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Snow Contamination on Cars

A DEM Study to Investigate the Influence of Ice Particle Adhesion on the Angle of
Repose

YESWANTH SAI TANNERU

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

Snow /ice particle adhesion on the sensors of an autonomous car is a very important
phenomenon which determines the availability of safety systems controlled by these
sensors. Therefore, it is necessary to identify the magnitude of snow impingement on
the sensors. One of the key influences in snow impingement is the micro-mechanical
behavior of snow such as the angle of repose, a bulk property. Angle of repose
depends on the surface roughness and cohesion of the ice particles. Previous exper-
imental studies have identified the temperature dependency of the angle of repose.
It was observed that with the decrease in temperature of the snow the angle of re-
pose also decreases i.e. colder snow will have a lower angle of repose. The current
study focuses on modeling ice particles to identify different angle of repose values
at different temperatures by varying work of adhesion between the ice particles,
thereby correlating work of adhesion to temperature of snow. Work of adhesion is a
cohesive (contact) parameter used in Johnson-Kendall-Roberts (JKR) model. The
JKR model is used for modelling the adhesive part of the contact force calculation.
Work of adhesion determines the magnitude of cohesiveness between ice particles.
Along with the work of adhesion values, it is also important to correctly model other
phenomena like velocity dependent visco-elastic damping, sliding and rolling of ice
particles.

Forces on all ice particles like body and contact forces are solved using DEM (dis-
crete element modelling). The DEM simulations are performed in Altair EDEM, a
commercial solver. Several investigations are made to identify the behavior of ice
particles. They are:

o Implementing drag force on the particles, which results in correct particle
velocities of freely falling particles under the influence of still air.

o Identifying and implementing the right velocity dependent visco-elastic damp-
ing between the ice particles.

o Implementing the suitable adhesion model to solve for contact forces.

» Investigating several contact parameters like coefficient of restitution, work
of adhesion, friction coefficients to get correct angle of repose values for ice
particles at different temperatures.

The results indicate the comparison of experimental trends done at Jokkmokk i.e.,
angle of repose versus temperature to the simulation trends done in Altair EDEM
i.e., angle of repose versus work of adhesion. The influence of various contact param-
eters like velocity dependent visco-elastic damping coefficient, friction coefficients,



work of adhesion on angle of repose are also discussed. The influence of fall height
on the angle of repose is discussed.

Keywords: Ice particles, angle of repose, work of adhesion, body force(s), contact
force(s), cohesiveness, friction coefficients, visco-elastic damping, Altair EDEM, drag
force.
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1

Introduction

Contamination on road vehicles like cars is not an uncommon phenomenon. It may
come in various forms like dust, snow, stone chipping, water etc, with each of them
responsible for one or several effects on a car [17]. Contamination of snow especially
road/ground snow occurs in cold regions when a car moves on the path covered
by ice particles. An extreme case of snow contamination on rear-side of a car is
shown in figure 1.1. In the case of autonomous cars, snow contamination can be
very dangerous as the snow build-up may affect the working of autonomous systems
like Camera, Radar, Lidar sensors. These sensors govern the availability of active
safety systems in the car. Hence, it is necessary to know the snow accumulation on
these sensors/active safety systems, to know their availability and develop necessary
actions if they are not available. Identifying snow impingement on these active
safety sensors like automatic braking, parking assistance (proximity sensors) helps
in developing new technology to avoid the snow formation on these sensors.

Figure 1.1: Snow impingement/accumulation on the rear-side of a Volvo car model.

Development of new car models generally includes analysing for various forms of
contamination that affect a car’s performance in several scenarios. At Contamina-
tion and Core CFD department Volvo Car Corporation (VCC), continuous research
on modelling and simulating the effects due to various contaminants on cars is be-



1. Introduction

ing done. These simulations are then validated with experiments in field studies
and physical tests in Wind tunnel(s) (Climate Wind Tunnel, Aerodynamic Wind
Tunnel).

The following master’s thesis is a part of a research project at Contamination and
Core department at VCC in collaboration with the Chalmers University of Technol-
ogy and Lulea University to model snow based on its micro-mechanical properties
and use the results to model the snow contamination on cars.

1.1 Background

| SR )

|l

Figure 1.2: Traditional way of doing an angle of repose experiment for non-adhesive
particles, showing a cylinder filled with particles lifted-off to form a pile.

Snow accretion on cars is a combined effect of both aerodynamic design and the
degree of adhesion i.e., snow behaviour at various environments (different tempera-
tures and humidity). It is important to know the adhesion properties of ice particles
to correctly implement the coupling of snow physics with aerodynamics. Therefore,
it is necessary to look at the micro-mechanical properties of snow at particle level

2



1. Introduction

(ice particles). Some of the micro-mechanical properties of snow are the angle of
repose, internal friction, packing by tapping, age hardening, capillary potential etc
[1]. The steepest angle of descent relative to the horizontal plane to which a granular
material can be piled is known as the angle of repose. It is one of the important
granular properties that decide the degree of adhesion of snow. A traditional way of
doing angle of repose can be seen in figure 1.2, where a cylindrical container filled
with particles is lifted up to from the angle of repose. This method cannot be used
for cohesive particles like ice particles in snow as they can stick together and to the
test equipment during the preparation of test. Ice particles also sinter together by
time which means that the experiments will depend on how long does the sample
has been at rest before doing the test. Hence, it is necessary to do these tests in an
alternate way for ice particles. One of the alternate ways of doing these experiments
is pouring the particles from an altitude, which was adopted in the current work.

Angle of repose experiments were carried out at Northern Sweden (Jokkmokk), to
identify the physical behavior of different snow types at various temperatures. They
gave an evidence that snow behavior (micro-mechanical properties) changes with
change in size of particles in snow, type of particles in snow, temperature of snow,
etc. The idea is to model a similar behaviour of snow using numerical simulations
to approximately reproduce the experimental results. Discrete Element Modelling
(DEM) [4] is chosen to model the contact physics between the particles. The DEM
simulations were performed in Altair EDEM, a commercial DEM solver.

1.2 Purpose & Objectives

This thesis focuses on performing simulations for Angle of Repose of snow by varying
adhesion parameter(s). The idea is to investigate if the trend of angle of repose
can be explained by changing adhesion parameter(s) and see if we capture this
phenomena. The results can be applied to accurately predict the snow contamination
on cars (especially autonomous sensors). Henceforth, new methods/technology can
be developed to avoid the snow accumulation on these sensors. Main objectives of
this work are:

» Propose reasonable contact physics to model the ice particles in snow using
DEM approach.

« Apply accurate body force(s) on the falling particles.
o Model the parameters/coefficients in various damping in the contact models.

o Apply method(s) to reduce the simulation time thereby, making the simula-
tions to run more fast and accurate.

o Perform DEM simulations by varying different parameters to get various angle
of repose values to correlate them with the behaviour of snow at different
temperatures.
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1.3 Assumptions and limitations

The current work focuses on the snow which is classified as untouched snow as
described in section 2.2. Further investigations are needed to identify the properties
of snow which actually causes contamination on cars. As described in [8], the snow
which is lifted-off from the ground that is much smaller in size than the untouched
snow is responsible for the snow impingement on the exterior of a car. Also, most
simulations in current work are done using spherical particles by assuming the snow
behaviour described in section 2.2. There are also particles that are irregular and
not spherical in untouched snow, shown in figure 3.2. The idea is to compensate
non-sphericity of particles by increasing the rolling resistance of spherical particles.
A few simulations with non-spherical particles are done to see the effect of various
parameters like shape, rolling resistance, sliding resistance of ice particles on the
angle of repose.
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Theory

This chapter introduces the concepts of discrete element modeling, angle of repose,
snow characteristics, and various terminology used in the thesis work. It also in-
cludes several physical concepts that were used in the current work.

2.1 Angle of Repose

Angle of repose is one of the micro-mechanical properties of granular materials. It
can range from 0° to 90°. Angle of repose experiments can be used to calibrate the
magnitude of snow impingement on cars, which is the main motto of the current
work. As mentioned in section 1.1 angle of repose of ice particles cannot be done
traditionally i.e., the procedure used for non-adhesive particles. Kuroiwa et al. [1]
has done investigations to evaluate micro-mechanical properties of snow. There they
poured ice particles from a container to form a snow pile. It was found that the angle
of repose increases with an increase in temperature i.e., colder snow has low angle
of repose and vice-versa. There were also investigations made to check the influence
of fall height on angle of repose and it was found that for lower fall heights it gave a
higher angle of repose and vice-versa. In Kuroiwa et al. [1], the increased stickiness
of ice particles was related to the increased liquid layer on the ice particles with an
increase in temperature. Current work focuses on correlating temperature values to
the work of adhesion to simulate the angle of repose experiments numerically.

2.2 Snow Characteristics

Before going into the modelling of snow it is important to know some of the key
phenomena happening with snow crystals and the classification of snow, to under-
stand the assumptions made for this work. An ice crystal forms when a super-cooled
water droplet comes into contact with aerosol particles like soot [25]. This process is
known as the nucleation of ice and usually occurs in the troposphere. Water vapour
around the ice crystal solidifies onto it and causes nearby particles to evaporate.
This process continues and leads to the formation of snowflakes through a process
called precipitation. The snowflakes start to grow and reshape and start to fall onto
the earth surface. The snowflake shape depends on both temperature and humidity
of the atmosphere, shown in Nakaya and Matsumoto [26]. The microstructure of
the snowflake changes when it settles on the ground. This phenomenon is known
as metamorphism [27, 11]. When there is a low-temperature gradient in the at-

5



2. Theory

mosphere, dry snow experiences equilibrium metamorphism which leads in forming
rounded grains. When the gradient is high kinetic growth metamorphism occurs
which leads to forming hexagonal grains.

Snow is a granular material made up of ice particles which come in various shapes
and sizes [3]. As snow is a very complex material, several simplifications have to
be done to model it. Snow properties like snow adhesion vary a lot with temper-
ature, humidity etc. Change in different snowflake structures varies at different
temperature and humidity [2].

2.2.1 Road/Untouched/Ground snow

Road snow is the type of snow which is settled on ground for longer periods, unlike
the falling snow. The snow undergoes various phenomenon after getting settled on
the earth’s surface. One of them is metamorphism which is discussed above. Another
phenomenon is the sintering of ice particles [12, 13]. As explained in Colbeck [12],
sintering in dry snow is a process where the grains grow slowly while they build inter-
granular bonds. The snow that causes contamination on cars has a lower particle
size distribution [8] than the road snow as the particles lifted-off from the ground
are responsible for the contamination.

In the current project, the road/ground snow is of more focus and has been analysed
and simulated to find the angle of repose. This was chosen as the snow lifted-off
from the ground has a very small particle size distribution which is computationally
expensive to simulate.

2.3 Discrete Element Method

Discrete Element Method (DEM) is a numerical method used to model or simulate
bulk behaviour of granular materials. DEM theory was introduced by Alder and
Wainwright in 1956 for molecular dynamics studies and later developed by Cun-
dall and Strack [4] to describe the mechanical behaviour of assemblies of discs and
spheres. This approach is used to analyze behaviour in a wide range of applications
like materials engineering, mechanical engineering, pharmaceutical industry. DEM
is useful in investigating phenomena at particle length scales.

There are two main approaches in simulating particles in DEM. They are:
o Hard sphere approach.
» Soft sphere approach.

2.3.1 Hard sphere approach

In the hard sphere approach, the particle interactions are impulsive i.e., the particles
are in contact with each other for a very small time. As the particle interactions
happen in a very short duration, the time-step in this approach is also very small
and such simulations take very long simulation time. The particles only exchange
momentum through collisions, forces between particles are not solved explicitly.

6
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2.3.2 Soft sphere approach

In the soft sphere approach, small overlaps are allowed to account for the contact
deformations. The time-step in the soft sphere approach is usually larger than that
in hard sphere approach. Along with momentum exchange other contact forces on
the particles are also solved in this approach.

Figure 2.1 exclusively shows the schematic difference between the hard and soft
sphere approaches. Soft sphere approach is used to model the ice particles in this
project, where the particles are in contact with each other for longer duration, and
an overlap between the particles can be modeled.

vy V2

O 00 O

Overlap (&)

OO0 OC

Figure 2.1: Hard sphere approach (left) showing no deformation of the particles
in contact, soft sphere approach (right) showing small overlap between the particles
in contact.

2.4 Governing equations in DEM

The particles in DEM can exhibit two types of motion i.e. translation and rotational,
as a result there are 6 degrees of freedom for each particle. The particle accelerations
are calculated using Newton’s second law and are integrated numerically to evaluate
velocities and positions of the particles in a DEM simulation. Equations 2.1, 2.2 are
used to calculate the translation and rotational motions respectively.

dv
m— =F,+ F.+ F,, (2.1)
dt
Here, 'm’ is the mass of the particle, 'v’ is the linear velocity of the particle, "F’ is
the gravitational force acting on the particle, 'F,.” and "F},.” are the resultant contact
and non-contact forces between the particles (or between particle and wall), t” is
time.
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dw
I— =M 2.2

Here, T’ is the moment of inertia of the particle, ’w’ is the angular velocity of the
particle, 'M’ is the resultant contact torque acting on the particle, 't’ is time.

The solver in DEM solves forces on each individual particle using Newton’s second
law. Several time integration methods can be used to solve the equations. The work
flow followed to solve particle forces in DEM can be seen in figure 2.2.

Accelerations

Forces Contacts Contact Mechanics

Figure 2.2: Work flow showing how forces on particles are updated/solved in
Discrete Element Method (DEM).

The forces on the particles mentioned above can be split into two categories:
» Contact forces.

o Non-contact or body forces.

2.4.1 Contact Forces

The Hertz-Mindlin model, i.e., Hertzian model (1882) with Mindlin’s no-slip model,
is a default contact model to evaluate both normal and tangential contact forces
between the particles effectively and accurately. There are damping forces in both
normal and tangential directions where velocity dependent visco-elastic damping is
related to coefficient of restitution. Each particle pair in contact is evaluated for
normal and tangential forces based on the overlap as shown in figure 2.3.

8



2. Theory

Figure 2.3: Representation of Hertz-Mindlin contact model between two spherical
particles.

The normal force is given as,

4 ;
Fy = 3 EVRG,: (2.3)

Here, E* and R* are the equivalent Young’s modulus and equivalent particle radius
respectively, defined in equations 2.13 & 2.12. Whereas, J,, is the normal overlap
between the particles.

Damping force in normal direction is given as,

5
F= -2 éﬁ\/knm*vn’"el (2.4)

Here, m* is the equivalent mass of the particles, v, is the normal component of
relative velocity, k,, is the normal stiffness given by

k, = 2E*\/ R*0,, (2.5)
—Ine

[ — (2.6)
VIn? e + 72

Here, ’e’ is the coefficient of restitution.

MMy

my + mo

(2.7)

Here, my, mo are masses of spheres.

Tangential force (F}) depends on the tangential stiffness (k;) and tangential overlap
(8,), given by

Ft - —ktdt (28)
ke = 8G*\/ R*6,, (2.9)

9



2. Theory

Here, G* is the equivalent shear modulus. And tangential damping is given by

5
Fé = —2\/gﬁy/ktm*vtrel (2.10)

Here, v," is the relative tangential velocity.

The fact that the particles in the simulations are adhesive in nature, it is important
to chose right adhesive model along with Hertz-Mindlin model. There are two most
common models to model adhesive particles, which are Derjaguin-Muller-Toporov
(DMT) and Johnson-Kendall-Roberts (JKR) [5]. Based on the Tabor number de-
fined in equation 2.11, DMT and JKR models are applicable to different spectrum
of particle physics.

Ar — (]{jré)() (211)

Here, Ar is the Tabor number, I" is the work of adhesion, ¢ is the overlap between
the particles, R* is the effective radius of the contact between the particles given by

_ RiR
- Ri+ R,

*

(2.12)

Here, R;, Rs are the radii of two particles in a contact. For particle-wall contact

R* = Ry as Ry = o0.

And E* is the effective Young’s modulus between the particles given by

1 _1—V12+1—I/22

i 2.13
E* £y Ey ( )

Here, F, F5 are the Young’s Modulus of two particles, v is the Poisson’s ratio.

As given in Thornton [6] JKR theory is applicable to Az > 5 and DMT is applicable
for A7 < 0.1. In the current work all the values of Tabor numbers are over 5,
therefore JKR model is chosen.

A Hertz-Mindlin model with JKR is implemented in the current work. Figure 2.4
shows the variation of contact overlap («) with the contact force (F) in a Hertz-
Mindlin with JKR model. The force acting between the particles is zero from point
A to point B. At point B, the particles physically come in contact with each other,
where the normal contact force drops down to (8/9)F. due to the presence of Van
der Waals forces at point C. Here, F. is the pull-off force given in equation 2.14.
Upon loading the curve goes from point C to point D. After reaching point D the
unloading occurs along the same path. The contact overlap becomes zero at point
C, but the spheres stay in contact with each other. A minimum pull-off force shown
at point E is required to break the contact and finally the particles separate at point

F.

10
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Figure 2.4: Hertz-Mindlin with JKR model showing contact and pull-off forces.
The plot shows contact force (F) as a function of contact overlap («).
Picture credits: [30]

F = —27TFR* (2.14)

The contact force in normal direction for Hertz-Mindlin with JKR is given by
o 4E*a?
3R*

Here, I" is work of adhesion (also called interfacial surface energy in EDEM), ’a’ is
the contact radius.

— (8aTE"a*) (2.15)

The contact overlap a shown in figure 2.4 is given as,

2 0.5
a=— - <2WF“> (2.16)

T R E

As explained in [16] the work of adhesion I' is given as,

F=v+v%—72 (2-17)

Here, ; and ~, are the surface energies of two spheres and ;5 is the interface
surface energy. If the spheres have the same material then v, = 0 and I' = 27.

Along with the normal interactions, there are sliding and rolling resistance in tangen-
tial and rotational directions respectively. Sliding resistance is applied on tangential
force i.e., tangential force is limited by Coulomb friction given in equation 2.18.

11
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Fsliding = Man (218)
Here, u, is the coefficient of static/sliding friction

The rolling resistance is accounted for by applying torque to the contacting surfaces.
It is given by,

Trolling = _,uanRiwi (219>

Here, p, is the rolling friction coefficient, 'R;’ is the distance of contact point from
center of mass, ’w;’ is the unit angular velocity of the object at contact point.

Several other rolling resistance models that can be used for the similar application
were described in [15]

2.4.1.1 Other resistance models

There are other sliding and rolling resistance models that are used in [7] to correctly
model Point O’ in figure 2.4. In the current rolling and sliding resistance equations
given by 2.19 and 2.18 respectively, when the normal force F,, becomes zero the
respective resistance also becomes zero. To compensate this, the equations 2.20 &
2.21 can be used instead. However, the current work was carried out using the
aforementioned models i.e., equations 2.18 and 2.19.

Trolling — —Mr | Fn + QF(; | Riwi (220)
Fsliding = Hs | Fn + 2Fc ’ (221)

2.4.2 Body (non-contact) Forces

The particles in this work are falling freely from the sieves onto the platform, as
shown in figure 3.1. Therefore it is enough to model drag resistance on the particles
falling freely from the sieves. One of the assumptions in this work is using spherical
particles, so the drag equations presented below are for spherical particles.

The drag resistance is given by,

FDrag - O-5pairCDAP | Vgir — Uparticle | (Uair - Uparticle) (222)

Here, pu;, is the density of air taken as 1.351 kg/m?, vy, and Uparticle € velocities
of air and particle respectively, Cp is the drag coefficient given by,

2 if Re < 0.5

. (2) (1+0.15R"®T),if 0.5 < Re < 1000
D

(2.23)
0.44, if Re > 1000

Here, Re is the particle Reynolds’s number given by,

12



2. Theory

Re _ pparticle | Vair — Uparticle | (2Rparticle) (224>
Hair

Here, fiq is the viscosity of air taken as 16.55 x 107% Pa s, Ap in equation 2.22 is
the projected area of the particle given by,

Ap =R sicier for spheres (2.25)

articl

2.4.3 Time-step

Choice of time-step is key while implementing DEM simulations. Time-step deter-
mines the stability of the simulations. Choosing improper time-steps will lead to
numerical instabilities. As the movement of particle in a granular flow is affected
not only by the contacts with its immediate neighbours but also depends on the
disturbances by particles far away, which are called Rayleigh surface wave propaga-
tion. These disturbance waves can be avoided by choosing small enough time-step.
Time-step or Rayleigh time-step for the simulations used in this work is given by
equation 2.26. Usually the use of a fraction of this time-step is recommended to
ensure accurate force transmission and avoid numerical instabilities. It is common
to use 20% of the Rayleigh time-step as mentioned in [29], which was chosen in the
simulations. The particle radius mentioned in 2.26 usually is the smallest particle
radius in the simulations, given that all particles have same properties.

7T.PL(%>O.5
0.1631v + 0.8766

TRayleigh = (226)

Here, "Trayieign” is the Rayleigh time-step, 'R’ is the particle radius, ’p’ is the density
of the particle, G’ is the shear modulus of the particle, 'v’ is the Poisson’s ratio of
the particle.

G=—"" (2.27)

Large/improper choice of time-step leads to excessive overlaps that may result in
large contact forces and also cause Rayleigh waves in the system i.e. in a granular
flow, the particle movement can also be affected by disturbance propagation from
particles that are far away:.
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2. Theory

2.5 EDEM Overview

Particle definitions
(Radius, Density, Youngs Modulus..)

¥

Equipment definitions
(Size, Density, Youngs Modulus..)

Creator | =< ¥

Geometries
(Cylinder (D=25mm), Polygon (Factory))

¥

Physics
(Particle-Particle, Particle-Wall, Particle Body Force)

¥

Solving
Simulator (Time-step, Simulation time, Grid sizing (2R),
Solver (GPU/CPU))

v

Analyst Results
(Velocities, Angular Velocities..)

External physics > API's

Figure 2.5: Work flow of simulation set-up in EDEM interface.

The contact or non-contact physics in EDEM can be modified or defined by the user
using API’s (Application Programming Interface).

2.5.1 Contact radius (or radius of contact) in EDEM

In EDEM contact radius which is greater than the physical radius of the particle
must be defined. This enables the solver to account for the work of adhesion and
allows the influence of negative overlap in force calculations.
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3

Methodology

This section explains the various methods used in the current work to set up accurate
snow simulation in EDEM. The details about the assumptions in simulations are
described and the reasoning for those assumptions is explained. The angle of repose
experiments which are carried out at Jokkmokk are also described in this section.

3.1 Experimental studies

The experimental work described in this section is not a part of this thesis project,
the results from the experiments are taken to compare and correlate the experimental
trends (angle of repose versus temperature) to the simulation trends (angle of repose
versus work of adhesion). These experiments were done at Jokkmokk (Sweden). The
equipment to do the angle of repose experiments is shown in figure 3.1.

3.1.1 Experimental setup

Figure 3.1: Experimental setup for angle of repose at Jokkmokk (Sweden): physical
setup (left), schematic view (center), sieves used as filters for particles (right).

The experimental setup has a platform on which the particles fall and form a pile.
The angle of repose is measured then for that pile. There is a shaker on the top
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3. Methodology

to which the particles are loaded. At the bottom of the shaker, there is a set of
sieves, which act as filters to not allow lumps of snow to fall on the platform. When
the experiment begins, the shaker starts to vibrate to allow the ice particles to fall
on the platform. The vibrations are produced using an electric device, which are
required to break the sintering bonds (section 2.2) if there are any.

3.1.2 Microscopic analysis

Along with the angle of repose experiments, microscopic images of snow particles
were also taken at Jokkmokk to evaluate the size and shape of the particles in snow.
The microscopic pictures of ice particles can be seen in figure 3.2

Figure 3.2: Microscopic images of snow leaving the shaker. Snow which is ready
to fall onto the platform.

These images are necessary to observe and evaluate the characteristics of particles
at different temperatures.

3.1.3 Other tests

Several other tests were also done at Jokkmokk to see the characteristics and be-
haviour of snow which include evaluation of bulk density of snow and test to observe
sintering phenomena of particles after forming the pile. The bulk density of snow is
measured by filling a container with snow and mass of snow filled into the container
was measured. The bulk density is then calculated using both mass of the snow in
the container and volume of the container.
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3. Methodology

Figure 3.3: Sintering behaviour of snow after forming a pile. Snow pile untouched
(left), no disruption in snow pile even if it is moved across the platform (right).

To observe sintering, the snow pile is pushed slowly to see if it gets destroyed due to
the applied force. This can be seen in figure 3.3 where the pile stays put even after
it is displaced and doesn’t disrupt.

3.2 Particle size distribution

1,25

0,75

Population Density

o
[V}
I

0,25

0 1 2 3 4 5
Equivalent Sphere Diameter (mm)

Figure 3.4: Particle size distribution of ice particles classified as rounded in Lan-
glois et al. [14].
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3. Methodology

The particle size distribution was adopted from Langlois et al. [14], where 3D image
analysis of ice particles of various classifications were performed. The particle size
distribution was taken from [14] as it is a more comprehensive study and the observed
particle sizes agree with the what is observed in field studies (section 3.1.2). In
Langlois et al. [14] a proper 3D image analysis was done for the similar types of
ice particles to extract the particle size distributions with more number of particles
in the samples. There are many types of particles classified in [14] like rounded,
facetted, depth hoar, etc., along with eccentricity distribution for the particles.
Particle size distribution of particles classified as rounded with zero eccentricity were
chosen to perform the simulations in the current study. See figure 3.4. Total number
of particles analysed under this classification i.e., rounded are 50,833 particles. The
population density values shown in figure 3.4 are normalized with the total number
of particles to get the number of particles at each diameter.

Among all the particle sizes, the particles which have a higher population density
were chosen to represent the entire size distribution. The rates at which particles
fall from the hopper are given in table 3.4, which is calculated based on contribution
of particles from this distribution.

3.3 Simulation setup

The simulations are setup in EDEM a commercial solver for DEM simulations. This
section provides an overview about different modules in EDEM like creator, simu-
lator and analyst which are used to set-up, solve and post-process the simulations
respectively.

3.3.1 Creator

Creator module in EDEM allows the user to setup the simulation. Here, the user can
do all the preprocessing work for the simulation i.e, setting-up geometries, particle
distribution, properties, etc.

To replicate the experiments that were explained in section 3.1.1 the geometries were
created in EDEM accordingly, and are named platform and hopper. The ice particles
falling from the hopper and are accumulated on the platform at the bottom as shown
in figure 3.5. The platform is a cylinder with diameter 25 mm and the hopper is
a square plate 25 mm x 25mm. The geometries are enclosed in a boundary; the
particles which are outside this enclosure are not considered in the simulation and
will be deleted. A periodic boundary can be set if necessary, which is not applicable
for this case.

The particles are defined using bulk material option in EDEM, which is used to
create particles with different interactions, size, and shape. Five of such categories
of spherical particles are created with different sizes as shown in table 3.1, properties
of particles and wall are shown in tables 3.2, 3.3 respectively. The choice of particle
size distribution is motivated in section 3.2. Spherical particles were chosen assuming
the fact that the snow undergoes metamorphism as explained in section 2.2. The
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| 4@ Hopper Hp
'l:‘h‘{

‘ Platform ’

Figure 3.5: Hopper and platform geometries in EDEM. Particles falling from
hopper onto the platform (left), top view of platform and hopper (right).

snow analysed in experiments is ground snow, which is settled for a longer duration.
Radius of contact in EDEM is explained in section 2.5.1.

Number | Particle radius (um) | Radius of contact in EDEM (um)
1 225 227
2 300 302
3 350 352
4 367 369
) 415 417

Table 3.1: Size distribution of spherical particles used in simulations.

Name Property | Reference
Young’s Modulus, E [GPa] 9.7 18
Poisson’s Ratio, v [-] 0.31 21
Density, p [kg/m?] 920 18

Surface Energy, v [J/m?]

0.109 | [16, 18, 19, 20]

Table 3.2: Material properties of ice at -12°C.
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3. Methodology

The platform is defined as a geometry with material properties given in table 3.3.
The hopper is defined as a virtual geometry which doesn’t have any material proper-
ties assigned. Virtual geometries in EDEM can be assigned as factories. A factory
(in EDEM) is a source from which the particles defined in table 3.1 are created.
Various parameters like creation rate, position, orientation, velocity, angular veloc-
ity, etc can be defined for the particles. In this case, the particles are assumed to
be freely falling under the influence of a drag force, see section 2.4.2. Therefore, the
particles are given no velocity or angular velocity, the positions and orientations of
the particles were defined as random. An overall creation rate of 50,000 particles
per second is given to the 5 particle factories as shown in table 3.4. The fall height
in most of the simulations was taken as 30 mm. A 30 mm fall height was chosen as
it is sufficient to accommodate the angle of repose values ranging from 0° to 60° and
is also allows the simulations to finish quicker i.e., a higher fall height would take
more simulation time.

Property ASA Polymer | Reference
Young’s Modulus, E [GPa] 2 [22]
Poisson’s Ratio, v [-] 0.35 (23]
Surface Energy, v [J/m?] 0.035 [24]

Table 3.3: Material properties of wall taken in the simulations.

Factory number | Particle type (radius) (um) | Creation Rate (1/sec)
1 225 11,836
2 300 11,015
3 350 9,952
4 367 9,343
5 415 7,854

Table 3.4: Particle creation rate for each factory for an overall creation rate of
50, 000 particles per second.

Along with the properties, particle-particle and particle-wall interactions can also
be defined under the particle and wall definitions. These properties are visco-elastic
damping factor (also called coefficient of restitution), the coefficients of static and
rolling frictions (section 2.4.1). The calculation of the coefficient of restitution for
various interactions are formulated in section 3.4.

Hertz-Mindlin with JKR model (section 2.4.1) is chosen to model the behaviour
of cohesive/adhesive materials like snow. This model in EDEM requires interfacial
surface energy, also called work of adhesion (I'). To start with, the work of adhesion
values were chosen as 0.218.J/m? for particle-particle interactions and 0.117.J/m?
for particle-wall interactions. These values are taken from Eidevéag et al. [7] which
are equivalent work of adhesion values to simulate colder snow (-12°C). All particle-
particle and particle-wall combinations were assigned with these values. To inves-
tigate higher angle of repose values, the work of adhesion was increased to model
snow at temperatures greater than -12°C.
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3.3.2 Simulator

Simulator allows the user to perform the simulation. A user can opt for different
settings to run the simulations. Here, the user can set the time-step, total simulation
run time, grid sizing, the solver configurations, etc.

The time-step used in the simulations are calculated using Rayleigh formula men-
tioned in section 2.4.3. It was suggested to use less than 20% of this time-step
for the simulations as one of the best practices, to avoid the instabilities (Rayleigh
waves) caused by improper defining of the time-step. The simulations were ran for
an average time of 1.3 to 1.5 sec, which is when the pile formed on the platform
stops growing further. However, some simulations with higher work of adhesion
values required more simulation time as they required more particles in the pile.

The grid size in EDEM is calculated based on the size of the smallest particle in the
simulation. The best practice as mentioned in EDEM user guide [30] is to use 2 to
3 times the radius of the smallest particle (R,,;,) in the domain. Using this makes
the solver to detect the possible contacts faster. If too coarse grid size is chosen, it
is possible that more particles can be in the same grid cell and the solver assumes
that all particles in this cell have possible contact scenarios, which can make the
simulation run slower.

3.3.3 Analyst

Analyst is used to do all the post-processing work in EDEM. Determination of
angle of repose, mass of the pile, plotting various parameters like velocities, angular
velocities, number of particles etc., can be don in EDEM-analyst.

For this work the protractor tool in the analyst is used to measure the angle of
repose of the piles as shown in figure 3.6. Three points are marked on the GUI
using the coordinate system of the geometries as reference.

(0,0,-10)

®

(0,0,-30) (0,-12.5,-30)

d @

Figure 3.6: Protractor tool used in EDEM to measure angle of repose of the snow
pile.
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3.4 Modeling coefficient of restitution for elastic
damping

The coefficient of restitution given in equation 2.6 is one of the input parameters in
EDEM. This is an important input to accurately model the elastic damping during
the contact. Higa et al. [10] proposed a correlation for the coefficient of restitution of
ice particles based on the equivalent particle radius/diameter. Physical experiments
with ice particles were performed to assess the critical (collision) velocities of the
particles when they were made to collide with a wall. As explained in [10], each
particle size had a different critical velocity after which the coefficient of restitution
is calculated using equation 3.1.

A\ loe(50)
€= €y (Ul) Lif v > e (3.1)
Ve

Here, ’e’ is the coeflicient of restitution, e, is the coefficient of restitution in quasi-
elastic region i.e., e = eg if v; < v, v; is the impact velocity during collision, v, is
the critical velocity based on particle size.

Quasi-elastic coefficients of restitution for various particle sizes are given in table
3.5. However, the particle sizes analysed in [10] are much larger than the size
distributions taken in the simulations. Therefore, the coefficient of restitution values
were extrapolated for the particles used in the simulations. The extrapolation was
done using equation 3.2 which was the best fit for the quasi-elastic coefficient of
restitution trend in [10]. See figure 3.7

Particle radius (cm) | Critical velocity (cm/s) | e,
3.6 22.7 0.95
1.5 40.6 0.89
0.8 54 0.86
0.4 70.2 0.79
0.14 124 0.71

Table 3.5: Critical velocities and quasi-elastic coefficient of restitution for particle
sizes in [10].

e = 0.07441n(R*) + 0.8611 (3.2)

Here, R* is the equivalent particle radius (in cm).
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Figure 3.7: Extrapolation trend-line for quasi-elastic coefficient of restitution given
by equation 3.2.

The experiments in Higa et al.[10] are done only for particle-wall interactions. There-
fore, it is needed to calculate an equivalent particle radius using equation 2.12 to
account for particle-particle interactions. A few collision scenarios (shown in fig-
ure 3.8) were taken to see if any particle reaches a velocity higher than the critical
velocities calculated by extrapolating the available values using equation 3.3. It
was observed that the impact velocities of the particles did not exceed the critical
velocities of the corresponding particles up to a particle radius of approximately
400 pm. This implies that the relation specified in equation 3.1 may not be used in
the current simulations i.e., the quasi-elastic coefficients of restitution are sufficient
in this case.

Vepiticat = 46.232 (R*) 7% (3.3)

8‘ )
¢ * *

wall

Here, R* is in cm.

wall

Wall

Figure 3.8: Possible collision scenarios in the simulations. Particle-wall collision
(left), particle-particle (same size) collision with one of the particles rebounding
after collision with wall (middle), particle-particle (different size) collision with one
of the particles rebounding after collision with wall (right).
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3.5 Methods to reduce simulation run time

3.5.1 Reducing Young’s modulus

One of the methods to reduce simulation run time is to increase the time-step of
the simulation. As discussed in section 2.4.3 direct tweaking of time-step leads to
numerical instabilities. Heervig et al. [9] proposed a method of altering Young’s
modulus (E) of the particles to increase the time-step as time-step in equation 2.26
depends on Young’s modulus. To compensate for the loss of Young’s modulus the
work of adhesion (I") is reduced with the relation shown in equation 3.4.

(£ en

Here, I'* and I' are the modified and original work of adhesion values respectively,
E* and E are the modified and original Young’s modulus values respectively.

A few single particle simulations with various sized particles were evaluated to val-
idate the above-mentioned reduction. These simulations are done with no visco-
elastic damping and with a work of adhesion value of 0.117 J/m? so that the damp-
ing in the simulations is only because of the work of adhesion. The coefficients of
restitution were calculated using the rebound velocity after an impact with the wall
as shown in 3.9. The rebound velocities are checked both for normal and tangential
impacts. The tests with reduced Young’s modulus gave a better match for rebound
velocities when compared with the tests with original Young’s modulus (with an
insignificant error).

,J~

«c

z z
vk vk

EDEM EDEM

Figure 3.9: Impact tests to validate the equation 3.4. Test for normal impact
validation (left), tangential impact validation (right).

When the Young’s modulus was reduced by 1000 times i.e., E* = E/1000 the
time step has increased approximately by 100 times (for a particle size of 100um).
This implies that there is a significant potential to increase the time-step using this
approach.
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3.5.2 Implementing dynamic domain (EDEM)

Dynamic domain is an option provided in EDEM. The dynamic domain is a region
in which all the particle velocities are considered and the particles with minimal
displacement outside this region are considered as frozen i.e., the contact forces on
these particles are frozen and not updated anymore. See figure 3.10. A geometry
has to be defined as a dynamic domain whose only purpose is to act as a boundary.

Dynamic
‘ Domain

Figure 3.10: Dynamic domain implementation in the simulations. Implementation
of dynamic domain with falling particles, no frozen particles (left), particles frozen
outside dynamic domain (right).

There are few solver options to implement this method namely, check interval, num-
ber of checks and displacement of particle. Check interval is the simulation time
interval (in seconds) which checks if the particle moves in the specified interval. If
it doesn’t move it is flagged to be as frozen. The number of checks determines the
number of times solver checks to see if a particle is frozen. Displacement of particle
is given as a percentage of the radius of the smallest particle in the domain. This
determines if the particle is stationary. If the displacement of the particle within
the check interval is greater than this value then the particle is considered to be
moving or else it is frozen and is removed from contact force and contact detection
calculations. Avoiding contact force and contact detection calculation for at least
few particles in the domain will decrease the simulation run time.

Dynamic domain has to be used very carefully in the simulations. If a too low check
interval with a higher displacement of particle is specified in the solver options, the
particles will freeze rapidly producing incorrect results. In the current work a check
interval of 0.01seconds is specified and the displacement of particle setting is defined
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as 1% of minimum radius particle in the domain i.e., 2.25 ym. Number of checks
were limited to 3.
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Results and discussion

This section describes the simulation results and their comparison with experimental
results. The influence of various contact parameters like velocity dependent visco-
elastic damping coefficient, friction coefficients, work of adhesion on angle of repose
are discussed. The influence of fall height on the angle of repose is also discussed.

As discussed in section 3.3, the simulations were setup with different work of adhe-
sion values starting with 0.218 J/m?. The coefficients of restitution were calculated
using the method described in section 3.4 and were used as simulation inputs. The
coefficient rolling friction is taken as 0.1. The sliding/static friction value was taken

as prescribed in [28], which was 0.1. The initial simulation settings are shown in
table 4.1.

Parameter Value
Young’s Modulus (particle) [GPa 9.7
Young’s Modulus (wall) [GPal 2
Work of Adhesion (particle-particle) [J/m?] | 0.218
Work of Adhesion (particle-wall) [.J/m? 0.117
Rolling Friction Coefficient [-| 0.1
Sliding Friction Coefficient [-] 0.1

Table 4.1: Initial simulation settings in EDEM.

4.1 Effect of rolling resistance on angle of repose

The effect of rolling resistance should be evaluated to correctly determine the angle
of repose. A few simulations were performed by varying rolling friction coefficient
to know the importance of rolling resistance. Figure 4.1 shows the effect of rolling
resistance on angle of repose. The trend was made by taking a constant work
of adhesion value of 0.218 J/m?. The trend in figure 4.1 is most likely because the
rolling resistance is getting saturated with the increased in rolling friction coefficient
and the particles that move tangentially start to slide instead of rolling.

It can be seen that the angle of repose has increased with increase in rolling resistance
initially and has settled at a constant value after rolling friction coefficient became
0.1. This motivated to continue the simulations with a rolling friction coefficient
of 0.1. A simulation with higher rolling resistance (u, = 0.9) is also performed for
each case with higher work of adhesion value(s) shown in table 4.2, but there was
no change in angle of repose observed.
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Figure 4.1: Effect of rolling resistance on angle of repose. Work of adhesion is kept
constant i.e., 0.218 J/m?.

4.2 Effect of visco-elastic damping factor

For all the simulations, the velocity dependent visco-elastic damping coefficient was
modelled using the method described in section 3.4. The coeflicients were assigned
for each particle-particle and particle-wall interaction scenario. It is interesting to
see the change in angle of repose when this value is changed. A test case was
performed with an increased coefficient of restitution i.e., 0.9, for a simulation with
three sphere particles (figure 4.8). It was compared with the simulation having
a coefficient of restitution of 0.6 for particle-wall interaction and 0.548 for particle-
particle interaction. The angle of repose results from both the simulations are shown
in figure 4.2.
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Figure 4.2: Effect of velocity dependent visco-elastic damping on angle of repose.
Angle of repose using modelled damping coefficients in section 3.4 (left), angle of
repose with a higher damping coefficient of 0.9 (right).

It can be seen that when the damping was decreased (i.e., damping coefficient was
increased) by a large extent, the effect on the angle of repose is very small. The
angle of repose only decreased by 6.5° when the damping was decreased by 0.5 times.
This implies that velocity dependent visco-elastic damping has a very little influence
on the angle of repose.

4.3 Angle of repose for reduced Young’s modulus

A method was proposed in section 3.5.1 to increase the time-step in the simulation,
which in-turn reduces the simulation run time. To validate this method for angle of
repose simulations, a simulation with original Young’s modulus value and a simula-
tion with reduced Young’s modulus value are analysed. The angle of repose values
of both the cases can be seen in figure 4.3.

Figure 4.3: Angle of repose for reduced Young’s modulus. Simulation with original
Young’s modulus (left), reduced Young’s modulus [E* = E/100] (right)
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It is evident that the simulations with reduced Young’s modulus were not suitable
to simulate bulk simulations like angle of repose. Even though the normal and
tangential interactions were validated for reduced Young’s modulus simulations, the
sliding and rolling friction models were not verified. The bulk densities of these
simulations match with the bulk density values measured for piles with original
Young’s modulus. As explained in [9], the rolling resistance model should also be
altered to compensate for the changed Young’s modulus and work of adhesion.

The rolling resistance models were not modified in this work and the simulations
are continued without changing the Young’s modulus and work of adhesion values
as mentioned in section 3.5.1.

4.4 Effect of sliding resistance on angle of repose

The effect of sliding resistance on angle of repose was evaluated using two work
of adhesion values i.e., 0 and 0.218 J/m? to see how angle of repose changes by
changing sliding resistance. The influence of sliding resistance on angle of repose is
shown in figure 4.4.
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Figure 4.4: Effect of sliding resistance on angle of repose for two work of adhesion
values i.e., 0 J/m? (blue) and 0.218 J/m? (black).
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We can see that the angle of repose increases with the increase in sliding resistance.
However, these values of angle of repose shown in figure 4.4 with high sliding resis-
tance seem to be too high and non-realistic for zero work of adhesion case. Therefore,
the value of 0.1 was chosen as sliding friction coefficient as mentioned in [28].

4.5 Effect of fall height on angle of repose

To know the effect of fall height on the angle of repose, three simulations with fall
heights of 30 mm, 60 mm, 100 mm were performed and compared with the experi-
mental results at various fall heights.
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Figure 4.5: Angle of repose dependency on fall height. Experimental results at
-17 °C for faceted snow (red), simulation results for spherical ice particles (blue).

The trend of the angle of repose with varying fall height value in simulations and
experiments is shown in figure 4.5. It can be seen that both simulation and ex-
perimental trends are decreasing almost linearly with increasing fall height. This
happens because the particles in experiments/simulations with higher fall heights
will attain higher velocities before colliding with platform /pile making them to build
up a smaller pile and vice-versa happens at lower fall heights. The difference in val-
ues of angle of repose between experiments and simulations at same fall height can
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4. Results and discussion

be motivated using several reasons. The snow type considered in simulations was
rounded /spherical and in experiments it was considered as faceted. Another reason
could be that the modelled sliding friction coefficient in simulations (ps = 0.1) is too
low. As it was seen in figure 4.4 that the angle of repose increases with an increase
in sliding resistance, the sliding resistance can be increased to exactly match the
values on simulation and experimental trends.

4.6 Variation of angle of repose with work of ad-
hesion

The simulations were setup with an initial work of adhesion value of 0.218 J/m? and
the settings shown in table 4.1. The work of adhesion value is gradually increased to
see the change in the angle of repose values. The work of adhesion values adopted in
this work are presented in table 4.2. The coefficients of restitution were calculated
using the method described in section 3.4 and were used as simulation inputs. The
coefficient rolling friction is taken as 0.1, the choice of this value is motivated in
section 4.1. The sliding/static friction value was taken as prescribed in [28], which
was 0.1. The angle of repose piles with these settings are shown in figure 4.6.

r=0.218 Jim? r=0.327 Jim? I=0.436 Jim?

I=0.654 Jim? r=0.872 Jim?

Figure 4.6: Variation of angle of repose with change in work of adhesion values.The
angle of repose increases with an increase in work of adhesion.
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The angle of repose was determined by taking the slope of particles formed at the
surface of the pile not by measuring from the tip of the pile.

Number | Work of Adhesion (J/m?) | Angle of Repose
1 0.218 37.2°
2 0.327 40°
3 0.436 49.21°
4 0.654 62.9°
) 0.872 90°

Table 4.2: Values of work of adhesion chosen for the simulations and the angle of
repose values from them.

The simulation trend of angle of repose versus work of adhesion was compared
with the experimental trend, which was between angle of repose and temperature
of snow. Both trends are shown in figure 4.7. The comparison was plotted by
equating the work of adhesion scale to the temperature scale at 0.218 J/m? and -12
°C respectively. This was taken according to the information described in [7] and
section 3.3.

The lines in figure 4.7 show the experimental trend for a fall height of 100 mm and
the simulation trends for two fall heights i.e., 30mm and 100mm. From figure
4.7 the trend of both data i.e., angle of repose versus temperature and angle of
repose versus work of adhesion at 100 mm fall height seem to agree. Most of the
simulations are done at 30 mm fall height as explained in section 3.3. The diameter
of platforms in simulation and experiments are also different taken as 25 mm and
50mm respectively. The platform diameter was reduced in the simulations as the
50 mm diameter platform requires more particles to form a pile when compared to the
25 mm diameter platform. Simulating more particles requires more computational
effort, in order to reduce the computational effort a lower diameter was chosen
instead. Even though the simulation and experimental trends are similar, both the
curves at similar fall height do not have the exact same values. The difference can be
reasoned in several ways. As explained in section 4.5, the difference could be because
of insufficiently modeled sliding resistance. The particles taken in experiments have
different shapes and might have different snow types (faceted particles, depth hoar,
etc.), but in simulations only spherical particles were considered.

The bulk densities of the piles were measured by creating a box with dimensions
S5mm x 5mm X 5mm inside the pile. The mass and volume of the box are then
used to evaluate the bulk density, which varied in between 545 kg/m? and 560 kg/m3.
These values are close to the values from the experiments.

To check the dependency of angle of repose on non-sphericity, an equivalent particle
consisting is three spheres adopted from [11], shown in figure 4.8 was chosen to
represent the entire particle distribution with non-sphericity and the simulations
are done for the work of adhesion values mentioned in 4.2. Choosing a non-spherical
particle will also indirectly change the rolling resistance value.
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Figure 4.7: Comparison of experimental and simulation trends for angle of repose
versus temperature (red) and work of adhesion (blue, black) respectively. The figure
also shows error bars while measuring angle of repose from both experiments and
simulations.

Figure 4.8: Three spherical particle used in simulations to evaluate the effect of
non-sphericity. The model was adopted form [11], where sintered particles were
represented as 3 sphere particles.
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It can be seen that the angle of repose values in simulations with the three sphere
particles exactly matched with the trend of spherical particles with a minor difference
at two points. This once again confirms that increasing rolling resistance by changing
particle shape did not affect the angle of repose values. The trends of angle of repose
versus work of adhesion for spherical and non-spherical particles can be seen in figure
4.9.
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Figure 4.9: Comparison of trends of angle of repose versus work of adhesion for
spherical particles (red) and equivalent non-spherical particles (black).
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Conclusion

The objective of this work was to correlate angle of repose of snow at different
temperatures to the work of adhesion parameter described in JKR model. It was
identified that the rolling and sliding resistance also influence the angle of repose
values to a certain extent. It was observed that the simulation and experimental
trends are matching. An exact match between data on the trend lines can be
achieved by methods suggested in the previous sections i.e., increasing the sliding
resistance of the particles. A similar simulation study can be made with the particles
with different snow type like faceted snow or with a different non-spherical particle
size distributions to see how these particles affect the angle of repose values.

Alternate rolling and sliding resistance models which were prescribed in section 2.4.1
can be explored to see if adopting these models can change the angle of repose val-
ues determined in the current study. An extrapolation method is used to model
the velocity dependent visco-elastic damping, which was assumed to be accurate to
model the coefficients of restitution for all the interactions. Also, the experiments
in [10] are performed for particle-wall interactions, where the equivalent radius in
all the interactions is the particle radius. For the particle-particle interactions the
equivalent particle radius is taken as the harmonic mean of corresponding two par-
ticles in contact. Further investigations are needed to validate the accuracy of the
modeled visco-elastic damping in the current work.

A method proposed to increase the time-step in the simulations to reduce the total
simulation run time. This method worked well for single particle interactions in
normal and tangential directions, but didn’t work well for bulk simulations i.e.,
the angle of repose simulations. However, the single particle simulations were not
validated for proper working of rolling and sliding resistance models as there was
limited project time available. The sliding and rolling resistance models can be
checked for working correctly and necessary changes can be made if necessary to
compensate for the increased time-step.

The fall height trend seen in the simulations was same as in the experiments. The
sliding resistance can be increased in the simulations to match the exact values of
angle of repose in experiments. There can also be some other factors that influence
the difference in angle of repose values for both the trends which can be transverse
forces (wind currents) acting on the particles, change in velocities of the particles
due to vibrations of the hopper.

The purpose of this work was to predict the snow impingement /accumulation on the
autonomous sensors of a car. The work of adhesion results from this work can be used
to mimic the snow at different temperatures. These values of work of adhesion can
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5. Conclusion

therefore be used as an input in DEM-aerodynamic simulations with one or two way
coupling to model the right degree of adhesion for the snow impingement. They can
also be used in Lagrangian-Eulerian aerodynamic simulations, by using user-defined
functions, which can have conditional statements of when the particle sticks. This
can be done by correlating the velocities of particles achieved in angle of repose
simulations with various fall heights and assigning the degree of adhesion/stickiness
for each velocity value.
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