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Abstract: Based on the two-fluid model, a three-zone drag model was developed, and the kinetic
theory of granular flows and the Schneiderbauer solids wall boundary model were modified to
establish a new three-dimensional (3D) unsteady mathematical model for high-pressure dense-
phase pneumatic conveying in horizontal pipe. With this mathematical model, the influence of the
three frictional stress models, namely Dartevelle frictional stress model, Srivastava and Sundaresan
frictional stress model, and the modified Berzi frictional stress model, on the simulation result was
explored. The simulation results showed that the three frictional stress models accurately predicted
the pressure drop and its variations with supplementary gas in the horizontal pipe, with relative
errors ranging from −4.91% to +7.60%. Moreover, the predicted solids volume fraction distribution in
the cross-section of the horizontal pipe using these frictional stress models exhibited good agreement
with the electrical capacitance tomography (ECT) images. Notably, the influence of the three frictional
stress models on the simulation results was predominantly observed in the transition region and
deposited region. In the deposited region, stronger frictional stress resulting in lower solids volume
fraction and a higher pressure drop in the horizontal pipe were observed. Among the three frictional
stress models, the simulation results with the modified Berzi frictional stress model aligned better
with the experimental data. Therefore, the modified Berzi frictional stress model is deemed more
suitable for simulating high-pressure dense-phase pneumatic conveying in horizontal pipe.

Keywords: high-pressure dense-phase pneumatic conveying; horizontal pipe; frictional stress model;
numerical simulation

1. Introduction

To facilitate the achievement of China’s dual carbon goals (DCGs), it is imperative
to actively develop the clean utilization technology of coal resources, specifically through
clean coal technology. Among various clean coal technologies, coal gasification stands out
as one of the most notable approaches. In particular, large-scale high-efficiency entrained-
flow coal gasification technology has emerged as the most promising coal gasification
method [1], and high-pressure dense-phase pneumatic conveying is a crucial component of
this gasification technology.

High-pressure dense-phase pneumatic conveying is widely applied in energy, chemi-
cal, metallurgical, power generation, pharmaceutical, and food processing industries due
to its advantages, such as low gas velocity, high solid–gas ratio, low energy consumption,
reduced gas consumption, and minimal pipeline wear. In the solid processing industry, it
is estimated that the market value of the conveying systems could increase to £30 billion by
2025 [2]. Therefore, high-pressure dense-phase pneumatic conveying technology possesses
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significant market competitiveness and development potential. However, due to its high
pressure, high solids volume fraction, and complex flow characteristics [3,4], as well as
numerous influencing factors (such as carrier gas properties, material properties, operating
parameters, conveying parameters, and pipeline shape), the conveying characteristics of
high-pressure dense-phase pneumatic conveying are extremely complex. Currently, the
understanding of the conveying mechanism and characteristics remains inadequate. Many
issues have not been properly addressed for high-pressure dense-phase pneumatic convey-
ing, thus hindering its comprehensive and rational utilization in engineering applications.

Horizontal pipes are crucial and commonly used pipelines in high-pressure dense-
phase pneumatic conveying, generally accounting for the highest proportion of the whole
conveying pipeline. However, during the conveying process in horizontal pipe, various
types of metastable flow patterns, such as dune flow and slug flow, are prone to occur.
And these flow patterns directly affect the stability of the conveying process and may even
result in pipe blockages and conveying interruptions. In a sense, the stable and reliable
operation of high-pressure dense-phase pneumatic conveying in horizontal pipe is the
basic prerequisite and fundamental guarantee for the stable production of large-scale, high-
efficiency, entrained-flow coal gasification systems. Therefore, the study of high-pressure
dense-phase pneumatic conveying in horizontal pipe is of great practical significance.

There are two main research methods for high-pressure dense-phase pneumatic con-
veying: experimental research and simulation research. Current research mainly focuses
on the experimental research field of high-pressure dense-phase pneumatic conveying.
Numerous scholars have conducted a large number of experimental studies from vari-
ous perspectives using existing measurement techniques and equipment, yielding several
valuable results related to pipeline resistance characteristics, flow patterns, conveying
characteristics and stability [5–10]. As is known, pneumatic conveying is a highly com-
prehensive discipline that involves multiple fields, such as fluid mechanics, mechanical
engineering, and particle science. In particular, high-pressure dense-phase pneumatic con-
veying exhibits intricate nonlinear and non-equilibrium dynamic characteristics. However,
the existing experimental equipment and measurement techniques are severely limited,
making many crucial parameters for high-pressure dense-phase pneumatic conveying
challenging to measure. As a result, the current state of experimental research has reached
a bottleneck stage [6].

With the rapid development of computational fluid dynamics theory and the fast im-
provement of computer performance, simulation methods have become powerful research
tools widely applied in the field of pneumatic conveying. In particular, computational fluid
dynamics (CFD) has played an important role in analyzing high-pressure dense-phase
pneumatic conveying. Compared to experimental research methods, simulation methods
can capture real-time comprehensive flow field information of each cell in the computa-
tional domain, including detailed micro-characteristic parameters [11], which facilitates
thorough analysis and understanding of the conveying characteristics and flow mechanism.
Additionally, simulation methods are more efficient, convenient, and cost-effective, serving
as an important supplement to experimental research methods, and provide a reliable
theoretical foundation and practical guidance for the rational design and comprehensive
optimization of high-pressure dense-phase pneumatic conveying.

The simulation approaches can be broadly categorized into the Euler-Lagrangian ap-
proach and the Euler-Euler approach. The Euler-Lagrangian approach provides microscopic
details, such as on particle trajectories and forces acting on individual particle, which are
essential for understanding gas–solid systems [12–14]. Hence, this approach is considered to
be more accurate and efficient for gas–solid systems involving particles of different sizes or
densities [15]. Numerous simulation studies of pneumatic conveying have been conducted
using the Euler-Lagrangian approach by both domestic and foreign researchers [16]. However,
due to the requirement for small time steps to accurately simulate particle–particle/wall
collisions with relatively high accuracy., the Euler-Lagrangian approach necessitates high
computational resources, particularly for dense-phase pneumatic conveying. To reduce the
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computational cost of this approach, several new methods have been proposed, including the
CFD-discrete element method (CFD–DEM), the coarse-grained discrete element method (CG-
DEM), and the multiphase particle-in-cell method (MP–PIC). These methods aim to develop
scaling theories and accelerate simulations of gas-solid systems [11,17]. For instance, MP–PIC
considers a specific group of particles with similar properties (e.g., species, size, density,
temperature) as a parcel, to decrease the number of particles involved in the computations [18].
Nevertheless, these new methods have excessively high computational requirements for
large-scale industrial applications, such as dense-phase pneumatic conveying systems with
billions of particles. Furthermore, the scaling theories, derived from force balances between
coarse-grained or parcel particles and their corresponding original particles, introduce uncer-
tainties in the modeling process, particularly in determining parcel particle properties and
precise particle–particle/wall interactions [12,19].

The continuum approach, represented by the two-fluid model (TFM), is more suitable
for dense-phase pneumatic conveying due to its computational convenience and efficiency.
As a result, an increasing number of researchers have used the Euler–Euler approach for sim-
ulating high-pressure dense-phase pneumatic conveying. Ratnayaka et al. [20] conducted
simulation research on horizontal bends using two-fluid modelling, producing simulation
results that indicated the two-fluid modelling has great potential in predicting the convey-
ing characteristics of dense-phase pneumatic conveying. Inspired by Ratnayaka’s work,
many scholars have gradually improved the constitutive relationships of dense-phase pneu-
matic conveying and conducted relevant simulation research from different perspectives.
For instance, Zhong et al. [21] introduced the kinetic theory of granular flow to simulate
the gas–solid two-phase flow in the spouted bed and restructured a three-dimensional
steady-state mathematical model to investigate the effects of non-ideal particle collisions on
the restitution coefficient. Subsequently, Ma et al. [22] further considered the unsteady-state
conveying characteristics and established a three-dimensional unsteady-state mathematical
model for dense-phase pneumatic conveying. They explored the impact of material proper-
ties, wall roughness, and bend curvature on the conveying characteristics in vertical bends.
However, dense-phase pneumatic conveying is highly susceptible to particle deposition in
horizontal pipes and bends. Hence, Wang et al. [23] introduced a frictional stress model to
study the conveying characteristics of high-pressure dense-phase pneumatic conveying
in horizontal pipe, producing simulation results that showed improved accuracy when
frictional stress was considered. However, the underlying mechanisms of the frictional
stress model were not revealed in this study.

In dense-phase pneumatic conveying, the solids volume fraction is extremely high,
approaching the bulk packing volume fraction (about 0.5 for pulverized coal). During this
process, particles are mainly in sustained contact, resulting in the solids stress primarily
originating from frictional stress [24–27]. Consequently, the impact of frictional stress on
high-pressure dense-phase pneumatic conveying is of utmost importance, although there
is limited literature on this topic. Johnson and Jackson [28,29] were the pioneers in propos-
ing the frictional pressure model, introducing three dimensionless coefficients (Fr, r, s) to
characterize the frictional properties of different materials. Simultaneously, on the basis of
the von Mises yield criterion, Schaeffer [30] proposed a solids frictional viscosity model.
However, Nikolopoulos et al. [31,32] found that the von Mises/Coulomb yield criterion,
originating from soil mechanics, cannot fully apply to the simulation for dense-phase
gas-solid flow of pulverized coal since it can properly predict dilatancy but not consoli-
dation for the solids phase. To overcome this limitation, Srivastava and Sundaresan [33]
incorporated the strain rate term proposed by Savage [34] and soil mechanics theory [35,36]
into modifying the Schaeffer frictional viscosity model on the basis of the extended von
Mises yield criterion. They combined the Johnson and Jackson frictional pressure model to
establish a comprehensive frictional stress model. Then this model was applied to simulate
the gas–solid flow in the fluidized bed, validating its reliability. Dartevelle [25] set up a
new frictional stress model by combining the Pitman–Schaeffer–Gray–Stiles yield criterion,
which considers both the dilatancy and consolidation of the solids phase in dense-phase
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gas–solid flow. And the model was validated through simulations of soil particle flows in
geophysics. Pu et al. [37] made modifications to the Johnson and Jackson frictional pressure
model [28,29] and the Syamlal frictional viscosity model [38] to establish the frictional
stress model. Coupling this frictional stress model with the classical particle kinetic theory,
they conducted a three-dimensional simulation of high-pressure dense-phase pneumatic
conveying in horizontal pipe. The study provided insights into the flow patterns and
pressure drop of high-pressure dense-phase pneumatic conveying in horizontal pipe, and
the simulation reliability was verified by comparisons with the experimental data. Wang
Ying et al. [39] coupled the classical kinetic theory of granular flows (KTGF) with Schaeffer
frictional stress model to simulate bypass dense-phase pneumatic conveying. The results
showed substantial improvement in predicting pressure drop after considering the fric-
tional stress model, although the experimental pressure drop remained underestimated.
Therefore, they introduced an offset volume fraction to alleviate excessive over-prediction
of granular flows and modify the Johnson and Jackson frictional pressure model. Addi-
tionally, they used the modified frictional stress model to simulate bypass dense-phase
pneumatic conveying of different materials (aluminum powder, fly ash, and sand grains)
and obtained reliable validation [23].

Although better simulation results can be achieved to some extent by using the above
frictional stress models, these models have inherent limitations, both theoretically and
in terms of physical significance. On one hand, whether it is the Schaeffer frictional
viscosity model [30], Johnson and Jackson frictional pressure model [28,29], or Syamlal
frictional stress model [39], these models are primarily based on soil mechanics theory [38]
or frictional properties of glass beads, and consequently, these frictional stress models may
not necessarily be appropriate for pulverized coal in terms of physical significance. Despite
the modifications made by Pu et al. and Wang Ying et al. to the frictional stress models, they
only consider the influence of solids volume fraction on frictional stress, while neglecting
other material properties. Therefore, the existing frictional stress models still fail to account
for the characteristic properties of pulverized coal. On the other hand, Pu et al. proposed a
critical solids volume fraction of 0.1 for frictional stress, disregarding the transitional stage
between interparticle collision and friction, specifically the stage of multi-particle collision.

Therefore, this study focuses on investigating dense-phase pneumatic conveying in
horizontal pipe, modifying and improving the existing frictional stress models by address-
ing their deficiencies and limitations. The influence of the frictional stress models on the
simulation results will be examined and evaluated. Furthermore, the objective is to seek a
more reasonable frictional stress model that accurately predicts the conveying mechanisms
and characteristics of high-pressure dense-phase pneumatic conveying in horizontal pipe.

2. Experimental Section

This study conducted a series of high-pressure dense-phase pneumatic conveying
experiments using the self-developed-top-discharge-high-pressure-dense-phase pneumatic
conveying system [12] from Southeast University, with nitrogen (N2) as the carrier gas and
Inner Mongolian pulverized coal as the conveying material [1]. The whole experimental
system, depicted in Figure 1, consists of five main components: the gas supply system, the
hoppers, the pipeline, the sensors, and the data sampling and controlling system. During
the conveying process, the pressure in the sending hopper (P1) was maintained at 3.0 MPa,
the pressure in the receiving hopper (P2) was kept at 2.5 MPa, the flow rate of fluidizing
gas (Qf) was held at 0.4 m3/h, and the flow rate of supplementary gas (Qs) was varied
from 0.4 to 1.2 m3/h for the conveying experiment to obtain experimental data (refer to
Table 1). More detailed information about the whole experimental system is available
in references [8,37].
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Table 1. Conveying experiment parameters.

Number Qs (m3/h) Ug (m/s) Ms (kg/s) αs,inlet us,inlet (m/s) Pout (MPa)

1 0.40 4.71 0.213 0.318 4.43 2.91
2 0.60 5.62 0.206 0.286 5.30 2.91
3 0.80 6.43 0.194 0.245 6.09 2.92
4 1.00 7.24 0.181 0.199 6.79 2.93
5 1.20 8.10 0.168 0.184 7.72 2.93

3. Numerical Model
3.1. Basic Governing Equations

The basic governing equations are closed by introducing reasonable constitutive
equations based on the two-fluid model (see Table 2).

Table 2. Basic governing equations of the present two-fluid model.

Items Phase Formula

Continuity equations Gas and Solids
∂
∂t (αiρi) +∇ · (αiρivi) = 0, ∑ αi = 1

where i = s for the solids phase and i = g for the gas phase.

Momentum equations Gas ∂
∂t (αgρgvg) +∇ · (αgρgvgvg) = −αg∇pg +∇ · σg − Fsg + αgρgg

Solids ∂
∂t (αsρsvs) +∇ · (αsρsvsvs) = −αs∇pg +∇ · σs + Fsg + αsρsg

Where σg and σs being the stress tensors of the gas phase and solids phase, respectively.

σg = αgµg,e f f [∇vg + (∇vg)
T] + αg(λg −

2
3

µg,e f f )(∇ · vg)I (1)

µg,e f f = µg + µg,t

µg,t = ρgCµ
k2

g
εg

(2)
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where µg is the gas viscosity, Pa·s; µg,t is the gas turbulent viscosity, Pa·s; µg,eff is the effective
gas viscosity, Pa·s; kg is the gas turbulent kinetic energy, J; εg is the gas turbulent dissipation
rate; and Cµ is the turbulence model parameter.

σs = (−ps + αsλs(∇ · vs))I + 2αsµs,e f f Ss (3)

µs,e f f = µs + µs,t

Ss =
1
2 (∇vs + (∇vs)

T)− 1
3 (∇ · vs)I

(4)

where ps is the solids pressure, Pa; µs is the solids viscosity Pa·s; µs,t is the solids turbulent
viscosity, Pa·s; µs,eff is the effective solids viscosity Pa·s; λs is the solids bulk viscosity, Pa·s;
Ss is the deviatoric part of strain tensor rate.

3.2. Turbulence Model

The realizable k-ε-kp-εp turbulence model is introduced to simulate the turbulence effects
of gas–solid flow in high-pressure dense-phase pneumatic conveying in horizontal pipe.

Gas phase turbulent transport equation:

∂
∂t (αgρgkg) +∇ · (αgρgugkg) = ∇ ·

[
αg

(
µg +

µg,t
σk

)
∇kg

]
+ (αgGk,g − αgρgεg)

+β(Csgks − Cgskg)− β(us − ug)
µs,t
αsσk
∇αs + β(us − ug)

µg,t
αgσk
∇αg

(5)

∂
∂t (αgρgεg) +∇ · (αgρgugεg) = ∇ ·

[
αg

(
µg +

µg,t
σε

)
∇εg

]
+CgεαgρgDgεg − C1εαgρg

ε2
g

kg+
√

νεg
+ C2ε

εg
kg
[β(Csgks − Cgskg)

−β(us − ug)
µs,t
αsσε
∇αs + β(us − ug)

µg,t
αgσε
∇αg)]

(6)

Solids phase turbulent transport equation:

∂
∂t (αsρsks) +∇ · (αsρsusks) = ∇ ·

[
αs

(
µs +

µs,t
σk

)
∇ks

]
+ (αsGk,s − αsρsεs)

+β(Cgskg − Csgks)− β(ug − us)
µg,t
αgσk
∇αg + β(ug − us)

µs,t
αsσk
∇αs

(7)

∂
∂t (αsρsεs) +∇ · (αsρsusεs) = ∇ ·

[
αs

(
µs +

µs,t
σε

)
∇εs

]
+CsεDsαsρsεs − C1εαsρs

ε2
s

ks+
√

νεs
+ C2ε

εs
ks
[β(Cgskg − Csgks)

−β(ug − us)
µg,t
αgσε
∇αg + β(ug − us)

µs,t
αsσε
∇αs)]

(8)

Among them, ug, us are the average velocities of gas phase and solids phase, m/s; Gk,g,
Gk,s are the turbulent kinetic energy generation terms caused by the average velocities of
gas phase and solids phase, respectively. β is the drag coefficient; σk and σε are the Prandtl
numbers of the turbulent kinetic energy k and the turbulent dissipation rate ε, respectively.

3.3. Three-Zone Drag Model

Given that high-pressure dense-phase pneumatic conveying in horizontal pipe is a
non-uniform structured flow composed of three flow regimes (dilute regime, intermediate
regime, and dense regime) [8], this study restructured a three-zone drag model (see Equa-
tion (9)), which it combined with the advantages of the Huilin–Gidaspow drag model [40]
and Mckeen drag model [41]. In this drag model, the Wen and Yu drag model [42] is
applied to simulate the dilute regime, the Mckeen drag model is used to simulate the
intermediate regime, and the Ergun drag model is utilized to simulate the dense regime.

βThree−Zone =


150

αs(1−αg)µg

αgd2
s

+ 1.75 ρgαs
ds

∣∣vs − vg
∣∣ αg < 0.6

C
(

17.3
Res

+ 0.336
)

αsρg|vs−vg|
ds

α−1.8
g 0.6 ≤ αg < 0.9

3
4 CD

αsαgρg|vs−vg|
ds

α−2.65
g αg ≥ 0.9

(9)
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CD =

{
24
Res

[
1 + 0.15(Res)

0.687
]

Res< 1000
0.44 Res ≥ 1000

, Res =
αgρgds

∣∣vs − vg
∣∣

µg
(10)

Fsg = β
(
vg − vs

)
(11)

Fsg is the drag force between the gas and solids phases, Pa. β is the drag coefficient
between the gas and solids phases, vg, vs are the velocity vectors of the gas and solids
phases, m/s.

3.4. Solids Stress Model
3.4.1. Kinetic Theory of Granular Flow

In high-pressure dense-phase pneumatic conveying, it is necessary to consider the
solids stress, including interparticle collisions and friction. The two-fluid model commonly
employs the kinetic theory of granular flow (KTGF) to simulate particle collisions, and the
basic parameter settings for KTGF are provided in Table 3. It is well-known that the classical
kinetic theory of granular flow is based on the assumption that interparticle collisions occur
randomly as instantaneous collisions, and it is therefore only suitable for dilute-phase flow.
Therefore, this research introduces Savage radial distribution function g0,ss to modify the
classical KTGF and extend it to the field of dense-phase flow. Lee et al. [26] have also
confirmed the reliability of this approach.

g0,ss =
1− 7αs/16

(1− αs/αs,max)
2 (12)

where αs,max is the maximum solids volume fraction for the packing state, whose value is
very close to the solids volume fraction of tap density. For pulverized coal, αs,max ≈ 0.63.

Table 3. Parameter settings of KTGF.

Parameters Setting

Granular viscosity Gidaspow [43]
Granular bulk viscosity Lun et al. [44]

Solids pressure Lun et al. [44]
Granular conductivity Gidaspow [43]

3.4.2. Frictional Stress

Frictional stress is one of the most significant interparticle forces in dense gas–solid
flow, revealing the fundamental properties of such flows from a mechanical perspective. A
comprehensive frictional stress model comprises both frictional pressure and frictional vis-
cosity. In general, different yield criterions can be employed to develop the corresponding
frictional stress model.

For instance, Dartevelle introduced the Pitman–Schaeffer–Gray–Stiles yield criterion
to develop the Dartevelle frictional stress model [25]. Compared to conventional frictional
stress models, this model simultaneously accounts for both the dilatancy and consolidation
of the solids phase in dense-phase gas–solid flow [31].

Dartevelle frictional stress model [25]:

p f =

1000 (αs−αs,min)
3

(αs,max−αs)
3 αs,min < αs < αs,max

0 αs ≤ αs,min

(13)

µ f =
p f sin2 φi√

2 sin2 φi(Ss : Ss + Θs/d2
s ) + (∇ · vs)

2
(14)
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Srivastava and Sundaresan [33] introduced the extended von Mises/Coulomb yield
criterion, incorporating the fluctuation strain rate term Θs/ds

2 proposed by Savage to
modify and improve the Johnson and Jackson frictional pressure model and Schaeffer
frictional viscosity. As a result, the Srivastava and Sundaresan frictional stress model
was obtained.

Srivastava and Sundaresan frictional stress model [33]:

pc =

{
Fr (αs−αs,min)

r

(αs,max−αs)
s αs,min < αs < αs,max

0 αs ≤ αs,min
(15)

p f =

[
1− ∇ · vs√

2n sin φi
√

Ss : Ss + Θs/d2
s

]n−1

pc (16)

µ f =
p f sin φi√

2
√

Ss : Ss + Θs/d2
s

{
n− (n− 1)(

p f

pc
)

1
n−1

}
(17)

The coefficient ‘n’ in the above equation mainly depends on the state of the solids
phase. When the solids phase expands, i.e.,∇·v > 0, n =

√
3/(2sinφi); when the solids phase

compresses, i.e.,∇·v < 0, n = 1.03. Therefore, the Srivastava and Sundaresan frictional stress
model considers both the expansion and compression characteristics of the solids phase.

A frictional pressure model is usually obtained by fitting material properties to experi-
mental data. For example, Johnson and Jackson, Syamlal et al., and Chialvo et al. [45] have
developed frictional pressure models based on the physical properties of glass beads with
different diameters. The Dartevelle frictional pressure model suggests that frictional pres-
sure is only dependent on the solids volume fraction, which is obviously not comprehensive.
Although the Johnson and Jackson frictional pressure model introduced three empirical
constants (Fr, r, s) to characterize material frictional properties, it did not propose a method
for determining these constants. Therefore, in general, these empirical constants (Fr, r, s)
need to be adjusted based on simulation results. This not only increases the computational
cost but also affects the accuracy, reliability, and applicability of the simulations.

To address these issues, Berzi et al. [46] incorporated two material property parameters,
particle stiffness kn and particle diameter ds, into the frictional pressure model. They also
introduced a constant coefficient ‘a’, which is related to material properties, leading to the
development of the Berzi frictional pressure model. Compared to other frictional pressure
models, the Berzi frictional pressure model explicitly establishes the relationship between
frictional pressure and particle properties. It has certain advantages in investigating the
gas–solid flow with different frictional properties. Although this frictional pressure model
is not widely used, it is imperative to incorporate particle properties to modify and improve
frictional stress models. Therefore, in this study, the modified Berzi frictional stress model,
combined with the extended von Mises/Coulomb yield criterion, was established by
incorporating the material parameters (stiffness kn and diameter ds) of pulverized coal.

The modified Berzi frictional stress model [46]:

p f = f0
kn

ds
, f0 =

{
a αs−αs,min

αs,max−αs
αs,min < αs < αs,max

0 αs ≤ αs,min
(18)

µ f =
p f sin2 φi√

2 sin2 φi(Ss : Ss + Θs/d2
s ) + (∇ · vs)

2
(19)

This study will examine and assess the predictive performance of three frictional stress
models, namely Dartevelle frictional stress model, Srivastava and Sundaresan frictional
stress model, and the modified Berzi frictional stress model, in the simulation of high-
pressure dense-phase pneumatic conveying in horizontal pipe. The objective is to identify
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a more reasonable frictional stress model that offers improved accuracy in predicting
high-pressure dense-phase pneumatic conveying in horizontal pipe.

3.5. Boundary Conditions and Simulation Settings
3.5.1. Boundary Conditions

(1) Inlet boundary conditions: velocity-inlet.
Gas phase: only considering the axial gas velocity distribution vg, inlet(r):

vg,inlet(r) =
60
49

Ug

1− αs,inlet
(1− 2r/D)1/7 (20)

where r represents the distance to the center of the inlet cross-section, and D is the
pipe diameter.

Solids phase: To facilitate convergence, the same gas and solids velocity distribution
are set. The axial solids velocity distribution vs,inlet(r):

vs,inlet(r) =
60
49

us,inlet(1− 2r/D)1/7 (21)

us,inlet = Ug

(
1− 0.68d0.92

s ρ0.5
s ρ−0.2

g D−0.54
)

(22)

αs,inlet = 4Ms/
(

ρsus,inletπD2
)

(23)

where Equation (22) is an empirical equation used to calculate us,inlet.
(2) Outlet boundary conditions: pressure outlet and the outlet pressure are designated

as Pout.
(3) Turbulence settings: hydraulic diameter is set to the pipe diameter, and the turbu-

lent intensities for the gas and solids phases are 10% and 5%, respectively.
(4) Wall boundary conditions.
Gas phase: no-slip.
Solids phase: the modified Schneiderbauer solids wall boundary model.
Schneiderbauer et al. [47] proposed a new solids wall boundary model that not only

distinguishes between sliding and non-sliding collisions among particles but also integrates
them into a single expression. However, the model fails to consider the frictional shear
stress generated by particles sliding on the wall, which is crucial for high-pressure dense-
phase pneumatic conveying in horizontal pipe. Accounting for the frictional effects at
the wall, a frictional stress term was introduced to modify the Schneiderbauer solids wall
boundary model.

The modified shear stress between the solids phase and the wall:

τsw = −ηwµwαsρsg0,ssΘser f (usw)
usw

|usw|
− µw p f usw/|usw| (24)

The pseudo-heat flow of the solids phase at the wall:

qw = τsw · usw − αsρsg0,ssηw
√

Θs√
2πµ2

0
exp

(
−u2

sw
)
× µw

[
2µw|usw|2(2ηw − µ0) + Θs

(
14µwηw − 4µ0(1 + µw)− 6µwµ2

0ηw
)]

+µ2
0
√

Θs exp
(
u2

sw
)[√

Θs
(
4(ηw − 1) + 6µ2

wηw
)
−
√

2πµw|usw|er f (usw)
]  (25)

ηw =
1
2
(1 + esw), µ0 =

7
2

1 + esw

1 + β0
µw, usw =

usw√
2Θsµ0

, er f (x) =
2√
π

∫ x

0
exp

(
−ξ2

)
dξ (26)
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3.5.2. Simulation Settings

During the computational process, the time step is set to 5 × 10−5 s, with 40 iterations
performed at each time step. The convergence residuals are specified to be 10−4. And the
settings of other relevant mathematical model parameters can refer to Table 4.

Table 4. Mathematical model parameter setting.

αs,min αs,max ess φi esw µw β0 a

0.4 0.63 0.7 32.0◦ 0.5 0.5 0.3 1.8 × 10−6

It should be noted that this study uses UDF provided by FLUENT to compile the
radial distribution function, frictional stress model, velocity distribution function, and drag
model, and loads them into the ANSYS FLUENT 2020 software for simulation calculations.

4. Results and Discussion
4.1. Grid Division and Its Independence Analysis

As shown in Figure 2, the simulated object is a horizontal pipe (the orange marker A
in Figure 1) with a length of 2.4 m, which is meshed by GAMBIT 2.4.6 software.
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To enhance the computational accuracy and efficiency of simulation, under typical
experimental conditions with supplementary gas Qs = 0.8 m3/h, the horizontal pipe has
been divided into four different mesh specifications (Mesh A, B, C, and D, as illustrated in
Table 5). Furthermore, the simulation has been conducted using the modified Berzi frictional
stress model to investigate mesh-independent boundaries and determine appropriate
mesh sizes.

Table 5. Predicted pressure drop in horizontal pipe with different mesh specifications.

Mesh Specifications Inlet Grid Number Axial Grid
Size (mm) Total Grid Number Simulated

Pressure Drop (kPa)
Experimental

Pressure Drop (kPa)

Mesh A 180 2 216,000 3.77

4.26
Mesh B 288 1.5 460,800 3.91
Mesh C 420 1.25 806,400 4.06
Mesh D 576 1 1,382,400 4.09

In Table 5, it can be observed that as the grid size decreases, the simulated pressure
drop in horizontal pipe gradually converges toward the experimental value. Particularly,
when the total number of grids exceeds 460, 800 (e.g., Mesh C and Mesh D), the simulated
pressure drop in the horizontal pipe reaches a near-constant state. Mesh C was therefore
ultimately selected as the mesh type for simulation calculations.

4.2. Boundary Conditions and Simulation Settings
4.2.1. Pressure Drop in Horizontal Pipe

Figure 3 presents a comparison between the predicted pressure drop in horizontal
pipe by using the three frictional stress models and the corresponding experimental data for
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different supplementary gases. By comparing the simulation results with the experimental
data in the figure, it can be observed that the predictions of the pressure drop in horizontal
pipe by frictional stress models are highly accurate, with a relative error ranging from
−4.91% to +7.60%. Additionally, as the supplementary gas increases, both the simulation
results and the experimental data exhibit the same trend of the pressure drop in horizontal
pipe initially decreasing and then increasing. Hence, it can be concluded that the three
frictional stress models have provided accurate predictions of both the pressure drop in
horizontal pipe and its variation with the increase of supplementary gas.
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4.2.2. Solids Volume Fraction Distribution

Figure 4 illustrates the distribution of the conveying parameters (gas velocity and
solids velocity) along the height of the horizontal pipe in various cross-sections, under
a typical experimental condition with Qs = 0.8 m3/h, using the modified Berzi frictional
stress model. It can be observed from the figure that the conveying parameters gradually
stabilize along the axial direction of the horizontal pipe. In referring to Figure 4a,b, we see
the conveying parameters have already stabilized from the section at L = 120 D (where L
represents the distance between the selected section and the inlet section of the pipe, and
D represents the pipe diameter). This indicates that the gas–solid flow in horizontal pipe
has achieved sufficient development and entered the fully developed section. To inves-
tigate the conveying characteristics of high-pressure dense-phase pneumatic conveying
in horizontal pipe, this study will discuss the conveying characteristic parameters at the
section L = 180 D.
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Figure 5 illustrates the comparative relationship between the predicted solids volume
fraction distribution contours by using the three frictional stress models and the ECT
images. By comparing Figure 5a–d, it is evident that the simulation results generally agree
with the corresponding experimental data. The solids volume fraction distribution in
the entire horizontal pipe can be categorized into three regions: the upper suspended
region corresponding to dilute-phase flow, the middle transition region corresponding to
intermediate flow, and the bottom deposited region corresponding to dense-phase flow.
However, the boundaries between these regions are not clearly defined. Figure 5 shows that
the predicted variations of the deposited region with supplementary gas are fundamentally
consistent in horizontal pipe when the three frictional stress models are used, which is
also consistent with the variations of the deposited region shown in the ECT images, and
namely the bottom deposited region decreasing with increasing supplementary gas. This
strongly validates the high reliability of the frictional stress model used in this study.
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4.3. Influence of the Frictional Stress Model on the Conveying Characteristics of High-Pressure
Dense-Phase Pneumatic Conveying in Horizontal Pipe

The frictional pressure pf represents the normal stress originating in interparticle
continuous contact or compression, and its main function is to prevent an excessive solids
volume fraction, which lacks physical significance. Obviously, it is closely related to the
solids volume fraction and directly affects the solids volume fraction distribution.
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Measurement results indicate that the bulk packing volume fraction αb is approxi-
mately 0.5 for pulverized coal. In this circumstance, the frictional pressure is generated by
the weight of the pulverized coal itself. Given that granular flows need the corresponding
relative motion space, the solids volume fraction does not generally exceed the bulk pack-
ing volume fraction (as shown in Figure 6). Schneiderbauer et al. [48] stated that when αs
≥ 0.4, it falls into dense-phase flow, and the particles gradually experience compression
and frictional effects. Therefore, this study sets αs,min at 0.4.
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Figure 7 illustrates the relationship between the frictional pressure and the solids
volume fraction, showing that the frictional pressure increases as the solids volume fraction
αs increases. When the solids volume fraction is below 0.43, Johnson & Jackson frictional
pressure is the smallest and exhibits the slowest growth rate, while Berzi frictional pressure
is the highest initially before its growth rate is eventually surpassed by Dartevelle frictional
pressure. When the solids volume fraction is between 0.43 and 0.47, Dartevelle frictional
pressure increases rapidly, far exceeding the other two, and its growth rate also becomes the
largest. Johnson and Jackson frictional pressure remains the smallest, but its growth rate
eventually surpasses Berzi frictional pressure. When the solids volume fraction is between
0.47 and 0.50, Berzi frictional pressure becomes the smallest and exhibits the slowest growth
rate, while Dartevelle frictional pressure remains the largest and has the fastest growth
rate. Thus, due to the influence of frictional pressure, there are significant differences in the
predicted distribution of the solids volume fraction (particularly in the deposited region) in
the three frictional stress models (as shown in Figures 5 and 6). In summary, Dartevelle
frictional stress model predicts the lowest solids volume fraction and the steepest solids
volume fraction gradient in the deposited region of horizontal pipe, while the modified
Berzi frictional stress model predicts the highest solids volume fraction and the gentlest
solids volume fraction gradient in the deposited region of horizontal pipe. Comparison
with the ECT images in Figure 5a shows that the simulation results obtained using the
modified Berzi frictional stress model are closer to the experimental data.
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Frictional viscosity or shear stress is directly proportional to the frictional pressure
and mainly reflects the resistance characteristics or shear resistance characteristics during
interparticle sliding motion. As the frictional viscosity or shear stress increases, the resis-
tance to interparticle relative sliding motion increases, resulting in an increase in the work
done by frictional stress and an increase in energy dissipation during the conveying pro-
cess. In other words, the solids frictional pressure loss also increases. Therefore, frictional
viscosity or shear stress is one of the most important factors influencing the pressure drop
of high-pressure dense-phase pneumatic conveying in horizontal pipe.

Figures 8 and 9 respectively show interparticle frictional pressure pf and frictional
shear stress τf obtained through simulation using the three different frictional stress models
under varying supplementary gases. From the two figures, it can be observed that frictional
stress, including pf and τf, only exists in the bottom deposited region and decreases with
increases of supplementary gas. A comparison of Figures 8 and 9 also reveals that while
the range of frictional stress obtained using the three frictional stress models is the same,
there are certain differences in their distribution.

As previously mentioned, this is because frictional viscosity or shear stress arises in
conjunction with frictional pressure and is directly proportional to it, resulting in a similar
variation for τf and pf. When the supplementary gas Qbc ≤ 0.8 m3/h, the gas flow rate
in the conveying pipeline is reduced, resulting in a lower superficial gas velocity and
more pulverized coal particles being deposited at the bottom of the pipeline. As a result,
the influence of frictional stress is stronger, and the differences with various frictional
stress models are more prominent (as shown in Figures 8 and 9). Consequently, due to
different frictional stress models, there is a larger disparity in the predicted pressure drop
in horizontal pipe.
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When Qbc ≤ 0.8 m3/h, the solids volume fraction is higher in the deposited region at
the bottom of the horizontal pipe, and it is almost always higher than 0.43 (see Figure 6). At
this time, Dartevelle frictional pressure varies most rapidly with the solids volume fraction,
and its value is higher than the other two frictional pressure models (refer to Figure 8), as
does Dartevelle frictional shear stress (observed in Figure 9). Therefore, Dartevelle frictional
stress model predicts the highest pressure drop in horizontal pipe (refer to Figure 4), while
the results are reversed for the modified Berzi frictional stress model.

When Qbc > 0.8 m3/h, the gas flow rate in the conveying pipeline increases rapidly,
leading to an increase in superficial gas velocity and a sharp reduction in pulverized coal
deposition at the bottom of the pipeline. The solids volume fraction in the deposited region
is almost always lower than 0.47. Especially when predicted by Dartevelle frictional stress
model, the solids volume fraction is even lower than 0.43 (refer to Figure 6).

Consequently, the influence of frictional stress is significantly weakened, and the
difference between various frictional stress models is visibly diminished (as shown in
Figures 8 and 9). Therefore, there is a smaller discrepancy in the predicted pressure drop in
horizontal pipe, which is due to different frictional stress models. When Qbc > 0.8 m3/h,
the modified Berzi frictional pressure is the highest (refer to Figure 8), and the same applies
to frictional shear stress (refer to Figure 9). Hence, the modified Berzi frictional stress model
predicts the highest pressure drop in horizontal pipe (refer to Figure 3).

According to Figure 3, the relative error of pressure drop in horizontal pipe decreases
gradually with the increase in supplementary gas. As previously discussed, with the
increase of supplementary gas, the deposited region shows a continuous reduction, causing
a gradual decrease in interparticle friction and a simultaneous increase in interparticle
collision. This discrepancy is attributed to the existing frictional stress model insufficiently
considering interparticle frictional properties, such as the oversight of particle shape and
particle size distribution, influencing the friction stress model. Therefore, as the supple-
mentary gas decreases, the relative error correspondingly increases.

The distribution of various conveying parameters along the height of horizontal pipe is
predicted by different frictional stress models. Figure 10 illustrates the typical experimental
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conditions with the supplementary gas Qs = 0.8 m3/h. Among the three frictional stress
models, Figure 10f clearly shows the difference in the predicted solids volume fraction
distribution. It can be inferred from this figure that the trend of the solids volume fraction
is inversely related to the frictional pressure, confirming the above conclusion that the
solids volume fraction distribution depends on frictional pressure distribution, which is
ultimately determined by the mechanical balance in the conveying pipeline. This is also the
fundamental reason for the differences in the predicted pressure drop in horizontal pipe
that are observed when the three frictional stress models are used.
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As mentioned earlier, when Qs = 0.8 m3/h, the solids volume fraction in the deposited
region is higher (as shown in Figure 10f), and the impact of frictional stress is significant.
The simulation results demonstrate that the Dartevelle frictional stress model exhibits
the strongest effect in the deposited region, resulting in the highest interparticle energy
dissipation, and the lowest solids velocity (as shown in Figure 10b). Consequently, the
gas–solid interaction intensifies, leading to a decrease in gas velocity, which also becomes
the lowest (as shown in Figure 10a).
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Additionally, frictional stress hinders interparticle relative movement, resulting in a
decrease in solids’ fluctuation velocity. Hence, Dartevelle frictional stress model predicts
the lowest solids turbulent kinetic energy (as shown in Figure 10d). Since the solids
turbulent kinetic energy has a dominant role, due to the higher solids volume fraction
in the deposited region, it also influences the gas turbulent kinetic energy, making it the
minimum (as shown in Figure 10c). The particle pseudo-temperature is dependent on
the fluctuation intensity of the individual particle. In the high solids volume fraction of
the deposited region, the fluctuation of individual particle is limited, resulting in a lower
particle pseudo-temperature. Consequently, the Dartevelle frictional stress model, which
predicts the lowest solids volume fraction (as shown in Figure 10f), has the highest particle
pseudo-temperature (as shown in Figure 10e). The simulation results of the modified Berzi
frictional stress model exhibit the opposite trends to the aforementioned results.

Figure 10 shows that the three frictional stress models had almost no impact on the
simulation results, due to the dominance of KTGF in the suspended region. However, for
the transition region, the simulation results of the three frictional stress models were almost
contrary to those of the deposited region. This discrepancy arose from the requirement of
maintaining consistency in the gas and solids mass flow rate.

In short, the influence of frictional stress models on the simulation results of high-
pressure dense-phase pneumatic conveying in horizontal pipe was mainly observed in
the transition and deposited regions. The frictional stress influences other conveying
parameters by affecting the solids volume fraction distribution and the pressure drop in
horizontal pipe. Through comparative analysis of the simulation results obtained from the
three frictional stress models, it was discovered that the simulation results predicted by the
modified Berzi frictional stress model closely aligned with the corresponding experimental
data. Additionally, this model better characterized the frictional properties of pulverized
coal. These findings of the study led us to the conclusion that the modified Berzi frictional
stress model provides a more rational approach to predicting frictional stress in high-
pressure dense-phase pneumatic conveying in horizontal pipe.

5. Conclusions

Based on the two-fluid model, this study developed a three-zone drag model, modified
the classical kinetic theory of granular flows and the Schneiderbauer solids wall boundary
condition, and introduced the realizable k-ε-kp-εp turbulent model to establish a three-
dimensional unsteady mathematical model for high-pressure dense-phase pneumatic
conveying in horizontal pipe. Using this mathematical model, this study proposed to
consider the influence of Dartevelle frictional stress model, Srivastava and Sundaresan
frictional stress model, and the modified Berzi frictional stress model on the simulation
results of high-pressure dense phase pneumatic conveying in horizontal pipe. The main
conclusions obtained are as follows:

• The predicted pressure drop in horizontal pipe and its variation with supplementary
gas are, using the three frictional stress models, seen to be in good agreement with the
corresponding experimental data, with relative errors ranging from −4.91% to +7.60%.
In addition, the predicted solids volume fraction distribution contours in the three
frictional stress models generally agree with the ECT images in the cross-section of the
horizontal pipe. In particular, the predicted variations of the deposited region with
supplementary gas are also consistent with those in the ECT images.

• The effect of frictional stress models on the simulation results of high-pressure dense-
phase pneumatic conveying in horizontal pipe only presents in the transition region
and deposited region. However, the two regions exhibit opposite changes. Frictional
stress only exists in the bottom deposited region and diminishes gradually with the
rise in supplementary gas.

• The three frictional stress models predict a similar variation range of frictional stress,
but their distributions differ, which is a fundamental reason for the variations of the
solids volume fraction distribution. This also explains the variation of pressure drop in
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horizontal pipe. The larger the frictional pressure, the lower the solids volume fraction;
and the stronger the frictional viscosity or shear stress, the higher the pressure drop in
horizontal pipe.

• After comparing the simulation results of the three frictional stress models, it was
observed that Dartevelle frictional stress demonstrates the strongest effect and highest
energy consumption in the deposited region. Consequently, this leads to the lowest
gas and solids velocity, turbulent kinetic energy, and solids volume fraction, and the
highest particle pseudo-temperature. However, the simulation results predicted by the
modified Berzi frictional stress model exhibit an opposite trend to the above results.

• Among the three frictional stress models, the simulation results of the modified Berzi
frictional stress model are more consistent with the experimental data. Additionally,
this model better reflects the frictional properties of pulverized coal. In conclusion,
the modified Berzi frictional stress model can provide a more accurate prediction of
frictional stress in high-pressure dense-phase pneumatic conveying.
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Nomenclature

A pipeline cross-section area m2

CD resistance coefficient -
D pipe diameter m
ds particle diameter m
ess particle–particle collision restitution coefficient -
esw particle–wall collision restitution coefficient -
Fsg gas–solid drag force Pa
g gravitational vector m/s2

g0,ss radial distribution function -
k turbulent kinetic energy m2/s2

kn particle stiffness Pa·m
Ms solids mass flow rate kg/s
pf solids frictional pressure Pa
pk solids kinetic pressure Pa
ps solids pressure Pa
Pout outlet pressure Pa
Qs supplementary gas flow rate m3/h
Qf fluidizing gas flow rate m3/h
qw the flux of fluctuation energy at wall w/m2

Re Reynolds number -
Ss deviatoric part of strain tensor rate s−1

Ug superficial gas velocity m/s
usw solids wall slip velocity m/s
u average velocity m/s
v velocity m/s
vg,inlet inlet gas velocity m/s
us,inlet inlet solids velocity m/s
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Greek symbols
α gas or solids volume fraction -
αs,min the critical solids volume fraction of frictional stress -
αs,inlet inlet solids volume fraction -
β gas–solid drag coefficient -
φi angle of internal friction
Θs particle pseudo-temperature m2/s2

λ bulk viscosity Pa·s
µw particle–wall frictional coefficient -
µ viscosity Pa·s
µf solids frictional viscosity Pa·s
τf frictional shear stress Pa
τsw particle–wall shear stress Pa
ε turbulent dissipation rate m2/s3

σ gas or solids stress tensor Pa
ρ density kg/m3

Subscripts
s solids phase
g gas phase
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