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Abstract 

The computational cost is expensive for CFD-DEM simulation, a larger time step and a simplified CFD-DEM model 
can be used to accelerate the simulation. The relationship between stiffness and overlap in non-linear Hertzian model is 
examined, and a reasonable time step is determined by a new single particle test. The simplified model is used to 
simulate dilute pneumatic conveying with different types of bends, and its applicability is verified by compared with the 
traditional model. They are good agreement in horizontal-vertical case and vertical-horizontal case, and show a 
significant differences in horizontal-horizontal case. But the key features of particle rope formed in different types of 
bends can be obtained by both models. 
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1. Introduction 
In recent decades, CFD-DEM proposed by Tsuji et al. [1] has been one of the most important numerical methods to research gas-

solid flow. In CFD-DEM, the discrete particle phase was obtained by Discrete Element Method (DEM), and the flow of continuum gas 
phase was determined by Computational Fluid Dynamics (CFD). CFD has been widely accepted in engineering application as its 
capability to implement complex geometry simulation. Especially with the development of the commercial CFD software package, it 
continued to expand the scope of application and offered new ways to solve practical engineering problems. DEM was proposed by 
Cundall and Strack in 1979, which was effective to study particle flow as it accounts for particle-particle and particle-wall interactions. 
Zhu et al. [2,3] reviewed the theoretical developments and major applications and findings of CFD-DEM. 

Although the computational power increased rapidly over recent years, the computational cost is still expensive as amounts of 
calculation of the particle-particle and particle-wall interactions by DEM. There are several approaches that have been used to reduce 
the computational load of DEM as mentioned by Malone and Xu [4], including the use of more advanced contact detection algorithms, 
parallel computing techniques, novel numerical time integration schemes, simple contact models, and a larger reasonable time step. 
Theoretically, all of the approaches can be used to speed up CFD-DEM simulation, but a larger time step seems like a simple one. 
Meanwhile, a simplified CFD-DEM model that is considered to be suitable for dilute gas-solid two-phase simulation has been applied 
by Teng et al. [5] in Fluid Energy Mill simulation.  

Pneumatic conveying is a method of transportation of granular particles in a pipeline using a gas stream. It is widely used in 
industries because of its cleanness, flexibility of layout, low maintenance cost and a high level of automation. Depending on its 
different modes, it can be categorized as dense and dilute phase. Bends, which are one of the most commonly used facilities to change 
flow direction in pneumatic conveying, are known to be one of the key parameters affecting the gas-solid flow structures. 

The aim of this work is to figure out what extent a larger time step can still result in accurate prediction, and the applicability of the 
simplified CFD-DEM model in dilute pneumatic conveying. First, a simplified CFD-DEM model will be introduced. Subsequently, the 
relationship between the stiffness and the time step will be discussed, and methods to determine the two parameters will be given. 
Finally, the results of the simulations of pneumatic conveying with bends will be compared to examine the applicability of the 
simplified CFD-DEM model. The last part of the work has been presented and discussed at the 27th IAHR Symposium on Hydraulic 
Machinery and Systems, Montreal, 2014, and other part is an improved and enhance version. 
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2. Mathematical Model 
Compared with the traditional CFD-DEM model, only the mutual momentum exchanges between the gas and solid phase are 

taken into consideration in the simplified CFD-DEM model, and the effect of the volume fraction on the gas phase is neglected. In 
every time step, there is no need to calculate the volume fraction of the gas phase. The differences between the traditional and the 
simplified CFD-DEM model can be seen in the gas phase governing equations. 

 

2.1 Gas phase governing equations 
The equation for conservation of mass, or continuity equation, can be written as follows: 

The traditional model: 
డ
డ௧

ሺߝ௚ߩ௚ሻ ൅ ߘ · ൫ߝ௚ߩ௚࢛௚൯ ൌ 0      (1) 

The simplified model: డఘ೒

డ௧
൅ ߘ · ൫ߩ௚࢛௚൯ ൌ 0       (2) 

The equation for conservation of momentum can be expressed as follows: 

The traditional model: 
డ
డ௧

൫ߝ௚ߩ௚࢛௚൯ ൅ ߘ · ൫ߝ௚ߩ௚࢛௚࢛௚൯ ൌ െߝ௚݌ߘ ൅ ߘ · ൫ߝ௚࣎௚൯ ൅ ࢍ௚ߩ௚ߝ െ  (3) ࡿ

The simplified model: డ
డ௧

൫ߩ௚࢛௚൯ ൅ ߘ · ൫ߩ௚࢛௚࢛௚൯ ൌ െ݌ߘ ൅ ߘ · ൫࣎௚൯ ൅ ࢍ௚ߩ െ  (4)   ࡿ
The coupling between the two phases is then achieved through the calculation of the momentum sink of the drag force that 

arises due to the relatively velocity between the phases. Therefore, the momentum sink S is calculated by 

,
1

1 i n

p g i
iV

=

=
=

=
Δ ∑S f           (5) 

The gas-particle interaction force can be calculated by 

, ,p g i B drag i− = +f f f           (6) 
 

2.2 Solid phase governing equations 
According to DEM, a particle in a system can have two types of motion: translational and rotational, determined by Newton’s 

second law of motion. The forces acting on a particle include gravity, contact force, drag force and other force, such as the van der 
Waales force and the capillary force. For simplicity, they are not considered in this work. Therefore, the governing equations for 
particle i, at any time, t, can be expressed as follows: 

, , ,1
( )iki

i i p g i contact ij damp ijj

d
m m

dt − =
= + + +∑v

g f f f       (7) 

and 

1
iki

i ijj

d
dt =

= ∑I T
ω

          (8) 

The equations used to calculate the forces and torques considered in this work have been listed in Table 1, and the coupling 
scheme is the same as that used in our previous study [10]. As such, it is not given in this paper. 

 
 

Table 1 The formulation of forces and torques acting in governing equationsa. 
 

Forces and torques Formulation 
The normal contact force, fn

contact,ij [N] (4/3)E*R*1/2δn
3/2 

The normal damping force, fn
damp,ij [N] -2(5/6)1/2β(Snm*)1/2vn

rel 

The tangential contact force, ft
contact,ij [N] Stδt 

The tangential damping force, ft
damp,ij [N] -2(5/6)1/2β(Stm*)1/2vt

rel 

The torque, Ti [Nm] -μrfnRiωi 
The drag force, fdrag [N] 0.5CDρgA|vp-g

rel|vp-g
rel 

a Where 1/E*=(1-νi
2)/Ei+(1-νj

2)/Ej，1/R*=1/Ri+1/Rj，1/m*=1/mi+1/mj，β=lne/(ln2e+π2)1/2，Sn=2E*(R*δn)1/2，

St=8G*(R*δn)1 / 2 ,  1/G*=(2-ν i) /Gi+(2-ν j) /Gj，A=πRi
2 ,  Re=ε gρgDp |  vp - g

r e l | /μ g，Gi=Ei /2(1+ν i)，

0.687

24 / 0.5
24(1.0 0.15 ) / 0.5 1000

0.44 1000
D

Re        Re
C Re Re      Re

        Re

≤⎧
⎪= + ≤ ≤⎨
⎪ >⎩ . 

 

3. Stiffness and time step 
3.1 Background 
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Time step is considered as an important parameter in CFD-DEM. A larger time step can reduce the compute load, while it 
should be small enough to maintain a stable numerical solution. Previous studies indicate that a larger time step can be used by 
making particles less stiff or softer in based on DEM simulation [4,6-11]. Different time steps with various values of stiffness or 
Young’s modulus have been used to simulate different gas-solid flow systems, as shown in Table 2. Determination of time step 
with different stiffness or Young’s modulus in CFD-DEM is still an open problem. 

 
Table 2 the values of Young’s modulus or stiffness and time step used in previous  

CFD-DEM simulations 
References Young’s Modulus, E [Pa] Stiffness, kn [N/m] time step [s] 

Tsuji et al. [1] 3×109 - 2×10-5 
Tsuji et al. [6] - 800 2.11×10-4 

Xu and Yu [12] - 5×104 1.5×10-5 
Feng and Yu [13] 1×108 - 2.5×10-6 

Zhou et al. [14] 1×107 - 1.75×10-7 

 
In principle, time steps for gas and particle phase should be same. However, in some computations, the time step for gas phase 

can be larger than that for particle phase because the effect from a single DEM iteration is too small to result in a considerable 
change in the gas phase, and the treatment can improve computational efficiency [5, 15, 16]. In practice, the first step to determine 
the time step in CFD-DEM is determination of that in DEM. 

The principle that the time step is a fraction of the characteristic natural frequency has been widely accepted in CFD-DEM 
simulation [1, 4, 6, 17]. It seems that a larger time step can be selected if the particle stiffness is lower. Tsuji et al. [6] reported that 
calculation based on a smaller stiffness than an actual one did not show a large difference in particle motion from the calculation 
based on the actual stiffness in the cases, where the most dominant force causing particle motion was that of fluid. Di Renzo and 
Di Maio [18] considered that by reducing the elastic constant, the contact time and the time step were increased. Therefore, in 
order to select a suitable larger time step in dilute CFD-DEM simulation, there are two stages: choose an acceptable stiffness used 
in CFD-DEM, and determine a reasonable time step in CFD-DEM. 

 

3.2 Choice of stiffness 
Some investigators report the effect of the different stiffness on the particle behavior in various conditions including DEM and 

CFD-DEM simulations. Yuu et al. [7] simulated the motion of particles discharging from a rectangular hopper, whose stiffness 
were 7.0×107, 7.0×105 and 7.0×103 N/m. All of the calculated results not only qualitatively described the experimental results, but 
also approximately described the quantitative characteristics of the measured data. Rhodes et al. [9] found that bubbling and other 
fluidization bed characteristics in the simulations using stiffness of 800, 8000 and 80,000 N/m were all very similar. Moreno-
Atanasio et al. [19] found that the contact stiffness did not influence appreciably the fluidization behavior for the low value of 
surface energy, but strongly influenced the behavior of the systems with the large value of surface energy. Lommen et al. [11] 
investigated and quantified the effects of particle stiffness on bulk material behavior. This research had shown that a reduction in 
particle stiffness could lead to undesirable effects, and suggested that users should be cautious and verified their approach when 
applying a particle reduction in models related to the bulk material behavior. Alobaid et al. [16] investigated the influences of the 
stiffness with small, moderate and high orders of magnitude on the simulation accuracy in dense fluidized bed. The results 
indicated that moderate stiffness showed a very good compromise between acceptable computing time and accuracy. Thus it can 
be seen that the effect of lower stiffness on particle behavior is still an issue of debate. 

The normal overlap between the particles results from the momentum and stiffness of contacts. Lommen et al. [11] proposed 
that users should compare the normal overlaps, when they wanted to determine a feasible amount of stiffness reduction. Di Renzo 
and Di Maio [18] discussed the choice of the parameter values in the linear model and remarked that care must be taken when 
assigning arbitrary values, otherwise excessive overlaps were likely to occur. Malone and Xu [4] mainly investigated the contact 
parameters used in the linear-spring-dashpot model, and presented a simple method for determining a suitable value of stiffness 
for use in DEM simulations, based on an acceptable value of interparticle overlap. Alobaid et al. [16] calculated penetration 
depths from various stiffness coefficients with different diameters and relative velocities in linear modulus, and commented that 
the underestimation of the stiffness coefficients produced not only unphysical penetrations but also leaded to shrinkage of the 
entire bed volume in stationary case. In the following work, we concern about the relationship between the stiffness and the 
normal overlap in the non-linear Hertzian model. 

In the non-linear Hertzian model, the normal stiffness is calculated by 
* *4

3nk E R=           (9) 

The equivalent Young’s modulus and radius, respectively, are given by 
22

*

111 ji

i jE EE
νν −−

= +           (10) 

*

1 1 1

i jR RR
= +            (11) 

In software EDEM, Young’s Modulus is given by 
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2(1 )i i iE Gν= +           (12) 
Therefore, the relationship between the normal stiffness and the normal overlap can be reflected by the relationship between 

the shear modulus and the normal overlap in the following. 
In the numerical tests, a particle with an assuming impact velocity impacts a flat wall without the influence of gravity, and they 

have the same shear modulus. The normal overlaps with different values of shear modulus are examined. The orders of shear 
modulus vary from 103 Pa to 109 Pa. The lower limit is the stiffness value popular used in CFD-DEM simulations and the upper 
one is the order of polypropylene and polystyrene which are the popular materials used in gas-solid experiments. Other parameters 
used in these tests are shown in Table 3. 

 
Table 3 Parameters used in the simulation test

Parameter value
particle diameter, Ri [mm] 4 
particle density, ρ[kg/m3] 1123 

coefficient of rolling friction, μr [-] 0.005
coefficient of static friction, μs [-] 0.3 

coefficient of restitution, e [-] 0.4 
Poisson ratio, νi [-] 0.3 

time step [s] 1×10-8

 
In Fig. 1, the percentage of the max normal overlap to the particle diameter is plotted against the shear modulus. It can be 

observed that the overlap increases with the decrease of the shear modulus. Take the impact velocity is 1 m/s as an example, when 
the value of shear modulus is greater than 5×106 Pa, the overlap keeps at a low magnitude which is less than 2%. The increase of 
the overlap begins to be evident when shear modulus continues to reduce. When shear modulus is 1×104 Pa, the percentage of the 
max normal overlap to the particle diameter approached to 25%. In the numerical tests, when the value of the shear modulus was 
set to less than 104 Pa, the particle goes through the impact flat and hence there is no overlap data. This value is 5×104 Pa and 
1×105 Pa, respectively, when the impact velocity is 4m/s and 7 m/s. The result indicates that the magnitude of stiffness reduction 
will determine the level of overlap. As the level of overlap that is acceptable will be application-dependent, the value of shear 
modulus should be chosen according to their simulation condition. For a conservative principle in mind, 1×107 Pa which is two 
orders of magnitude smaller than the actual physical value, is considered as an acceptable shear modulus in the following sections. 

 
Fig. 1 The relationship between shear modulus and percentage of the max normal 
overlap to the particle diameter 

 

3.2 Choice of stiffness 
Malone and Xu [4] used a single particle test to determine a suitable time step with the linear-spring-dashpot model, and the 

energy conservation was studied in a perfectly elastic system. In the system, a particle drops from a given height, and the return 
height is noted to calculate the percentage relative error in energy conservation with a specified time step, which is a fraction of 
the natural frequency of the harmonic oscillation. As a matter of fact, the error in energy conservation occurs during the collision, 
and is directly reflected by the error of particle velocity. Therefore, the percentage relative error in energy conservation can be 
calculated by the particle velocity, and it saves more simulation time than that according to the return height. Moreover, Di Renzo 
and Di Maio [18] reported the collision time depended on the impact velocity, and the collision time is considered to be closely 
related to the choice of time step in DEM. Trial test also indicates that the percentage relative error in energy conservation is 
related to the collision velocity. Therefore, it is important to identify the initial height in above test. But Malone and Xu (2008) did 
not note how to identify that. However, the initial height has to be risen with the increase of collision velocity. It will make more 
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time be wasted in the part of no energy conservation error occurs. In order to save the test time, we improve a new method to test 
the error in energy conservation. 

Fig. 2 Schematic representation of the perfectly elastic test system 
 
In our method, the test is studied in a perfectly elastic system without the effect of gravity, and the particle velocity is noted to 

calculate the percentage relative error in energy conservation. The test system includes two flats, and the initial position of the 
particle locates in the middle of the flats as shown in Fig. 2. As gravity is not considered, the particle velocity remains unchanged 
once the collision contact finishes. After series of collisions, a group of velocities at the initial position is obtained. The percentage 
relative error in energy conservation is identified as follow: 

0

0

max(| |)
( ) 100%i

v
−

×
v v

         (13) 

Several time steps which are tested are given by: 
/i nt C m kΔ =           (14) 

where C is the fraction. The trial test indicates that the error velocity presents periodic fluctuation, and the periodicity 
approaches 400 times collision. Hence, these tests capture the results for a period of 500 times collision. In these tests, the initial 
velocity is set to 7 m/s, and the coefficient of restitution is equal to 1. The distance between top and bottom flat, h, is 5 mm which 
is a little larger than the particle diameter to save the test time, and other parameters are the same with Table 3. 

        (a)         (b) 
Fig. 3 Percentage relative error in energy conservation: (a) G=109 Pa; (b) G=107 Pa. 

 
The percentage relative error in energy conservation as shown in Fig. 3, the relative error appears fluctuations, and the peak 

value decays with the decrease of the fraction. In this paper, we consider that if the fraction and less than that makes the relative 
error in energy conservation be less than 0.05%, the fraction is acceptable. According to this principle, the fractions are acceptable 
for 1×109 Pa and 1×107 Pa are 1and 0.9, respectively, and the corresponding time steps are 6.65×10-7 s and 5.98×10-6 s. 

4. Simulation condition 
In this work, there are three types of pipe systems simulated: the horizontal-vertical case, the vertical-horizontal case and the 

horizontal-horizontal case. The geometry of each case consists of three parts: the pipe with the inlet, the 90° bend section and the 
pipe with the outlet. The length of pipe with the inlet and the outlet are 0.5 m and 1 m, respectively. The sketches of the 
calculation domain of three cases are given in Fig. 4. The diameter of the pipe D=0.05 m and the bend radius ratio R/D=1.0. The 
shear modulus in this work is set to 1×107 Pa, and the time step should be less than 5.98×10-6 s. For convenience, the time step is 
set to 5×10-6 s. The parameters used in three cases are shown in table 4 and table 5. 

 
Table 4 The same parameters used in three cases. 

Phase Parameter Value 
Solid Density, ρ [kg/m3] 1123 

 Poisson ratio, νi [-] 0.3 
 Shear modulus, G [Pa] 1×107 
 Coefficient of restitution,e [-] 0.4 
 Coefficient of static friction, μs [-] 0.3 
 Coefficient of rolling friction, μr [-] 0.005 
 Time step [s] 5×10-6 
 Particle velocity at inlet, vi [m/s] 7 
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Gas Density, ρg [kg/m3] 1.225 
 Viscosity,μg  [kg/m·s] 1.8×10-5

 Time step [s] 5×10-4

 

 
Fig. 4 Schematic representation of the simulation: (a) the horizontal-vertical case; (b) the vertical-horizontal case; (c) the 
horizontal-horizontal case. 

 
Table 5 The different parameters used in three cases. 

Phase Parameter 
Value 

the horizontal-
vertical case 

the vertical-
horizontal case 

the horizontal-
horizontal case 

Solid Mass flow rate, Gs [kg/m2s] 31.1 40.8 35.7 
 Particle radius, Ri [mm] 1.4 1.5 1.5 

Gas Velocity, ug [m/s] 11.9 16 16 
 

5. Results and discussion 
A particle rope which carries most of conveyed materials in a small portion of the pipe cross-section is considered as the most 

typical characteristic of gas-solid flow in a bend. The key features of gas-solid flow in a bend include the particle rope formation 
and dispersion, and particle velocity reduction, and can be captured by both CFD-DEM models. Fig. 5 shows the solid flow 
structure and the particle velocity in pneumatic conveying system with different types of bends from the simplified CFD-DEM 
model. The features of the rope dispersion in different types of bends seem different. In the horizontal-vertical case, the rope 
disperses after the particles move out of the bend and distribute uniform in the downstream of the vertical pipe. In the vertical-
horizontal pipe, as the effect of the gravity, the rope disperses quickly and the particles settle at the bottom of the horizontal pipe. 
In the horizontal-horizontal case, The particle rope does not disperse directly along the direction of the gravity. The particles move 
along a spiral line and keep close to the inside of the pipe when they exit from the bend section. They finally settled at the bottom 
of the pipe and move to downstream. In the following, the rope dispersion rate and the particle velocity in the cross-sections will 
be compared to verify the applicability of the simplified CFD-DEM model in dilute pneumatic conveying simulation. 
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Fig. 5 The solid flow structure and the particle velocity of horizontal-vertical case at t=2 s: 
(a) the simplified model; (b) the traditional model. 

 
Fig. 6 compares the particle concentration and velocity profiles at the cross-section in the vertical pipe of the horizontal-

vertical case for simplified and traditional CFD-DEM models. The particle distribution percentage from the inner wall (x/D=0.0) 
to the outer wall (x/D=1.0) at different locations can represent the particle concentration in the pipe. At y/D=3, the particles 
concentrate near the outer wall, and the concentrations began to decrease at y/D=5, as shown in Figure 6(a). It is clearly that the 
results from both CFD-DEM models are remarkably consistent. The particle velocity profile at y/D=10 is given in Figure 6(b). the 
particle velocity near the outer wall seems consistent from two models and some differences near the inner wall, but the 
differences are limited. 

 
        (a) 

 
     (b) 

Fig. 6 The particle concentration and velocity profile at the cross-section in the vertical pipe: (a) percentage of 
particle distribution; (b) particle velocity at y/D=10. 

 

 
       (a) 

 
      (b) 

Fig. 7 The particle concentration and velocity profile at the cross-section in the horizontal pipe: (a) percentage of 
particle distribution; (b) particle velocity x/D=10. 
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The particle concentration and velocity profiles of the vertical-horizontal case are shown in Fig. 7. At x/D=1, the particles 

concentrate near the top of the pipe and move to the bottom of the pipe quickly. At x/D=3, the peak of the particle distribution has 
been located between the axial and the top wall. The predictions for simplified and traditional CFD-DEM are also consistent, as 
shown in Figure 7(a). The particle velocity profile at x/D=10 shows that the velocity near the bottom of the pipe is less than that 
near the axial, and the result from the simplified model seems a little slow. 

 
Fig. 8 shows the particle distribution at different cross-sections in horizontal pipe. At exit of the bend (x/D=0), the particle 

rope is strong, and the particles distribute in a small area, the predictions for two models seem same. At x/D=7, most of the 
particles can distribute close to the inside of the pipe wall, but some of particles have been fallen down from the top of the pipe. 
At x/D=9, more particles disperse in the pipe, and there are less particles at the top of the pipe. It indicates that the particle rope 
has began to disperse at x/D=7. It is clear that the result for the simplified model predict a faster rope dispersion in horizontal-
horizontal case. 

 
     x/D=0      x/D=7      x/D=9 

      (a)  

 
     x/D=0      x/D=7      x/D=9 

      (b)  
Fig. 8 particle distribution at different cross-sections in horizontal pipe from t=1 s to t=3 s: (a) the simplified model; (b) the 
traditional model. 

 
Fig. 9 compares the particle velocity at different cross-sections in horizontal-horizontal case for the simplified model and the 

traditional model. The simplified model predicts a lower particle velocity at the exit of bend than the traditional model. The 
velocity is minimum at x/D=6 for the simplified model and at x/D=7 for the traditional model. 

Fig. 9 the particle velocity at different cross-sections in horizontal-horizontal case 
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6. Conclusion 
This research supplies two methods to accelerate CFD-DEM simulation: a larger time step and a simplified CFD-DEM model. 

The numerical tests indicate that two orders of magnitude smaller stiffness just cause a little increase of overlap in non-linear 
Hertzian model. The time step can be determined by testing the percentage relative error in energy conservation, and a larger one 
can be selected by reduction of the stiffness. The simplified CFD-DEM model that ignores the effect of the solid fraction on the 
gas phase governing equations is less compute-intensive and keeps the simulation stable. Its applicability on dilute phase has been 
examined by compared the prediction of pneumatic conveying with bends for traditional CFD-DEM model. Both of the models 
can obtain the same particle rope features in different types of bends. For the rope dispersion rate and the particle velocity, the 
simplified model obtains a similar results with traditional model in horizontal-vertical case and vertical-horizontal case, and has a 
significant difference in horizontal-horizontal case. 
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Nomenclature 
ug Gas velocity [m/s] Re Reynolds number [-] 
g Gravity force vector [N/kg] CD Drag coefficient [-] 
S Moment sink [N/m3] δ Particle overlap [m] 
fp-g,i Particle-gas interaction force [N] εg Volume fraction [-] 
fB Buoyance force [N] Dp Particle diameter [m] 
mi Particle mass [kg] 

Greek Symbols Ii Particle moment of inertia [Kg•m2] 
vi Particle translational velocity [m/s] n Normal component 
ωi Particle rotational velocity [s-1] t Tangential component 
G Shear modulus [Pa] i,j Particle number 
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