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Abstract

We present an experimental study on the shear-induced migration and axial develop-

ment of particles in the channel flows of non-Brownian suspensions. The suspending

fluid is Newtonian. We investigate fracturing flows with a Hele-Shaw type scaling

through building a unique channel setup and an advanced optical system. The local

particle concentration profiles are measured via the refractive-index matching tech-

nique for a wide range of bulk volume fraction, that is, 0:1≤ �ϕb ≤0:5. Simultaneously,

the particle image velocimetry is performed to determine the velocity profile of the

particle phase. We compare our experimental results with the available two-phase

continuum frameworks and show discrepancies and similarities in the fully developed

and axial development of the solid volume fraction profiles. We discuss directions in

which the continuum frameworks require improvements.

K E YWORD S
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1 | INTRODUCTION

Slurries are suspensions of particles in a viscous liquid. They are found

in natural settings, such as landslides, mudslides, and submarine ava-

lanches, and industrial settings, such as in petroleum industries and

tailings from mining operations. In all of these examples, the disper-

sion of solids affect the rheology and consequently, the flow dynam-

ics. The objective of this study is to provide experimental data on the

shear-induced solid inhomogeneities in flow scenarios with the Hele-

Shaw and thin-film type scalings. Notably, our focus is on the fractur-

ing flows of non-Brownian suspensions of Newtonian fluids, for which

thermal fluctuations are negligible.

The US is the largest producer of natural gas and oil. Around 50%

of the oil and natural gas production in the United States is the out-

come of hydraulic fracturing.1,2 Improving fracturing techniques to

enhance oil and gas production is therefore of considerable industrial

and economic interest. In hydraulic fracturing, a suspension consisting

of sand particles (proppant) and a viscous liquid is engineered.3 Some-

times fractures are created in the reservoir via an explosion.4 Then,

the fractures are kept open by pumping the suspension with a high

pressure all the way from the well to the fracture. The flow in the well

is usually turbulent, and it becomes laminar as it divides into many

branches of fractures. The grains will support the fracture when the

pumping is stopped.3 This method increases the permeability of the

oil reservoir and consequently, the hydrocarbon's production. It is

essential to understand the physical mechanisms underlying the dis-

persion of solids in fracturing flows to design new fracturing tech-

niques and modify pumping schedules to achieve the maximum

efficiency of the reservoir.

One of the recent fracturing methods that results in infinite reser-

voir conductivity is called the channel fracturing technique (CFT).3

The concept behind this technology is to substitute the uniformly dis-

tributed grains of proppant (i.e., porous media) in the fracture by dis-

crete pillars/slugs of proppant. Therefore, in CFT, the reservoir fluids

flow through open channels held by proppant pillars instead of porous

media as in conventional fracturing methods. It is known that the

effective permeability of an open channel is much higher than that of

a porous medium.3 Therefore, the proper design of this technique to
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achieve the open channel configuration revolutionizes the fracturing

industries. We have recently provided a mathematical framework to

estimate the axial dispersion of solids in CFT.5 We showed that, to

the leading order, the axial dispersion of the particle phase depends

on the transverse distribution of the particles across the fracture

induced by the shear. The phenomenon is called shear-induced migra-

tion, with a rich history of research that is explained in several

papers.6,7 Nonetheless, we provide a brief review here.

In particulate flows, the particles' distribution can be attributed to

the hydrodynamics and multibody interactions of the particles. In a

nonhomogeneous shear flow of Newtonian suspensions, it is

observed that particles migrate from the high shear rate region to the

low shear rate region,8,9 that is, shear-induced migration. For pressure

driven flows, particle migration from walls (zones of high shear rate)

toward the center (low shear rate regions) has been observed by many

researchers using different experimental techniques, such as nuclear

magnetic resonance imaging, Laser-Doppler Velocimetry (LDV), and

refractive index (RI) matching. Studies extend to boundary driven

flows. In summary, several experimental measurements have been

carried out in different configurations, such as cylindrical Couette

cells,8-16 pipes,17-20 channels,21,22 and two parallel disks.13,15,23 By

and large, the results demonstrate the migration of particles from the

regions of higher shear rate to the regions of low shear rate.

Several modeling and computational approaches have been taken

to explain the shear-induced migration of particles. On the computa-

tional front, techniques such as Stokesian dynamics, force coupling

method, and immersed boundary method are used to provide under-

standing of the particles' distribution and its connection with the

hydrodynamics and multibody interactions. For more information

about the details of these numerical approaches, the reader is referred

to the following recent work.10,24-27 On the modeling front, at least

two approaches have been taken to explain the shear-induced migra-

tion. The approach of Acrivos et al.8,9 is essentially phenomenological

in adding a diffusive term to the right-hand side of the continuity

equation for solid phase continuum. The physical origin of this term is

stochastic, meaning that different initial configurations of particles will

result in different evolutions. The diffusive fluxes are induced by colli-

sions, gradients in the relative viscosity of the suspension with respect

to the solid volume fraction and Brownian motion (negligible for the

fracturing flows that we consider).

Another approach has effectively been made that diffusive fluxes

arise naturally from gradients in the stresses associated with the parti-

cle phase, which enter the solid phase continuity equation directly by

considering the particle drag closure. This is the approach underlying

the suspension balance model (SBM) of Brady and coworkers.28-30

There exists rheological laws, constants and multipliers in any pro-

posed theoretical or computational framework that should be deter-

mined from experimental measurements.

Recent advancement of the experimental techniques allowed

researchers to provide well-resolved data on the distribution of parti-

cles in different shearing flow scenarios.10,16,20,31 Besides, new mea-

surements of particle-phase stresses are provided to the community,

for example, .32-35 We refer the reader to the recent review by

Guazzelli and Pouliquen.6 Moreover, due to the improvement of com-

putational methods,24-26,36 interface-resolved simulations of solid par-

ticles in Newtonian fluids revealed details of the underlying physics in

suspension flows. In summary, it has been shown that the recent com-

putational and experimental data cannot fully be explained by the

available model frameworks.8,9,30 Our recent effort in understanding

the fracturing flows5 has led us to contribute to the field.10,37-41 This

paper aims to add to the existing literature by providing well-resolved

experimental data on the shear-induced migration and axial develop-

ment of particles in channel flows of non-Brownian suspensions. This

study, along with other recent data in the field, may serve as a basis

for improving and refining available model frameworks for non-

Brownian suspensions.

The main, novel contributions of our study are as follows. First,

we briefly explain fracturing flows of Newtonian suspensions

(Section 2). We design and build a unique setup with an optical system

to measure the velocity and solid volume fraction profiles in channel

flows of non-Brownian suspensions (Section 3). Second, we provide

systematic measurements of the shear-induced migration of particles

and the axial development of the solid volume fraction in the channel

setup for both dilute and dense suspension flows (Section 4). We

summarize our results and discuss the difference between our data

and the prediction of the available model frameworks (Section 5).

2 | CHANNEL FLOWS OF STOKESIAN
SUSPENSIONS

The present work is mainly experimental. However, we use the SBM

model framework with a significant simplification over a fully three-

dimensional problem to build the experimental setup and design the

experimental matrix. The purpose is to estimate Stokesian flows in

long and thin fractures. Here, we briefly explain the SBM model

framework for our channel setup and analyze one of the simplifica-

tions. As far as a detailed review of the SBM framework is concerned,

we refer the reader to the recent literature.5,6,10,20

2.1 | Designing a channel for migration
experiments

The objective is to build a channel that resembles a thin and long frac-

ture in an oil reservoir (typically the length to the width ratio is

beyond 1,000) and to tune the fracturing suspension properties and

the flow for the two-phase continuum framework to be held. There-

fore, we require enough particles across the gap. Several dimension-

less numbers are taken into account for scaling purposes. We study

Stokesian suspensions, and we conduct experiments with negligible

inertial effects at flow and particle scales.

We denote the ratio between the particle diameter (d̂p ) and the

channel gap (D̂) by δp, which is of the order of (10−2) to make sure that

there exist enough particles across the gap to consider the suspension

as a continuum medium. Another geometrical dimensionless number
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is δl = D̂=L̂ , which shows the ratio between the gap and the length of

the channel (L̂ ). We build a channel with, small δl to resemble a frac-

ture, assuring the concentration of solid reaches a fully developed

value. It is noteworthy to mention at least two time scales exist in this

problem, that is, the advective time scale and the diffusion time scale.

The former time scale is the ratio of the channel's length to the aver-

age velocity. The diffusion time scale gives an estimate of the parti-

cles' migration across the gap, which is of the order of the average

shear rate times the square particle diameter. We can show that the

ratio of the advective time scale to the diffusion time scale is δl=δ
2
p ,

and it is of the order of 1 in our channel, assuring the solid volume

fraction achieves fully developed.

Finally, we choose δh (the ratio between the gap and the height of the

channel Ĥ ) to be small enough. Therefore, in the channel's central

region, the flow is 2D and it is not affected by the top and bottom

wall boundaries. Table 1 presents the dimensions, the flow rate, and

the dimensionless numbers of the channel setup. Û0 is the mean

velocity at the channel entrance. We follow the work of Miller and

Morris42 to simplify the SBM framework for our channel flows and use

their results for the comparison. It is noteworthy to mention that solving

the full 3D problem numerically is beyond this experimental work scope.

2.2 | SBM equations in a channel flow

Here, we study density-matched Stokesian suspensions. Therefore,

we neglect inertial and gravity effects. Below, we briefly present the

SBM approach explained in Reference 42 to derive the system of

equations that needs to be solved for modeling channel flows of non-

Brownian suspensions.

In the SBM,30,43-45 the gradient of particle normal stress causes

the diffusive flux of particles. The transport equation for the solid vol-

ume fraction ϕ is as follows.42

∂ϕ

∂t
+r� ϕu½ �= −r:

dp
2

18ηf
f ϕð Þr:Σp

" #
ð1Þ

where u is the suspension velocity, Σp is the particle stress tensor, ηf is

the viscosity of the Newtonian fluid, and f(ϕ) is the hindrance

function:

f ϕð Þ= 1−ϕð Þα ð2Þ

In order to compute the distribution of the solid volume fraction,

Equation (1) is solved together with the mass and momentum equa-

tion for the suspension flow:

r:u=0 ð3Þ

r:Σ=0 ð4Þ

where Σ = Σf + Σp is the suspension stress tensor. The particle phase

stress Σp and the fluid phase stresses Σf are:

Σp = −Σp
N +2ηfηpE ð5Þ

Σf = −Pf I+2ηfE ð6Þ

where Pf is the pressure of the fluid phase, I is the identity tensor, E is

the strain rate tensor, and Σp
N is the particle phase normal stress tensor

which is rewritten as:

Σp
N = ηfηN j _γ jQ ð7Þ

Q=

1 0 0

0 λ2 0

0 0 λ3

2
64

3
75 ð8Þ

where ηN is the relative normal viscosity of the suspension, and

ηs = ηp + 1 is the relative shear viscosity of the suspension.

These equations have been solved by Miller and Morris42 using

the finite-volume method with the rheological model proposed by

Morris and Boulay42 as a closure. The rheological laws of Morris and

Boulay43 are:

ηN =Kn ϕ=ϕmð Þ2 1−ϕ=ϕmð Þ−2 ð9Þ

ηs = η=ηf =1+2:5ϕ 1−ϕ=ϕmð Þ−1 +Ks ϕ=ϕmð Þ2 1−ϕ=ϕmð Þ−2 ð10Þ

with Kn = 0.75, Ks = 0.1, α = 4, λ2 = 0.8, λ3 = 0.5, and ϕm = 0.6.

The results obtained for the steady-state solution by Miller and

Morris42 will be compared to our experimental results.

As discussed by Miller and Morris,42 a simplified version of the

transport equation can be solved provided the (a) flow throughout the

conduit is steady (meaning that ∂ϕ
∂t =0), and (b) flow can be considered

as 2D (i.e., variations across z can be neglected). This is precisely

achieved in our experiments thanks to the (a) suspension recirculation

in the channel which allows reaching a steady state and (b) small width

to height ratio of the channel. In these conditions, Equation (1) finally

reduces to:

ux:
∂ϕ

∂x
= −

∂

∂y
dp

2

18ηf
f ϕð Þ ∂

∂y
Σp
yy

" #
ð11Þ

We have solved numerically this equation together with the sus-

pension momentum equation with the closures of Morris and

Boulay43 given above. We solve this nearly one-dimensional equation

numerically. The equation is solved following Miller and Morris by

computing progressively the velocity U(y) when the solution marches

through the channel. At each position y, U(y) is computed from stress

balance and from the current solution ϕ(y), while ensuring that the

suspension flux remains constant. Note that the particle flux also

remains constant. The steady-state volume fraction profiles and their

axial development will be compared to the experimental results.

Moreover, we also compare our experimental results with the fully 2D

channel solution given by Miller and Morris.42 It is noteworthy to

mention that we compare the present work with the results of Miller
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and Morris42, Figure 6 with _γNL = ϵ2. In the present work, we have con-

sidered ϕm =0.6, and the regularization parameter as ϵ =10−5.

We report our results in dimensionless form and adopt a Carte-

sian coordinate system shown in Figure 1a. The axes are scaled with

the dimensions of the setup, that is, L̂,D̂,Ĥ.

3 | METHODOLOGY

This section explains our experimental methodology. That includes

the channel setup, visualization system, test fluids and particles,

experimental procedure, and image analysis.

reservoir

syringe pump

camera

gas spring to raise the 
channel for draining

macro lens

laser

optical lenses

extension tube

recirculating tube 
for water-bath

channel

recirculating 
tube for channel

high pass filter

ball valves

connected to 
circulating 
water-bath

hinge

x
y

z

Channel dimensions:
------------------------------------------------

Length (L) = 4000 mm
Height (H) = 40mm
Width (D) = 2mm

(a)

(b) (c)

F IGURE 1 (a) A schematic of the experimental setup. (b) A section of the channel. (c) O-rings placed at the end of each channel section for
the sealing [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Experimental parametersL̂ mmð Þ Ĥ mmð Þ D̂ mmð Þ d̂p mmð Þ Û0 mm=sð Þ η̂0 Pa:sð Þ
4,000 40 2 0.075–0.09 0.125 4.64

ρ̂0 g=mlð Þ δl = D̂
L̂

δh = D̂
Ĥ

δp =
d̂p
D̂

Re = ρ̂f Û0D̂
η̂0

Rep =
ρ̂f d̂p

2
_̂γ

η̂0

1.19 5 × 10−4 0.05 � 0.041 6.41 × 10−5 1.09 × 10−7
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3.1 | Experimental setup

As explained in Section 2 (see also Table 1), a channel setup resem-

bling a fracture requires a length that is three orders of magnitude

larger than the width. The dimension requirements of the channel

make the tolerance extremely small on all dimensions. Moreover, we

want to build the channel using transparent acrylic materials to be

able to visualize the flow. Maintaining the tolerances while machining

the acrylic (poly methyl methacrylate [PMMA]) materials is extremely

difficult. These tolerances cannot be maintained on extremely long

pieces of acrylic due to the variance in the stock itself. Therefore, we

constructed the channel out of 20 smaller and more accurate channel

sections. The length of each section is 20 cm. Figure 1b shows one of

the sections that includes three channels. A central channel (2 mm

width) for the suspension to flow and two side channels (3 mm width)

to recirculate water for controlling the temperature of the suspension

and consequently its RI.

The sections of channel are precisely aligned and sealed together and

the O-rings between the sections prevent possible leakages (see Figure 1c ).

The setup, shown in Figure 1a, is then mounted on a RPR-416-12 RPR reli-

ance optical tabletop purchased from Newport. The tabletop is 0.3048 m

thick with a 1.2192 m width, a 4.8768 m length, and M6 × 1 holes on a

0.0254 m grid. The S-2000A-423.5 stabilizer set was also purchased from

Newport to support the tabletop. This stabilizer set consists of four vibra-

tion dampening legs that the tabletop is connected to. This set up provides

a completely flat and vibration free area for the channel to sit.

We use a precision syringe pump (two high-pressure modules

purchased from neMESYS GmbH) to pump the suspension in the cen-

tral channel and simultaneously we recirculate water in the side chan-

nels using a water bath.

F IGURE 2 The raw images of the
suspension flow at the beginning and
the end of the channel setup for
different bulk solid volume fractions
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3.2 | Test particles and fluids

We make a transparent model suspension consisting of non-Brownian

particles and Newtonian suspending fluids as follows. PMMA particles

are used with the diameter in the range of 75–90 μm. The density and

RI of PMMA particles are ρ = 1.19 g/ml and n = 1.49, respectively.

The fluid for the Newtonian suspension is similar to what Pham

used.46 It is a combination of Triton x-100(76 wt%), zinc Chloride

(14.9 wt%), water(9 wt%), and hydrochloric acid(0.1 wt%). The viscos-

ity is 4.64 Pa.s. The weight fractions are defined in a way to match

the density and RI of PMMA particles. To recognize PMMA particles

from the fluid during the imaging, a fluorescent dye (rhodamine 6G) is

mixed with the fluid phase with a concentration of 3 mg/L. The dye

concentration is set to optimize the contrast between the solid and

liquid phases. The temperature of the set-up is set to 30 ± 0.1�C in

order to maximize RI matching between the solid and fluid phases

(within 10−4). This suspension is the same as that used by Snook

et al.20 and Sarabian et al.10 Sarabian et al.10 have shown that its

rheological behavior is fairly modeled by the Morris and Boulay43 laws

presented is Section 2.

For each experiment, we make 1,300 ml of the suspension and

we take the following steps. First, the particles are washed using an

ultrasonic water bath. Then, the particles are placed in the oven at

50�C for 48 hr to ensure that they are completely dried. The particles

and the fluid are mixed for 3 hr to be completely homogenized. The

prepared suspension is left in a closed and sealed container (with

almost no evaporation) for 24 hr to make sure the bubbles are

removed.

3.3 | Experimental procedure

We pour the suspension in a reservoir very gently to avoid trap-

ping bubbles. We load the syringe pumps with the suspension

from the reservoir. The syringe pumps operate at the flow rate of

0.01 ml/s, draw the suspension from the reservoir, and send it to

the channel. We designed a plumbing system to recirculate the

suspension to the reservoir. A perforated blade is machined and

placed in the reservoir to homogenize the suspension gently. The

plumbing system consists of tubes and ball valves made of Poly-

oxymethylene material purchased from Advanced Technology

products.

The circulating water bath pumps the water through the side

channels and maintains the temperature at 30 ± 0.1�C to maximize

the RI matching between the solid and the fluid phases. Experiments

are performed at five different bulk volume fractions of �ϕb = 0:1, 0.2,

0.3, 0.4, and 0.5. We built an optical setup to scan the channel verti-

cally by taking images from the top to the middle plane. The optical

setup is mounted on a rail system and moved along the channel to

scan the axial development of the flow. Section 3.4 explains the

details of the optical system.

After finishing the experiment, we remove the pumps and the

tubing, and we tilt the channel using two gas spring jacks. It takes

about 2 days for the suspension to drain gradually. We collect the sus-

pension and wash the particles with a large amount of water to

remove the suspending fluid. We use an ultrasonic water bath to

remove any possible residue of the suspending fluid from the particles

to be able to reuse them. The channel is washed with the filtered

water to remove all the residues of the suspension, and it is then air-

dried for several days.

It is noteworthy to mention that the current data reported

for each bulk volume fraction required about 60 days of per-

forming an experiment, which includes preparing the materials,

conducting the test, scanning the setup, draining, cleaning, and

washing the setup. Scanning the setup itself included a loop of

examining the quality of images, tuning the optical setup, and

temperature for that specific experiment, and rescanning until

achieving the best quality images. These tasks exclude the time

and effort of designing and building the setup and in-house opti-

cal system.

F IGURE 3 Image processing of particles suspended in the
Newtonian fluid; (a) a raw image sample at �ϕb =0:1; (b) the threshold
of the sample image at �ϕb =0:1; (c) the raw image sample at �ϕb =0:5;
and (d) the threshold of the sample image at �ϕb =0:5

0 0.1 0.2 0.3 0.4
0.2

0.3

0.4

0.5

0.6

0.7

(a) entrance (x = 0.009)

0 0.1 0.2 0.3 0.4
0.2

0.3

0.4

0.5

0.6

0.7

(b) outlet (x = 0.971)

F IGURE 4 The particle concentration profiles at different
channel's height (direction z) plotted across the gap (a) the inlet,
(b) the outlet of the channel. The bulk volume fraction is �ϕb =0:4
[Color figure can be viewed at wileyonlinelibrary.com]
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3.4 | Optical setup

We use the RI matching technique to visualize the suspension flow.

The optical setup is illustrated in Figure 1a. A semiconductor green

laser diode of 200 mW power and wavelength of 532 nm is used as

the light source. The laser passes through a vertical plano-convex

cylindrical lens with a focal length of (f = 10 mm) to make a horizontal

laser sheet. The diverging laser sheet goes through a vertical plano-

convex cylindrical lens with a focal length of (f = 100 mm) to collimate

the laser sheet. A horizontal plano-convex cylindrical lens with a focal

length of (f = 50 mm) is used to thin the laser sheet thickness

(≈ 15 μm).47,48

The suspending fluid contains rhodamine 6G, which illuminates

under the laser diode projection. The concentration of rhodamine is

chosen to be 3 mg/L to optimize the contrast between the particles

and fluid all over the gap. The fluorescent dye absorbs 524 nm (green)

wavelength laser light and emits it at 566 nm. Since the suspension is

transparent, the light can go through without diffraction. A

2-megapixel CCD camera (purchased from Basler) mounted on top of

the channel receives the light from the suspending fluid. A macro lens

(purchased from Sigma-Photos) is mounted on the CCD camera to be

able to visualize small particles of the diameter of 60 μm and above. A

high pass filter (550 nm filter purchased from Thorlabs) is mounted

between the camera and channel to remove the noise. The particles

are not covered with fluorescent dye; therefore, a contrast forms

between the particle phase and the fluid phase and makes it possible

to visualize the suspended particles.

This optical system allows us to take high quality images of the

suspension flows. The exposure time of the camera is set to be 20 ms

and 100 images are taken at each location. The laser power is set to

be 80% of the capacity of a 200 mW laser generator. The laser power

is tuned to have enough light in the camera sensor and also avoid

bleaching the dye in the fluid. A typical example of images is shown in

Figure 2. The images correspond to the plane located in the middle of

the height of the channel. The distribution of particles at the inlet and

outlet experimental windows is shown. For all of the solid volume

fractions, the suspension is homogeneous at the entrance. However,

at the outlet, the solid volume fraction is inhomogeneous due to the

migration of particles from the walls to the center of the channel.

3.5 | Image analysis

The key factors in successful computation of the local solid volume

fraction are first to accurately discern each particle in the image plane,

and second to retain the particle shape. In particular, the latter factor

is crucial to extract the particle concentration profiles and particle

velocity by the means of circular Hough transform which was previ-

ously adopted by Sarabian et al.10 and Snook et al.,20 respectively. In

this study, we compute the solid volume fractions in several steps.

First, the image contrast is enhanced to distinguish particles from the

background fluid by computing several histograms, each

corresponding to a separate part of the image, and uses them to redis-

tribute the intensity values of the image. Next, a threshold was calcu-

lated which implements the Li method49 that is an iterative method

based on the minimum cross-entropy thresholding using ImageJ.50 In

this method, a threshold level is computed by minimizing the spread

function from the foreground and background classes. Once the opti-

mization procedure is over and the threshold level is found from the

iterative algorithm, then we filter the image by allocating pixel inten-

sity values smaller than the threshold level as black, and the rest as

white. Figure 3 depicts typical examples of an image before and after

applying the threshold at two different bulk volume fractions. The

resulting image out of this step is a binary image and we can easily

0

0.1

0.2

0.3

0.4

0.5

0.6

(a)

0.1

0.2

0.3

0.4

0.5

0.6

(b)

0 0.1 0.2 0.3 0.4
0

0.2

0.4

0.6

(c)

0 0.1 0.2 0.3 0.4
0

0.2

0.4

0.6

(d)

0 0.1 0.2 0.3 0.4

0.2

0.3

0.4

0.5

0.6

0.7

(e)

F IGURE 5 Particle concentration
profiles at the end of the channel at
(a) �ϕb =0:1, (b) �ϕb =0:2, (c) �ϕb = 0:3,
(d) �ϕb =0:4, and (e) �ϕb =0:5. The
measurements are compared with the
experimental studies of Koh et al.,21

Lyon and Leal,22 two-dimensional
suspension balance model (SBM)
prediction with the rheological law of

Morris and Boulay,43 three-
dimensional SBM results of Miller and
Morris,42 and simulations of Yeo and
Maxey.36 The data of Miller and
Morris42 correspond to Figure 6 of
their paper with _γNL = ϵ2 [Color figure
can be viewed at
wileyonlinelibrary.com]
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infer the solid volume fraction by accounting the black pixels as parti-

cles and white pixels as background fluid.

Particle image velocimetry (PIV) is performed to measure the par-

ticle velocity Up from successive images recorded from the suspension

flow at 0.1 s time intervals. The velocity field is calculated in the shear

plane (xy plane) and then averaged in the x direction to compute the

velocity profile. For more information on the PIV procedure, the

readers are referred to the work of Firouznia et al.41 MatPIV51 was

employed to analyze the pairs of images. Each image is divided into

subimages (interrogation windows) with overlap of 50%. The PIV algo-

rithm uses two successive images and takes the corresponding inter-

rogation windows in order to perform cross correlation and compute

the velocity field. The PIV algorithm iterates the cross correlation

twice with the window sizes of 64 × 64 and 32 × 32 pixels to improve
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F IGURE 6 Axial evolution of the particle concentration
for present work at different bulk volume fractions of
(a) �ϕb =0:1, (b) �ϕb =0:2, (c) �ϕb =0:3, (d) �ϕb =0:4, and
(e) �ϕb =0:5. Evolution of the particle concentration for the
two-dimensional suspension balance model (SBM)
prediction with the rheological laws of Morris and Boulay43

at different bulk volume fractions of (f) �ϕb =0:1, (g) �ϕb =0:2,
(h) �ϕb =0:3, (i) �ϕb =0:4, and (j) �ϕb = 0:5 [Color figure can be
viewed at wileyonlinelibrary.com]
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the accuracy. Several filters such as signal to noise ratio (SNR) are

used to identify the false vectors. The false vectors are removed and

replaced by linear interpolation between the neighboring vectors.

4 | RESULTS AND DISCUSSION

In this section, we present the experimental measurements of the

velocity profile of the suspension as well as the solid volume fraction

at different parts along the channel. We also compare our results with

the SBM and some available experimental and computational data.

As discussed in Section 2, from the small width to height ratio of

our channel, the central part of the channel flow can be approximated

as a 2D flow. Therefore, the boundary effects in the vertical direction

(z direction) are insignificant. We examine this point by measuring the

concentration profile across the width of the channel (y direction) at

different locations along the z axis. Figure 4a,b illustrates the particle

volume fraction close to the entrance (x = 0.009) and outlet

(x = 0.971), respectively. The results correspond to the experiment

with �ϕb =0:4.

Several features are evident. First, we note that the variation of ϕ

along the vertical direction z is insignificant compared to the change

of ϕ across the width y. Second, the concentration profile is symmet-

ric around y = 0 due to the setup's geometrical symmetry. Therefore,

we merely show our measurements in half of the width. The results

validate our assertion in Section 2 that the flow is 2D (in the xy plane)

and the vertical boundary effects are negligible on the suspension

dynamics from z ≥ 0.125. This justifies comparing our data with the

solution of the 2D SBM problem.

It is noteworthy to mention that we were unable to compute the

solid volume fraction in the narrow region close to the solid walls, that

is, in 0.4 < y ≤ 0.5. However, the velocity profile of the particle phase

can be measured in the whole gap (shown later). The slight and invisi-

ble residue of glues used for constructing the channel affects the qual-

ity of the image. Therefore, close to the walls, there exist streaks

lowering the SNR. The streaks close to the walls can be seen in the

raw images shown in Figure 2. Consequently, in this paper, we only

report the volume fraction measurements in 0 ≤ y ≤ 0.4.

Figure 5 demonstrates the particle concentration profiles at the

end of the channel at different bulk volume fractions. The fully devel-

oped concentration profiles are computed near the channel outlet, at

x = 0.971. For all the bulk volume fractions, the concentration profiles

indicate the migration of particles from the walls (high-shear-rate

region) toward the channel centerline (zero-shear-rate zone). Besides,

we observe that maximum particle volume fraction, which occurs at

the channel centerline (y = 0), increases with the bulk volume fraction.

For those experiments with �ϕb≳0:3, the maximum value of ϕ is about

0.6 at the center of the channel. This behavior is consistent with the

solution of Equation (10). At the fully developed state, the left hand

side of the equation is zero implying that Σp is constant across the

channel. A nonzero constant value of Σp at the center of the channel,

where the shear rate is zero, is possible if the viscosity of the suspen-

sion diverges. This singular behavior occurs at the limit of jamming

volume fraction, that is, ϕ!ϕm. Therefore, the trends of solid volume

fraction profiles for �ϕb≳0:3 follow the prediction of the dimensionless

governing equations, which are based on the SBM. It has been shown

that the value of ϕm is around 0.585 by several researchers (see,

e.g., 35 and Guazzelli and Pouliquen6). Consistently, our results show

that the central value of ϕ that corresponds to the maximum packing

volume fraction is about 0.6.

Another important observation is that in the dilute suspension

regime, that is, at �ϕ≲0:3, the value of the particle volume fraction ϕ at

the channel center is less than the maximum packing fraction ϕm. This

observation is not consistent with the prediction of the SBM and,

more specifically, the solution to Equation (11). As explained above,

according to the SBM, the solid volume fraction should approach ϕm

at the center of the channel where the shear rate is zero. This predic-

tion is independent of the value of �ϕb . It is in contrast with what we

observe in our experimental measurements. Indeed, based on

Figure 5a,b, ϕ does not reach to ϕm at y =0, but to a value that is an

increasing function of �ϕb . Recently, several other experimental obser-

vations have been reported that do not follow the SBM's prediction,

calling for the theoretical and numerical studies to improve the model

framework for the non-Brownian suspensions.10,16

Moreover, we observe that the maximum variation of ϕ across

the channel occurs for the experiments with �ϕb
~0:3 . Therefore, the

migration amplitude exhibits a nonmonotonic behavior with the bulk

0 0.2 0.4 0.6 0.8 1

0

0.05

0.1

0.15

0.2

F IGURE 7 The spatially averaged ϕ − ϕinitial from y = 0 to y = 0.10
versus x [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 8 A comparison between the present work and the two-
dimensional suspension balance model (SBM) prediction (rheological
law of Morris and Boulay43) for the dimensionless concentration
gradient in the channel flow [Color figure can be viewed at
wileyonlinelibrary.com]
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volume fraction. We have also shown the nonmonotonic trend in our

recent work concerning the suspension flows in a wide-gap Taylor–

Couette cell.10

We have compared the particle concentration profiles at the end

of the channel with the available experimental and computational

studies in Figure 5. According to the figure, the previous experiments

of Koh et al.21 and Lyon and Leal22 performed in a rectangular channel

are in agreement with our measurements qualitatively in the core

region, that is, far from the walls and the center of the channel. How-

ever, the experiments of Lyon and Leal22 at �ϕb =0:4 fails to correctly

measure the particle concentration in the vicinity of the channel wall.

The discrepancy might be due to the loss of signal near the bound-

aries in the LDV technique.

We find that the direct numerical simulations (DNS) of Yeo and

Maxey36 follow our experimental measurements. The shape of con-

centration profiles is fairly similar. Moreover, the maximum concentra-

tion at the channel center is below ϕm for ϕb = 0.2 and 0.3, and of

same order of magnitude as in our experiments. For ϕb = 0.4, ϕm is

reached at the middle in both our experiments and the simulations. It

is noteworthy to mention that Yeo and Maxey36 have studied the

flow for three different confinement ratios (ratio between the channel

width to the particle diameter D̂=d̂p ). The numerical results show the

particle layering close to the walls for D̂=d̂p = 18 and D̂=d̂p =24. We

have recently addressed the layering effect and explained it is associ-

ated with the discrete effect and crystallization of the particles close

to the boundaries. We have shown that the particle layering does not

affect the fully developed concentration profiles averaged over a

broader neighborhood.10

Our experimental observations are not entirely consistent with

the SBM framework, particularly as we approach the channel's center

for �ϕb≲0:3 . The model results in cusps forming in the central regions

where the solid volume fraction approaches ϕm. Nott and Brady30

proposed a resolution for resolving the cusp via including the nonlocal

effects. They suggested adding an equation for the granular tempera-

ture to the system of the equations. The diffusion of the granular tem-

perature results in a blunter solid volume fraction profile and removal

of the cusp. Nonetheless, the discrepancy between the prediction of

SBM and our experimental data for �ϕb≲0:3 in the central region is

more than the value of nonlocal's resolution given in Reference 30.

The novelty of our setup enables us to measure the axial develop-

ment of the solid volume fraction experimentally for the first time.

We report the particle concentration profiles at different locations as

we march along with the flow, x direction. Figure 6a–e shows the

results of our experimental observations for different values of �ϕb.

The particle migration can be clearly observed by the increase in

particle volume fraction ϕ at the center of the channel (y = 0) and its

decrease near the edges (y = 0.4). Furthermore, we observe that the

migration occurs faster at larger bulk volume fraction �ϕb , that is, the

particle concentration reaches its fully developed state at a smaller

length along the flow direction x. The reduction of steady-state length

scale by bulk volume fraction enhancement is in agreement with the

SBM framework30 and can be explained via Equation (11). Indeed, a

balance of the right-hand side and left-hand side of this equation

implies that the fully developed length, x, scales inversely with (f

(ϕ)/ϕ))×Σp(ϕ). The latter is an increasing function of �ϕb resulting in a

shorter fully developed length as �ϕb increases.

The predictions of the nearly one-dimensional Equation (11) with

the Morris and Boulay43 laws are presented in Figure 6f–j for the
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F IGURE 9 (a) The particle phase velocity at the end of the channel normalized by theoretical velocity for Newtonian fluid at the center with
the same condition at different bulk volume fractions �ϕb for present work and simulations of Yeo and Maxey36; (b) The steady-state suspension
velocity at different bulk volume fractions �ϕb for suspension balance model (SBM) prediction with rheological law of Morris and Boulay D̂=d̂p =24
43 [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 10 The particle phase velocity at the end of the channel
normalized by theoretical velocity for Newtonian fluid at the center
with the same condition at different bulk volume fractions �ϕb

obtained from particle image velocimetry (PIV) measurements and the
calculated velocity from the distribution of solid volume fractions
[Color figure can be viewed at wileyonlinelibrary.com]
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same x and �ϕb values as for the experimental data of Figure 6a–e. The

shape of the curve and their evolution with x are in fair agreement

with the data. We note that the central region's size where most of

the particles accumulate is of the same order of magnitude in both

the experiments and the model. This region grows with �ϕb . As noted

above, the main discrepancy is that the volume fraction always

reaches ϕm at the center in the model, which is not the case at low �ϕb

in experiments.

To better characterize the axial development of the volume frac-

tion profiles, we compute the average of ϕ − ϕinitial over the central

region (from y = 0 to y = 0.10). Figure 7 shows the experimental data

and solution of Equation (11) follow the same shape. However, the

migration is slower in the experiments for ϕb = 0.5. This plot allows us

to provide a crude estimate of the order of magnitude of x for the

fully developed state which is found to be of order 0.8 for �ϕb =0:1, of

order 0.5 for �ϕb =0:2 , �ϕb =0:3 , and �ϕb =0:4 , and of order 0.4 for

�ϕb =0:5 . It is impossible to report more accurate values as it would

require scanning the whole channel and an extremely long time to run

the experiment.

The steady-state data can be presented differently for the pur-

pose of the comparison with constitutive equations. As pointed out

by Ramachandran and Leighton,52 the dimensionless gradient y(dϕ/

dy) in the fully developed state should be a function only of the con-

centration. Figure 8 shows the comparison between the present work

and the SBM prediction (rheological law of Morris and Boulay43) of

the dimensionless concentration gradient in the channel flow. The

results show that the dimensionless gradient is only a function of con-

centration. All data fall on a master curve, except for those at the cen-

ter of the channel. In this region, the data show an abrupt jump to

zero. Such a trend points to the breakdown of the continuum model-

ing in the central region. This plot also confirms the fair agreement

with the Morris and Boulay model.

Finally, we discuss the velocity profiles. Figure 9 presents the

measurements of the particle phase velocity close to the outlet for

different bulk volume fractions. We normalize the velocity profiles

with the value of the velocity at the center for a Newtonian fluid. up is

the particle phase velocity that is measured from the experiment, and

uN is the theoretical velocity for Newtonian fluid at the center of the

channel with the same condition. The results show that the velocity

evolves toward a blunt profile as we increase the bulk volume frac-

tions �ϕb . This trend is similar to the prediction of the SBM for the sus-

pension velocity profile (see Figure 9b). As far as the particle phase

velocity is concerned, we have compare our results with that of Yeo

and Maxey.36 Figure 9a shows that the experimental velocity profiles

have smaller magnitudes compare to those computed from the

Numerical simulations.

Here, we show the consistency between the steady-state volume

fraction profiles, the steady-state velocity profiles, and the continuum

modeling. To this end, we have computed the velocity profiles from

the measurements of ϕ(y) using η(ϕ) from the rheological law of Mor-

ris and Boulay.43 In the central plane of the channel, suspension shear

stress at steady state is τ / y. Therefore, we can compute the shear

rate as _γ yð Þ= τ yð Þ=η ϕ yð Þð Þ/ y=η ϕ yð Þð Þ . Then, the velocity profile can

be computed by integrating the shear rate. In the absence of a pres-

sure drop measurement, the velocity can then be known only up to a

constant. We match the computed velocity at the center with our PIV

measurements. Figure 10 shows a good agreement between these

two velocity profiles. This agreement implies the viscosity function

η(ϕ) chosen to compute the velocity profile from ϕ measurements

accounts correctly for the material behavior.

5 | SUMMARY

A high precision rectangular channel is designed to experimentally

study the evolution of the solid volume fraction in fracturing flows.

We conducted experiments to study the shear-induced migration of

rigid spheres in a Newtonian fluid, in the Stokesian regime. We

adopted a highly resolved index-matching technique and PIV to calcu-

late the solid volume fraction profiles and the particle phase velocity,

respectively. Well-controlled experiments were performed for a wide

range of bulk volume fractions ranging from 0.1 to 0.5 to cover the

whole range of dilute to dense suspension flows. Fully developed con-

centration profiles, along with the axial developments and migration

dynamics were analyzed and compared with the existing experimental

and computational studies.

We find that the maximum particle volume fraction, which occurs

at the channel centerline, increases with the bulk volume fraction and

eventually gets saturated to a value of 0.6 for �ϕb≳0:3 . Overall, the

SBM with the Morris and Boulay law provides a fair description of the

migration profiles and of their axial development. However, there

exist discrepancies between our experimental data and the prediction

of the SBM framework. One difference is that the SBM predicts that

the local particle concentration reaches the maximum packing fraction

ϕm at the channel centerline regardless of the value of the bulk vol-

ume fraction.

Besides, we compared some of our experimental data with the

available experimental and computational results. We showed that

the concentration profiles shapes resulted from fully three-

dimensional numerical simulations performed in a channel flow by

Yeo and Maxey36 are fairly similar to our results, and the maximum

concentration at the channel center is of same order. In these well-

resolved simulations, the authors considered the discrete effect

resulting from the confinement and finite-size of the particles, which

is more pronounced at the larger bulk volume fraction. Here, we tried

to minimize these effects by performing our experiments for the larg-

est possible confinement ratio, D̂=d̂p = 24. Although there exist parti-

cle layering close to the boundaries, we could not measure it in this

work due to the low SNR.

Furthermore, we find that our measurements are in qualitative

agreement with the previous experimental study of Koh et al.21 and

Lyon and Leal22 in the core region (far from the center and solid walls).

Nonetheless, their fully developed particle volume fraction measure-

ments deviate from ours in the vicinity of walls and near the channel

centerline. It might be due to the signal loss in the LDV technique

close to the channel walls as the solid volume fraction decreases. In
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Koh's experiments,21 the particle size and channel length were kept

fixed and the confinement ratio (D̂=d̂p ) was varied by changing the

channel width.

The unique feature of our setup in resembling a long and thin

fracture allows us to provide data on the axial development of the

solid volume fraction for both dilute and dense flow of suspensions.

We showed the evolution of ϕ along the flow direction x, that is, from

the inlet to the outlet of the channel.

Finally, we have performed a PIV analysis to measure the particle

phase velocity. We observed that the particle phase velocity profiles

evolve from a parabolic shape to a plug shape by increasing the bulk

volume fraction �ϕb . It is expected as the solution to the velocity pro-

file is coupled to the solid volume fraction exhibiting a blunter profile,

in the core region of the channel flow, for larger values of �ϕb. Also, we

observed a good agreement between the measured velocity profiles

from PIV with the velocity profiles calculated from the measured con-

centration profiles.

The highly resolved experimental data presented in this study

provides an insight into understanding the dispersion of solids in frac-

turing flows of petroleum industries. In the near future, we will pro-

vide more experimental data on the effect of boundaries,

crystallization, dynamics, solid inhomogeneities, and non-Newtonian

interstitial fluid. Our experimental effort along with the recent work

of other researchers in the field, for example, 10,16,19,20,31 may provide

a basis for improving the continuum model frameworks explaining the

flows of non-Brownian suspensions.
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