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ARTICLE INFO ABSTRACT

Keywords: We investigate the effectiveness of two computational fluid dynamics (CFD) approaches: mesh-based CFD and
CFD meshfree particle-based smoothed particle hydrodynamics (SPH) for simulating pipe flows of varying
DEM complexity. The study covers laminar and turbulent flows, different fluid rheologies (Newtonian, power-law,
Is)l:; flow Bingham plastic, Herschel-Bulkley), and different particle-laden scenarios, validated using experimental

Particle-liquid flow Lagrangian measurements obtained by positron emission particle tracking or available theoretical solutions, as
PEPT appropriate. We assess these methods based on their ability to predict radial profiles of local phase velocity and
concentration, as well as computational cost. In single-phase flows, CFD aligns well with experimental data and
theoretical models. SPH exhibits boundary discrepancies due to no-slip condition approximations and limitations
in turbulent flow simulation which need further development. Integrating the discrete element method (DEM)
significantly enhances both techniques for particle-liquid flows. Mesh-based CFD is computationally efficient,

while particle-based SPH can offer more insights into Lagrangian fluid dynamics.

1. Introduction

Single-phase and particle-liquid pipe flows play a crucial role in
various industries, such as mining, pharmaceuticals, food processing,
chemicals, oil and wastewater treatment. These flows are characterized
by a number of complexities, including intiricate pipe geometries,
diverse liquid rheologies, different flow regimes and phase-to-phase
interactions, which present significant challenges for design, operation
and control. The advancement in computational capabilities over the
past decades has led to the emergence of powerful computational fluid
dynamics (CFD) tools, encompassing both mesh and meshfree methods.
These tools have great potential for simulating and predicting complex
flows of complex fluids, offering a viable route for numerical investi-
gation and optimization of multiphase flows for various engineering
applications (El-Emam et al., 2021; Ye et al., 2019).

The mesh-based CFD approach is mature and widely used. It includes
techniques such as the finite element method (FEM), the finite volume
method (FVM) and the finite difference method (FDM) which have been
exploited in different applications under a variety of geometries, scales
and conditions, such as fluidized beds (Zbib et al., 2018), stirred vessels
(Liu and Barigou, 2013), particle combustion (Kong et al., 2021),
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viscous pipe flow (Eesa and Barigou, 2008), and blood flow (Bose and
Banerjee, 2015). The primary fluid phase is normally simulated by
solving the Navier-Stokes equations in each cell inside the mesh using
an Eulerian approach (Liu et al., 2017; Sharaf et al., 2019). When a
secondary discrete phase, such as a particulate phase, is introduced into
the primary Euerlian phase, two different approaches may be used: the
Eulerian-Lagrangian (EL) approach considers the particulate phase as a
discrete phase and estimates particle motions individually (Tian and
Barigou, 2016), whereas the Eulerian-Eulerian (EE) approach which is
computationally less expensive treats the particulate phase as a con-
tinuum (Messa and Matousek, 2020). Each approach offers distinct ad-
vantages and is selected based on the specific characteristics and
requirements of the multiphase flow being analyzed.

The mesh method suffers from limitations in handling certain com-
plex problems involving large mesh deformations, deformable and
growing boundaries and free surface phenomena (Belytschko et al.,
1996). Thus, the alternative meshfree method has attracted increasing
attention over the past decades due to its ability to address these chal-
lenging situations (Ye et al., 2019). Specifically, for modeling intricate
fluid flows, researchers have explored meshfree particle-based methods,
such as the moving particle semi-implicit (MPS) and smoothed particle
hydrodynamics (SPH) techniques (Duan et al., 2017; Liu and Liu, 2010).
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Papanastasiou parameter
power-law index
radial position, m

CMC Carboxymethyl Cellulose
DEM Discrete Element Method

Z. Yang et al. Chemical Engineering Science 288 (2024) 119788
Nomenclature Greek Symbols
v kinematic viscosity, m? s
Symbols UL viscosity, kg m ! s7!
Cs volumetric mean solid concentration, vol.% PL liquid density, kg m~3
c local volumetric solid concentration. vol.% Ps particle density, kg m~3
D pipe diameter, m Pr particle to liquid density ratio
d, particle diameter, m o
h Kernel smooth length, m Abbreviations
m CFD Computational Fluid Dynamics
n
r
R

pipe radius, m

Re pipe Reynolds number

Re, particle Reynolds number

Remean  Particle-liquid flow mixture Reynolds number
t time, s

up, axial liquid velocity, m s

Ug axial particle velocity, m st

Umean mean mixture velocity, m st

EE Eulerian-Eulerian

EL Eulerian-Lagrangian

FEM Finite Element Method
FVM Finite Volume Method

LDV Laser Doppler Velocimetery

MPS Moving Particle Semi-implicit
PEPT Positron Emission Particle Tracking
PIV Particle Image Velocimetery

SPH Smoothed Particle Hydrodynamics

MPS transforms the governing equations into interactions among mov-
ing particles and employs a semi-implicit algorithm to handle incom-
pressible flows (Koshizuka and Oka, 1996). On the other hand, SPH
initially developed for astrophysics nearly 40 years ago (Lucy (1977),
has been extended to tackle a variety of fluid and solid mechanics
problems. It approximates field variables (e.g., density, velocity, accel-
eration) on a set of particles and does not rely on a fixed mesh, making it
well-suited for capturing complex fluid information and accommodating
large deformations (Lucy, 1977). Moreover, it naturally tracks free
surfaces, moving boundaries and interfaces, enabling its application to
multiphase flows by representing these features as particles defined at
the initial stage, thus, overcoming the challenges faced by conventional
mesh-based CFD methods. Additionally, SPH exhibits excellent conser-
vation properties and satisfactorily handles interface tracking in multi-
phase flows. Combining meshfree, particle-based and Lagrangian
characteristics, SPH offers distinct advantages over CFD methods (Ye
et al., 2019), making it a promising and valuable tool for computational
fluid dynamics simulations.

The discrete element method (DEM) is a numerical simulation
technique used in engineering and physics to model the behaviour of
essentially dry granular materials and other discrete systems. It treats
individual particles as distinct entities, each possessing specific prop-
erties such as mass, shape and interactions with other particles. By
simulating the motion and interactions of such discrete particles over
time, DEM can provide insights into complex phenomena like particle
flow, collision dynamics and stress distribution in granular materials.
Newton’s second law is used to track and describe the motion of every
single particle (Cundall and Strack, 1979; Nguyen et al., 2022). In recent
years, the coupling of DEM with CFD and SPH has emerged as a powerful
hybrid approach to study complex multiphase flows and interactions
between solid particles and fluids (Lian et al., 2023; Zheng et al., 2021).
This coupling involves integrating the granular dynamics of DEM with
the fluid flow characteristics modelled by CFD or SPH.

In this paper, we investigate the capability and performance of the
mesh-based CFD method and the meshfree particle-based SPH method
for simulating the turbulent pipe flow of single-phase Newtonian fluids,
as well as the viscous pipe flow of fluids of varying rheologies, namely
Newtonian, power-law, Bingham plastic and Herschel-Bulkley. The two
numerical techniques are then coupled with DEM to study the viscous
and turbulent pipe flows of particle-liquid mixtures under various con-
ditions of particle loading. Experimental measurements obtained by the
Lagrangian technique of positron emission particle tracking (PEPT) is

used alongside available theoretical solutions, to validate the simula-
tions results, as appropriate. The assessment of the two numerical
techniques considers the detailed predictions of radial velocity profiles,
spatial particle distributions as well as computational cost. This study
serves to advance our understanding of these numerical methods and
their capability to simulate complex multiphase flows, providing valu-
able guidance for future research and practical applications.

2. Experiment and data analysis
2.1. Pipe flow loop set-up

The experimental flow loop used to conduct single-phase flow as well
as particle-liquid flow experiments is schematically represented in
Fig. 1. In particle-liquid flows, the particle-liquid mixture was continu-
ously held in suspension in a conical tank by a mechanical agitator and
circulated through a 4 m long horizontal Perspex pipe of 0.04 m internal
diameter by a vortex pump (T21-32 HF4 LB1, Turo vortex pump,
EGGER, Switzerland) which guaranteed no particle breakage. Flow
visualisation was conducted along a 0.4 m section, located 3 m down-
stream of the pipe inlet where flow was fully developed. The volumetric
flowrate was determined using two independent techniques: direct
reading from a Doppler flow meter (UFD5500, Doppler flow meter,
Micronics) and by using a stopwatch and bucket. The liquids used were
an aqueous 0.8 wt% carboxymethyl cellulose (CMC) solution for laminar
flows and an aqueous 36 wt% sugar solution for turbulent cases. The
solid phase consisted of 4 mm nearly-neutrally buoyant calcium alginate
particles, fabricated using the protocol reported in our previous work
(Fairhurst et al. (2001). The rheological characteristics of the liquids
were measured using a hybrid rheometer (Discovery HR-2, TA, USA)
capable of accurate measurements under strain or stress controlled
modes. The liquid and solid densities were measured by a density meter
(XPR/XSR density kit, Mettler-Toledo Ltd., UK). The temperature,
flowrate and other physical properties of particles and liquids were
monitored during experiments, helping to produce consistent and reli-
able results. The properties of the particles and liquids used are sum-
marized in Table 1.

2.2. Positron emission particle tracking

The PEPT technique provides accurate three-dimensional (3D)
spatial coordinates over time for a Lagrangian radioactive particle tracer
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Fig. 1. Schematic of experimental pipe flow loop.
Table 1

Experimental and simulation conditions of single-phase and particle-liquid flows.

Single phase flow

Particle-liquid flow

Laminar regime

Turbulent regime Laminar regime Turbulent regime

Newtonian Power-law Bingham Herschel-Bulkley Newtonian

ks (Pa s - 0.02 0.2 0.2 - d, (mm) 4.0 4.0
7, (Pa) - 0 1-7 3 - ps (kg m™>) 1014 1165
n(-) - 0.6-1.4 1 0.6-1.4 - pr (kg m™>) 1000 1143
Upnean (M sh 0.0005-0.025 0.13-0.14 0.036-0.21 0.061-1.35 0.42-2.9 pr() 1.014 1.02

Remean — P1DUmean 20-1000 100 100 100 4500-108000 Cs (vol.%) 10, 30 30

SR ur, (Pa's) - 0.0043

Unean (m s™1) 0.056, 0.083 0.74
PrDUmean 14 7800

Remean —
"

suitable for the phase being tracked. The tracer is permitted to circulate
around the flow loop until the entire cross-section of the pipe is mapped.
A microscopic radiolabelled neutrally-buoyant resin particle was used to
track the continuous phase, while a representative alginate particle
incorporating at its centre one such radiolabelled resin particle was
utilised for the solid phase. In practice, eight such tracers were intro-
duced in the flow to track each phase, reducing experimental time. Being
based on y-ray transmission, PEPT can diagnose complex opaque flows
with high particle loadings and inside opaque conduits. The accuracy of
PEPT is comparable to that of PIV and LDV. We previously showed that
the RMS value of the point differences between two velocity profile
curves estimated by PIV and PEPT in a turbulent stirred vessel was
within the range 0.02-0.08, which shows a close agreement between the
two techniques (Pianko-Oprych et al. (2009). PEPT is a powerful tool for
studying the dynamics of particulate systems, such as agitated mixing
tanks (Guida et al., 2010; Li et al., 2023a; Liu and Barigou, 2013; Savari
et al., 2021) and pipe flows (Fairhurst et al., 2001; Lian et al., 2023).
Further detailed information of this well-established technique can be
found in our earlier papers (Barigou, 2004; Fairhurst et al., 2001; Guida
et al., 2011; Savari and Barigou, 2022; Sheikh et al., 2022b).

2.3. PEPT data processing

To obtain local phase velocities and concentrations from PEPT

measurements, two different analysis methods were applied. A regres-
sion analysis was applied to obtain the local Lagrangian velocities to
enable the construction of the radial velocity distributions of the liquid
and particles (Bakalis et al., 2003). For this purpose, the cross-section of
the pipe was divided into 40 semi-annular sections of equal area, with 20
above and 20 below the centreline, as depicted in Fig. 2a. The radial
mean velocity with its corresponding standard deviation, was calculated
from local PEPT velocity values in every semi-annular section.

A 3D grid comprising cells of equal volume was adopted to represent
the spatial domain within the pipe (Fig. 2b). Conventionally, the pres-
ence of a tracer within each cell has been quantified as the proportion of
the total duration of experimental observation (t,) during which the
tracer occupies that specific cell. However, this quantification is inher-
ently influenced by the density of the grid, thus, the occupancy de-
creases as the number of cells increases (Guida et al., 2010). To mitigate
this inherent bias, the concept of ergodic time (tg) was introduced as the
time a tracer would hypothetically spend within a given cell, assuming
that the system behaves as a single-phase and adheres to ergodic prin-
ciples. For cells of uniform volume, tg is defined as the total experimental
observation time divided by the total count of cells, i.e., tg = t,/N.. The
notion of ergodic time postulates that the tracer possesses an equi-
probable likelihood of being located at any point within the pipe vol-
ume. As a logical extension, the local occupancy is defined as the
temporal interval (At) during which the tracer visits a specific cell,
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Uj jocaction 18 the local velocity in this cell; N is
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Flow
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At is the time a tracer spent in one cell;
t; is the ergodic time; c is the local solid
volume concentration; C, is the mean
solid volume concentration.

Fig. 2. PEPT data processing of (a) local phase velocities and (b) solid phase distribution.

divided by the ergodic time (tg). Such a definition, leads to the local
occupancy being equivalent to the ratio of the local concentration of
solid particles (c) to the mean concentration of solid particles within the
pipe (Cs) (Guida et al., 2010; Yang et al., 2022). Further details of PEPT
data processing can be found in our previous papers (Li et al., 2022; Li
et al., 2023b; Savari et al., 2022; Sheikh et al., 2022a).

3. Numerical methodology

The following sections outline the theory underpinning the mesh-
based CFD method and the meshfree particle-based SPH method, as
well as their coupling algorithms with the DEM technique.

3.1. Mesh-based CFD method

Simulation of multiphase flow by CFD used the Eulerian-Lagrangian
approach by solving the fluid phase as a continuum (Eulerian) and the
dispersed phase as a discrete phase within a Langrangian framework by
resolving the force balance on each numerical particle.

3.1.1. Continuous phase modelling in CFD
The mass and momentum conservation equations are expressed,
respectively, as (Yeoh and Tu, 2019):

d =
By (awp,)+Veo(aup, ur)=0 (€Y

and

d — — — —
a(aLﬂL“L) +Ve (aLpLuL uL> = —a,Vp+Ve {aL,uL(VuL

+ WLT) } tap, @+ F @

where, az, py, U, and u; are the volume fraction, density, velocity and
viscosity of the liquid phase. p is the pressure of the whole flow system
and g is the gravitational acceleration. F represents the forces due to
interaction with the discrete phase and is discussed in more detail in
section 3.1.4, Eq. (7). When simulating single-phase liquid flow, a; = 1
and F = 0.

3.1.2. Fluid rheology in viscous flow
To simulate fluids of Newtonian rheology in viscous flow by CFD, the
Newtonian model (r = ny) with a constant viscosity (1) was used. For

more complex rheologies, the power-law and Herschel-Bulkley (HB)
models were used to estimate the apparent viscosity (u) of the liquid
phase, respectively, as follows:

=l 3)
and

e Ty
p=ki" 2>,
u= 14 4)

p—ooT < Ty

where, k is the fluid consistency index, 7 is the shear rate and n is the
flow behaviour index. 7 and 7, are the shear stress and apparent yield
stress, respectively. Bingham plastic fluids (r =1+ kﬁ'f”) were simu-

lated using the HB model with n = 1.

3.1.3. Turbulence modelling
A number of turbulence models exist. Here, the Reynolds averaged
Navier Stoke’s (RANS) k-¢ model was used:

d
5 (app k) +V (aLpLWLkL> =Ve (aL (uL

u
+ UI—L> Vi ) +a,Grr — Y +a G
3
(5)

and
0 —
> (arprer) +Veo |l ap, wier | =Vela|p

U g (; y +(l (; Vi
’7) Vg! ) +or el —QArYer LYeb,

where, k and ¢ are the turbulent kinetic energy and its dissipation rate;
Gyr and G . 1 are the generation of turbulence kinetic energy and specific
dissipation rate; Y ; and Y, are the dissipation of turbulence kinetic
energy and specific dissipation rate; and Gypq and G , 4 are the gener-
ation of turbulence kinetic energy and specific dissipation rate due to
buoyancy effects. For flows of low turbulence (Re < 10,000), the shear
stress transportation (SST) model was used (Menter et al., 2003).
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3.1.4. Discrete phase modelling in CFD-DEM framework

The Lagrangian model of the mesh-based CFD method was coupled
with the DEM method to numerically solve the discrete particle phase.
To model the discrete particulate phase behaviour in such CFD-DEM
framework, the force balance on each particle is written as:

— — — — — — — — —
~F =Fu+Fy+Fip+ Fet Fot Funt Fut Y Fpemp
q

7
P _
g T

)

The total force acting on the particle consists of the drag force (?d)
which includes a drag force caused by the slip velocity and a drag force
due to particle rotation (Dennis et al., 1980), pressure gradient force

(?P) (Fluent, 2011), Magnus lift force (?lift) (Tsuji et al., 1985), gravity
force (?g), buoyancy force (?b), virtual mass force (F‘,m) (Drew, 1993)

and turbulence dispersion force (Ftd). To estimate the particle disper-
—
sion (Fy) due to turbulence fluctuations, the discrete random walk

(DRW) model was applied (Gosman and Loannides, 1983). This model
estimates particle movement by characterising a proper interval time
(tiny) which is the minimum of the eddy lifetime (z,) and the time
required for a particle to cross this eddy (tss), expressed as:

tiy = min[re, tcms.&] (8)
where,
1 L. 4
T = 2TL; TL = CLi; Leross = — Tpln 1- 72 S yTp = pl !
oy, {ML - Mp| 18p,
)

T} is the integration time scale, C;, is a constant equal to 0.15, and wy,
is the liquid specific dispersion rate estimated by the shear stress
transport model; L, is the eddy length scale, v is the bulk liquid velocity
and u, is the particle velocity; 7, is the particle relaxation time, p, is the
density of particles and d, is the particle diameter.

The term (?DEM pg) in Eq. (7) represents the collision between par-
ticle p and particle q or particle-wall collision force as modelled by the
DEM module. The Hertz-Mindlin contact model which combines Hertz’s
theory in the normal direction and the Mindlin’s no-slip model in the

Chemical Engineering Science 288 (2024) 119788

tangential direction (Hertz, 1882; Mindlin, 1949), was applied to couple

DEM with CFD (?DEMM). The total collision force is the sum of the
normal force (F.,) and tangential force (F,) components, given by:

Fopg = Fon+Fey = \| RS, (ke Uy — c;mV,) +\/ RS, ( — kU, — c;mV,)
(10)

where, R is the effective radius, 8, is the overlap distance and m is
effective mass. The quantities of the normal and tangential stiffness and
damping coefficients (kn, k;, cn, and c;) are defined based on materials
characteristics, the parameters input by the user, such as modulus of
elasticity (E), Poisson’s ratio (P,), Coulomb friction coefficient (er) and
coefficient of restitution (e). In normal contact, the particle deformation
is defined as the penetration of the two particles by U, = 6,n,, where n,
denotes the normal-contact unit vector. In the tangential direction, the
deformation is defined by following the total tangential displacement of
the initial contact points of the two particles over each time step At, U, =
ViAt.

3.2. Meshfree particle-based SPH method

3.2.1. Continuous phase modelling in SPH

SPH models the fluid as a set of numerical particles which interact
with each other through a smoothing kernel, as illustrated in Fig. 3. The
smoothing kernel is a function determining how information from
neighbouring particles is used to compute various physical quantities at
a specific numerical particle position. The kernel function defines the
spatial influence or weighting of neighbouring particles based on a non-
dimensional distance g4 = |rap/h|, where rg, and h are, respectively, the
distance between two numerical particles a and b, and smoothing
length. There is not a unique way to choose a kernel function in SPH
simulations, however, a quintic class 2 Wendland function is commonly
used in simulations of multiphase flows (Robinson, 2009):

(1-%) 2q+ 1), 0<qu2

W(raw,h) = ap 2 ’ ' an
0, qa>2,

where, ap =%7h? in 2D SPH simulations and ap = Z zh® in 3D SPH
simulations.

o _ O O Kernel function W(r, /)

o O O

@ Target numerical particle a of Q

(O Numerical particles outside of Q

@ Neighbouring numerical particles » within Q

Fig. 3. Schematic of the kernel function in the SPH method.
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In SPH, fluid motion is governed by a set of differential equations.
The equation of mass conservation computes the density variations in
the fluid. To reduce fluid density fluctuations in a 3D simulation, a
density diffusion term is introduced into the continuity equation
(Fourtakas et al., 2019):

dp, Tap ® Vo Wy m
CZ = thvab oV Wa + 5/16022 (Ph —P1) % [)_: 12)
b b ai

where, vy =V, —V, and ry =1, —1, are the velocity difference and
separation distance between numerical particles a and b, respectively.
The second term on the right-hand side is the density diffusion term, co
refers to the speed of sound at the reference density and § is a coefficient
which controls the density diffusion. T and H refer to the total and hy-
drostatic components of liquid density. The hydrostatic pressure dif-
ference between numerical particles a and b is computed as:

Pl = po&ia (13)

where, p, represents the reference density, usually the density of water,
and zg, is the vertical distance between a and b.

In SPH, the relationship between pressure and density is represented
by an artificial equation of state (Monaghan, 2005):

o) -]

where, P is pressure, y is the fluid polytropic index (here, y = 7), B =
c2py /7, and co refers to the speed of sound at the reference density; c is
typically at least 10 times the maximum velocity of the flow. At the end
of the simulation, the density variations of numerical particles must be
less than 1 % to ensure reliability of results (Gomez-Gesteira et al.,
2010).

The Lagrangian form of the momentum conservation equation in
SPH is written as:

dv, P,+P
;t = 7Zmb(p .pb>VaWab+g+Fa+SC (15)
b a b

where, t is simulation time and v, is the velocity of numerical particle a;
P, and p, are the pressure and density of numerical particle a; P, and pp
are the pressure and density of numerical particle b. Iy is the viscosity
terms and g is gravitational acceleration; Wy, is the kernel function and
Sc is the term of momentum conservation in particle-liquid flow which is
expressed as S¢ = fo/mg, where f; is the whole coupling force acting on
the liquid numerical particle a due to neighbouring solid particles.

3.2.2. Fluid rheology in viscous flow

Fluid rheology in viscous flow was modelled in SPH by the Herschel-
Bulkley-Papanastasiou (HBP) model (Han et al., 2020). This is a general
viscoplastic model which has the advantage of being able to represent
various time-independent rheological behaviours including Newtonian,
power law, Bingham and Herschel-Bulkley, making it popular for use in
numerical simulations. In this model, the effective fluid viscosity (uq) is
a function of shear rate (y) and apparent yield stress (z,), thus:

cNI— Ty —my
ﬂeff:/"(}’) l+2_;-,(l_e V) 1e6)

where, m is the Papanastasiou parameter.

3.2.3. Turbulence modelling

In SPH, the viscosity effects are represented by the viscosity term T,
in the momentum equation (Eq. (15)). The laminar viscosity with a sub-
particle scale model (SPS) can be expressed as (Dalrymple and Rogers,
2006; Lo and Shao, 2002):
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4uor, ® V Wy, T+ ‘r;’) .
r,= E m, Ve + E my, [ +—= | V'W, 17
b((ﬂa +pb)(r2h+0‘01h2)> ’ b b( ° o 47

b a b

where, v, is kinematic viscosity, and 77 is the SPS stress tensor in Einstein
notation. In terms of Einstein notation in coordinate directions i and j, =
is expressed as:

i PR 2 I
LA P <s’f - —s‘fa'f) —2C, 8|5 18)
P 3 3

The turbulence eddy viscosity is vsps = [CSmA]Z }sij|2, where Cs,, = 0.12
represents the Smagorinsky’s constant. A is the particle spacing at the
beginning of the simulation, s¥ is an element of the SPS strain tensor
(Dominguez et al., 2022), and Crspy = 0.0066.

3.2.4. Discrete phase modelling in SPH-DEM framework

In the SPH-DEM coupled approach, the motion of a solid particle
conveyed by a carrier fluid is determined by examining its interaction
with the surrounding fluid numerical particles, using Newton’s second
law. Thus, the governing equation of motion for particle p at position r;,
is:

d*r
My =g+ > feng (19)
q

where, m, represents the mass of conveyed particle p, f, is the particle-
liquid interaction force exerted on solid particle p by the SPH liquid
numerical particles, expressed as (Anderson and Jackson, 1967):

=V, (= VP+ V1) +fi(€p, 1) (20)
where, V), is the volume of the solid particle. Fluid forces such as shear
stress and buoyancy are represented by the first two terms in Eq. (20). f4

is the particle drag force which is affected by the local porosity €, and
the superficial velocity ug,,. The ug,, term is defined as:

U,y = Ep(uf — up) 21)

where, u, is the DEM solid particle velocity and uy is the fluid velocity.
The drag force in the SPH-DEM framework is given by:

. 1 -
fa = 2Ca€, ndprug,y (22)

8

Usup

where, p; represents fluid density. Cy is the drag coefficient and ¢ is a
constant, and both are related to the particle Reynolds number, Re;:

2
4.8
Ci= <0.63 + RTF> (23)

(24)

1.5 — log,Re,)’
@ =37-065 Xexp{—%}

The third term f,, in Eq. (19) represents the collision force between
conveyed solid particles p and g, as modelled by the DEM module dis-

cussed above. Note, in Eq. (10), ?DEM pq is replaced by quc g
4, Simulation implementation and execution

The numerical parameters used in the CFD-DEM and SPH-DEM
simulations are listed in Table 2, where the DEM parameters are the
same for both approaches.

4.1. Boundary conditions

When simulating either single-phase or two-phase flow, CFD requires
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Table 2

Modelling parameters used in CFD-DEM and SPH-DEM simulations.
Solid phase CFD-DEM SPH-DEM
Young’s modulus (kPa) 400 400
Passion ratio (-) 0.5 0.5
Restitution coefficient (-) 0.75 0.75
Friction coefficient (-) 0.4 0.4
Numerical particle spacing, s, (m) - 0.0006
Overlap distance (m) 0.02d, 0.5s,
Time step, Atpem () 0.0001 0.000005
Liquid phase
Papanastasiou parameter, m (-) - 10
Power-law index, n (-) 0.89 0.89
Mesh size (m) 0.001-0.004 -
Numerical particle spacing (m) - 0.0006
Kernel function - Wendland
Kernel smooth length, h (m) - h= 0.1.\/§5P
Time step, Atgiguia (5) 0.001 0.000005

a uniform liquid velocity field at the pipe inlet and a specified pressure at
the outlet, and the no-slip condition is applied to the liquid phase at the
pipe wall. In particle-liquid flow, a particle-wall collision model is
applied.

In SPH, periodic boundary conditions are applied at the inlet and
outlet of the pipe in all single-phase and two-phase simulations, which
reduces computational work significantly (Gomez-Gesteira et al., 2012).
Buffer layers are implemented to enforce open boundaries at the inlet
and outlet, as shown in Fig. 4, which serve to mitigate errors that arise
due to kernel truncation near boundaries. Within these buffer regions,
particles are introduced or removed to avoid the occurrence of voids.
The physical quantities of the buffer numerical particles, such as velocity
and pressure, can be extrapolated from the fluid domain. The numerical
representation of the wall boundary introduces a set of boundary par-
ticles. In SPH cases, forty layers of such particles were utilized.

The dynamic boundary condition (DBC) is a standard condition to
model the solid surfaces in SPH simulations. DBC addresses the chal-
lenge of how to handle the fluid particles near solid boundaries, where
traditional SPH particles might not provide an accurate representation
due to the absence of neighbouring particles outside the fluid domain.
DBC aims to simulate the behaviour of fluid particles at or near
boundaries by incorporating the influence of solid surfaces on the fluid.
They ensure that the boundary conditions, such as no-slip or non-
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penetration conditions are satisfied, even though no physical fluid par-
ticles might exist at the exact boundary position. In DBC, a stationary
solid is efficiently depicted using fixed particles, wherein their pressure
is derived from the equation of state (Eq. (14). The establishment of DBC
is simple, facilitating stable and efficient computations that offer a
robust numerical framework for simulating intricate geometries.
Nevertheless, a small unphysical gap between the fluid and solid
boundaries can arise, contributing to a reduction in the precision of
pressure measurements along the boundary (English et al., 2022).
Here, a modified dynamic boundary condition (mDBC) was intro-
duced wherein the density of solid particles is acquired through linear
extrapolation from ghost positions situated within the fluid domain, as
shown in Fig. 4 (English et al., 2022). Through mDBC, the separation
between the fluid and boundary is diminished, leading to pressure
convergence in undisturbed conditions, including cases involving a
sharply cornered bed configuration. The mDBC was used where the
boundary interface is located half a particle spacing from the layer of
boundary particles closest to the fluid. For each boundary particle, a
ghost node was projected into the fluid across the boundary interface.

4.2. Simulation execution

A flowchart depicted in Fig. 5 outlines the execution process of the
CFD-DEM and SPH-DEM simulations. In CFD a mesh is first established.
Then, the liquid phase is solved by the Navier-Stokes equations. In
particle-liquid flow, when the DEM module detects the collision of a
particle with another particle or the wall, the CFD-DEM framework es-
timates the motion of the particle by calculating the forces acting on it
and feeds back to the liquid phase. Then, both the particle and liquid
phase properties are updated. The simulation ends when the target
execution time (tyqrge) is reached.

The SPH simulations follow a similar flowchart as CFD. However,
numerical particles are first generated, and the liquid phase is estimated
by creating a particle neighbours list. In particle-liquid flow, when the
DEM module detects the collision of a particle with another particle or
the wall, the SPH-DEM estimates the particle movement and feeds back
to the liquid phase. The properties of the solid/liquid phases are then
updated. The simulation stops once t;qrg is reached.

A mesh independence study was conducted for CFD and, corre-
spondingly, a numerical particle independence study was conducted for
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Fig. 4. Schematic of the boundary conditions in the SPH method.
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numerical solid particles

Compute solid-fluid interactions

ite the solid and liquid

Compute solid-solid interaction , ph

al properties
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SPH method

Next step

Fig. 5. Flowchart of the CFD-DEM and SPH-DEM approaches.

SPH for a range of Reynolds numbers in single-phase flow. The optimal
conditions obtained were: ~ 250,000 mesh cells for CFD and ~ 535000
numerical particles for SPH.

5. Results and discussion

To thoroughly assess the capability and performance of both the
mesh-based CFD method and meshfree particle-based SPH method, we
investigated single-phase and two-phase particle-liquid flows of various

levels of complexity, including: (i) single-phase viscous flow of Newto-
nian fluids as well as non-Newtonian fluids represented by various
rheology models, namely power-law, Bingham plastic and Herschel-
Bulkley covering a wide range of rheological parameters; (ii) single-
phase turbulent flow of Newtonian fluids; and (iii) particle-laden flows
in both the viscous and turbulent regimes, by coupling both the CFD and
SPH techniques with a DEM module. Finally, a comprehensive compu-
tational cost analysis of these two methods was conducted.

In both single-phase and two-phase flow, the Eulerian liquid phase

1 T
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® CFD
0.75 ® SPH .
0.5 -
0
< g
S 02 S -
= I
=] V
'E (1)) S ey g g S o -
S
o
=
S 0.25 .
<
&~
-0.5 1
-0.75 1
_] 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Liquid velocity, «,(m/s)

Fig. 6. CFD and SPH predictions of radial velocity profile in laminar Newtonian flow compared to analytical solution: p;, = 1000 kg m~3%; y; = 0.001 Pa's.
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results obtained from the CFD or CFD-DEM simulations were extracted
from the middle cross-section plane of the pipe, while the Lagrangian
solid particle data were obtained 3 m downstream of the inlet of the
numerical pipe geometry which is an exact replicate of the experimental
pipe (Fig. 1). Data processing utilised the radial averaging method
mentioned in section 2.3. The SPH or SPH-DEM data were acquired by
gathering the physical quantities of all liquid and solid particles within
the pipe over a period of 3-5 s, after the simulation had stabilized. The
liquid and solid Lagrangian data in SPH-DEM were statistically analysed
and post-processed based on the pipe sectioning described in Fig. 2.

5.1. Laminar flow of single-phase fluids of varying rheology

5.1.1. Newtonian fluids

The radial velocity profiles predicted by CFD and SPH at Reynolds
numbers (Re) from 20 to 1000 are presented in Fig. 6, alongside their
corresponding theoretical parabolic profiles (Bird et al., 1977). Overall,
the plots show very good agreement between simulation data and the-
ory. However, whilst CFD results demonstrate excellent adherence to the
theoretical profiles, SPH results exhibit a minor deviation (over-
estimation) near the pipe wall which may be attributed to the fact that
the SPH wall boundary gives a reasonable approximation of the no-slip
condition but does not perfectly enforce it.

5.1.2. Power-law fluids

The radial velocity profiles predicted by CFD and SPH for power-law
fluids of varying flow behaviour index (n) are plotted in Fig. 7, alongside
their analytical solutions (Bird et al., 1977). Over a wide range of n
values from 0.6 to 1.4, CFD produces excellent predictions matching
very closely the theoretical velocity profiles across almost the entire pipe
cross-section. The SPH method demonstrates very good agreement with
the theory in the central region, but displays some significant near the
wall, probably arising from the approximated treatment of the no-slip
condition, as pointed out above.
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5.1.3. Bingham plastic fluids

In the flow of Bingham plastic fluids, a critical parameter is the
apparent yield stress (z,) which is the variable under investigation here,
while the fluid consistency index (k) is kept constant. As shown in Fig. 8,
both CFD and SPH exhibit excellent agreement with the theoretical
predictions over a range of 7, values from 1 to 7 Pa, particularly in the
central plug region. However, there SPH yields tends to underestimate
the fluid velocity in the vicinity of the wall compared to the theoretical
solution. Despite incorporating more accurate modified dynamic
boundary condition, the predictive ability of SPH near the wall still re-
quires further refinement. This limitation is attributed to the current
state-of-the art of the meshfree particle-based method, wherein 3D
curved surface boundaries need further improvement (English et al.,
2022).

5.1.4. Herschel Bulkley fluids

Results for the Herschel Bulkley rheological model are depicted in
Fig. 9 for a range of n values from 0.6 to 1.4. Notably, both CFD and SPH
exhibit excellent accuracy compared to theory.

5.2. Turbulent flow of single-phase Newtonian fluids

The capability and predictive performance of CFD and SPH is
examined in the turbulent regime across a range of Reynolds numbers
from 4,500 to 108,000 and presented in Fig. 10. At low turbulence (Re =
4500), slightly above the transition regime, both CFD and SPH exhibit
good agreement across most of the pipe cross-section with the well-
known theoretical one-seventh power law relationship which is valid
for 4500 < Re < 20000 (De Chant, 2005). At Re = 7800, PEPT data are
also shown alongside the one-seventh power law relationship. The CFD
predictions coincide very well with the theoretical and experimental
results, SPH produces some deviations, particularly in the wall region.

At Re = 12000, the CFD accuracy remains unchanged, but the SPH
discrepancies become more significant over most of the pipe radius. At
high turbulence (Re = 108000) the one-seventh power law expression
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Fig. 10. CFD and SPH predictions of radial velocity profile in turbulent New-
tonian flow compared to one-seventh power law correlation and experimental
measurements.

does not apply, but the CFD results agree very well with the laser
Doppler velocity (LDV) measurements reported by Furuichi et al.
(2015). The SPH simulations, on the other hand, failed completely.
Although applying the SPS model and shifting algorithm has been
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reported to improve SPH stability and precision for treating turbulent
flows, the method encountered serious challenges in achieving accurate
results for Re > 12000 (Vacondio et al., 2013). The ability of SPH to
simulate turbulent flows is limited at present because of the lack of
appropriate turbulence models. This is an area in need of further
development.

5.3. Particle-laden flows

Particle-laden flows were investigated in both the laminar and tur-
bulent flow regimes. The Lagrangian results obtained from the CFD-
DEM and the SPH-DEM simulations were subjected to the same anal-
ysis procedure employed for PEPT measurements (as described in sec-
tion 2.3). This procedure was used to obtain radial distributions of local
solid and liquid velocities as well as of particle volume concentration.

5.3.1. Laminar flow

Results plotted in Fig. 11 are for two particle concentrations 10 and
30 vol%, with mixture Reynolds number, Repeqn, ~ 14, conveyed by a
0.8 wt% CMC solution. Validation of the numerical simulations is con-
ducted through comparison with PEPT measurements. At the lower
concentration (C; = 10 vol%), the CFD-DEM approach produces
reasonable predictions of the velocity profile but fails to accurately
predict the spatial particle distribution. The near axial symmetry
observed in the CFD-DEM particle velocity and volume concentration
profiles suggest inadequate estimation of particle gravity settling effects.
This discrepancy warrants further investigation and improvement.
However, at high solid loading (C; = 30 vol%), the CFD-DEM method
manages to predict particle velocity and concentration distribution to a
good degree of accuracy. In contrast, the SPH-DEM method is more
successful in predicting the particle velocity and concentration profiles
at both low and high solid loadings, indicating a superior capability over
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Fig. 11. CFD-DEM and SPH-DEM predictions compared to PEPT measurements in laminar particle-laden flow (d, = 4 mm and p, = 1.014, Remean = 14): (a) particle
velocity profile (Cs = 10 vol%); (b) particle velocity profile (C; = 30 vol%); (c) particle concentration distribution (Cs = 10 vol%); (d) particle concentration dis-

tribution (C; = 30 vol%). Note velocity error bars are too small to be shown.
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CFD-DEM in the laminar regime.

5.3.2. Turbulent flow

The case displayed in Fig. 12 is for 30 vol% solids conveyed by a 36
wt% sugar solution, at a mean mixture Reynolds number of 7800. Bar
some slight deviations near the wall, the CFD-DEM method demon-
strates a close match with PEPT results over most of the pipe cross-
section, accurately estimating particle and liquid velocities, as well as
particle concentration. The predictions of particle velocity and concen-
tration distributions by SPH-DEM agree well with PEPT results, albeit
with slight discrepancies near the pipe wall. However, the liquid ve-
locity profile exhibits a significant deviation from the PEPT profile away
from the central core region. Thus, the CFD-DEM model framework
appears to be better at handling particle-laden turbulent flows compared
to SPH-DEM. At lower Reynolds numbers, the agreement between CFD-
DEM and SPH-DEM improves somewhat, as exemplified in Fig. 13.

5.4. Computational cost

Computational cost serves as a crucial metric for assessing the cost-
effectiveness of numerical simulations in practical applications. Recent
advancements in computer science have led to significant increases in
both CPU and GPU computational power, making the implementation of
CPU-GPU solutions possible. An illustrative study utilizing 12 CPUs
(Intel® Xeon® Silver 4214 Processor) and a GPU (NVIDIA® GeForce®
RTX 2080) was used to estimate the computational time for different
numerical CFD-DEM and SPH-DEM simulations, as summarised in
Table 3. For single-phase flow (Re = 100, section 5.1.1) using the CFD-
DEM method, the computational time was negligible. The utilization of
GPU further reduced the processing time. However, for particle-laden
flow (C; = 30 vol%, section 5.3.1), a much longer computation time
(~3 orders of magnitude greater) was necessary, which could be
moderately reduced (~16 %) with the aid of GPU.

SPH-DEM proved very inefficient compared to CFD-DEM, requiring
~ 250 times longer without GPU and ~ 13 times longer with GPU for
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single-phase flow, and ~ 16 times and ~ 6 times more computational
time without and with GPU, respectively, for particle-liquid flow.

It is noteworthy that in the case of SPH-DEM, the use of GPU tech-
nology produced much greater improvements performance compared to
CPU alone, proving highly suitable for meeting the computational de-
mands of large-scale smoothed particle simulations (Winkler et al.,
2017; Xiong et al., 2013). Thus, mesh-based CFD demonstrates high
cost-effectiveness compared to SPH.

6. Conclusion

In this study, we explored the capabilities and performance of mesh-
based CFD and meshfree particle-based SPH coupled with DEM in
simulating single-phase and particle-liquid pipe flows. Through a
comprehensive analysis encompassing laminar and turbulent flow re-
gimes, various fluid rheologies, and particle-laden scenarios, we shed
light on the strengths and limitations of each approach. In single-phase
flow, the CFD method demonstrated excellent concordance with theo-
retical models and provided accurate predictions across various sce-
narios including laminar and turbulent regimes. Meanwhile, the SPH
method, despite approximations in boundary conditions, excelled in
capturing complex fluid dynamics, especially in laminar flows. The
ability of SPH to simulate turbulent flows is limited at present because of
the lack of appropriate turbulence models. This is an area which needs
further development.

Coupling both methods with the DEM method enhanced the capa-
bilities of both techniques for simulating particle-laden flows. Validation
against PEPT experimental data showcased the reliability of the
methods, especially in the laminar regime and at low/moderate turbu-
lence. An illustrative computational cost analysis showed that the CFD
method was more cost-effective, while the SPH method can offer more
detailed fluid dynamics insights at the expense of longer computational
times. This study has served to advance our understanding of these
numerical methods and their capability to simulate complex multiphase
fluid flows, providing valuable guidance for future research and
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Table 3
Ilustrative comparison of computational cost of CFD-DEM and SPH-DEM.

Single-phase flow

Particle-laden flow

Number of mesh/numerical particles Simulation time (hr)

Number of mesh/numerical particles Simulation time (hr)

CPU CPU-GPU CPU CPU-GPU
CFD-DEM 228456 0.05 0.03 255592 23.6 19.7
SPH-DEM 533019 12.6 0.4 795488 372 127
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