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ABSTRACT

The stone chip resistance performance of automotive coatings has attracted increasing attention in academic and
industrial communities. Even though traditional gravelometer tests can be used to evaluate stone chip resistance
of automotive coatings, such experiment-based methods suffer from poor repeatability and high cost. The main
purpose of this work is to develop a CFD-DEM-wear coupling method to accurately and efficiently simulate stone
chip behavior of automotive coatings in a gravelometer test. To achieve this end, an approach coupling an unresolved
computational fluid dynamics (CFD) method and a discrete element method (DEM) are employed to account for
interactions between fluids and large particles. In order to accurately describe large particles, a rigid connection
particle method is proposed. In doing so, each actual non-spherical particle can be approximately described by
rigidly connecting a group of non-overlapping spheres, and particle-fluid interactions are simulated based on each
component sphere. An erosion wear model is used to calculate the impact damage of coatings based on particle-
coating interactions. Single spherical particle tests are performed to demonstrate the feasibility of the proposed
rigid connection particle method under various air pressure conditions. Then, the developed CFD-DEM-wear
model is applied to reproduce the stone chip behavior of two standard tests, i.e., DIN 55996-1 and SAE-J400-
2002 tests. Numerical results are found to be in good agreement with experimental data, which demonstrates the
capacity of our developed method in stone chip resistance evaluation. Finally, parametric studies are conducted
to numerically investigate the influences of initial velocity and test panel orientation on impact damage of
automotive coatings.

KEYWORDS
Automotive coating; stone chip resistance; gravelometer; non-spherical particle; composite particle; CFD-DEM

Nomenclature

α Particle impact angle
αf Volume fraction occupied by the fluid
c Position vector from the particle’s center to the contact point
Cd Drag force coefficient
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dp Diameter of the component sphere
D Volume-equivalent diameter of the original particle
δn Overlap distance of two particles in contact
δt Tangential displacement vector between the two particles in contact
e Coefficient of restitution
EM Eroded mass
fc Particle-wall contact force
f p,p Particle-particle and particle-wall contact forces
f p,w Particle-wall contact forces
f p,f Fluid-particle interaction force
Fb Bonding force
Fc Resultant force of rigid composite particle
F i,s Resultant force of component sphere i
Fcn,ij Normal contact force between particle i and particle j
Fct,ij Tangential contact force between particle i and particle j
Fdrag Drag force
Fbouy Buoyancy force
F t Resultant force after bonded
g Acceleration of gravity
G∗ Equivalent shear modulus
Ip Moment of inertia of the composite particle
kn Normal elastic constant
kt Tangential elastic constant
m∗ Equivalent mass
mi Mass of the component sphere i
mp Mass of the composite particle
Mc Resultant moment on the mass center of rigid composite particle
Ns Number of component sphere in the composite particle
ρf Fluid density
ρp Particle density
Qf Air flow rate
ri Position vector from the center of mass of the composite particle to the

component sphere i
Rep Particle Reynolds number
Rp,f Momentum exchange with the particulate phase
Ri Radius of particle i
R∗ Equivalent radius
γ Impingement angle
γn Normal viscoelastic damping constant
γt Tangential viscoelastic damping constant
Sn Normal stiffness
St Tangential stiffness
tc Contact time
τ Stress tensor for the fluid phase
uf Fluid velocity
up Particle velocity
μf Fluid dynamic viscosity
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νi Poisson’s ratio of particle i
vh Initial velocity of particles
vr Relative velocity of the particle i and particle j in contact
vp Particle impact velocity
Vs Stable gas velocity
Vinlet Inlet velocity
νf Fluid kinematic viscosity
Yi Young’s Modulus of particle i
Y ∗ Equivalent Young’s Modulus

1 Introduction

Automotive coating plays an important role in providing resistance to corrosion, rusting, stone
impact and aging for vehicle surface. However, the possible damage of coating caused by flying debris
during high-speed driving could do harm to a vehicle in terms of appearance and safety. Since the
anti-impact capability of automotive coating has always been highly concerned by vehicle companies
and users, it is of great significance to find an effective and accurate method to evaluate the stone chip
resistance of the surface coating. At present, automobile companies usually adopt tests according to
standards, e.g., DIN 55996-1 and SAE J400-2002, to evaluate the stone chipping resistance of the
coating. Although test evaluation has the advantages of intuition and reliability, it is of high cost, low
efficiency and poor repeatability. Evaluation by computer simulation can parameterize the research
and overcome the deficiency of experiment. Besides, the simulation results can also serve to guide the
test, which significantly shortens the development cycle.

The standardized tests are often performed on a gravel projecting test apparatus, which is
named gravelometer in standard SAE J400-2002. In order to accurately and efficiently reproduce the
movement of particles in the experiment and obtain reliable impact velocity and impact position for
wear model by simulation, the widely accepted coupled CFD-DEM method (unresolved CFD-DEM)
is employed in this study. Attributed to its excellent computational efficiency and the capability to trace
the particle motion, the unresolved CFD-DEM method is widely used in particulate flow simulations
such as pneumatic conveying, fluidized bed and blast furnace [1]. Related researches have proven
that this method has the capability to reproduce complicated flow regimes and particle motions in
pipelines [2,3]. In addition, combined with a wear model, the unresolved CFD-DEM method has
been confirmed to have the capability to predict the particle-induced erosion [2], which is promising
for the application on the automotive coating. For instance, Zhao et al. [4] and Tang et al. [5] studied the
erosion in a centrifugal pump during non-spherical particle transportation. By similar means, Nguyen
et al. [6] investigated the effect of impinging angle, sand particle flux and impinging velocity on the
erosion rate and erosion pattern of a specimen surface.

Nevertheless, the conventional unresolved CFD-DEM method has its limitations. The first
limitation is the difficulty of non-spherical particle representation, which is of great necessity in this
study as is demanded in the corresponding standardized tests. However, the models implemented in
the conventional unresolved CFD-DEM method are mostly developed for spherical particles, which
means both DEM approaches and CFD-DEM coupling strategies need to be further redeveloped for
non-spherical particles [7]. So far, a number of researchers have been devoted to developing proper
presentation method for non-spherical particles to reproduce non-spherical granular flows. For cases
where the particle’s shape representation and contact do not play a major role in its movement, the
non-spherical particles can be substituted by spherical particles that have equivalent diameters and
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shape factors [8–10]. Factors such as sphericity [11,12], roundness [13], circularity [14] are used as an
implementation of the drag coefficient. Relevant experimental researches are needed to determine the
particle’s movement pattern under different circumstances, and a drag coefficient correlation can be
formulated considering the effect of the particle shape and possibly the particle moving orientation
[15,16]. This method is easy to implement and has the capability to accurately simulate particle
translation such as particle settlement, but the particle rotation is predicted with lower accuracy.
For other cases where the particle shape representation is considered necessary, analytical models,
e.g., ellipsoids, cylinders, super-quadrics and polyhedrons, were developed to present complex shapes
within discrete element method [17]. In addition to the drag coefficient correlation mentioned above,
new particle representation model and contact model are required for the particle-particle and particle-
wall contact detection as well as contact force computation [18]. This method can be quite detailed
and realistic in describing particle motion of a specific shape, and has higher computational efficiency
compared with methods of the same precision [19], which is more suitable for industrial applications.
Podlozhnyuk et al. [20] modeled several particle shapes by super-quadric model and applied them to
cases such as angle of repose measurement and hopper/silo discharge, which showed promising results
qualitatively and quantitatively. But this method also has high development difficulty in handling
contact detection and it is hard to deal with the occasions where there exist a variety of non-spherical
particles.

The most popular approach to define non-spherical particle is the composite particle method,
in which several component spheres are bonded together for shape approximation. The composite
spheres method is excellent in its simplicity and unrestricted shape representation [17]. It is easy to
implement because the established framework of spherical DEM can be directly applied to component
spheres of the composite particles. The accuracy of particle shape representation and inter-particle
contact computation increases with the component sphere number in an individual composite particle
[21], but so does the computational cost. As a result, most researches on composite particle try to use
as few spheres as possible to create non-spherical particle considering computational efficiency [22].

The composite particle model with component spheres overlapping is broadly used to form non-
spherical particles in granular flows. Li et al. [23] studied the particulate flow in the air-blowing seed
metering device adopting overlapping composite particles to represent the shape of the soybean seed.
Ren et al. [24] investigated the spouting action of corn-shaped particles in a cylindrical spouted bed.
The corn-shaped particles are composed of overlapping spheres and the contact pattern was further
illustrated. Nevertheless, when coupled with fluid, the large overlapping between spheres increases
the difficulty of the computation of void fraction and affects the accuracy of inter-phase interaction
force calculation. The non-overlapping composite particles are mainly used in CFD-DEM simulations
to address the issue described above. By using the bonded particle method (BPM), Jensen et al. [25]
arranged the particles into a line without overlapping to approximate the shape of the flexible fiber. The
flexibility of particles was well presented by the BPM method, and the predicted drag coefficient was
in good agreement with the experimental one. Guo et al. [26] adopted glued-sphere particles and true
cylinder particles to study the influence of particle shape on the granular flow behavior. Similarly, Sun
et al. [22] bonded a few particles without overlapping together to represent a series of sediment grain
shapes in simulation. The fluid-particle interaction force is computed and applied on every component
sphere, which shows better performance in representing the fluid-exerted torque on the composite
particles. Therefore, for the complex situations in this study where multiple non-spherical particles are
involved, the composite particle method has high application value.

The second limitation is the mesh-particle size ratio. For the unresolved CFD-DEM method, by
solving the locally averaged Navier-Stokes equation, the flow around each particle is volume-averaged
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in the local domain [27]. To ensure the accuracy and astringency of the computation, the size of the
mesh should at least be 3 times as large as the size of particles [28,29]. But in stone chip resistance
tests, in order to obtain a stable and sufficient acceleration effect, the size of selected projectiles is
often not much smaller than the diameter of accelerating pipe. In this case, if the requirement of mesh-
particle size ratio is met, the fluid mesh will be too coarse to get convergent results. To overcome this
“large particle” limitation, there are basically two approaches. One is to use the resolved CFD-DEM
method (DNS-DEM) as a substitute to handle the coupling. The difference between the “resolved”and
“unresolved” CFD-DEM method is whether the particles and the flow around them are resolved in
the fluid field. Different from the unresolved CFD-DEM method where the detailed flow around each
individual particle is locally averaged, the resolved CFD-DEM method has the capability to capture
particle boundaries and the fluid flow around each particle precisely [30]. A semi-resolved CFD-DEM
method proposed by Cheng et al. [31] combines the unresolved and the resolved CFD-DEM method
to deal with situations where coarse particles and fine particles coexist. It overcomes the contradiction
between the requirements of different particle sizes for the mesh size and the computational difficulty
of large particle motion in the flow field. However, to keep the results accurate and precise, the resolved
CFD-DEM method requires the particle diameter to be 10 times more than the mesh size, which leads
to a large-scale model and heavy computational burden [29,32]. Moreover, in high Reynolds number
conditions, the mesh around particles should be finer in order to resolve the boundary layer, which
further increases computational cost [33].

The other method is to improve the void fraction model on the basis of the unresolved CFD-
DEM method. At present, the most broadly used void fraction models in the unresolved CFD-DEM
method are the particle centroid method (PCM) and the divided particle volume method (DVPM)
[34]. The PCM simply attributes the entire volume of a particle to the cell where the ball center is
located, while The DVPM searches for all the particles overlap with the targeted cell, calculates and
sums up the overlap volume to compute the void fraction. These two methods are considered accurate
when the mesh size is much larger than the particle size, but error increases when the mesh size is close
to or smaller than the particle size. In extreme cases, the local extremes of void fraction of the cells
around particle centroid may reach or exceed 100%, which means the cell is fully occupied by particles.
Continuity equation are very likely to diverge in this situation. And that is the essence of “large particle”
limitation. Related researches have been conducted by many researchers. Link et al. [35] proposed a
porous cube method to calculate the void fraction. In this method, the volume of every single sphere
is evenly distributed to a cubic space, which is several times larger than the particle and centered on
the ball center, to smooth void fraction and avoid local extremes of void fraction in the cells around
particle centroid. Then the void fraction of several cubic spaces will be mapped to actual void fraction
field. Similarly, Jing et al. [36] replaced the cubic space in the porous cube method with a spherical
space and put forward a porous sphere void fraction model to simulate particle sedimentation. Xiao
et al. [37] introduced a distance-dependent weighting function into the porous sphere method, further
optimizing the calculation from particle volume distribution. Volume of a certain particle is distributed
to all the cells within a specified cutoff distance, which is based on a Gaussian function and the distance
from the cell center to the particle centroid. It shows better performance in reproducing the influence
of particles upon flow field than the volume averaging strategy. Likewise, Yang et al. [38], Zhu et al.
[39] introduced respectively a Gaussian function and a double cosine kernel function (SCKF) into the
semi-resolved method as the void fraction distribution function to handle the coarse particles.

Taking the aforementioned limitations into account, Xiong et al. [40] bonded quantities of
particles together to form a large particle of irregular shape based on the bonded particle method
(BPM). The particles do not overlap, giving rise to a physically-porous composite particle. The
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fluid forces are calculated on each small particle. The method was compared with the immersed
boundary method (IBM) through single particle sedimentation simulation. The computation results
showed that with a similar accuracy, the BPM has obvious advantages over the IBM in terms of
computational efficiency, especially when large quantities of particles are situated in the computational
domain. However, after collision, the bonded particles are likely to deform or even break down due
to bond breakage, making the simulation unstable. Moreover, the additional degrees of freedom
of the component spheres which belongs to the same composite particle unnecessarily increases
computational cost.

In this work, the rigid connection particle method is proposed to address the issues of the bonded
particle method mentioned above. While the unresolved CFD-DEM method is still adopted to describe
the gas-particle two-phase flow field, the adhesive bond connections between particles in the bonded
particle method is replaced by rigid connections to form composite particles. This method uses
hundreds of and possibly thousands of non-overlapping spheres to approximately represent the shape
of the original particle. The sphere cluster is treated as a rigid body. According to the resultant external
force and position of each component sphere, the resultant force and moment of the rigid composite
particle is computed, which is then used to solve the motion of the rigid composite particle. The
proposed method combines the composite sphere method with the idea of the porous sphere method. It
replaces the original particles with non-overlapping composite particles to realize the porous structure.
On the one hand, particles of any shape can be represented using the composite particle method. On the
other hand, the local extremes of void fraction around particle centroid can also be avoided, attributed
to the porous structure. Moreover, by controlling the diameter of component spheres, the requirement
of mesh-particle size ratio can be met to keep the numerical results accurate and convergent. As a
consequence, it can cope well with the simulations of DIN and SAE tests. Moreover, as an optimization
of the BPM, the proposed method has better performance in reproducing the particle rotation and is
free from the concerns of bond breakage.

This paper is organized as follows. In Section 2, the governing equations of the unresolved
CFD-DEM method and the newly proposed method for handling large particles are introduced. In
Section 3, we perform single spherical particle motion simulations with the rigid connection particle
method. The competence of the method under high-Reynolds number conditions is demonstrated by
comparing the numerical results with the experimental outcomes as well as that predicted by using the
bonded particle method. In Section 4, coupled with wear model originally proposed by Finnie [41],
the proposed method is applied to DIN standard and SAE standard multi-particle simulation, and
the results are compared with experiments in terms of particle impact velocity and impact damage
distribution. The influences of average impact velocity and test panel orientation on coating damage
are then numerically studied, which proves the validity and accuracy of the proposed method in
evaluating the coating resistance towards the stone chipping. Finally, Conclusion of this study is drawn
in Section 5.

2 Numerical Method

The unresolved CFD-DEM method employed in this study is founded on the Euler-Lagrangian
framework [42]. The fluid, which is air in this study, is regarded as a continuous phase based on the
Euler method, and the locally averaged characteristics of fluid are accounted for by using the finite
volume method. The standard k-ε model is applied to the simulations in this study. Solid particles
are regarded as a discrete phase based on the Lagrangian method. The translational and rotational
motions for each composite particle are updated based on the discrete element method. The interaction
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of fluid and particle is realized in the form of momentum exchange. In this section, the equations for
the rigid connection particle method are at first introduced, and the equations describing the fluid
flows, the fluid-particle interaction as well as the particle-induced wear are then presented. At last,
the structure of the unresolved CFD-DEM method is briefly introduced.

2.1 Rigid Connection Particle Method Based on DEM
In this study, a novel method called rigid connection particle method is proposed to handle large

particles in a narrow channel. A group of spheres are rigidly connected to form a rigid composite
particle of arbitrary shape, and some instances are shown in Fig. 1. In this way, the actual particle size
is reduced and flow field mesh’s restrictions on particle size are relaxed.

Figure 1: Some instances of rigid composite particle

A rigid composite particle usually consists of hundreds of component spheres which do not
overlap and fit tightly. It was pointed out in previous studies that the size of the mesh should at least be 3
times as large as the size of particles to ensure the accuracy and astringency of the computation [28,29].
In order to minimize the number of component sphere contained in a large particle and improve
computational efficiency, the radii of component spheres are all set to be 1/3 of the minimum cell
size. Derived from the DEM, the translational and rotational movements of rigid composite particles
are calculated based on Newton’s second law of motion [43,44]:

mp

du
dt

=
Ns∑
i=1

F i,s (1)

Ip

dw
dt

=
Ns∑
i=1

(
ri × F i,s

)
(2)

F i,s = mig + f p,f + f p,p + f p,w (3)

where mp is the mass of the composite particle; Ip is the moment of inertia of the composite particle; Ns

is the number of component spheres in the composite particle; ri is the position vector from the center
of mass of the composite particle to the component sphere i; F i,s is the resultant force of component
sphere i; mig is the gravity acting on the component sphere i; f p,p and f p,w denotes the particle-particle
and particle-wall contact forces; f p,f is the fluid-particle interaction force, which in this study is the
combination of the drag force and the buoyancy.

Although the appearance of the rigid composite particle is similar to that of the bonded composite
particle proposed by Xiong et al. [40], there is a big difference between these two methods in numerical
implementation. The principles of these two methods are displayed and compared in Fig. 2. The
bonded particle method assumes that the particles are connected via spring-dashpot systems in the
tangential and normal directions. The bonding force between particles keeps the component particles
moving as a whole, and the movement of each sphere is computed individually. Since this method does
not calculate the moment of composite particle, the representation of the particle rotation will be much
less accurate. Also, the additional degrees of freedom of the component spheres which belongs to the
same composite particle increases the force and speed fluctuations.
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Figure 2: The comparison of numerical implementation between the two methods (F1, F2: original
resultant force before connected; Fb: bonding force; Ft: resultant force after bonded; Fc, Mc: resultant
force and moment on the mass center of rigid composite particle)

In comparison, the rigid connection particle method fixes the relative position of the two spheres
and treats them as a whole, transforming the forces on sphere to the forces and moments on the center
of mass of the composite particle, which has better performance in describing particle movement. As
shown in Fig. 3, two non-spherical composite particles, which are identical except for the connection
method, collides with a wall and bounces under the same conditions. Usually, when a particle collides
with a wall, the tangential contact force will produce a torque which rotates the particle. The rigid
composite particle can reproduce the rotation while the bonded particle almost keeps its orientation
unchanged. Besides, the proposed method can use longer time step without the occurrence of bond
breakage and unphysical oscillations, which is conducive to improving computational efficiency.

Figure 3: Particle trajectory after collision (a) the bonded particle method (b) the rigid connection
particle method
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2.2 Locally Averaged Navier–Stokes Equations for Fluid Flows
The fluid phase is assumed to be incompressible in order to simplify the simulation model. It is

governed by the corresponding locally averaged Navier-Stokes equations [27]:

∂αf

∂t
+ ∇ · (αf uf ) = 0 (4)

∂(αf ρf uf )

∂t
+ ∇ · (αf ρf uf uf ) = αf ρf g − αf ∇p + ∇ · (αf τ ) + Rp,f (5)

where αf is the volume fraction occupied by the fluid; uf is the fluid velocity; ρf is the fluid density;
τ = νf ∇uf denotes the stress tensor for the fluid phase with the νf being the kinematic viscosity; Rp,f

represents the momentum exchange with the particulate phase, which is calculated for each cell and is
assembled from the drag forces of particles within the cell in this study.

2.3 Contact Model for Solid Phase
The particle-wall contact and particle-particle contact are computed based on the Hertz-Mindlin

no-slip contact model [45,46] and a soft-sphere model proposed by Cundall et al. [43]. This model treats
component spheres as soft spheres, and allows small overlap between particles and between particles
and walls. An example of particle-particle contact is shown in Fig. 4a. When two composite particles
get close enough, a component sphere on composite particle A will overlap with a component sphere
on composite particle B. The normal and tangential contact forces are computed based on a non-
linear spring-dashpot contact model, as shown in Figs. 4b, 4c. The equations of the normal contact
force Fcn,ij and tangential contact force Fct,ij are given by:

Fcn,ij = −knδn,ijnij − γnvrn,ijnij (6)

Fct,ij =
{−ktδt,ijtij − γtvrt,ijtij (

∣∣Fct,ij

∣∣ ≤ μ
∣∣Fcn,ij

∣∣)
−μ |Fn| tij (

∣∣Fct,ij

∣∣ > μ
∣∣Fcn,ij

∣∣) (7)

where n and t denote normal and tangential unit vectors; vr denotes the relative velocity of the sphere
i and sphere j in contact; k and γ represent the elastic constant, viscoelastic damping constant,
respectively; δn represents the overlap distance of two spheres in contact while δt represents tangential
displacement vector between the two spheres in contact.

Figure 4: The spring-dashpot contact model (a) The definition of the overlap distance (b) normal
contact force (c) tangential contact force
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Further, the normal and tangential elastic constant as well as viscoelastic damping constant are
computed as [47]:

kn = 4
3

Y ∗√R∗δn, γn = −2

√
5
6
β
√

Snm∗ ≥ 0, (8)

kt = 8G∗√R∗δn, γt = −2

√
5
6
β
√

Stm∗ ≥ 0, (9)

Sn = 2Y ∗√R∗δn, St = 8G∗√R∗δn (10)

β = In(e)√
In2(e) + π 2

(11)

where Sn is the normal stiffness; St is the tangential stiffness; e is the coefficient of restitution; Y ∗ is
the equivalent Young’s Modulus; G∗ is the equivalent shear modulus; R∗ is the equivalent radius; m∗ is
the equivalent mass.

The equivalent Young’s Modulus, equivalent shear modulus, equivalent radius, equivalent mass
are defined as:

1
Y ∗ = (1 − ν2

i )

Yi

+ (1 − ν2
j )

Yj

(12)

1
G∗ = 2(2 − νi)(1 + νi)

Yi

+ 2(2 − νj)(1 + νj)

Yj

(13)

1
R∗ = 1

Ri

+ 1
Rj

;
1

m∗ = 1
mi

+ 1
mj

(14)

where Yi and Yj are the Young’s Modulus of sphere i and j; νi and νj are the Poisson’s ratio of sphere i
and j; Ri and Rj are the radius of sphere i and j; mi and mj are the mass of sphere i and j.

2.4 Fluid-Particle Interaction
In the unresolved CFD-DEM method, the interaction force between the fluid and particle is

generally calculated by an empirical formula determined via experiments. In this study, the drag force
Fdrag and the buoyancy force Fbouy are taken into consideration. The drag force acting on component
spheres is formulated as [34,48]:

Fdrag = 1
8

Cdρf πd2
p

∣∣uf − up

∣∣ (uf − up) (15)

where up and uf are the particle velocity and the fluid velocity of the gird where the sphere located; ρf

is the density of air; dp is the diameter of the component sphere; Cd is the drag force coefficient given
by di Felice [49]. The definition of drag force coefficient is given as:

Cd =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

24
Rep

Rep ≤ 1(
0.63 + 4.8√

Rep

)2

Rep > 1
(16)
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Rep = ρf dp

∣∣uf − up

∣∣
μf

(17)

where Rep is the particle Reynolds number, μf is the fluid dynamic viscosity.

Moreover, Kodam et al. [50] concluded that although the use of more component spheres in a
composite particle could improve the accuracy of geometrical shape representation, it can lead to
a reduced accuracy in force modeling. Because of the porousness of the composite particle in this
work, part of the flow which should have gone around the particle travels through it instead, which
causes errors in the computation of drag force. To reproduce the particle movement, the averaged fluid
velocity of all the girds overlapped with the certain composite particle is calculated as the background
velocity. A new coordinate system is created with the direction of the background velocity as the X’
axis and the Y’ axis parallel to the original XY plane, as shown in Fig. 5.

Figure 5: Definition of the background fluid velocity

Subsequently, a parameter K dependent on the composite particle characteristics is used as a
multiplier to scale the drag force component Fdrag,z′ and Fdrag,y′ so as to correct the velocity and movement
of particles. The parameter is calibrated based on the test and simulation data and is formulated as:

K = 0.0765
N3.14

s

×
(

D
dp

)10.32

(18)

where D is the volume-equivalent diameter of the original spherical or non-spherical particle; dp is the
diameter of component sphere; Ns is the number of spheres in a single composite particle.

2.5 Wear Model
The coating damage is predicted by using the erosion wear model proposed by Finnie [41] in

simulation. The rate of wear is calculated on the basis of the rate of kinetic energy:

E = kv2
pf (γ ) (19)

where k is a constant; vp represents the particle impact velocity; f (γ ) denotes the dimensionless
function of the impact angle and is calculated as:

f (γ ) =

⎧⎪⎪⎨
⎪⎪⎩

1
3

cos2(γ ) γ > arctan(
1
3
)

sin(2γ ) − 3sin2
(γ ) γ ≤ arctan(

1
3
)

(20)
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The eroded mass (EM) during contact time can be computed as:

EM = ∫ tc

0

dE
dt

dt mp ≈ 2k
∫ tc

0
vp f (γ ) fc dt (vpc > 0) (21)

where tc is the contact time; mp is the particle mass; fc is the particle-wall contact force; c is the position
vector from the particle’s center to the contact point.

2.6 The Unresolved CFD-DEM Algorithm
In this paper, the proposed method and the unresolved CFD-DEM method are implemented in

CFDEM®coupling framework [51]. As shown in Fig. 6, the two-way coupling of the open source CFD
solver, i.e., OpenFOAM [52], and DEM solver, i.e., LIGGGHTS [53], is realized via the CFDEM
coupling interface. Generally, the CFD time step is set to be an integer multiple of the DEM time step
to save computational cost, and the integer is chosen as 10 in this paper. The coupling computation in a
CFD time step is performed in the following way. At first, the flow field data calculated in the last time
step is transferred to the coupling interface. Combined with all the particle information fetched by the
coupling interface, the void fraction field and the interaction force for each sphere are computed. After
that, the interaction force is transferred to the DEM part as an external force acting on component
sphere. The DEM solver is then triggered and the translation and rotational motions of composite
particles are computed on the basis of the rigid connection particle method. Next, the positions of the
component spheres are updated. The panel erosion caused by particle-wall contact is also computed.
Another 9 DEM time steps will then be computed before the interaction force and void fraction field
being transferred to the CFD part. Finally, the Navier-Stokes equations are solved for the next CFD
time step.

Figure 6: Structure of the unresolved CFD-DEM algorithm
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3 Model Validation

Currently, most researches on large particles focus on low Reynolds number conditions. In order
to verify the feasibility of the proposed method under the situations of high Reynolds number, single
particle motion tests were carried out on the stone chip resistance gravelometer, and the corresponding
simulation is performed in our study. The structure of the gravelometer used in this research is shown
schematically in Fig. 7. In order to adapt to different standards and research needs, the output air
pressure, the orientation of test panel, as well as the size of the accelerating pipe can be adjusted.
For multi-particle test, a certain amount of gravel is thrown into the feed inlet, falls uniformly under
vibration, moves through the pipe driven by high-speed air flow and impacts the test panel. But in
order to ensure the repeatability of single particle motion tests, instead of being put in through the
vibrating feeder during test, a 5 mm diameter steel ball is placed in the DIN standard accelerating pipe
in advance with its initial position determined. When the test begins, the steel ball moves through the
pipe under the drive of high-speed air flow with its trajectory captured by a high-speed camera. The
particle velocity can be calculated from the displacement between two consecutive frames in the video.

Figure 7: Schematic of the structure of gravelometer (Decompression components and measurement
components are omitted)

Five single particle tests S1 to S5, with air pressures setting ranging from 0.05 MPa to 0.25 MPa,
were used to verify the applicability of the proposed approach in a variety of high Reynolds number
conditions. Simulations are conducted in both the rigid connection particle method and the bonded
particle method according to the experimental conditions to compare their computational efficiency
and accuracy. The simulations focus on the motion of particle inside the DIN accelerating pipe, and
the computational domain is set to be a horizontal circular pipe with a length of 290 mm and an inner
diameter of 30 mm. Its schematic diagram and related dimensions and parameters are shown in Fig. 8.
Parameters for different cases are displayed in Table 1.
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Figure 8: Schematic diagram of the single particle simulation

Table 1: Parameters set for different single particle cases

Case Air pressure setting (MPa) Stable gas velocity (m/s)

S1 0.05 26.1
S2 0.1 31.3
S3 0.15 37.3
S4 0.2 42.0
S5 0.25 46.1

Simulation parameters are set according to experimental conditions, with the stable gas velocity
Vs computed based on the measured air flow obtained from the flow meter. The inlet is set as a velocity
inlet, and in order to simulate the accelerating of gas velocity once the valve opens, a piece wise function
is used to describe the inlet velocity:

Vinlet =
{

Vs(1 − e−t/0.065) t <= 0.04
Vs t > 0.04 (22)

The outlet is set as a pressure outlet, with the fixed pressure value set as 0. No-slip boundary
condition is applied on the wall of the pipe. The 5 mm diameter spherical composite particle is made
up of 615 component spheres with a diameter of 0.5 mm, and is placed in the corresponding position
of the steel ball in the experiment. The composite particle used in the rigid connection particle method
and the bonded particle method are identical except for the way the component spheres are connected.
Other parameters for fluid and particles are displayed in Table 2. Parameters for the bonded particles
are set to be the same with Xiong et al. [40]. For brevity, they are not presented in this paper.

Table 2: Physical and numerical parameters of single particle simulation

Parameters Values

Fluid phase:
Gas density (kg/m3) 1.225
Gas viscosity (Pa·s) 1.79 × 10−5

CFD time step (s) 1 × 10−5

Solid phase:
Particle density (kg/m3) 7890
Young’s modulus (GPa) 208

(Continued)
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Table 2 (continued)

Parameters Values

Poisson ratio (–) 0.3
Restitution coefficient (–) 0.8
Friction coefficient (–) 0.3
DEM time step (s) 1 × 10−6

Fig. 9 compares the predicted histories of horizontal particle displacement with the experimental
outcomes. The solid line and the dashed line represent the simulated results using the rigid connection
particle method and bonded particle method respectively, and the scattered point represents the
experimental results. As shown in the graph, along the horizontal direction of the computational
domain, the particle starts to move from rest driven by high-speed airflow, with its horizontal velocity
increasing continuously until the particle leaves the computational domain. The particle horizontal
velocity at the outlet increases with the increase of set air pressure. The simulation results of the both
methods are in great agreement with the experimental results, but the results of the rigid connection
particle method have smaller discrepancy in higher air pressure conditions.

Figure 9: The particle displacement in x direction (R and B represent the simulation results of the rigid
connection particle method and bonded particle method, E represent the experimental results)

In the vertical direction, it is hard to capture the particle movement accurately since the movement
amplitude is not large enough for the high-speed camera and corresponding post-processing software.
Given the above, the results are described with the maximum height the particle reaches and the
number of particle collisions against the pipe wall. The data is displayed in Table 3. The particles are at
first lifted by the high-speed air flow, and fall under the influence of gravity, back and forth, colliding
with the pipe wall several times. The experimental and numerical results show similar trend that the
higher the air pressure is set, the greater the amplitude of particle uplift and the fewer collisions with
the pipe wall.
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Table 3: The characteristics of particle motion in z direction (R and B represent the simulation results
of the rigid connection particle method and bonded particle method)

Parameters Values

Air pressure set (MPa) 0.05 0.1 0.15 0.2 0.25

The max
height (mm)

Experiment 1.24 2.27 4.06 4.87 5.11
Simulation (R) 1.19 2.57 4.15 5.49 6.5
Simulation (B) 0.63 2.00 3.58 4.56 5.48

The number of
collisions

Experiment 2 2 1 1 0
Simulation (R) 2 1 1 0 0
Simulation (B) 3 1 1 0 0

Therefore, for the several conditions involved in the standardized multi-particle experiment in this
study, it can be considered that the proposed rigid connection particle method shows higher accuracy
and greater applicability in describing large particle motion.

4 Simulations and Discussion

Simulations presented in this paper can be divided into three parts: in Sections 4.1 and 4.2, the
rigid connection particle method is applied to simulations under DIN and SAE stone chip resistance
standard test conditions. Simulated coating damage presented by wear model are compared with the
experimental damage on the coating panel to prove the application value of this method. In Section 4.3,
simulations are conducted to assess the performance of the proposed method to reproduce the
difference of the coating damage under different impact velocity and test panel orientation conditions.

4.1 Multi-particle Simulation—DIN Standard
This simulation is established according to the DIN55996-1 standard experiment. Its schematic

diagram and some relevant parameters are shown in Fig. 10. According to the experimental conditions,
a circular pipe with a diameter of 30 mm is used as the acceleration pipe. 500 g chilled cast iron particles
with edges and corners are uniformly injected into the pipeline within 10 s. The test panel with the size
of 100 × 200 mm is obliquely placed at an angle of 54° to the horizontal plane and serves as a no-slip
fixed wall. There are meshes on the coating panel used for region partition in the wear computation.

In the experiment, flow conditions at the three-way pipe which connects the nozzle, the accelerat-
ing pipe, and the feeding tube are complicated. For the purpose of minimizing the computational cost,
the model is simplified. The horizontal particle velocity at the inlet of accelerating pipe is measured
through experiment, and it is set to be the initial velocity of particles once they generate in simulation. It
can be concluded from experiments that the horizontal initial velocity is approximately proportional to
the nozzle flow velocity, and negatively related to the equivalent diameter and density of the particles.
It can be simply estimated by an empirical formula:

vh = Kh · Qf

ρp
0.5D1.1

(23)

where Kh is a constant valued 59.6; Qf is the air flow rate used as a replacement of nozzle flow velocity;
ρp is the density or the average density of particles; D is the volume equivalent diameter.
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Figure 10: Schematic diagram of the simulation based on DIN standard experiment

Simulation is then performed by using the simplified model, with the inlet of accelerating pipe
being velocity-inlet, outlet of the protection box being pressure-outlet, and the wall being no slip
boundary condition. A one-third sphere-shaped composite particle made up of 809 component
spheres is used to approximately represent the chilled cast iron particle in experiment, and its shape
is shown in Fig. 11. For the initial velocity of particle, the horizontal component is determined by
Eq. (11), the vertical component is determined by the particle falling height and restitution coefficient.
Furthermore, the air pressure is set to 0.1 MPa, and other parameters of DIN standard simulation is
set to be the same with the single particle motion simulation in Section 3. The simulation time is set to
be 1 s, for it is enough to show the distribution of particle impact.

Figure 11: The shape of particles used in DIN test and simulation (a) Chilled iron cast particle (b)
Composite particle used in DIN simulation

The evaluation of the simulation results will be carried out from two aspects: particle impact
velocity and particle impact damage distribution. For the assess of particle impact velocity, 30
particles in a continuous period are selected from experiment and simulation respectively, whose
impact velocities as well as impact angles are compared in Fig. 12 and Table 4. The each scatter on
Fig. 12 represents a certain particle impact in the experiment or in the simulation, with its coordinates
indicating the impact velocity and impact angle of this particle impact. It is worth mentioning that
the y direction component of impact velocity is often less than 1/25 of the x direction component,
and is thus ignored in the calculation of impact angle. Generally, with respect to the average value,
impact velocity and impact angle of the simulation agree well with that in experiment. Nevertheless,
because the particle injection velocity is used as a replacement of the initial acceleration effect at the
three-way pipe, the particle movement in simulation appears to be more regular and uniform, resulting
in a smaller standard deviation and a narrower range of entrance angle, i.e., the direction of particle
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velocity at the outlet of accelerating pipe, as shown in Fig. 13. Also, the simulated impact velocity has
a smaller span than that in experiment.

Figure 12: Comparison of simulated particle impact velocity and impact angle with DIN experimental
results (Definition of the parameter α and v described in the right)

Table 4: Comparison of simulated particle impact velocity and impact angle with DIN experimental
results

Parameter Method Average value Standard
deviation

Maximum
value

Minimum
value

Impact velocity Experiment 5.763886 0.90782 7.38567 3.72422
Simulation 5.638991 0.549886 6.57404 4.53922

Impact angle Experiment 129.3204 6.288138 140.9314 118.875
Simulation 129.6234 5.282901 139.6818 114.2849

Figure 13: The difference in the range of entrance angle between DIN simulation and experiment (black
solid line for experiment and red for simulation)

In terms of impact damage distribution, the picture of the coating panel after DIN standard test
and the simulated coating damage presented by wear model are displayed in Fig. 14. The coating
panel is evenly divided into five parts from top to bottom for the convenience of comparison and
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analysis. Impact damage distribution is defined as the proportion of impact damage on each part to
the total impact damage, which is displayed in Fig. 15. As can be obtained from the experimental
test panel, due to the projectiles’ numerousness as well as their sharp edges and corners, almost the
entire panel is subjected to minor scratches and small area damage. Although the impact damage on
the simulated test panel is less than that on the experimental one limited by the simulation time, the
impact damage distribution can be clearly obtained. As shown in Fig. 15, the distribution in simulation
is in consistence with experimental results, except that the overall impact position in simulation is lower
than the experimental results due to the difference in entrance angle aforementioned. In addition, the
simulation and experimental outcomes are in good agreement in showing that the impact on the middle
part of the coating causes severer wear.

Figure 14: Damaged DIN coating panel of experiment (left) and simulation (right)

Figure 15: The impact damage distribution over different parts of DIN coating panel
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4.2 Multi-Particle Simulation—SAE Standard
The simulation established according to the SAE J400-2002 standard experiment is shown in

Fig. 16. According to the experimental conditions, a circular pipe with a diameter of 52 mm is used as
the acceleration pipe, and 1pt pebbles are uniformly injected into the pipeline within 7 s. The coating
panel with a size of 100 × 300 mm is placed vertically to the airflow direction and serves as a no-slip
fixed wall. Meshes are divided on the coating panel used for region partition in the wear computation.
The simulation is simplified based on the same principle in Section 4.1. Likewise, the gas inlet of the
accelerating pipe is set as fixed value velocity inlet. The inlet velocity is set to be 31.1 m/s as is obtained
from the flowmeter under the condition of 0.48 MPa air pressure setting. The outlet in the protection
box is treated as fixed value pressure outlet with the value being 0. For brevity, other parameters are
listed in Table 5.

Figure 16: Schematic diagram of the simulation based on SAE standard experiment

Table 5: Parameters of SAE standard simulation

Parameters Values

Fluid phase:
Air pressure (MPa) 0.48
Gas density (kg/m3) 1.225
Gas viscosity (Pa·s) 1.79 × 10−5

Fluid time step (s) 1 × 10−5

Solid phase:
Component sphere diameter (mm) 1.0
Particle density (kg/m3) 2660
Young’s modulus (GPa) 60
Poisson ratio (–) 0.25
Restitution coefficient (–) 0.8
Friction coefficient (–) 0.3
Initial velocity (m/s) (8.5, 0, −1.0)
Solid time step (s) 1 × 10−6
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By sorting and categorizing the pebbles used in the experiment, two ellipsoidal composite particles
of different sizes, two rounded quadrangular pyramid composite particles of different sizes, i.e., a
total of four kinds of composite particles are used to approximate the shape of the pebbles during the
experiment. The shapes of the composite particles as well as the pebbles are shown in Fig. 17. The
simulation time is set to be 2 s, for it is adequate to obtain the pattern of particle impact.

Figure 17: The shape of particles used in SAE test and simulation (a) instances of pebble particles (b)
composite particle used in SAE simulation

In the experiment and simulation respectively, 30 particles are selected in succession with their
trajectories recorded. The results are compared through a scatter diagram with the particle impact
velocity v being the x coordinate and the impact angle α being the y coordinate, as shown in Fig. 18.
The corresponding data is also analyzed in Table 6. Similar to Section 4.1, the y direction component
of impact velocity is ignored. With respect to impact velocity, the simulated average particle velocity
is in good agreement with that in the experiment. However, compared with the simulation results, the
particle velocity in the experiment has a larger span. Apart from the influence of the injection velocity,
the simplification of particle shape and density may also play an important role. The simulation and
experiment are in accord in terms of impact angle from the aspects of average value and the standard
deviation. Generally, the number of particles with an impact angle greater than 90° is more than those
with an impact angle less than 90°, under the influence of gravity. The comparison of entrance angle
between simulation and experiment is displayed in Fig. 19. Because of the high particle velocity and
the short accelerating pipe in SAE simulation, the uniformly set initial velocity has little effect on the
z direction velocity component and entrance angle.

Figure 18: Comparison of simulated particle impact with SAE experimental results (The definition of
the parameter α and v described in the figure)
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Table 6: Comparison of simulated particle impact velocity and impact angle with SAE experimental
results

Parameter Method Average value Standard
deviation

Maximum
value

Minimum
value

Impact velocity Experiment 8.424316 1.375961 11.51017 5.76509
Simulation 8.243987 0.759827 9.77719 6.76235

Impact angle Experiment 93.16781 5.967271 104.5742 78.31063
Simulation 92.66519 6.600232 106.439 78.9241

Figure 19: The difference in the range of entrance angle between SAE simulation and experiment (black
solid line for experiment and red for simulation)

The picture of the coating panel after test and the coating damage presented by wear model in
simulation is displayed in Fig. 20. To facilitate comparison and analysis, the coating panel is evenly
divided into 6 parts from top to bottom. The impact damage distribution of experiment and simulation
is displayed and compared in Fig. 21. The distribution is presented by the percentage of impact
damage on each part to the total impact damage. It can be known that the particle impact is mostly
concentrated in the lower middle position of the sample, with a small part of the damage located at
the upper and lower parts of the coating. In addition, the simulated test panel shows similar pattern
with the experimental one that the particle impacts in Part 4 and Part 5 cause larger damage area or
more eroded mass.

Also, compared with the DIN simulation in Section 4.1, the projectiles in the SAE simulation
have greater mass and impact velocity, which means they have higher kinetic energy when impact.
Therefore, the simulated eroded mass in the SAE standard simulation is much larger than that in the
DIN standard simulation, and the deformation of the substrate of the SAE sample in test is much more
pronounced than that of the DIN sample. However, the overall experimental damage area appears
to be smaller than that on the DIN sample in test. Apart from the factor of projectile quantity, the
sharp cast iron may have a greater ability to damage the surface of coating than rounded pebbles.
This phenomenon also implies although the wear model can be served as a useful tool to predict
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impact damage distribution and relative damage area, it is not suitable for predicting damage area for
experiments which use different coatings or different projectiles.

Figure 20: Damaged SAE coating panel of experiment (left) and simulation (right)

Figure 21: The impact damage distribution over different parts of SAE coating panel

4.3 Multi-Particle Simulation–Parametric Studies
To further study the influence of impact velocity as well as impact angle on the impact damage,

simulations with different test panel orientations and initial particle velocity are carried out. The
parameter differences in each case are shown in Table 7. Four additional multi-particle simulations,
M1 to M4, are conducted. Their results are compared with that of the case M0 which represents the
original SAE simulation in Section 4.2. The wear state of panels after 40 particle impacts are compared
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and analyzed (The particle impact here also counts particles that hit the clamp or flying over the test
panel). Fig. 22 shows the comparison of the eroded mass between the simulations of different initial
velocity.

Table 7: Parameters of the simulation configuration for different cases

Case Initial velocity (m/s) Test panel orientation (°)

M0 8.5 90
M1 8.5 72
M2 8.5 54
M3 7.0 90
M4 10.0 90

Figure 22: Simulated coating panel with different initial velocity (from left to right: M3, M0, M4)

Likewise, the sample is divided into six parts for analysis. The eroded mass and the impact damage
distribution among different cases are showed in Fig. 23. It can be concluded from the figure that the
eroded mass increases with the particle velocity, which is reasonable for that the impact wear is closely
related to the kinetic energy of particles. It is also in accord with the conclusion of Nguyen et al. [6].
In terms of the impact position distribution, the overall impacted area appears to move down as the
particle velocity goes up. This is possibly related to the decrease of the collisions between the particle
and the accelerating pipe wall. More particles move out of the pipe without collision and impact the
lower part of the test panel under the action of gravity. The upper and bottom parts of coating panel,
which is defined as Part 1, Part 2 and Part 6, is rarely impacted by particles directly. Wear in these parts
is basically caused by the secondary impact of the flying particle and thus varies a lot in different cases.
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Figure 23: Coating damage under different initial velocity conditions (a) Eroded mass, (b) Impact
damage distribution over 6 parts of coating panel

The comparison of the simulated eroded mass between the simulations of different panel orienta-
tions is presented in Fig. 24. Similarly, divided into 6 segments, the simulated coating panel is analyzed
in Fig. 25. With the angle between the coating panel and the vertical plane increases, the particle impact
is spreading to a larger part of the coating panel, which is due to the reduction of the projected area
of the test panel on the YZ plane. Besides, as the impingement angle decreases from 90° to 54°, the
eroded mass increases significantly, which is in good agreement with the conclusion made by Nguyen
et al. [6,54].

Figure 24: Simulated coating panel with different panel orientation (from left to right: M0, M1, M2)
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Figure 25: Coating damage under different panel orientation conditions (a) Eroded mass, (b) Impact
damage distribution over 6 parts of coating panel

The above simulation results indicate that the simulation implemented with the rigid connection
particle method and the Finnie wear model is able to reproduce the influence of particle velocity and
impact angle on the impact damage of the test panel, further demonstrating the reliability of this
method in predicting the impact damage on the test panel.

5 Conclusion

This work develops a CFD-DEM-wear model for stone chip resistance analysis of automotive
coatings in a gravelometer test. Such complex physical phenomena normally involve fluid-particle
interactions and impact wear of automotive coatings. In the developed method, the unresolved CFD-
DEM method is employed to account for interactions between fluids and large particles, and a rigid
connection particle method is proposed to facilitate the description of large particles using a number
of non-overlapping rigidly connected spheres. The fluid-particle forces are initially calculated on each
component sphere, and then converted to the resultant force and moment of larger particles based on
the rigid connection. The proposed rigid connection particle method neatly avoids the local extreme of
void fraction around particle centroid by making large particles physically porous, and the translation
and rotation of non-spherical particles can be better represented. A Finnie wear model is used to
calculate the impact damage of automotive coatings subjected to non-spherical particles.

Single- and multi-particle tests are performed to demonstrate the accuracy of the CFD-DEM
coupling method in simulating spherical and non-spherical large particle movement in terms of
motion trajectory. The developed CFD-DEM-wear coupling method is applied to evaluate stone chip
resistance performance of automotive coatings in two standard gravelometer tests, i.e., DIN 55996-1
and SAE-J400-2002 tests. Numerical results are found in consistent with experimental data in terms
of impact velocity and damage distribution, which validates the capacity of our developed method in
stone chip resistance evaluation of automotive coatings. Finally, parametric studies are conducted
to numerically investigate the effects of initial particle velocity and test panel orientation. Results
show that when the initial velocity increases, the eroded mass increases as well, and the impacted
area appears to be located in a lower position. In addition, from 90° to 54°, the increase of the angle
between the test panel and the vertical plane will lead to the increase in the eroded mass and expansion
of the area being impacted.
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In the current study, the movement of particles near the high-pressure air nozzle is circumvented,
so as to dramatically improve computational efficiency. Instead, an initial velocity obtained from
the preliminary experiment is set for each particle to replace the acceleration effect. However, this
numerical treatment will lead to mismatch of inlet boundary conditions for the stone chip resistance
analysis, which contributes to the large differences between some experimental and numerical results.
Our future works have scheduled to develop numerical methods to better describe the inlet boundary
conditions for stone chip simulations.
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