature blocking of the fracture in the near-
wellbore region.  
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5. When comparing two VES fluids, we have shown that the viscosity contrast ratio is 
important in determining the degree to which these effects occur. A higher viscosity 
contrast ratio results in greater extensional effects compared to a Newtonian fluid. This 
is independent of the actual composition of the fluid. For example, a 30/10 solution 
has a higher viscosity contrast ratio than 50/14 and thus produces a more pronounced 
non-Newtonian effect.  

5.3 Fracture flow cells 

 Abstract 
Particle image velocimetry is used to visualise the entrance flow in a fracture for VES 

fluids and their zero-shear viscosity Newtonian analogues. Instabilities are reduced as flow 
rate through the perforation increases. Furthermore, VES fluids have a reduced entrance 
length compared to their Newtonian analogues, indicating that these fluids enter the 
fracture in the SIS regime. Particle tracking velocimetry is used to visualize proppant 
settling velocity inside a fracture flow cell and to study the influence of flow rate on the 
particle settling under different flow regimes. These tests show that above a critical flow rate 
particles are maintained in suspension and settle with a constant velocity. We show that 
settling velocities in high shear flows are reduced by a factor 20 compared to settling in low 
shear ones and fluids at rest. 

The problem of being able to extract the placement fluid from the resulting proppant 
pack in order to enable the flow of hydrocarbons is investigated by testing VES fluid 
flowback in a proppant conductivity cell. We show that during flowback in porous 
proppant packs the fluid has a low flow resistance with a viscosity comparable to its zero-
sheared state. Pack permeability is retained after flowback of the fluid, thereby resulting in 
optimum fracture clean-up. 

 Results  

5.3.1 Entrance lengths 

We studied flow in the fracture cell with widths of 2.4mm and 3.4mm. The entrance 
lengths required for fully developed flow for both VES fluids were determined by the 
method and analysis described in section 4.5, i.e. when variations in the velocity vector field 
in the y-direction reached negligible magnitude. This was done as a preliminary study to 1) 
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ensure that the following work on proppant settling was performed in the fully developed 
flow regime and 2) to assess the effects of SIS on entrance length as a means to infer the 
rheology in the near-wellbore region of a fracture.  (Recall that in this part of the study we 
do not have settling particles but rather particles of lower density that follow the flow 
streamlines.) Fig. 5.16 below shows the entrance length for VES fluids in two conduit sizes 
(2.4mm and 3.4mm) as a function of the average fluid velocity inside the fracture. The 
entrance lengths for both fluids are comparable they are also higher for the larger fracture 
width (3.4mm). 

 

Figure 5.16. Entrance lengths required to reach fully developed flow in the 3.4mm and 2.4mm fracture flow cell 
for 30/10 and 50/14 VES fluid. 

In addition to indicating where flow is fully developed, we used the entrance length as a 
means to predict in what rheological state the VES fluids enter the fracture. EVROC results 
support the presence of an induced viscoelastic network for the VES fluids undergoing 
extensional flow. This rheological effect is now applied to transient entrance effects during 
transport from the well casing perforation into the fracture. Fig. 5.17 compares the VES 
fluids and their Newtonian analogues flowing in the 3.4mm fracture. The entrance length is 
shown as a function of the average fluid velocity as in Fig. 5.16.  
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Figure 5.17. Entrance length versus average velocity in the 3.4mm fracture flow cell for Newtonian (open 
markers) and VES (closed markers) fluids from PIV experiments. 

For the Newtonian fluids (open shapes in the figure), the glycerol-25% solution has a 
higher entrance length compared to glycerol-36%. This is expected because for the same 
flowrate, the glycerol-25% has a lower viscosity which results in a higher Reynolds number 
– entrance length is proportional to Reynolds number (Oliveira and Pinho, 1997). The 
entrance length for a sudden expansion is often defined as the size of the recirculation zones 
which are linearly proportional to Reynolds number. In this study however it is determined 
by the vector calculation in section 4.5.2 i.e. when variations in the flow field perpendicular 
to the flow are negligible.  

The differences in entrance lengths for the VES fluids and the Newtonian analogues are 
not significant at the lowest velocities. However, as flowrate increases, the VES and 
Newtonian entrance lengths diverge. The shorter entrance length for VES fluid is due to SIS 
formation at higher velocity – viscoelasticity is induced and increases flow resistance as the 
shear rate is increased. This has positive implications for fracture flow where, in most cases, 
shear thinning fluids are used that exhibit reduced carrying capacity with increased shear 
(Bazilevskii et al., 2010). 

We compare the entrance length with inlet Reynolds numbers for the four fluids 
(Reynolds number in the perforation tube where the inlet diameter, di (6mm), is the 
dimensional component, Rei = (ρui.di)/μ). We used the Newtonian plateau shear viscosity (µ0) 
of the VES fluids to calculate Rei-0 and the peak shear-viscosity (μmax) from the rheometer 
measurements to calculate Rei-max. The results are shown in Fig 5.18-a and -b below. 
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Figure 5.18. Entrance length versus Reynolds number in 3.4mm fracture for Newtonian (open markers) and VES 
(closed markers) fluids, a) Newtonian plateau viscosity was used to calculate Rei-0 for the VES fluids, b) SIS 
regime maximum viscosity was used to calculate Rei-max for the VES fluids. 
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For the Reynolds numbers computed with the Newtonian plateau viscosity (Fig. 5.18-a), 
at the lowest Reynolds number the entrance length is comparable for all fluids. At Reynolds 
numbers above Re = 50 the data for the Newtonian fluids are coincident but diverge from 
the VES fluids. This means that the entrance length for VES fluids compared to Newtonian 
fluids is less than would otherwise be expected for the Newtonian plateau viscosity. 
However, when we use the peak shear-viscosity μmax from the rheometer measurements to 
compute the Reynolds number for VES fluids Rei-max (Fig. 5.18-b) the curves are all 
coincident. This suggests that the effective viscosity due to SIS formation is responsible for 
the damping and that for this geometry the VES fluids most likely enter the fracture in the 
SIS state. 

To analyse the extent of entrance length reduction due to SIS formation compared to 
Newtonian fluids we used a reduction factor RF. This is given as the ratio of entrance 
lengths. The minor differences in zero-shear viscosity between the glycerol and VES fluid 
are eliminated by normalizing the entrance lengths to Reynolds number calculated with 
zero-shear viscosity: 

RF = 𝜋𝜋𝑒𝑒 𝑁𝑁𝐸𝐸𝑁𝑁
𝜋𝜋𝑒𝑒 𝑉𝑉𝐸𝐸𝑆𝑆

 × 𝑅𝑅𝑅𝑅0 𝑉𝑉𝐸𝐸𝑆𝑆
𝑅𝑅𝑅𝑅0 𝑁𝑁𝐸𝐸𝑁𝑁

       (5.3) 

Fig. 5.19 shows the reduction factor RF versus inlet velocity for each fluid pair (A: 30/10 
& 25% glycerol, B: 50/14 & 36% glycerol).  

 
Figure 5.19. Entrance length reductions factor RF versus average velocity in 3.4mm fracture flow cell for each 
fluid pair A and B. 

93 
 



PARTICLE FLOW IN FRACTURES 

RF is 1 or greater for all velocities. This shows that the VES fluids always have an 
entrance length less than that of comparable Newtonian fluids. In addition, the reduction in 
length for the 30/10 solution is always greater than for the 50/14 solution. As discussed 
previously, in relation to the extensional flow resistance factor Rex (section 5.2.3 above), this 
is due to the difference in the viscosity contrast ratio, where the relative SIS formation of the 
30/10 solution is greater than in the 50/14 solution. Furthermore, the reduction ratio 
increases for both fluids with increasing inlet velocity until it flattens out. This is probably 
due to a shear rate that is not high enough to form extensive SIS at lower inlet velocities. At 
higher velocities shear induced structures form and their presence leads to viscoelasticity 
and entrance length reduction.  

5.3.2 Particle suspension 

The rheological properties obtained from rheometer data cannot be directly applied to 
pressure driven flow and particle settling. We quantified the effects of flow-induced 
viscoelasticity on particle settling in pressure driven fracture flow. First, we measured 
particle terminal settling velocity vt0 in static fluids in an unbounded cylinder (no wall 
influence) and both fracture widths (2.4mm and 3.4mm). We determined apparent fluid 
viscosity from Stokes’ law (Eq. 3.10). These results are shown in Table 5.3 below: 

Fluid 30/10 50/14 

Fracture size 2.4mm 3.4mm unbounded 2.4mm 3.4mm unbounded 

Terminal 
settling 

velocity (m/s) 
0.04 0.07 0.12 0.06  0.09  0.1 

Apparent 
Viscosity 
(mPa.s) 

11.5 6.5 3.8 7.6 5.1 4.8 

Table 5.3. Settling velocity and apparent viscosity for 30/10 and 50/14 VES fluid settling in static fluids. 

For unbounded settling, the 30/10 solution has an apparent viscosity of 3.8mPa.s and 
50/14 solution has an apparent viscosity of 4.8. This is compared to a zero-shear viscosity of 
2mPa.s and 3.8mPas obtained in the rheometer. This shows the difficulty in predicting 
particle settling properties from simple shear-viscosity data. For particles settling in an 
unbounded fluid the apparent viscosity is higher than expected, indicating the possible 
effects of fluid microstructure around settling particles. Furthermore, the particle settling 
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velocity in the narrower fracture (2.4mm) is lower than in the wider fracture (3.4mm). This 
result yields a correspondingly higher “apparent” viscosity in the smaller fracture and 
shows the well-known effects of walls that can retard particle settling (Malhotra & Sharma 
2012). The “apparent” viscosities determined from Stokes’ law are also higher than the zero-
shear viscosity obtained from Couette tests. This highlights the challenge in correlating 
viscosity data from rheometer tests to particle settling in sheared fluid, particularly those 
that exhibit additional elastic properties.  

Next, we measured the particle settling velocity in the y-direction during fluid flow (vy) 
in the glass fracture cell. Recall that vy is the average particle settling velocity obtained for 
discrete points across the fracture and is therefore a function of x-position. This settling 
velocity was then normalized to the terminal settling velocity for particles settling in a static 
fluids, vt0, (discussed above) in each fracture. We then obtain a relative settling velocity Λ: 

Λ(𝑥𝑥) = 𝑣𝑣𝑦𝑦(𝑥𝑥)
𝑣𝑣𝑡𝑡0

        (4.22) 

Thus if Λ = 1, the particle settles in the sheared fluid at the same velocity as it would in a 
static fluid (fluids at rest). The results are given in Fig. 5.20 below for each flow rate tested 
(given in terms of fluid velocity uf in mm/s) as a function of distance across the fracture, x.  

For all flow rates (fluid velocities) tested Λ << 1. This shows that the settling velocity in 
sheared flow is less than the settling velocity in fluids at rest. The resistance (apparent 
viscosity) is augmented as a result of shearing and flow induced viscoelasticity. The results 
for the 30/10 fluid are shown in Fig. 20-a. In both fractures (3.4mm and 2.4mm), the particles 
did not reach terminal velocity at the lowest fluid velocity tested (15mm/s). At higher 
velocities a constant (terminal) settling velocity was observed. Similar results are shown in 
Fig. 5. 20-b for the 50/14 fluid, where all fluid flow velocities in the 3.4mm fracture and fluid 
velocity below 30mm/s in the 2.4mm fractures resulted in particles not reaching terminal 
settling velocity. For particles under these low fluid velocity conditions, the settling velocity 
increased across the fracture. This suggests that the fluids at these conditions are unstable 
and the resistance they provide to particle settling reduces with time so particles accelerate. 
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Figure 5.20. Relative particle settling velocities Λ versus x-distance across the fracture for different flow velocities. 
2.4mm fracture – solid markers, 3.4mm fracture – open markers, a) in 30/10 fluid, b) in 50/14 fluid. 
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In Fig. 5.21 below we compare the relative settling velocity for the 50/14 solution to the 
fluid flow time. i.e. Instead of comparing the relative settling velocity to the distance the 
particle has flowed in the fracture, we compare it to the duration of time for which the fluid 
has been flowing. This is done by rescaling the x-distance by dividing it by the fluid velocity 
uf to give the flow time tf: 

𝑡𝑡𝑓𝑓 =  𝑥𝑥
𝑢𝑢𝑓𝑓

        (5.4) 

When the relative settling velocity for different flow rates is compared in this way, we find 
that it increases at the same rate for all flowrates. The viscoelasticity therefore relaxes at the 
same rate when considering fluid flow time.   

 

Figure 5.21. Relative settling velocity Λ versus average fluid flow time at different flow rates for 50/14 in the 
3.4mm fracture. 

Above we showed that the fluid enters the fracture in the SIS state due to high shear 
rates in the inlet tubes. Once inside the fracture however, the lowest velocities (shear rates) 
are not high enough to maintain the shear-induced structures and the induced 
viscoelasticity. These properties degrade across the fracture as the fluid relaxes, resulting in 
accelerating particles. This is comparable to the degrading of the elastic moduli in the 
dynamic oscillatory tests (Fig. 5.12 and Fig. 5.13). 

0

0.15

0.3

0 2 4 6 8

Λ

Average flow time (s)

30mm/s

45mm/s

60mm/s

50/14 - 3.4mm 
channel

97 
 



PARTICLE FLOW IN FRACTURES 

At higher fluid flow velocities (>15mm/s for 30/10 in the 2.4mm and 3.4mm fractures 
and >30mm/s for 50/14 in the 2.4mm fracture) particles settle at a constant velocity (see Fig. 
5.20). In this case terminal settling velocity is reached (vt) during flow and the fluids appear 
to have constant rheological behaviour. Here, Λ ≈ 0.05, meaning that the particles settle at a 
terminal velocity 20 times lower than they do inside the fracture in static fluids. Since the 
particles settle at a constant rate for higher flow velocities we can calculate the apparent 
viscosity from Stokes’ law using this terminal velocity during flow, vt.  

In Fig. 5.22 below we compare the fluid’s apparent viscosity to the theoretical wall-shear 
rate for a Newtonian fluid flowing in the respective fractures (from Eq. 2.8). These shear 
rates are strictly only for Hagen–Poiseuille flow between parallel plate. Therefore we cannot 
conclude that the shear rates are the same for non-Newtonian fluids such as our VES fluids, 
but they do give an indication of the magnitude. The shear ranges for the Newtonian-
plateau and SIS-regimes from rheometer data are also indicated.  

The lowest flow velocities did not result in constant settling velocity (Fig. 5.20). In these 
cases an apparent viscosity cannot be calculated. This occurs at theoretical wall shear rates 
of 26s-1 and 36s-1 for the 30/10 fluid and 36s-1, 52 s-1, 78 s-1 and 104s-1 for the 50/14 fluid. 
These values are indicated in Fig. 5.22 above and all fall outside of the respective SIS 
regimes based on the Couette cell results. On the other hand, the shear rates for the higher 
flow velocities all fall inside the SIS regime and exhibit constant settling velocities yielding 
apparent viscosities in the ranges 0.13Pa.s –  0.2Pa.s for 30/10 and 0.18Pa.s –  0.19Pa.s for 
50/14. These apparent viscosities are far higher than the maximum obtained from 
rheometer tests, suggesting the effect of elastic networks present in the SIS regime that 
support particles in mechanisms other than classical viscosity. Viewing the data in this way 
also suggests that predicting appropriate flow-rates in pressure driven flow can be 
correlated to critical shear rates from rheometer tests. 
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Figure 5.22. Apparent fluid viscosity versus theoretical wall shear rate. Newtonian-plateau and SIS regime shear-
rate ranges obtained from rheometer data (Fig. 5.8) are indicated, a) in 30/10 fluid, b) in 50/14 fluid. 

 

 

 

Constant

Constant

Unstable settling 
velocity

Contstant Constant

0

0.05

0.1

0.15

0.2

0.25

0 50 100 150 200

Ap
pa

re
nt

 v
is

co
sc

ity
 (P

a.
s)

Theoretical wall shear rate (s-1)

SIS regimeNewtonian
plateau

a

Constant Constant

0

0.05

0.1

0.15

0.2

0.25

0 50 100 150 200

Ap
pa

re
nt

 v
is

cs
oi

ty
 (p

a.
s)

Theoretical wall shear rate (s-1)

SIS regimeNewtonian
plateau

b

unstable settling velocity

99 
 



PARTICLE FLOW IN FRACTURES 

5.3.3 Flowback through proppant pack  

The 20/40-mesh proppant pack used for the flowback tests had an initial permeability of 
9.4D as determined by 2%-KCl conductivity tests. On this pack we performed pressure-drop 
measurements with the 30/10 VES fluid. The results of this test are shown in Fig. 5.23 
below: 

 
Figure 5.23. Pressure gradient versus flow rate for 30/10 fluid in 9.4D proppant pack under 4000psi 
(280bar) closure stress. 

At the lowest flow velocities, < 4.2ft/day (0.3ml/min), the pressure gradient is linear 
and small, suggesting Newtonian behaviour – in Darcy flow for a Newtonian fluid, pressure 
drop is linearly proportional to flow rate (Darcy’s law Eq. 3.14)). Above 5ft/day however, 
the slope of the flow velocity-pressure gradient graph departs from the linear relationship 
and a noticeable increase in pressure gradient is observed. This additional resistance is due 
to the formation of shear-induced structures and the compounded effect of viscoelasticity 
and extensional stress. Furthermore, if we calculate the viscosity in the linear regime using 
Darcy’s law (Eq. 3.14), we find that the fluid has a constant (Newtonian) viscosity of 
1.4mPa.s, comparable in magnitude to the Newtonian-plateau value obtained from simple-
shear rheometer tests (2mPa.s).  

After the VES test we again measured the pressure gradient with a 2%-KCl solution to 
determine the post-flowback pack permeability. The permeability before flowback with 
30/10 was 9.4D. After the 30/10 test results showed a proppant pack permeability of 10D – 
slightly higher than previously. This shows that permeability is retained after flowback and 
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that VES does not damage the proppant pack and could potentially enhance conductivity 
even without viscosity breakers. 

 Conclusions  
1. VES fluids that develop flow-induced viscoelasticity will dampen flow instability 

resulting from a sudden expansion compared to Newtonian fluids. Flow resistance 
through a perforation can improve proppant transport since this resistance is due to a 
viscoelastic network. These findings therefore have implications for optimising flow 
through a perforation where higher flowrates will result in greater carrying capacity. 

2. When comparing two VES fluids, the viscosity contrast ratio determines the degree to 
which these effects occur. A higher viscosity contrast ratio results in greater elastic 
effects compared to a Newtonian fluid.  

3. For particle settling in pressure driven flow, the fluids exhibited increased carrying 
capacity above a critical flow velocity. This improved ability to suspend proppant 
particles is due to shear induced structures and the resulting flow-induced elasticity. 

4. At lower flow rates the fluids was unable to support particles in suspension due to the 
relaxation of micellar networks 

5. Comparing settling behaviour with theoretical Newtonian wall shear rates indicates 
that rheometer data can be used to predict critical flow rates that maintain shear-
induced structures 

6. In flowback through porous proppant packs, the fluid exhibited a low viscosity 
Newtonian regime at low flow rates. Under such conditions the viscosity was also 
comparable to the Newtonian-plateau viscosity obtained from rheometer tests.  

7. Above a critical flow rate, the pressure gradient across the pack increases non-linearly 
due to the onset of shear-induced structures. This indicates that fluids can be recovered 
during flowback in a low-viscosity state depending on the pump rate. 

8. The permeability of the proppant pack tested was retained after flowback with the VES 
fluid and comparable to permeability prior to VES flushing. Flow induced 
viscoelasticity can thus be used for proppant placement and flow back without the 
need to add modifying chemicals. 

 

101 
 



 

 

 

  

102 
 



 

6 6 

7 CONCLUSIONS & 
RECOMMENDATIONS 

 

 

 

The aim of this study was to develop methods for engineering fracture flow in the 
subsurface. We used particles suspended in the injected fluid. The study fell into two parts 
with a common unifying element being the use of shear, induced by pressure driven flow 
across fractures of different widths. The first part of the study concentrated on an 
application for conventional oil field and geothermal reservoirs, where injector and 
producer wells have fractures between them. We looked at the possibility of modifying 
particle agglomeration behaviour in regions of high shear associated with larger fractures. 
The second part of the study concentrated on reservoirs where hydraulic fractures are used 
to boost access in low permeability formations. Unusual viscosity additives modify rheology 
within fractures, without requiring additional chemicals to increase viscosity (cross-linkers) 
or decrease it (breakers). 

We started by assessing the suitability of shear rates, particle sizes and chemical 
environment in order to selectively grow particles in larger fractures. The objective here was 
to cause agglomeration selectively in large fractures, in order to partially block them with 
respect to smaller fractures. First we showed that particle growth is shear rate dependent. 
This is due to the collision rate of particles that increases with increasing shear rate. 
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However, above a critical shear rate, the particles break apart again.  In this way, 
orthokinetic agglomeration reaches a maximum at an intermediate shear rate, above and 
below which, particles cannot grow to the same degree. This has positive implications for 
the introduction of particles into fractured reservoirs: the rate of particle growth can be 
controlled by flow rates. The growth can be matched to fracture size and the expected range 
of shear rates within the fracture. That being said, the highest rates of particle growth 
remained low (<2 times the initial mean particle size after 8 hours of shearing).   

The fluid chemical environment also influences the rates of particle growth whereby 
higher degrees of supersaturation promoted higher rates of growth. We could exploit the 
chemical environment in the subsurface as well as manipulate the water content with 
additives to optimise the rates of growth. Further investigation into such parameters as the 
choice of particle material, size (since the available surface area affects the degree of ionic 
effects), and the addition of different chemical species are suggested.   

Only relatively small particles (< 5 µm) could be accumulated as particles with larger 
initial diameters tended to fall out of the solution in the time taken for agglomerations. One 
option that emerged from this part of the study was that larger particles could be 
agglomerated in higher carrying capacity solutions.  Further studies in dual fractured cores 
could be done where the true potential for selective blocking can be determined. To 
successfully block fractures, particles must remain inside them. This can be achieved by 
forcing agglomerates to stick to the walls. Such a process could use the difference in surface 
potential between the fracture wall and the mineral being agglomerated in the fracture. This 
is another area of potential study and remains the more promising area for geothermal 
applications where polymer solutions and injected fluid viscosity modifications are 
problematic. 

Such considerations lead naturally to the main part of the thesis, which was concerned 
with modifying viscous behaviour of the aqueous solutions. We need varying rheological 
properties during different stages of hydraulic fracturing without having to add a lot of 
other chemicals. We made use of the fact that the stages of fracturing each have different 
shear rates associated with the flow. If we can tune a viscous response by flow, then the use 
of further chemical additives (cross linkers, breakers etc.) is obviated. We studied particle 
suspension in a fracture flow cell concentrating on the placement aspects and applied 
viscoelastic surfactants (VES) (cetyltrimethylammonium bromide and sodium salicylate) in 
water as flow-regulated proppant carrying fluids. These fluids displayed constant low 
shear-viscosity at low shear rates in a Couette cell, termed the “Newtonian plateau” regime. 
At a critical shear, the fluids begin to thicken up to a maximum viscosity due to shear 
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induced structures (SIS), termed the “SIS” regime; i.e. a high viscosity in a discrete shear 
range, suitable for particle transport and low viscosity, at low shear rates, suitable for 
flowback. The main novelty was our demonstration of varying proppant settling behaviour 
under cross-flow conditions in a model fracture. We showed that these effects would be 
enhanced in a real fracture due to surface roughness and varying aperture width.   

Dynamic oscillatory rheometry confirmed that the Newtonian plateau regime was 
purely viscous and comparable to (Newtonian) glycerol solutions with the same zero-shear 
viscosity.   When the VES fluids were pre-sheared at high shear rates and formed shear 
induced structures, the thickened phase not only has a higher viscosity but also has elastic 
properties. This means that above critical shear rates, the otherwise purely viscous VES 
fluids exhibit flow-induced viscoelasticity required for good proppant suspension. Shear-
induced structures degrade when the shear rates that form them are stopped. This results in 
the fluid relaxing back to its purely viscous, Newtonian plateau state. High viscoelasticity in 
such fluids is short lived meaning that the time to break viscosity is negligible and the fluid 
can fully recover to its “thin” state after proppant placement. 

When a fluid enters a fracture through a perforation, there is a distance (entrance length) 
before fully developed flow is reached. We showed that VES fluids have reduced entrance 
lengths compared to their Newtonian analogues. In an extensional microfluidic cell VES 
fluids show additional resistance compared to Newtonian fluids. The additional resistance 
is due to shear induced structures in these flow regimes. This means that the fluids could 
have greater resistance in the near-wellbore region during hydraulic stimulation after 
injection through a perforation. This extra resistance is expected to lead to greater proppant 
carrying capacity in the near-wellbore region, where premature settling of particles is 
undesirable.  

Once inside the fracture itself, flow rate (shear rate) can control the fluid’s suspension 
capacity. At low flow rates, in a fully developed flow regime, particles accelerated 
downwards as they flowed across the fracture. Entrance length tests had shown that the 
fluids enter the fracture in the SIS state. However, the associated shear rate is not high 
enough to maintain shear induced structures and the fluid relaxes as it flows. At higher flow 
rates, particles are suspended in the fluid and settle with a constant (terminal) velocity 20 
times less than the velocity at which they settle in static fluids. In this case, the flow rates are 
high enough to maintain the shear induced structures in the fluid when it enters the fracture 
cell. This results in “apparent viscosities” up to 200mPa.s for both fluids. This is not a purely 
viscous effect but rather the fluid’s resistance to settling particles due to flow induced 
viscoelasticity and possibly extensional effects. The use of “apparent viscosity” is a means to 
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compare carrying capacity and shows that these fluids are suitable for proppant placement 
when considering what viscosity is usually required (100mPa.s).   

Turning to fluid flowback after proppant placement in hydraulic fracturing, we showed 
that the VES fluids behaved as low-viscosity Newtonian fluids at low flow rates in a 
proppant pack. Furthermore, the proppant pack permeability remained intact and 
undamaged after flowback. This result supports the application of a flow-regulated 
fracturing fluid: high proppant carrying capacity can be achieved above a critical flow rate, 
and easy flowback can be achieved below a critical flow rate. Additional work is needed to 
optimise flowback pump rates particularly at different closure pressures and permeabilities. 

In future work the agglomeration of particles by orthokinetic means can be coupled with 
novel carrying-fluid rheology.  Further studies in this area have the potential to develop 
engineered particle-packs inside fractures that are transported by flow regulated fluids. 
These could also be consolidated better inside the fracture with agglomeration and surface 
chemistry. These methods could be further advanced to sustain the high pressures, 
temperatures and salt concentrations in reservoirs. This study is the first stage of an 
integrated approach to fracture engineering with particles: combining fluid mechanics, 
chemistry, thermodynamics and sustainable thinking. The outlook for simple solutions to 
upstream production challenges based on this work is positive. 
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8 SYMBOLS 

Latin 
A particle cross sectional area 
b breakage rate constant 
C  concentration 
CD drag coefficient  
d particle diameter 
D impeller diameter 
F force 
FIVE flow-induced viscoelasticity 
g gravity 
h height 
G’ elastic modulus 
G’’ viscous modulus 
h height 
K conductivity 
k agglomeration rate constant 
l length 
Le entrance length 
m mass 
n number density in size class 
N total number density 
P pressure 
Q flow rate 
r rate 
R resistance 
Re Reynolds number 
SIS shear-induced structures 
t time 
u fluid velocity 
VCR viscosity contrast ratio 
VES viscoelastic surfactant  
V volume 
v particle velocity 
w width 
x x-distance 
y y-distance 
z z-distance 
 
Greek 
α supersaturation rate 
β collision rate constant 
γ shear rate 

 
Λ relative particle settling velocity 
λ characteristic time 
θ vector angle rel. to horizontal (θ=0) 
µ viscosity 
ρ density 
κ permeability 
φ sticking efficiency 
σ strain 
τ stress 
ω frequency 
Ω rotational speed 
 
Subscripts 
0 zero shear  
agg aggregation 
b bulk 
c contraction 
col collision  
CMC critical micelle concentration 
cr critical 
d drag 
ex extensional 
f fluid 
fr fracture 
geo geometric 
i inlet 
mat matrix 
max maximum  
N average over all particle sizes 
NEW Newtonian 
p particle 
pr propped zone 
rel relaxation 
s settling 
t terminal 
u sheared zone 
VES viscoelastic surfactant 
w wall  
x x-direction 
y y-direction 
z z-direction 
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