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Abstract: In dredging applications, deep sea mining and land reclamation projects typically large amounts of sediments 
are transported through pipes in the form of hyper concentrated (40% sediment or more) sediment-water mixtures or 
slurries. In this paper it is investigated how well a generic Euler-Euler CFD-model is capable to model velocity, 
concentration profiles and the pressure gradient of sediment above deposition limit velocity in a pipeline. This Euler-
Euler solver treats both phases as a continuum with its own momentum and continuity equations. The full kinetic theory 
for granular flows is accounted for (no algebraic form is used) and is combined with a buoyant k-ε turbulence model for 
the fluid phase. The influence of the mesh size has been checked and grid convergence is achieved. All numerical 
schemes used are of second-order accuracy in space. The pressure gradient was calibrated by adjusting the specularity 
coefficient in one calibration case and kept constant afterwards. Simulations were carried out in a wide range of slurry 
flow parameters, in situ volume concentration (9–42%), pipe diameter (0.05–0.90 m), particle diameter (90–440 μm) and 
flow velocity of (3–7 m/s). The model shows satisfactory agreement to experimental data from existing literature. 
 
Keywords: Slurry flow; Two-phase modelling; CFD; Kinetic theory. 
 

INTRODUCTION 
 
In dredging applications, deep sea mining and land reclama-

tion projects large amounts of sediments are transported 
through pipes. Hyper concentrated sand-water mixtures or 
slurries are pumped through the system where the volume con-
centration of the sediments can be as high as 40%. In this paper 
we focus on flows where the bulk flow velocity is well above 
the limit deposit velocity. The limit deposit velocity is defined 
here as the bulk flow velocity where there is no stationary bed 
or sliding bed. The goal of this publication is to assess the per-
formance of a generic Euler-Euler model to be able to predict 
the velocity, the concentration distribution and the pressure 
gradient correctly. 

The transport of slurries has been researched since the third 
decade of the 20th century. Rouse (1937) and O’Brien (1933) 
predicted the concentration distribution of low concentrated 
slurries flowing through an open channel with a diffusion mod-
el. Some modifications to this model were made by Ismail 
(1952) who correlated the shear velocity gradient to the coeffi-
cient of mass transfer. Many other researchers proposed models 
to predict the concentration profile for slurry flows. These 
researchers are Shook and Daniel (1965), Shook et al. (1968), 
Gillies and Shook (1994), Gillies and Shook (2000) and 
Kaushal et al. (2003). 

Apart from the concentration profiles, another aspect of 
flows through a pipeline is the horizontal pressure gradient. 
This is important as it relates to the energy loss and hence the 
required power supply. Several semi-empirical models exist 
that predict the pressure loss as a function of the bulk velocity 
and concentration for flow above the deposit limit (Durand 
(1953), Kaushal and Tomita (2003), Kaushal et al. (2005), 
Matousek (2002), Matousek (2009), Turian and Yuan (1977), 
Schaan et al. (2000), and Wilson et al. (2002)). Increase in 
computer power makes simulations with Computational Fluid 
Mechanics (CFD) software more attractive. 

For the continuum modelling of a fluid with dispersed solid 
particles two main approaches exist. Firstly, the Euler-
Lagrangian approach, where individual particles are tracked in 
a continuum of liquid. The movement of the particles is deter-
mined by the forces acting on the particle. Secondly, the Euleri-
an approach, in which both the fluid and the dispersed particles 
are treated as a continuum. This can be split in two methods of 
which the first is the Euler-Euler approach where the particle as 
well as the fluid phase are both treated as a separate continuum. 
The second is the mixture approach where the combination of 
fluid and particles is seen as one mixture with associated densi-
ty and viscosity. The relative motion of the particles to the 
carrier fluid requires a closure relation and the sediment frac-
tion requires an additional convection diffusion equation. 

The Euler-Lagrangian approach offers a detailed model of 
the dispersed particles. Behaviour due to particle-particle inter-
action follows directly from the model. The computational 
costs of this approach strongly increase with the number of 
particles. 

The mixture approach is the least expensive method. The 
simplification of a fluid with one mixture density and viscosity 
and an advection-diffusion equation can be combined with a 
rheological approach to include high concentration regions 
where particle-particle interaction becomes important (Goeree 
et al., 2016). The difficulty of this method is that the results 
depends on a fit on rheological measurements which are ob-
tained in steady-state and homogeneous suspension for limited 
shear-rates (Boyer et al., 2011). 

Several efforts have been made to simulate slurry flow with 
CFD by other authors. Ekambara et al. (2009) used a transient 
three-dimensional model that simulates slurries of sand with a 
two-phase model with the kinetic theory of granular flows for 
the sand fraction. Instead of solving for the full granular tem-
perature equation a simplified algebraic expression was used 
for numerical stability reasons. A no-slip boundary condition 
was used for the particle phase at the pipe wall, which may not 
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be valid. They investigated the effect of grain size on the con-
centration profile, solid and liquid velocity profiles and pres-
sure loss. Comparison to experimental data with volume con-
centration ranging from 8% to 45%, particle size 90 μm up to 
500 μm and velocity 1.5 to 5.5 m/s showed overall good 
agreement. Chen et al. (2009) modelled a coal-water slurry with 
an Eulerian multiphase approach based on the kinetic theory of 
granular flows. The coal-water slurry is modelled as a slurry 
with a bimodal distribution with two solid-phase fractions. 
Simulations were compared to experiments with coal-water 
slurries in pipelines with a diameter of 32 mm up to 50 mm, 
concentrations from 30% to 53.8% and give fairly good results 
for the concentration distribution and the pressure. Kaushal et 
al. (2012) used a two-phase Euler-Euler approach and a mixture 
model to simulate a slurry of glass beads (125 μm). Simulated 
results were compared the CFD results with experiments in a 
54.9 mm diameter pipeline with velocities 1–5m/s and concen-
trations from 0 to 50%. The pressure drop for clear water is in 
agreement for both models. However, if the concentration of 
sediment is increased the pressure drop calculated with the 
mixture model fails to predict this pressure gradient correctly. 
The Euler-Euler model gives good agreement for the pressure 
drop and good agreement for the concentration at the pipe 
centre. The predicted concentrations were overestimated at the 
bottom of the pipe and underestimated at the top pipe. Gopaliya 
and Kaushal (2015) simulated a three-dimensional sand-water 
slurry with a similar approach. Simulations were carried out for 
a 53 mm pipeline with velocities from 1.8–3.1 m/s and volume 
concentrations of 15%–45% with grain size 0.18, 0.28, 0.55 and 
2.4 mm. These simulations showed that at higher concentra-
tions and increased grain sizes the solids concentration at the 
bottom of the pipe do not match the measurements. The highest 
solid concentration is close to the lower wall of the pipe but 
shifts upwards with increase of grain size. They observed sec-
ondary flow patterns in the vertical cross-sections. These result 
from the Reynolds-stresses that are not angular symmetric due 
to the presence of solid particles with a density that differs from 
the fluid phase. These secondary flow velocities increase when 
the grain size is increased. Gopaliya et al. (2016) performed a 
three-dimensional CFD analysis of two-phase slurry (sand-
water) flows using the same approach as previous. Simulations 
were compared to experimental data of 263 mm pipelines with 
a velocity range of 3.5–4.7 m/s and a concentration of 9.95%–
34%. The simulations showed reasonable agreement for con-
centration and velocity of the experimental results. The pres-
sure gradient increases with increasing solid concentration and 
increasing velocity, but was not validated by experiments. 
Kumar et al. (2019) used a CFD code based on the Euler-Euler 
approach. The slurries that were simulated are iron-ore slurries 
with a mean diameter of 12 μm through a 105 mm pipe with 
flow velocities ranging from 1.35–5.11 m/s. The simulations 
showed that the pressure drop deviates from experiments when 
a vertical concentration gradient develops.  Ting et al. (2019) 
modelled the concentration distribution with two models, the 
empirical DHLLDV model and a two-phase Eulerian model 
similar to Kaushal et al. (2012). For the kinetic theory they used 
an algebraic expression. The turbulence in both phases is mod-
elled with a mixture model. Simulations were compared to 
experimental data with in situ volume concentration 9%–42%, 
pipe diameter 0.05 to 0.263 m, particle diameter 90 to 440 μm 
and flow velocity of 3 to 6.5 m/s. They found satisfactory 
agreement with measured concentration distributions. Messa 
and Matousek (2020) simulated slurry flow where all particles 
are kept in suspension by turbulence in horizontal pipes using 
the two-fluid model of Messa et al. (2014). The computational 

results were compared to experiments with pipe diameters 
53.2–459 mm, particles diameter ranging from 90 to 180 μm, 
velocities from 1.1 up to 6.0 m/s and concentrations between 
10%–36%. They introduced an empirical parameter for the 
mixture viscosity which they include in their particle Reynolds 
number. They found satisfactory agreement with the experi-
ments. They also demonstrated that in general, even in this 
simple geometry, many possible sources of inaccuracy and 
uncertainty come into play when simulating slurries. Presuma-
bly this holds for other Euler-Euler model approaches as well. 
In Messa et al. (2021) further insight was gained in this model 
by correlating the fluid dynamic solution with the mathematical 
structure of the two-fluid model. Results of slurry simulations 
between two horizontal plates were analysed in detail. The 
single terms in the streamwise momentum equations, namely, 
convection, within-phase diffusion, phase diffusion, pressure-
force, and inter-phase friction force, were investigated. The 
impact of these simulations for circular pipe flow was explored 
afterwards acknowledging the difference with a 2D flow be-
tween horizontal flows. 

The previous section shows that slurry flows through pipe-
lines have been simulated with CFD. However, when the kinet-
ic theory for granular flows was used an algebraic expression 
was used neglecting the advection and diffusion of granular 
temperature. Presumably these terms are important in the near-
wall region with high gradients and shear and thus for the entire 
concentration distribution over the vertical cross-section. An-
other important term to include is the buoyancy destruction in 
the turbulence model for the fluid phase. This term includes the 
destruction of turbulent kinetic energy due to the concentration 
gradient. This term is not included in previous mentioned re-
search. An existing generic formulated continuum model based 
on averaged equations for hyper concentrated sediment will be 
used for transport through a horizontal pipe line that solves for 
the granular temperature with advection and diffusion (no alge-
braic expression). The turbulence model includes the buoyancy 
destruction. Simulations will be compared to experimental data 
to show that the model is able to predict the pressure gradient, 
velocity and concentration profiles for cases with conditions 
with a bulk flow above the limit deposit velocity. 
 
Description of the model 

 
This paper deals with simulations of large diameter pipelines 

with a large amount of particles. The goal is to capture the 
macro effects in the pipeline and not the individual particles 
trajectories. For the reasons presented in the previous section 
the Euler-Lagrangian and the mixture approach do not meet 
these criteria and an Euler-Euler approach is chosen which 
models the particle-particle interaction but does not track every 
single particle and is therefore less expensive than an Euler-
Lagrangian approach. 
 
Description of the Two Phase Model 

 
TwoPhaseEulerFoam is a solver that is available in the CFD 

package OpenFOAM (Greenshields, 2015). This is an open 
source package which allows for insight in the code and ad-
justment addition of code easily. In this paper the readily avail-
able solver with newly implemented functions for the drag and 
the fluid velocity has been used. The solver is based on the 
Euler-Euler approach and therefore assumes that the slurry flow 
consists of a fluid phase, f, and a solid phase, s, which form 
inter-penetrating continua. The volumetric concentration of the 
fluid phase is denoted as αf and of the solid phase as αs which 
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together must be αf + αs = 1. For each individual phase the laws 
of conservation of mass and momentum are satisfied. The cou-
pling between the phases is accomplished by a continuous 
pressure field and coupling forces such as the drag force. The 
code of TwoPhaseEulerFoam (OpenFOAM 4.x) is based on the 
code of van Wachem (2000). The continuity and momentum 
equation for each phase are given by 

 

( ) 0k k
k k kt

α ρ α ρ∂ + ∇ ⋅ =
∂

u   (1.1) 

 
and 

 

( )k k k
k k k k k k k k k k kP

t
α ρ α ρ α α α ρ∂ + ∇ ⋅ = − ∇ + ∇ ⋅ + +

∂
u u u τ g M  

 (1.2) 
The subscript, k, indicates the phase, Pk is the pressure in 

phase k. In solid-fluid mixtures this can be split into the pres-
sure contributions due to the pressure of the continuous phase, 
pf, and a pressure due to collision and enduring contact between 
the suspended particles, pp. Wachem (2000) 

 
  k f pP p p= +  (1.3) 
 

The averaging process has introduced an extra term, Re
kτ , in 

the total shear stress component of the momentum equation, 
Revis

k k k= +τ τ τ . The term Re
kτ  represents the effect of turbulent 

fluctuations on the main motion. The total stress term, kτ , the 
coupling forces between phases, kM , and the particle pressure, 

pp , need closure and will be discussed in the following sections. 
 
Buoyant k-ε model 

 
For the fluid phase a buoyant k-ε model is used to model the 

turbulence (Rodi, 1980). This model is an adaptation of the 
standard k-ε model of Launder and Spalding (1974). In this 
formulation the effect of density gradients is taken into consid-
eration. The equation for the turbulent kinetic energy k is 

  
( )

( ) ( )f f f t
f f f k b f

k
f

k
k k P P

t
α ρ μα ρ μ ρ

σ
∂

+ = ∇ ⋅ + ∇ + −
∂

⋅ −∇ u 

 (1.4) 
The dissipation of turbulent kinetic energy is described with 
 

2

1 3 2

( )
( )

( ) ( (1 ))

f f f
f f f

ft

f

k b f

t

C P C P C
k k

α ρ
α ρ

μμ ρ
σ

∇ ⋅
∂

+ =
∂

= ∇ ⋅ + ∇ + + − −

u









 (1.5) 

 
where kσ  and σ are the turbulent Prandtl numbers, C1, C2 and 
C3 are empirical coefficients. These are taken to be the same as 
reported by Henkes et al. (1991). The turbulent production of 
kinetic energy, Pk, is defined by the following equation 

 
2 :k tP μ= E E  (1.6) 

 
where E is the strain rate tensor. The buoyancy destruction of 
turbulent kinetic energy, Pb reads 
 

b
C k

P μ ρ= ⋅∇g


 (1.7) 

where Cμ  is a chosen constant. The values of Cμ  ,C1, C2, C3, 

kσ  and εσ  are listed in Table 1.  
And the eddy viscosity tμ  is calculated as  
 

2

t
kCμμ ρ=


 (1.8) 

 
Now the viscous shear stress and the turbulent shear stress 

can be combined into one equation for the total shear stress, 
 

2( ) [( ) ( )]
3

visc Re T
f f totalμ∇ ⋅ + = ∇ ⋅ ∇ + ∇ − ∇ ⋅τ τ u u I u  (1.9) 

 
where  

 

total f tμ μ μ= +  (1.10) 
 
Table 1. Coefficients for turbulence model. 
 

Cμ  1C  2C  3C  kσ  εσ  
0.09 1.44 1.92 –0.33 1 1.3 

 
Kinetic theory for dispersed particles 

 
For the solid phase stress, a different closure is used. Parti-

cles that are in suspension where their motion is dominated by 
collisional interaction the concepts from the kinetic theory for 
gasses can be used to describe the collisional stresses in the 
solid phase. The relations that describes the stresses due to 
kinetic energy transferred by particle velocity fluctuations and 
collisional behaviour of the solid phase have been derived by 
Lun (1991) based on the kinetic theory. 

The total stress in the particle phase  
 

( )2[( ) ( ) ] 
3

T
s s sμ λ∇ = ∇ ∇ + ∇ − ∇ ⋅ + ∇ ⋅τ u u I u uI  (1.11) 

 
where sλ  is the bulk viscosity of the solid, I is the identity 
tensor. If compared to the shear stress for the fluid phase 1.10 it 
can be seen that this shear stress has an extra component. This 
extra component is the bulk viscosity of the solid phase and 
represents the added viscosity due to the resistance of compres-
sion of the solid phase. This bulk viscosity of the solids is given 
by 
 

0
4 (1 )
3

s
s s s sspd g eλ α ρ Θ= +

π
 (1.12) 

 

where pd  is the particle diameter, 0g  is the radial distribution 
function, sse  is the restitution coefficient and sΘ  is the granu-
lar temperature. The radial distribution function, 0g , is em-
ployed to describe the probability of  finding a  particle at a 
certain distance from a reference particle. This is a correlation 
factor that modifies the probability of collisions between grains 
when the solid phase becomes denser and can be regarded as a 
measure for the probability of inter-particle contact 
 

1

,
[1 ( )] s

o
s max

g α
α

−= −  (1.13) 

 
This is the equation as proposed by Bagnold (1954) where 
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αs,max is the maximal concentration at random packing density. 
The solids shear viscosity, sμ , accounts for the tangential 

forces on the particles. Multiple variants of this equation exist, 
in this work the equation that is used is as proposed by 
Gidaspow (1994). This equation does not account for the ine-
lastic nature of the particles claiming this correction is negligi-
ble, the validity of this claim is shown in Wachem (2000). The 
formulation of Syamlal et al. (1993) neglects the kinetic contri-
bution which is dominant in dilute regions. The formulation of 
Gidaspow (1994) includes this contribution and therefore is 
used 

 

2 2
0 0

0

524 496(1 ) [1 (1 )]
5 (1 ) 5s s ss s

p
ss

s

s
p

s

d
d g e g e

e g

ρ
μ α α

ΘΘ= +

π

+ + +
π +

 (1.14) 
 
The granular temperature is introduced as a measure for the 
particle velocity fluctuations 

 

21
3s sv′Θ =  (1.15) 

 
The solid phase stress depends on the magnitude of these ve-

locity fluctuations. Therefore, a balance is required that is asso-
ciated with these particle velocity fluctuations. This balance is 
given as 

 
3 [ ( ) ( )]
2

( ) : ( )

s s s s s s s

s s s s s s s

t
P J

α ρ α ρ

κ γ

∂ Θ + ∇ ⋅ Θ =
∂

= − + ∇ − ∇ ⋅ ∇Θ − −I u

u

τ
 (1.16) 

 
The first term on the right hand side represents the creation 

of fluctuation energy due to the shear in the solid phase. The 
second term represents the dissipation of fluctuation energy 
along gradients of the granular temperature. sγ , represents the 
dissipation of granular temperature due to the inelastic colli-
sions between particles and sJ  represents the dissipation or 
creation of granular energy due to the transfer of kinetic energy 
of random fluctuations in particle velocity. 

The pressure that is the result of the solid-phase normal 
forces due to particle-particle collisions is called the particle 
pressure, sP . There is general agreement in literature on the 
form of the particle pressure and is given by Lun (1991) as 

 

0(1 2 (1 ))s t t s t ssP g eα ρ α= Θ + +  (1.17) 
 

In Equation (1.16) sκ  is the diffusion coefficient corre-
sponding to the dissipation of fluctuation energy and consist of 
a kinetic contribution and a collisional contribution (Gidaspow, 
1994) 

 

2 2
0 0

0

1 6[1 (1 ) ] 2 (1 )
(1 ) 5

s
s ss s dil s s p ss

ss
e g d g e

e g
κ α κ α ρ Θ= + + + +

− π
 (1.18) 
 
where dilκ  is the diffusion coefficient in the limit of dilute 
suspensions 
 

75
385dil s p sdκ ρ= πΘ  (1.19) 

 

The dissipation of granular energy, sγ , due to particle-
particle collisions is described by Jenkins and Savage (1983). 
This represents the rate of energy dissipation within the particle 
phase due to collisions between the particles. In Lun (1991) the 
term su∇ ⋅  is omitted which is typically permitted when the 
mean-field gradients associated with a slight particle inelastici-
ty are small, this results into the following expression: 

 

2 2
0

112(1 )
p

s
s s se g

d
γ α ρ Θ= −

π
 (1.20) 

 
the last term, sJ , represents the transfer of the kinetic energy of 
random fluctuation in particle velocity from the particle phase 
to the fluid phase and is represented as proposed by Louge et al. 
(1991) based on the work of Koch (1990) 
 

2( )
3

4
f s

s
s s s

d p
d

K d
J K

α ρ
−

= +
πΘ

u u
 (1.21) 

 
where dK  is the inter-phase drag constant.  
 
Frictional stresses 

 
At solid fractions that are higher than a specific threshold 
,minsα  sustained contact between the particles starts to play a 

role. The particle collisions are no longer instantaneous at these 
concentrations and the frictional stresses that occur need to be 
accounted for in the solid phase stress (Zhang and Rauen-
zahn,1997). The frictional stresses are added to the stresses that 
are predicted by the kinetic theory. Multiple approaches have 
been presented in literature. The fictional stresses are typically 
expressed in a Newtonian form 

 

( ( ) )s
T

s ss sP μ= + ∇ + ∇σ I v v  (1.22) 
 
If the concentration ,maxs sα α>  the frictional stress will be 

added to the stress predicted by the kinetic theory.  
 
    p kinetic frictionalP P P= +  (1.23) 

 

s kinetic frictionalμ μ μ= +  (1.24) 
 
A semi-empirical model for the normal frictional stress, fP  

was proposed by Johnson and Jackson (1987) 
 

,

,

( )
( )

n
s s min

frictional m
s max s

P Fr
α α
α α

−
=

−
 (1.25) 

 
where ,minsα  is the fraction at which contacts are no longer 

instantaneous but exert some frictional behaviour and ,maxsα  is 
the packing density and Fr, n and m are empirical constants 
depended on the material. The shear viscosity is related to the 
frictional normal stress by the well-known law as proposed by 
Coulomb 
 

sin( )f fPμ φ=  (1.26) 
 
where φ  is the angle of internal friction. 
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Interphase forces 
 
The last term of Equation (1.2), kM , represents the momen-

tum transfer from the fluid phase to the particle phase and vice-
versa. The momentum transfer between the phases can be sepa-
rated into four different forces and read 
 

lubk D L TD= + + +M M M M M  (1.27) 
 
where DM  is the drag force, LM is the lift force, TDM is the 
turbulent dispersion force and lubM is the lubrication force. 

 
Drag force 

 
The drag force is modelled with the following procedure. 

The generalized force per unit of volume of suspension of 
particles can be written as  

 
  D p dn=M F  (1.28) 

 
where DM  is the force on the suspension of particles, drF  is 
the drag force on a single particle 
 

21
2dr d rC Aρ=F u  (1.29) 

 

and pn  is the number of particles per unit volume 
 

36(1 ) /p pfn dα= − π  (1.30) 
 
If we then take Equation (1.30) which represents the drag 

force acting on a single particle in the suspension and multiply 
it with equation (1.31) the drag force contribution per unit 
volume can be written as: 

 
3 (1 ) | |

4p dr f d r r
p

fn C
d

α ρ= −F u u  (1.31) 

 
This drag force can be written in a more generalized form as: 
 

  p dr d rn K=F u  (1.32) 
 
where dK  is the drag function. In Equation (1.31) dK  is the 
drag function related to the unhindered settling velocity of a 
particle. In reality the settling velocity of the particles decrease 
when the concentration of particles increase. To adjusts for 
hindered settling effects the drag function is modelled accord-
ing to the model of Di Felice (1994) 
 

23 (1 ) | |
4 rd f d f f

p
K C

d
βα ρ α −= − u  (1.33) 

 

where dC  is the drag coefficient given by DallaValle (1948) 
 

2
10.63 4.8d

p
C

Re
 
 
 

= +  (1.34) 

 

Di Felice showed that the exponent β depends on the parti-
cle Reynolds number 

 
2

10(1.5 log ( )) /23.7 0.65 pReeβ − −= −  (1.35) 

where the particle Reynolds number is the Reynolds number of 
the instantaneous relative velocity  
 

( )f s f p
p

f

d
Re

ρ
μ

−
=

u u
 (1.36) 

 

This differs from the approach of Messa and Matousek 
(2020) who use the mixture viscosity in their formulation of the 
particle Reynolds number. 
 
Lift force 

 
A particle that moves in a shear flow and more generally in a 

rotating flow will experience a force transverse to its move-
ment. This force is usually called the lift force. The lift force for 
small rigid particles was first observed by Segre and Silberberg 
(1962). The lift force can generally be described by the formu-
lation of Auton (1987) 

 
( )lp l pf r fC Vρ= ×F u ω  (1.37) 

 

where lC  is the lift coefficient, pV  is the volume of a single 

particle, ru  is the relative velocity f s−u u  and fω  is the 
vorticity of the continuous phase. Equation (1.37) represents the 
lift force acting on a single spherical particle. The generalized 
lift force per unit volume is the lift force per particle times the 
amount of particles presented per unit volume. With p p sn V α=  
this can be written as  
 

( )l s l f r fCα ρ= ×F u ω  (1.38) 
 
The lift coefficient is calculated with empirical relations de-

rived by Legendre and Magnaudet (1998) and depends on the 
local shear rate of the fluid and the particle Reynolds number. 
Legendre and Magnaudet(1998) splits the lift coefficient in a 
high ( 5pRe > ) and a low Reynolds( 5pRe < ) contribution and 
showed that for particle Reynolds numbers > 5 the value of the 
lift coefficient is independent of the shear rate. This indicates 
that the magnitude of the lift force is directly proportional to the 
vorticity of the shear of the undisturbed flow. The empirical 
relation they propose for the high Reynolds contribution to the 
lift coefficient is therefore a function of the particle Reynolds 
number only 
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The low Reynolds component, contrary to the high Reynolds 
component, dependents on both the shear rate, Sr, of the fluid 
and the particle Reynolds number. The lift coefficient for the 
low Reynolds component can be written as 

 
1
2

2
6( , ) ( , ) ( )LowRe

L p pC Re Sr Re Sr J ε
−

′=
π

 (1.40) 

 

The function ( )J' ε  is an empirical adjusted version of a 
three-dimensional integral, ( )J ε , by McLaughlin (1991). The 
function is determined in such a way that it agrees with results 
obtained from DNS simulations and has the following form  

 

2 3/2
( )( )

(1 0.2 )
JJ ε

ε −
∞′ =

+
 (1.41) 
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where ( )J ∞  = 2.255, and ε  is an function of the particle 
Reynolds number and the shear rate (Sr) 
 

/ pSr Reε =  (1.42) 
 
Finally, Equations (1.40) and (1.41) can be combined in an 

empirical expression that is valid for every particle Reynolds 
number. The simple but accurate expression is given by  

 
2 2( , ) [ ( , )] [ ( )]LowRe HighRe

L p L p L pC Re Sr C Re Sr C Re= +  (1.43) 
 
Equation (1.44) is derived for a bubble dispersed inside a 

carrier fluid. Legendre and Magnaudet (1997) showed that the 
physical difference between a bubble and a solid sphere modi-
fies the lift force with a numerical factor of 9/4. Therefore, 
replacing the numerical factor of 6 in Equation (1.40) by 27/2 is 
sufficient for calculating the lift on solid particles. 
 
Dispersion force 

 
When a turbulent fluid flow interacts with the dispersed 

phase particles will tend to get caught by the turbulent eddies of 
the continuous phase. This results in a net particle transport 
from high to low concentration regions. 

The turbulent dispersion force may be modelled using the 
time average of the fluctuating part of the inter phase momen-
tum force. This idea was first proposed by Gosman et al. (1992) 
using only the drag component of the interfacial force. The 
influence of the lift force on the dispersion force has also been 
studied by Behzadi et al. (2004) but were found to be not sig-
nificant. For the case of two-phase flow, the equation for the 
turbulent dispersion force can be described as follows, Burns et 
al. (2004). 

 

1

f s
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K

α α
ν α
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where aσ is the turbulent Prandtl number. 
 
Lubrication force 

 
When a spherical object moves towards a wall the water be-

tween the particle and the wall needs to flow away. The no-slip 
condition at the wall reduces the drainage of water between the 
particle and the wall which results in a force moving the parti-
cle away from the wall. To include this effect, the formulation 
proposed by Antal et al. (1991) is used 
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where 1 0.104 0.06F rC = − − u ,  2 0.147FC = , 

( ) ( )i s f w s f w= − − ⋅ −  u u u n u u n  and wn  is the wall normal 
vector. 

 
NUMERICAL SIMULATIONS 
Boundary conditions 

 
The inflow as well as the outflow of the domain have period-

ic boundary conditions. At the wall the following wall condi-
tions have been used. In the fluid phase the wall is modelled 
according to the law of the wall. The particle phase is allowed 

to slip along the wall. Therefore, a partial slip condition is 
implemented. The amount of slip along the wall depends on the 
amount of particles, pressure on the particles and the speculari-
ty coefficient, φ, whose value depends on the roughness of the 
surface and varies between zero, for perfectly specular colli-
sions, and unity, for perfectly diffuse collisions. To include this 
the model of Johnson and Jackson (1987) is used 

 

( ) ,1   1 swall c= − uu  (1.46) 
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where ,1su is the velocity in the cell centre of the wall cell and 

wallu is the velocity at the wall. 
Since there is no theoretical approach to determine the spec-

ularity coefficient it needs to be chosen in a careful manner. 
The following procedure has been followed: a simulation was 
run and the specularity coefficient was adjusted until the pres-
sure gradient was in agreement with experimental result. This 
procedure determined the specularity coefficient to be 0.1. This 
value was then used in all following simulations. The reasoning 
for keeping the coefficient constant is that the roughness of the 
pipes, all metal tubing, is approximately the same. This coeffi-
cient together with other coefficients is listed in Table 2. 
 
Table 2. Coefficients needed for simulation. 
 

sse  φ  aσ  Fr m n 
0.9 0.1 1 0.05 2 5 

 
COMPUTATIONAL DOMAIN 

 
An example of the computational mesh for the simulations is 

shown in Figure 1. The size of the mesh changes per simulated 
case due to difference in pipe diameter, D. To exclude the ef-
fect of the mesh size on the overall solution simulations have 
been run on a coarse, medium and fine mesh. From this con-
vergence study it was concluded that variation in the mesh size 
does not influence the predicted velocities, concentration pro-
files and pressure gradients. It was decided to run further simu-
lations on the medium mesh for each case. The dimension of 
the cells at the wall is variable to account for the change in y+ 
due to change in fluid flow velocity. The y+ is always main-
tained at a value of ~100 to remain within the limits, 80 to 200, 
of the used log-law wall functions. 

 

 
 

Fig. 1. Computational mesh for pipe simulations. 
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In the direction of the flow the domain has a periodic condi-
tion and has a domain length of 1 cell. The fluid phase in the 
domain is forced by a pressure function which applies a pres-
sure difference to the fluid phase to maintain a prescribed aver-
age velocity. 
 
RESULTS AND ANALYSIS 

 
To assess the performance of the model that was presented 

in the previous section, simulations are compared to experi-
mental results from literature. The cases were selected to have a 
sufficient variety of sediment sizes, pipe diameters and flow 
velocities above limit deposit velocity. Table 3 shows an over-
view of all experimental parameters. The first set of simulations 
represent the experimental work of Roco and Shook (1983) 
with dense sediment suspensions but still above the limit depos-
it velocity in 51.5 mm and 267 mm pipelines. The second set 
simulates the experiments by Gillies et al. (2004) which were 
perfomerd in a 103 mm pipeline with particle diameter 90 μm 
and 270 μm. The third set simulates the experiments of Ma-
tousek (2002). The fourth set is compared with the results of 
Kaushal (2007) which consisted of experiments with 440 μm 
particles in a 54.9 mm pipeline. The forementioned set of ex-
periments is the same as were simulated in Ting et al. (2019) 
for the sake of comparison with Euler-Euler approach with 
algebraic approximation for the granular temperature. The last 
set of experiments is used to compare pressure gradients ob-
tained by Silin et al. (1958) in a 0.9 m diameter pipeline which 
is a typical industrial sized pipeline. 

In Figures 2–7 results for the concentration distribution as cal-
culated by the model are compared to the corresponding meas-
urements. When the concentration is measured with a radioactive 
source the computed concentration is the average along a hori-
zontal line. In general, the agreement between experiments and 
computations is good in the middle section of the pipeline. 

In Figures 2–5 the agreement between the measured concen-
tration and the simulated concentration is good over the full 
height of the pipeline. A small deviation in particle concentra-
tion can be found in the utmost top and bottom wall of the 
pipeline. At these locations the simulated particle concentra-
tions are lower than the measured concentrations. This might be 
attributed to the sensitivity of the simulation for wall related 
parameters such as the wall roughness and specularity coeffi-
cient. Also the limited accuracy of measurements with a radio-
active source in the bottom and top 10% of the pipeline could 
have influenced the measured concentrations. The accuracy in 
the bottom and top region of the pipe is limited as the relative 
radiation absorption by the pipe wall itself is relatively high in 
these regions. 

In Figure 6 the agreement between the simulated concentration 
and the measured concentration is not as good as the agreement 
found in the previous figures. Concentration in the bottom of the 
pipeline remains within a 10% deviation from the measured con-
centrations, but in the top of the pipe the simulat-ed concentration 
gives lower values than the measured concentration. 

Figure 7 shows the simulated concentration for the experi-
ments of Kaushal (2007). The simulated concentration does not 
show the same level of agreement as for the cases of Roco and 
Shook (1983) and Gillies et al. (2004). In all cases the simulat-
ed concentration in the bottom of the pipeline is higher. The 
higher concentration simulations show a relatively good agree-
ment in the top of the pipeline but start to deviate in the bottom 
half of the pipe. 
 
Velocity distribution 

 
In Figure 8 the velocity distribution for the 3 m/s, 19% con-

centration case from Gillies et al. (2004) is shown. Here the 
agreement between the simulations and experiments is within a 
10% accuracy range. Unfortunately, velocity profiles for the 
other experiments mentioned in Table 3 are absent. More ex-
periment data is needed to draw definitive conclusions about 
the accuracy of the computed velocity profiles. In qualitative 
comparison it was found that the maximum velocity was shifted 
from the pipe centre to a higher position. As the velocity is 
linked to the concentration profile is can be assumed that the 
velocity is correctly predicted as well. 
 
Hydraulic gradient 

 
Having a correct prediction of the pressure gradient in the 

simulations increases the confidence and practical value of the 
proposed approach. Figure 9 compares the measured pressure 
gradient with the computed value. It can be seen that the pres-
sure gradient as predicted by the model remains within a 10% 
limit compared with the experiment. Figure 10 and 11 show the 
influence of the flow velocity and the concentration on the 
predicted hydraulic gradient and compares them to measured 
hydraulic gradients. It is seen that the trend of increasing hy-
draulic gradient with increasing flow velocity and concentration 
is correctly captures by the model. 

Messa et al. (2014) found that the value of y+ can influence 
the predicted hydraulic gradient. For y+ < 30 they found the 
pressure gradient to be increasing and for y+ > 30 to remain 
stable. To investigate this sensitivity in the present model simu-
lations have been run with different cell sizes for the wall cell. 
Figure 12 shows the results from these additional simulations. 
It can be seen that within the limit of 80 < y+ <200 the predict-
ed gradient remains constant. As soon as the y+ is either lower 
or higher the predicted gradient is deviating. 

As mentioned in Table 3, also simulations for greater, indus-
trial sized pipelines were performed. In these cases, only the 
pressure gradient could be compared to experimental data since 
more detailed information was not available. The result of these 
simulations are compared to the experimental data in Figure 13. 
It can be seen that in this case the pressure gradient predicted 
by the model is still in the correct order of magnitude. This 
gives confidence that the model is capable of predicting the 
pressure drops correctly for 0.05 meter pipelines up to 0.900 
meter pipelines. 

 
Table 3. Experimental flow parameters used for computations. 
 

Experiment D(m) Dp(mm) V(m/s) αp(%) ρp(kg/m3) 
Gillies et al. (2004) 0.103 0.09 2.00–7.00 19–33 2650 
Gillies et al. (2004) 0.103 0.270 1.00–7.00 10–40 2650 
Roco and Shook (1983) 0.0515 0.165 3.78–4.33 9–29 2650 
Roco and Shook (1983) 0.263 0.165 3.50 9.95–33.8 2650 
Matousek (2002) 0.150 0.370 6.00 26–33 2650 
Kaushal (2007) 0.0549 0.440 3.00 9.39–41.59 2470 
Silin et al. (1958) 0.900 0.250 5.5-6.5 11–20 2585 
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Fig. 2. Path averaged concentration profiles for Gillies et al (2004). 
D = 0.103 m, dp = 0.090 mm and V = 3 m/s. ○: α = 19%, □:  
α = 24% , x: α = 29%, ∆: α = 33%,  ─ simulations. 
 

 
Fig. 3. Path averaged concentration profiles for Gillies et al (2004). 
D = 0.103 m, dp = 0.270 mm and V = 5.4 m/s. ○: α = 10%, □: α = 
20%, x: α = 30%, ∆: α = 40%,  ─ simulations. 
 

 
Fig. 4. Path averaged concentration profiles for Roco & Shook 
(1990). D = 0.0515 m, dp = 0.165 mm and V = 3.79–4.33 m/s. ○: α 
= 9%, □: α=19%, x: α = 29%,  ─ simulations. 
 

 
Fig. 5. Path averaged concentration profiles for Roco & Shook 
(2004). D = 0.263 m, dp = 0.165 mm and V = 3.5 m/s. ○: α = 10%, 
□: α=18%, x: α = 27%, ∆: α = 34%,  ─ simulations. 

 
Fig. 6. Path averaged concentration profiles for Matousek (2002). 
D = 0.150 m, dp = 0.370 mm and V = 3 m/s. ○: α = 26%, x: α = 
35%,  ─ simulations. 
 

 
Fig. 7. Path averaged concentration profiles for Kaushal (2005). D 
= 0.0549 m, dp = 0.440 mm and V = 3 m/s. ○: α = 9.39%, □: 
α=21.68%, x: α = 30.1%, ∆: α = 41.59%,  ─ simulations. 
 

 
Fig. 8. Velocity profiles for Gillies et al. (2004): D = 0.103 m, dp = 
0.090 mm and V = 3 m/s, Cv = 19%. ∆: experiment,  ─: simulations. 
 

 
Fig. 9. Pressure drop comparison between experiment and simula-
tions. □: Gillies et al. (2004) d = 0.090 mm, ∆: Gillies et al. (2004) 
d = 0.270 mm, x: Kaushal (2005) d = 0.440 mm, ○: Matousek 
(2002) d = 0.370 mm. 
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Fig. 10. Influence of concentration and flow velocity on hydraulic 
gradient for 90 μm particles. 

 
Fig. 11. Influence of concentration and flow velocity on hydraulic 
gradient for 270 μm particles. 
 

 
Fig. 12. Influence of Y+ on the predicted pressure gradient. 
 

 
Fig. 13. Pressure gradient for Silin et al(1958) D = 0.900 m, d = 
0.250 mm, x: α = 20%, ○: α = 11%,  ─: Simulations. 

 

 
 
Fig. 14. Forces on the particle phase in vertical direction along the vertical central axis. For D = 0.103 m, dp = 0.270 mm and V = 5.4 m/s. 
Left: full pipe diameter, right: bottom 0.1 pipe diameter. 

 
Forces on the particle phase 

 
The advantage of modelling the slurry flow with this two-

phase model is that all the forces on the particle phase are cal-
culated separately. This gives the opportunity to study these 
forces. This was also done by Messa et al. (2021). However, 
this was done for the horizontal direction only for a 2D flow 
between horizontal plates. In Figure 14 the forces in vertical 
direction on the particle phase are plotted along the vertical axis 
in the pipeline. It can be seen that the two main forces acting on 

the particles are the dispersion force in upward direction and 
the gravitational force in downward direction. The force on the 
particle phase due to the kinetic theory and pressure gradient in 
the vertical direction is plotted as Fpp and gives a contribution 
in the upward direction. 

The last notable force in the middle section of the pipe is the 
drag force. Contrary to what was expected this gives a contribu-
tion in the downward direction. A reason for this can be found 
in the secondary flow in the plane of the pipe which is shown in 
Figure 15. The particles move upwards in the middle section of  
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Fig. 15. In plane secundary partcile flow velocity for D = 0.103 
m, dp = 0.270 mm and V = 5.4 m/s. 
 

 
the pipeline. The velocity of this upward movement is bigger 
than the upwards velocity of the fluid, hence the drag force on 
the particle phase is pointed downwards. This effect has also 
been seen in DNS studies by Zheng et al. (2020) and Euler-
Lagrangian simulations by Uzi and Levy (2018). Although the 
secondary flow velocities seem small in comparison to the mean 
streamwise flow velocity they amount a lot compared other in-
plane velocities such as the (hindered) settling velocities. 

In the near wall region of the simulation it can be seen that 
the other forces such as the lift force and the lubrication force 
have a significant contribution to the vertical particle force but 
their magnitude decreases quickly when moving away from the 
wall. Near the bottom wall the contribution of the kinetic theory 
changes sign and is directed downward resulting in a compac-
tion of the particle fraction due to particle-particle interaction. 
A similar behaviour has been identified by Capecelatro and 
Desjardins (2013). 

The ratio between the drag and the dispersion force along 
the vertical axis is given in Figure 16 for three simulated cases. 
It can be seen that the ratio in the middle section is on average 
as big as 20% and therefore the drag force induced by second-
ary flow in vertical transport is not negligible. 

 
CONCLUSION 

 
This paper evaluates a two-phase Euler-Euler model that 

solves for the complete granular temperature equation including 
transport terms and uses a buoyant k-epsilon model for the 
turbulence in the fluid phase. The model is solved with second 
order schemes and the solutions are mesh independent to ac-
ceptable level. The model was compared with experimentally 
determined hydraulic gradients, concentration distributions and 
velocity distributions in a wide range of operating conditions 
with variable pipe diameters, particle sizes, concentrations and 
flow velocities. The influence of various inter phase forces is 
studied. 

The models show satisfactory agreement with concentration 
profiles in a wide range of flow velocities, particle diameters 
and pipe diameters. A key parameter for dredging practice is 
the pressure gradient as a function of the flow velocity, particle 
size, pipe diameter and in-situ concentration. The pressure 
gradient was calibrated for by adjusting the specularity coeffi-
cient in one calibration case. Hereafter, the same coefficient 
was used throughout all simulated cases. The maximum error 
between simulations and experiments is less than 10% for ex- 

 
Fig. 16. Ratio of drag force and dispersion force along the vertical 
central axis. Gillies: for D = 0.103 m, dp = 0.270 mm, α = 0.3 and 
V = 5.4 m/s. Kaushal: for D = 0.0549 m, dp = 0.440 mm, α = 0.33 
and V = 3 m/s. Roco and Shook: for D = 0.263 m, dp = 0.165 mm, 
α = 0.27 and V = 3.5 m/s. 

 
periments considered here. The capability of the model to pre-
dict the concentration profile, velocity profile and pressure 
gradient with satisfactory agreement shows that the model is 
capable of simulating various suspended slurries. 

The dominant upward driving forces that compensate gravi-
tation in the bottom wall region of the pipe are the lift force, 
collisional force and averaged drag force. 

Moving further towards the middle of the pipe the turbulent 
dispersion forces become the dominant upward driving force as 
expected. However, the role of the averaged drag force that 
results from secondary flows is not negligible. This demon-
strates that this type of modelling is favourable compared to 
cross-averaged models that don't take into account such pat-
terns in the cross sections. 

For a larger pipe diameter of 0.9 m the model is validated 
using pressure gradient measurements. This indicates that the 
model is not sensitive for scale variation. More detailed exper-
iments on larger pipe diameters is required to validate the per-
formance of the model for industrial practice. 

Although Euler-Euler-KT models have a firm theoretical ba-
sis calibration of model coefficients is unavoidable. Interesting-
ly, it appears that it was sufficient to select an appropriate value 
of the specularity coefficient based on a preliminary study to 
the pressure drop. All the above leads to the conclusion that the 
present model has the potential to predict suspended slurry 
flows. And provides a good basis for further research including 
the simulation other flow regimes such as sliding and fixed beds. 
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