
Self-driving cars have the possibility to make traffic safer 
and more environmentally friendly. The technology relies on 
cars equipped with sensors, which monitor the surrounding 
environment. The car then makes its own driving decisions 
based on the information from these sensors. Therefore, there 
is an increased need for sensors to function properly for a self-
driving car, compared to a conventional vehicle.

A self-driving car driven on a road can get contaminated by 
particles on the exterior vehicle surfaces. These particles can 
be dust, dirt, water droplets or ice particles. When particles 
stick on the surfaces, they can cause sensors to malfunction or 
even block the sensors. Snowfall during winter season causes 

roads to become snow-covered in large areas of the Northern Hemisphere. When a vehicle is 
driven on such a road, the vehicle can lift snow from the ground, which then accumulates on the 
vehicle surfaces.

This thesis investigates how snow can contaminate exterior surfaces on a car. The aim of the 
research has been to increase the knowledge regarding the adhesion of snow, and when snow 
is likely to stick and accumulate on a car. Mathematical models have been developed to capture 
the main mechanisms of the studied topic and from these further conclusions could be drawn, 
which are useful when designing future cars. Experiments on simplified geometries show that 
snow tends to stick at regions where low velocities for the particle-wall collisions are expected, 
and when the forces from the airflow acting on surfaces are low. Model simulations replicating 
the experiments were carried out and the comparisons show that the main mechanisms for snow 
contamination were captured by the models.
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Department of Chemistry and Chemical Engineering
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Abstract

An ongoing challenge regarding autonomous vehicles is the obstruction of
sensors by contaminants on exterior surfaces. This often occurs when driving
in harsh weather conditions, where the contaminant can be, for example, water
spray, dirt, or snow. Certain regions on a vehicle can have higher rates of
deposition compared to others and it is therefore crucial when developing an
autonomous vehicle to choose sensor locations that avoid contamination. The
present research has aimed to increase the knowledge regarding snow deposition
when a vehicle is driving on a snow-covered road.

Mathematical models for the cohesive properties of snow and ice have
been developed to predict and understand snow deposition on exterior vehicles
surfaces. The models were solved analytically or numerically for ice particle
collisions with exterior surfaces. Multiple experimental studies were conducted
ranging from small-scale experiments on millimeter-sized single ice particle
collisions to large-scale climate wind tunnel experiments on bluff bodies. The
cohesive properties of snow were measured using an experimental setup for the
angle of repose of snow.

In summary, this thesis presents results for single ice particle collisions, the
angle of repose of snow, and snow contamination on bluff bodies. A regime map
for ice particle collisions was developed that predicts a nonlinear dependency
between impact velocity and collisional damping. The angle of repose of snow
was shown to strongly correlate with temperature, but also with particle size
and fall height. Experimental results for the snow contamination of bluff
bodies show that snow tends to deposit near aerodynamic wake regions and
reattachment regions where the airflow velocities are expected to be low. A
numerical model was proposed for the transport of ice particles in a turbulent
flow. Simulations that replicate the experiments, show that the numerical
model captures the main characteristics of the snow deposition obtained in the
experiments.

Keywords: exterior soiling, snow adhesion, icing, snow physics, premelting,
sensor availability, turbulent dispersion, particle laden flow, snow deposition,
particle resuspension.
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Chapter 1

Introduction

1.1 Snow Deposition on Sensor Surfaces of Cars

Safety systems in vehicles have increased in functionality in recent years, from
passive systems, such as airbags and seat belts, into active systems such as
brake assistance and collisional avoidance.

This development has led to a reduction in accidents, for example, insurance
data reveals that collision avoidance features have reduced rear-end collisions by
37% in Sweden [1]. Advancement within machine learning has accelerated this
development and today practically all car manufacturers develop sophisticated
cruise control systems with the goal of achieving an autonomous system (self-
driving) [2]. A self-driving car will rely on on-board sensors that give input to
the autonomous system. Commonly used sensors are radars, cameras, lidars,
and ultrasonic sensors. Harsh weather conditions caused by rain, fog or snow
can impair the performance of these sensors and potentially cause malfunction
of an autonomous system. These phenomena, when the exterior surfaces of a
vehicle get soiled by a contaminant, are referred to as surface contamination
where the contaminant (snow, water, or dirt) obstructs the sensor by depositing
on sensor surfaces. Many studies have previously been conducted regarding
water as the surface contaminant, and the topic is then referred to as vehicle
soiling or exterior water management [3–7].

This work is about surface contamination when the contaminant is snow,
i.e., snow contamination. Winter season causes snowy roads in large areas of
the Northern Hemisphere, where snow covers up to half of this hemisphere
in midwinter [8]. Over 70% of the US population lives in areas with annual
snowfall of more than 5 inches (13 cm) [9] and snowy roads account for 24% of all
weather-related vehicle crashes in US [9]. Approximately half of the population
in Europe lives in areas with yearly snow cover in January, and all regions
in Sweden get annual snow. Many drivers can therefore be affected by snow
contamination when it causes malfunction of safety systems. Annual winter
weather reduces visibility and decreases pavement friction, which increases the
likelihood of vehicle accidents. Snowy roads can therefore cause situations
where active safety systems for vehicles driving on these roads are less available
precisely when they are needed the most. As an example, Jokela et al. [10]
tested various lidars, and all sensors in question malfunctioned during the
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2 CHAPTER 1. INTRODUCTION

snow tests [10]. Despite these challenges, only few experimental [11, 12] and
numerical [13–15] studies have been conducted regarding snow contamination
on vehicles, and most studies have been conducted in recent years. There
is especially a gap regarding the understanding of how and where snow is
expected to accumulate when driving on a snow-covered road.

The phenomena of snow contamination when driving on winter roads can
be divided into three types of driving scenarios: self-contamination, third-
party contamination, and precipitation contamination. Self-contamination is
occurring when the driving car lifts snow from the ground via the tires and the
vehicle is then contaminating itself. This type of contamination is always present
if there is a sufficiently thick snow layer on the road. Third-party contamination
occurs when the car of interest is driving in a snow cloud generated by another
vehicle in front of the vehicle, and this type of contamination is then in practice
always present together with self-contamination. The scenario is typically
worse when the frontal area of the third-party vehicle is large, for example, a
truck, since the aerodynamic wake behind it then will be large which is directly
related to the generated snow cloud. Precipitation contamination is referred
to the scenario when a car is driven during snowfall and often occurs together
with self-contamination. In exterior water management, this type of scenario
(during rainfall) is often referred to as ”primary contamination” [4] or ”direct
soiling” [3], however since snow can accumulate and stay on the road for a long
time, this is not, generally speaking, a primary source of contamination. To
avoid confusion such terminology is not used in this thesis.

This thesis addresses snow contamination of cars by describing the problem
using mechanistic mathematical models. The intention of this research has
been to predict when snow will adhere and accumulate on exterior surfaces.
However, the increased understanding of the underlying transport phenomenon
is also expected to aid in the understanding of how accumulation of snow can
be avoided. The results in this work were intended to be general, enabling them
to be applied to any situation where adhesive particles adhere and accumulate
on surfaces.

1.2 Aim and Objectives

The aim of this thesis is to contribute to the understanding of snow contamina-
tion of cars. This has been achieved by addressing the following objectives:

• Investigate and quantify the cohesive properties of snow experimentally
in terms of temperature, particle size, etc.

• Investigate collisions of ice particles and how material properties affect
the adhesive loss in a collision.

• Develop a computational model for ice particle-wall collisions predicting
the energy loss in the collisions.

• Experimentally study the snow contamination of aerodynamic bluff bod-
ies.

• Establish a complete computational model for snow contamination of
aerodynamic bluff bodies.



1.3. LIMITATIONS 3

1.3 Limitations

The research focus of this thesis is on the driving scenarios: self-contamination 
and third-party contamination. Precipitation contamination is regarded as 
less well defined a nd e xperiments a re a lso m ore d ifficult to per form with 
repeatability.

The particles are assumed to be spheroid shaped. Less attention was 
directed towards precipitation particles with complex shapes such as needles, 
plates, and dendrites. While the ranges of forms are highly complex and 
sensitive to atmospheric conditions, they are expected to change towards round 
particles over time when at rest on the ground.

The snow studied in this work was assumed to be free of any impurities 
that would alter the freezing point, such as salt, and we furthermore assumed 
that electrostatic charges are not present at the surface of ice. The snow is 
studied at temperatures below 0 ◦C and thus we excluded studying complex melt 
forms of snow near 0 ◦C such as slush, where round ice particles are immersed in 
water.

The motivation for this research is to assert when vehicle sensors are 
available while driving on snow-covered roads. However, this thesis does not 
include predictions of how sensors perform when snow is present on a sensor 
surface. Instead, surface areas with snow present are simply regarded as blocked 
for any potential sensor, and complex sensor processes such as sensor fusion 
are not taken into account in the thesis.

1.4 Thesis Outline

This thesis proceeds with a chapter summarizing previous research conducted 
in the most relevant scientific disciplines on the topic of this thesis (Chapter 2). 
Then, tests on the snow contamination of cars follows in Chapter 3, which show 
results from in-field as well as wind tunnel t ests. Subsequently, three chapters 
follow which summarize the current research, where the chapters are defined 
thematically, and each chapter includes sections on the scientific approach, 
results, and discussions. Chapter 4 addresses the energy losses for ice particles 
colliding with massive walls, where the simulation results from Paper I and the 
experimental results in Paper II are combined to formulate an overall regime 
map for ice particle-wall collisions. Chapter 5 is about the angle of repose of 
snow, where the experimental method and results from Paper III are presented. 
The succeeding chapter addresses snow deposition when a turbulent flow field 
is present, using simplified bluff bodies (Chapter 6)  where the chapter contains 
both wind tunnel experiments and in-field t ests. The results of Paper IV are 
summarized in Chapter 6, however the chapter also includes recent results 
obtained from in-field tests on the bodies that are not included in Paper IV. 
Chapter 7 consists of short summaries of the publications this work is based 
on, and finally Chapter 8  condenses the concluding remarks of the thesis.
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Chapter 2

Background

The work in this thesis extends across multiple scientific disciplines. While
the core of the topic is about adhesive particles within chemical engineering,
scientific fields such as fluid mechanics, atmospheric science, and automotive
engineering are all relevant for the work presented in this thesis. This chapter
summarizes, from the aforementioned fields, the most important theoretical
concepts for the thesis.

2.1 Snow and Ice Physics

Snow is a complex material in regard to many chemical and physical aspects,
with multiple perspectives and definitions. This work is dedicated foremost
to the snow present on the ground and snow is defined as a porous material
consisting of ice particles and pore space. Utilizing the international classi-
fication for seasonal snow on the ground [16], the morphology class round
grains is central to the thesis, however machine made snow, surface hoar, and
precipitation particles are also relevant. Terminology for bulk entities of snow
such as snow particles or grains will be avoided and instead, in order to increase
clarity, the entities of snow are referred to as ice particles. It is common to
classify snow as either wet or dry, depending on if the snow is at or below its
melting temperature [17]. This is not necessarily the standard bulk melting
temperature of water (0 ◦C) since melting point depression can be caused by
ionic impurities or curvature [18]. This thesis examines dry snow in the sense
that the bulk ice is below the melting point, however, this does not mean that
the ice is free of any liquid. Ice is the crystalline solid form of water, and a
liquid-like layer can exist on the surface of ice at thermodynamic equilibrium
for temperatures well below the bulk melting temperature of water [19–21].

For common temperatures on Earth (T > −50 ◦C) ice is to be considered
close to its melting point. A measure of how close a material is to its melting
temperature is the homologous temperature, which is defined as;

TH =
T

Tm
, (2.1)

where T is the material temperature, and Tm is the bulk melting temperature.
Ice at −55 ◦C corresponds to TH = 80% which is to be regarded as a high

5



6 CHAPTER 2. BACKGROUND

temperature for the material [22]. As a comparison, TH = 80% for iron or
silver would correspond to 1174 ◦C or 714 ◦C. Ice at T = −10 ◦C corresponds
to TH = 0.96, which is an exceptionally high value of TH and can be compared
to heated stones, or lava, when heated to 1141 ◦C.

2.1.1 The Premelting of Ice

A crystalline material can start to form a disordered structure among the top
molecules at the surface of the material when the material is close to its melting
point. This phenomenon is called premelting and can occur on a surface which is
in contact with vapor (surface melting) or can occur at the interface between two
objects (interfacial melting). Premelting occurs for many crystalline materials,
e.g., in ceramics [23] or ice [19]. Michael Faraday postulated the existence of
a liquid layer on ice below its melting point already in 1842, and proved this
theory experimentally [19]. This was however disputed by James Thomson who
instead incorrectly accredited the experimental results to pressure melting [24].
For a long time, the theory of premelting was overlooked by the scientific
community, but in the 1950s new experiments were conducted that provided
evidence of the existence of premelting on ice [25]. The premelting of ice is
currently an active research topic with many recent studies investigating the
implications of premelting. 70% of Earth is covered by water, and premelting
has been found to explain many interesting phenomena on Earth such as the
possibility to ice skate [24], mass charges of thunderstorms [26], frost heave [20],
and glacier movement [20].

The distorted layer that arises because of premelting on the surface of ice
can have properties between solid ice and liquid water [21]. In this thesis, this
layer will therefore be referred to as a quasi-liquid layer (QLL). The presence of
a stable QLL can be explained with interfacial thermodynamics. A derivation
for the QLL thickness d in thermodynamic equilibrium will now be shown based
on the work by Dash et al. [20,26] and Thomson [27]. As a start, consider a
solid to be in thermodynamic equilibrium with a vapor at temperature T and
pressure P . If there is a finite QLL of thickness d, the free energy per unit area
of this layer will be the sum of the free energy of the bulk and surface terms,
i.e.

Gqll(T, P, d) = [ρlµl(T, P )]d+ Ftotal, (2.2)

where ρl is the density of the liquid, Ftotal is the total excess surface free energy
per unit area, and µl(T, P ) is the chemical potential of the bulk liquid. The
chemical potential of the QLL is then,

µqll(T, P, d) =
1

ρl

∂Gqll

∂d
= µl(T, P ) +

1

ρl

∂Ftotal

∂d
. (2.3)

In thermodynamic equilibrium, µqll is equal to the chemical potential of the
solid µs, i.e.

µqll(T, P ) = µl(T, P ) +
1

ρl

∂Ftotal

∂d
= µs(T, P ). (2.4)

This equation implies a difference in chemical potential between the solid and
the bulk liquid caused by the derivative of Ftotal. This causes a displacement
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of the phases, which can be evaluated using a first-order Taylor expansion such
as:

∆µ(T, P ) = µs(T, P )− µl(T, P ) =
qm
Tm

(T − Tm) +
ρl − ρs
ρlρs

(P − Pm), (2.5)

where qm is the latent heat of fusion, and ρs is the density of the solid. Putting
together Eq. (2.4) and Eq. (2.5), it follows that

∆µ(T, P ) =
1

ρl

∂Ftotal

∂d
=

qm
Tm

(T − Tm) +
ρl − ρs
ρlρs

(P − Pm). (2.6)

The derivative of Ftotal can be expressed as [28]

∂Ftotal

∂d
= − AH

6πd3
, (2.7)

where AH is the effective Hamaker coefficient representing the strength of the
polarization forces. Inserting Eq. (2.7) in Eq. (2.6), it can be shown that

d =

(
|AH |

6πρl(
qm
Tm

(Tm − T ) + ρl−ρs

ρlρs
(Pm − P ))

)1/3

. (2.8)

Dash et al. [20] used a different notation where the derivative of Ftotal was
expressed as

∂Ftotal

∂d
=

3∆γσ2

d3
, (2.9)

where σ is a constant on the order of a molecular diameter. ∆γ is the difference
between the coefficients of dry and wetted interfaces,

∆γ = γlv + γsl − γsv, (2.10)

where subscript l is for liquid, v is for vapor, and s is for solid. Combining
Eq. (2.7) and Eq. (2.9), the Hamaker coefficient can be expressed as

AH = 12π∆γσ2. (2.11)

Fig. 2.1 shows the predicted d as a function of T (solid line) where ∆γ = −0.024
J/m2 [29] was used together with σ = 2.8 Å, yielding AH = −7.1 · 10−20 J.
The dashed line indicates the molecular length of one water molecule.

The displacement ∆µ(T, P ) can increase in the presence of impurities µs

(for instance salt [30]), by an electrostatic potential µe [27], or by damage at
the interface µD due to a collision [26]. Wåhlin and Klein-Paste [30] expressed
the chemical potential due to salt as

µs = R0T ln(αw), (2.12)

where R0 is the gas constant and αw is the activity of the solution. An
electrostatic potential can be present when there is an ionic solution, and
Thomson [27] derived that

µe =
q2s

ρlϵϵ0

(
1− 1

κd
) exp(−κd), (2.13)
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Figure 2.1: Calculation of the quasi-liquid layer (QLL) thickness d on ice as
a function of temperature T . The solid line shows the calculated d and the
dashed line shows 2.8 Å, illustrating the molecular length of a water molecule.

where κ−1 is the Debye length, ϵ, is the dielectric constant, ϵ0, is the permittivity
of free space, and qs is the surface charge. Wettlaufer [31] proposed that µD

can be expressed as the ratio between a fraction ξ of the kinetic energy at
impact, Ei, and the premelted mass ρlπa

2
dd, i.e.,

µD =
ξEi

ρlπa2dd
, (2.14)

where ad is the maximum contact radius. The damage term is used to describe
how microscopic and mesoscopic changes lead to the deterioration of macro-
scopic material properties. With these expressions for the chemical potentials,
the displacement ∆µ(T, P ) (Eq. (2.5)) can be expressed in general as

qm
Tm

(Tm − T ) +
ρl − ρs
ρlρs

(Pm − P ) = µvdw + µs + µD + µe, (2.15)

where

µvdw = − AH

6πρld3
. (2.16)

In the same way as for Eq. (2.8), this generalized equation can be used for
ice when predicting the thickness d of the QLL, when there is damage at the
interface, when adding salt, or when an electrostatic potential is present on
the surface.

2.1.2 Snow Morphology

Snowfall typically starts with ice crystals that are formed in the troposphere
by nucleation of liquid droplets. The droplets in the troposphere are so small
that their curvature causes a depression of the ice nucleation temperature, and
homogeneous nucleation is therefore an unlikely process which may occur at
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temperatures as low as −38 ◦C. Instead, it is more common that nucleation 
occurs when these droplets collide with nanometer-sized aerosol particles, which 
triggers heterogeneous nucleation at an elevated temperature. This nucleation 
can occur for temperatures from 0 ◦C to −37 ◦C depending on the particle 
properties [32]. Once an ice crystal has formed, it grows through mass transfer 
and deposition where surrounding water vapor transforms into solid ice on the 
crystal. This occurs while the crystal falls from the sky, and the resulting shape 
of the crystal is affected by the local humidity which is surrounding the crystal, 
and the air temperature, both which will change as the crystal is falling towards 
the ground. The resulting crystal is commonly referred to as a snowflake, and 
due to variations in weather, these snowflakes can take many different forms 
such as needles, columns, prisms, or dendrites [33].

A snowflake has a high specific surface area, and the TH for seasonal snow 
covers is typically close to 100%. Since the material is so close to its melting 
temperature, it can easily change phase from solid to liquid or from solid to 
vapor (sublimation). The process to change phase is driven by the minimization 
of the energy state and is sensitive to humidity, temperature gradients, pressure, 
and curvature of the ice surface [17]. A snowflake which has settled on the 
ground will therefore be thermodynamically very active and can rapidly begin 
to change size and shape. This process is called snow metamorphism [17]. For 
snow below its melting temperature, snow metamorphism is commonly divided 
into two categories: equilibrium metamorphism and kinetic metamorphism. 
Kinetic metamorphism occurs at a fast rate of growth where a temperature 
gradient and humidity cause deposition, and the crystal takes a hexagonal 
form. The equilibrium form, in contrast, occurs at slower growth rates, where 
individual ice particles are changing under isothermal conditions. For a solid ice 
particle under these conditions, the lowest energy configuration is a sphere and 
therefore the thermodynamics of the material are driving ice particles present 
in a snow cover to change shape towards spherical ice particles [34]. These 
particles can either grow or shrink in size [17] and the duration of the snow 
metamorphism will affect the particle size distribution expected for ice particles 
in a snow cover [35]. For example, particles with a radius of 1 µm have such a 
high curvature that they are expected to disappear (by sublimation) within 1 
hour, while particles with a radius of 100 µm are expected to disappear in 1 
year [36]. Typically, it is expected that the ice particles in a snow cover consist 
of round ice particles in the size range from a few hundred microns up to a 
few millimeters in diameter [34]. Langlois et al. [37] studied the particle size 
distribution of the seasonal snow cover in northern Canada and found that 
most round particles were a few hundred microns to one millimeter in size with 
an average diameter of 700 µm. Abrahamsson et al. [11] performed an in-field 
study on road snow and measured similar sizes for round ice particles on the 
ground. The authors also studied the particles adhering to the rear of a car 
that had been driven on a snow-covered road, and they measured that these 
particles, were on average, significantly smaller than the average size observed 
on the ground.
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2.1.3 Sintering of Ice

Sintering is a thermal process where the compactness of a material is increasing
over time. Sintering causes the strength of the bonds between particles in
contact to grow. This process is common to observe for various crystalline
materials, for example many different metals and ceramics [38]. The sintering
of ice is a commonly observed phenomenon, where ice particles in contact with
each other will increase bond strength over time [34, 39]. This phenomenon
is closely connected to snow metamorphism, which means that particles will
not only change shape and size over time but the bonds between the particles
will also change over time. The sintering bond between two particles forms
as a grain boundary groove geometry, where grooves on the surface grow
close to the grain boundaries. This was first shown by Colbeck [39] and
before this, it was incorrectly believed that the geometry could be described
as a concave bond similar to how a liquid bridge is formed between particles.
This bond formation is contact time dependent, and the speed of growth is
temperature dependent [39]. A general regime map for a sintering material
has been presented by Li et al. [40], which describes different contact regimes.
In their work, the initial phase of sintering for short contact times was found
to be dominated by adhesive-elastic interactions that can be described by the
Johnson, Kendall, and Roberts (JKR) model, while longer contact times were
dominated by other contact regimes, such as a viscoelastic contact and a viscous
flow regime (see Fig. 8 in Li et al. [40] for more details).

2.1.4 Energy Dissipation for Ice Particle Collisions

The coefficient of restitution en is a measure of the energy loss for a particle
colliding with another particle or a wall and is defined as

en =
Vr

Vi
, (2.17)

where Vr is the rebound velocity, and Vi is the impact velocity. The subscript
n refers to a collision in normal direction, and similarly et is referred to the
coefficient of restitution in tangential direction. Multiple experimental studies
have been conducted measuring en for ice particles, the most comprehensive
study was done by Higa et al. [41,42] where ice particle collisions with massive
ice walls were studied at different temperatures regarding different particle
sizes. The particles which were studied had diameters from 0.14 to 3.6 cm, and
it was concluded that for Vi above a certain threshold velocity Vc, the energy
dissipation starts to drastically increase for increasing Vi. Based on the results,
an empirical model for en was proposed;

en =

eqe

(
Vi

Vc

)− ln(Vi/Vc)

Vi ≥ Vc,

eqe Vi < Vc,
(2.18)

where eqe is the quasi-static coefficient of restitution independent on Vi. The
study reported that Vc is dependent on R, and an empirical equation has been
proposed by Higa et al. [42], which is simplified in this thesis and is expressed
as

Vc = K1 exp
( K2

kbT

)
R−0.5, (2.19)
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valid for T > 229 K, where K1 = 7.055 · 10−7 and K2 = 0.25 are the resulting
constants based on the best fit of the experimental measurements in Higa
et al. [42]. The authors of Higa et al. [42] accredited the change of en with
increasing Vi to cracking and fragmentation of the particles at collision.

An alternative theory was proposed by Wettlaufer [31], where he suggested
that the damage and distortion caused by the collision, increase the premelting
of ice. Dash et al [26] and Wettlaufer [31] have previously shown that µD

becomes dominant in Eq. (2.15) for low values of damage. Wettlaufer [31]
derived an expression for the premelted thickness d for a collision as

d =
ξEi

πρla2d

1(
qm
Tm

(Tm − T ) + ρl−ρs

ρlρs
(Pm − P )

) , (2.20)

and proposed a collisional fusion model for collisions between ice particles,
which predicts when two particles colliding will fuse together.
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2.2 Particle Dynamics and Interactions

Snow adhesion and the associated sensor contamination involve ice particles that
collide with other objects, for example other particles or walls. During these
collisions the particles interact with the colliding object. These interactions
define whether a particle will stick or bounce, and specifically depend on the
intermolecular attraction as well as the elasticity of the material. This chapter
summarizes concepts for particle-particle and particle-wall interactions relevant
to particle collisions. Static interactions that depend on intermolecular forces
are combined with dynamic interactions which depend on the collision process.

It is worth emphasizing that this thesis focuses on macroscopic particles
i.e., particles that are at least micrometer-sized. Some of the continuity and
macroscopic assumptions that are made do not apply for nanometer-sized
particles.

2.2.1 Intermolecular Interaction

Intermolecular forces are common sources of adhesion and occur due to electro-
dynamic interactions between molecules and/or atoms. These forces are most
often attractive, but can be repulsive. There are three main intermolecular
forces relevant for the adhesive interactions which are considered in this thesis:
dipole-dipole (Keesom), dipole-induced dipole (Debye), and induced dipole-
induced dipole (London/Dispersion) [28]. These forces are collectively often
called the van der Waals forces. The terminology is however not consistently
used in literature and sometimes only the dispersion forces are defined as
the van der Waals forces. Hydrogen bond is a special case of dipole-dipole
interaction that is stronger than the usual dipole-dipole interaction [28], and
because of this it is sometimes excluded from the van der Waals forces. No
distinction is made between the different types of forces in this thesis and all
these intermolecular forces will be referred to as van der Waals forces.

Van der Waals forces are long-range in the sense that they act longer than
an atomic bond or chemical bond [43]. However, for a micrometer-sized particle
their range is so short that they are considered to only be active when particles
are in contact. The effects of van der Waals forces grow as objects get smaller
since the ratio between surface area and the mass of a particle grows with
decreasing size. The interaction energy per unit area G(l) between two flat
plates of different materials in a medium is calculated as [28]

G(l) =
AH

12πl2
, (2.21)

where l is the separation distance, and AH is the effective Hamaker coefficient
for the two materials in the medium. For applications with air as a medium, it
is often assumed that this is similar to no medium at all (vacuum). The AH can
be determined experimentally but can also be calculated using the dielectric
functions of the materials [44]. The adhesive force per unit area F (l) for two
rigid spheres can be estimated using the Derjaguin approximation as [28]

F (l) = 2πR∗G(l), (2.22)

where

R∗ =
R1R2

R1 +R2
, (2.23)
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is the effective radius of the contact, and R1 and R2 are the radii for the two
objects in contact. This thesis will often address the case when a particle is
interacting with a flat wall. For this case R∗ = R1 since R2 = ∞.

2.2.2 Adhesive-Elastic Contacts

The force in Eq. (2.22) is valid for completely rigid particles. However, real
particles are never completely rigid, and they deform elastically upon contact
[28]. This deformation can occur due to externally applied forces as well as
intermolecular forces that either push or pull the contact. A theory that predicts
this elastic deformation due to intermolecular forces is the JKR model, which
is an extension of the Hertz contact theory. The JKR model was formulated by
Johnson, Kendall, and Roberts [45] and is today a basis for modern theories
of how to model adhesive contacts [28]. While the Hertz model predicts a
linear relation between normal contact force, Fn and central displacement δ,
the JKR model predicts a nonlinear relationship. δ is the difference between
the undeformed and deformed radius of the particle in contact. In this model,
Fn can be both attractive and repulsive, while it is always repulsive in the
Hertz model. The pull-off force Fc in the JKR model, which is the force needed
to detach a particle in contact, is obtained as

Fc =
3

2
πR∗W, (2.24)

where W is the work of adhesion, the amount of work required to separate two
flat surfaces from contact to infinity. W can be estimated using Eq. (2.21) for a
fixed distance upon contact l = z0 so that W = G(z0), however, this will then
be sensitive to the choice of z0. The dielectric functions of the materials are
not always known such that AH can be calculated. Another way to calculate
W is by usage of surface energies [28], for two objects with the same material
W is simply

W11 = 2γ1. (2.25)

Rules regarding how to combine surface energies are typically applied for
dissimilar materials. Fowkes [46] composed surface energies into dispersive
and a-scalar contributions (combined contribution from the polar interactions:
dipole, induced and hydrogen bonding [47]) as

γ = γd + γa, (2.26)

where W can then be approximated as [47]

W12 = 2
(√

γd
1γ

d
2 +

√
γa
1γ

a
2

)
. (2.27)

However, when dispersion forces are responsible for most of the interaction,
W12 can be calculated as [28]

W12 = 2
√

γd
1γ

d
2 . (2.28)

As shown by Chokshi et al. [48], the JKR model can be written in a dimensionless
form as

Fn

Fc
= 4
( a

a0

)3
− 4
( a

a0

) 3
2

, (2.29)
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and

δ

δc
= 6

1
3

(
2
( a

a0

)2
− 4

3

( a

a0

) 1
2

)
, (2.30)

where a is the contact radius, a0 is the contact radius at equilibrium, and δc
is the critical displacement, which is the separation distance needed for the
contact to break. These variables are defined as

δc =
a20

2(6)
1
3R∗

, (2.31)

and

a0 =

(
9πWR∗2

2E∗

) 1
3

. (2.32)

The effective Young modulus E∗ is defined as

1

E∗ =
1− ν21
E1

+
1− ν22
E2

, (2.33)

where Ek is the Young modulus, and νk is the Poisson’s ratio of material k.

Eq. (2.29) and Eq. (2.30) give Fn as an implicit function of δ that can only
be solved numerically. Fig. 2.2 shows Fn/Fc as a function of δ/δc. Four points
of interest are highlighted in the figure: A, B, C, and D, which are ordered for
a collision in the sequence of events. Fig. 2.3 shows exaggerated illustrations of
the particle deformations at these four points for a particle upon collision with
a wall. A is the initial contact point when δ = 0, and the model then predicts
an attractive contact force (Fn < 0). The particle therefore accelerates towards
the wall. Point B is the equilibrium point where Fn = 0 and a = a0, and after
this point, the particle will experience a repulsive contact force (Fn > 0) and
subsequently decelerate. This will occur up to point C, which is the maximum
compression point, where the velocity of the particle will be zero and the
particle will start to rebound. The particle will then rebound and accelerate
from C to B and then decelerate again until point A. If there is only energy
dissipation caused by the adhesive-elastic interaction, there will so far be no
loss of energy for the particle since the force path going from A → B → C
is the same as going from C → B → A. After this, the JKR model predicts
a necking stage of the contact, i.e. even though δ is negative, there is still a
contact due to a deformed contact neck and subsequently an attractive contact
force (Fn < 0) up to point D, which is the point of critical displacement when
δ = −δc. This extra force path from A to D causes a loss of energy in the
collision which is equal to the shaded area in Fig. 2.2.
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Figure 2.2: Contact force Fn/Fc for the JKR model as a function of central
displacement δ/δc, where both quantities are plotted in dimensionless form.
Notation shows four points of interest: A - Initial contact point, B - Equilibrium
point, C - Maximum compression point, and D - Critical tear-off point.

Fn

Fn = 0 Fn
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a
δ = δ0 δ = δmax

δ = −δc

Figure 2.3: Illustration of different points of interest during a particle-wall
collision: A - Initial contact point, B - Equilibrium point, C - Maximum
compression point, and D - Critical tear-off point.

While the JKR theory models the adhesive-elastic interactions in the normal
direction for collisions, particles can also move in tangential direction, where
tangential interactions can take place. Tangential interactions are especially
important for oblique impacts but can also be a major source of energy loss
when agglomerates impact on a massive wall in normal direction [49]. If
tangential forces are present in the interaction between particles or a particle
and a wall, they can cause particles to roll or slide. This will depend on which
resistance is the lowest, and the particle will then either move at a certain
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tangential velocity Vt or rotate with an angular velocity Ω. The particle and
the contact will then deform. This is illustrated in Fig. 2.4, where the deformed
adhesive contact bond is exaggerated to make the illustration clearer.

Ω

δr

(a) Rolling

Vt

δt

(b) Sliding

Figure 2.4: Adhesive-elastic tangential particle interactions with a wall.

A simplified approach to model the resistance of adhesive particles to slide
was proposed by Thornton [50], where the sliding force Ft is related to Fn, Fc,
and the friction coefficient ft as

Ft = ft|Fn + 2Fc|. (2.34)

Theoretically, however, this will only apply to rigid particles and a resistance
force lower than Ft can cause elastic deformation that stores energy, that can
later be released. ft can be viewed as a material property, but it can also be
increased to model the surface roughness of a particle. Sliding is rarely seen for
adhesive particles [51], and modeling of this resistance is mainly done to avoid
sliding, so the particles instead roll, for example, when performing particle
simulations.

Multiple ways to model the adhesive rolling resistance of particles have been
proposed in previous studies. A comprehensive model based on the asymmetric
pressure distribution at the contact point has been proposed by Dominik and
Tielens [52]. This model assumes perfect spherical particles where the critical
torque for irreversible adhesive rolling is obtained as

Ma = 4Fc

( a

a0

)3/2
δr,c, (2.35)

where δr,c is the critical rolling distance. Krijt et al. [53] showed that δr,c can
be expressed in terms of a0 and variable they called the adhesion hysteresis for
rolling ∆γ/γ, as

δr,c =
a0
12

∆γ

γ
. (2.36)

In this model, ∆γ
γ is a material parameter that can be obtained based on

experimental data.
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2.2.3 Plastic Dissipation

Apart from losses due to intermolecular forces, many other interactions can
cause an inelastic collision and thereby cause particles to adhere to a surface.
An example of that is plastic dissipation. Thornton and Ning [54] have proposed
an extension of the JKR model with the plastic deformation of particles. The
theory is that plastic deformation occurs in the contact, given that a limiting
contact pressure py has been reached. The deformation causes a loss in kinetic
energy for a particle, and en caused by plastic dissipation for a particle colliding
with a massive wall has been derived by Thornton and Ning [54] as

en = 1.324
( p5y
E∗4ρp

)1/8
V

−1/4
i , (2.37)

where ρp is the particle density.

2.2.4 Forces due to a Liquid Layer

The forces in a particle-particle or particle-wall contact can drastically change
when a liquid layer is present in the contact, where both viscous as well as
capillary forces can be present [28]. A static contact has two main contributions
to the capillary forces: the Laplace pressure contribution and the contribution
from the adhesive force inside the liquid annulus. The sum of these forces
is [28]

F =
4πR∗γlv cos(θ)

1 + x/d
+ 4πR∗γsv, (2.38)

where θ is the contact angle. The first term in this sum is the Laplace pressure
contribution, and the second term is the adhesive force inside the liquid annulus.

For a dynamic contact, when a particle collides with another particle or
a wall, a viscous damping force Fv can be present which is caused by the
viscosity µf of the liquid. The magnitude of this force is velocity dependent.
Matthewson [55] has shown based on Reynolds lubrication theory, that for a
particle colliding with a wall, Fv can be related to the particle velocity V as

Fv = 6πµfR
2V h(x), (2.39)

where h(x) is a function of the separation distance x between the particle and
the wall. For an infinite wetted wall, Chan and Horn [56] have shown that

h(x) = 1/x, (2.40)

which agrees well with their experimental findings, except for very thin layers
or small separation distances. This equation diverges when x → 0 and Fv is
often limited for x ≤ ε, where ε is a certain length scale, often taken as the
particle roughness [57].

h(x) is more complex when the particle is wetted and the wall is dry, since it
will then depend on the meniscus geometry. For this scenario, Matthewson [55]
derived that

h(x) =

(
1− x

x+ a2w/(2R)

)2
1

x
, (2.41)
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where aw is the wetted radius of contact and Eq. (2.41) reduces to Eq. (2.40)
for aw → ∞. To estimate the associated energy loss Ev for a particle colliding
with a wall, Fv can be integrated over the collision path as

Ev =

∮
Fvdx. (2.42)

The resulting energy loss Ev for h(x) using Eq. (2.40) with a limit when x ≤ ε
has been estimated by Sutkar et al. [57] to be

Ev =
3

2
πµfR

2Vi ln(
d

ε
). (2.43)

To the best of our knowledge no similar integration result has been published
for h(x) using Eq. (2.41).
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2.3 Computational Fluid Dynamics

When a vehicle is driven on a snow-covered road, the external aerodynamics
of the vehicle will have a central role for the transportation of ice particles to
surfaces. The aerodynamics can both affect where particles will collide with
surfaces and the collisional velocities. Computational Fluid Dynamics CFD, is
a sub-field in fluid mechanics where physical phenomena involving fluids are
modeled using mathematical models. In this thesis CFD is used to simulate the
multiphase flow when the turbulent fluid is air and solid particles are dispersed
in the fluid, a type of flow often called a particle-laden flow.

2.3.1 Aerodynamics and Turbulence Modeling

The level of turbulence present for a fluid flow can be quantified by the Reynolds
number Re, which is the ratio of inertial forces to viscous forces

Re =
ρfuL

µf
=

uL

νf
, (2.44)

where L is a characteristic length scale, νf is the kinematic viscosity of the
fluid, and u is a characteristic velocity. For high enough values of Re the flow
is fully turbulent and the smallest turbulent scales will decrease with increasing
Re. For vehicle aerodynamics, which is the relevant fluid flow for this thesis,
the flow is expected to be fully turbulent. Compressibility effects on the flow
is expected to arise for high velocities exceeding 30% of the speed of sound
(≈ 370 km/h), which is significantly higher than what is considered as relevant
driving speeds. Air will therefore be modeled as an in-compressible fluid in
this thesis. The velocity vector U and fluid pressure p of the flow will then
follow the in-compressible Navier-Stokes equations which are defined by the
continuity equation

∇ ·U = 0, (2.45)

and the momentum equations:

ρf

(
∂U

∂t
+ (U · ∇U)

)
= −∇p+ µf∇2U+ ρfg, (2.46)

where g is the gravitational acceleration. A simulation that solves these
equations is called a Direct Numerical Simulation (DNS), unfortunately the
equations are so non-linear that they are, in practice only possible to solve for
simple flows. To solve more industrially relevant problems, turbulence modeling
is needed where the velocity components and pressure are decomposed into
resolved and unresolved (modeled) turbulence scales. The decomposition can
be done both in space and time. For decomposition in time, the variable of
interest x is decomposed into an averaged component ⟨x⟩ and a time-fluctuating
component x′, i.e.

x = ⟨x⟩+ x′. (2.47)

The Reynolds-averaged Navier–Stokes equations (RANS) are obtained when
inserting this decomposition in Eq. (2.46) and time averaging the equations.
⟨x⟩ can be solved directly in RANS but terms arising from x′ when performing
the time averaging needs to be modeled and the model used is called a RANS
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model. For decomposition in space, a variable x is decomposed into a spatial
resolved component x̄ and a filtered sub grid scale (SGS) x′′, i.e.

x = x̄+ x′′. (2.48)

Inserting this decomposition in Eq. (2.46) and volume averaging the equations,
it can be shown that x̄ can be solved directly while terms arising from x′′ have
to be modeled (using a SGS model). This type of decomposition is referred
to as a Large Eddy Simulation (LES). Solving a flow with RANS models
is relatively cheap in terms of computational cost and has historically been
used for many industrial applications with complex flow problems, however,
they also come with reduced accuracy and the results will depend on the
RANS model that is used. LES is, on the other hand, the standard in many
academic fields due to its higher accuracy, it is an ideal method when resolving
turbulent structures, for example behind bluff bodies [58]. The drawback with
LES is the associated computational cost when resolving turbulent boundary
layers in near wall regions, where the requirements in computational cost
for most industrial applications are so large that LES cannot be realistically
used. A way to avoid this challenge is to use hybrid LES-RANS models where
the decomposition is employed both in time and space. With this approach,
different spatial and time scales can be resolved depending on the region. The
aim with using a hybrid LES-RANS approach is often to resolve large free
stream structures while modeling turbulence in the boundary layer. Detached-
Eddy-Simulations (DES) is a type of hybrid LES-RANS models where LES
is combined with unsteady RANS and the switch of decomposition is done
depending on a calculated turbulent length scale. The chosen RANS model
is then also used as a SGS model for the LES. There are multiple versions of
DES, and the formulation of the model will depend on the chosen RANS model.
Shur et al. [59] proposed the Improved Delayed Detached Eddy Simulation
(IDDES) with k−ω SST turbulence model, which has been employed in various
applications [7,60–62] and has shown improvements compared to RANS [63]
when validated with experimental data. The reader is referred to Shur et al. [59]
for a detailed explanation of the IDDES k−ω SST model and to Davidson [58]
for a comprehensive summary of different turbulence models.

2.3.2 Grid Resolution

When simulating the turbulence models presented in Section 2.3.1 the simulation
domain needs to be discretized and this is usually referred to as a mesh or a
computational grid. The user generally must choose a resolution in order to
determine how well resolved the fluid flow will be, however, how the turbulence
is resolved is not in general known a priori, and therefore the resolution needs
to be evaluated afterwards. The grid resolution when using hybrid LES-RANS
models such as the IDDES k − ω SST model can be evaluated by looking
at the near-wall resolution as well as the wake-flow resolution. For near-wall
requirements a common criterion is that the resolution in normal direction
should satisfy

y+ =
uτy

νf
< 1, (2.49)
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where uτ is the friction velocity at the wall and y is the distance from the wall.
For LES there are also guidelines for the near-wall resolution in spanwise and
streamwise directions, where further details about such guidelines can be found
in Davidson [58]. However, as pointed out by Ashton and Revell [64] there are
not as well defined resolution requirements for hybrid LES-RANS models such
as the IDDES k − ω SST model, and the solution in the near-wall region will,
for this model, be dominated by RANS. The grid resolution for a wake-flow can
be evaluated using the ratio between resolved kres and total turbulent kinetic
energy,

M =
kres
ktot

=
kres

kres + kmod
, (2.50)

where kmod is the modeled turbulent kinetic energy. This ratio can be used as
an indication where the model is resolving turbulent structures and a common
criterion used for well resolved LES is that M ≥ 80%, which origins from an
example criterion mentioned by Pope [65]. Davidson [66] showed that M can
be close to unity also for simulations that are not well-resolved. Instead he
argued that two-point correlation analysis is useful to evaluate grid resolution
in a simulation. The idea is that neighboring grid points should be correlated
for the turbulence to be well resolved. This analysis is made by sampling
velocity components Uj (where j can be in the direction X, Y or Z) over time
and then calculate the two-point correlation between the cells of interest; XA

and all cells individually after this cell at a certain direction (for example X,Y
or Z axis if the grid is aligned to these axes). The goal with the analysis is
to count the correlated number of cells NDi,Uj

, along a direction Di, where
CUj

(XA, XB) >= Cc for a chosen threshold Cc.
The normalized (Pearson’s) correlation coefficient between the two-points

(XA and XB) for the velocity Uj is defined as,

CUj
(XA, XB) =

U ′
j(XA)U ′

j(XB)√(
U ′
j(XA)

)2 · (U ′
j(XB)

)2 . (2.51)

An example of the analysis for one cell is depicted in Fig. 2.5, where the
CUj (XA, XB) has been plotted as a function of the number of cells between
XA and XB , for a fixed XA and changing XB . In this example Cc = 0.1, was
used which yields NDx,Ux

= 30, which then reflects how well the grid resolution
in X direction is in this cell for the velocity Ux. To look at this measure for
a given Di, for all Uj , we define the minimum number of correlated cells in
direction Di for all velocities as

NDi = min
(
NDi,Ux , NDi,Uy , NDi,Uz

)
. (2.52)

This type of analysis was recently used by Törnell [62] to assert the grid
resolution for the aerodynamics around two trucks driving in close proximity
by performing the analysis as shown in Fig. 2.5, for each cell in a plane and
plotting NDi,Ux

for all the cells.
Davidson [66] proposed that it is up to the researcher or engineer to decide

how many cells are necessary, which can depend on application, but suggested
also that a minimum ofNDi = 8 is recommended for a coarse LES and NDi = 16
should be sufficient for a well resolved LES.
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Figure 2.5: Two-point correlation CUx
(XA, XB) as a function of the number

of cells between the points XA and XB for fixed XA and varied XB along the
X-axis. Dashed line shows example of threshold Cc = 0.1.

2.3.3 Particle Concentration and Momentum Coupling

The concentration of particles can affect the overall properties of the particle-air
mixture. Depending on how concentrated particles are when present in an air
flow, the properties of the flow may change. A dense flow is defined as a flow
with so many particles such that the likelihood for particle-particle collisions
is large, which then affects the particle transportation. A dilute flow is the
opposite, where particles are so dispersed that the particle motions will only be
affected by the fluid forces, and particle-particle interactions can be neglected.
According to Crowe et al. [67] a flow is to be considered dilute if

τp
τC

< 1, (2.53)

where τp is the particle response time and τC is the time between collisions.
Assuming that a mean velocity fluctuation U ′ is acting on a particle, for a given
ratio

τp
τC

, the particle diameter for this given ratio can be calculated as [67]

Dp =
3
√
πµf

4ρpU ′αd

τp
τC

, (2.54)

where αp is the volume fraction of particles. Particles present in a fluid flow will
be affected by the mean velocity and fluctuations of the flow. Generally, the
presence of the particles will also affect the fluid, for example by momentum
change of the flow. If both of these interactions are present and important
for the physical problem the flow is called two-way coupled. If particles are
affected by the air flow but the particle effects on the air is negligible the flow
is called one-way coupled. When the particles are small and the flow can be
considered as dilute, it is common to regard the flow as one-way coupled [68].



2.3. COMPUTATIONAL FLUID DYNAMICS 23

2.3.4 Particles in Turbulence

When driving a vehicle on a snow-covered road the air flow in proximity to the
vehicle is turbulent. When an ice particle is transported through this air, the
turbulence air cause forces on the particles and affect the trajectory as well as
the resulting collisional velocity with a potential vehicle wall. This interaction
between particles and a turbulent air flow is therefore important for the present
topic. To classify the transportation of particles in a turbulent flow it is useful
to use dimensionless numbers. The local turbulence surrounding the particle
can be quantified by the particle Reynolds number

Rep =
ρfDp|Us|

µf
, (2.55)

where |Us| is the magnitude of the particle slip velocity. When modeling
particle transportation in a turbulent flow the local detailed turbulence is often
not resolved and instead Rep is used as a quantification of this local turbulence.
For Rep << 1 the flow is called a Stokes flow or creeping flow, and analytical
solutions predicting the flow field can often be derived. How the particle is
responding to a turbulent field can be quantified by the Stokes number

St =
τp
τf

, (2.56)

where τf is the characteristic time of the fluid flow. The Stokes number is
an important parameter since it quantifies the ability of a particle to follow
turbulent fluctuations. If St << 1, particles respond rapidly to changes in the
fluid flow and can therefore be able to follow complex paths such as rotations and
sudden directional changes. On the other hand if St >> 1 particles generally
do not react to fluid flow changes and move in the air flow independent of local
turbulent fluctuations. For a Stokes flow it can be shown that [69]

τp =
ρpD

2
p

18µf
, (2.57)

which highlights that τp is sensitive to the particle size. Generally for non-
Stokesian flow, the expression for τp takes an integral form but the particle size
dependency is similar and small particles will still tend to follow fluid motion
more than large particles.

For a solid particle present in turbulent air flow, various forces acting on
the particle can arise. For heavy particles (ρp >> ρf ) the drag force is likely to
be the most dominant force acting on a particle. This force arises from velocity
differences between the particle and the fluid. Generally the drag force FD, is
calculated as [70]

FD =
1

2
ρfCdAp|Us|Us, (2.58)

where Cd is the drag coefficient. This coefficient is not a constant and is
expected to depend both on Rep as well as the shape of the particles. Analytical
solutions are generally only possible to obtain for small values of Rep and instead
various experimental correlations have been obtained. Two of the most used
correlations are the Schiller-Naumann correlation [71] and the Haider-Levenspiel
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correlation [72]. While the Schiller-Naumann correlation only depends on Rep,
the Haider-Levenspiel correlation is also a function of the particle sphericity ϕ.
The ϕ is defined as

ϕ =
s

S
, (2.59)

where s is the surface area of a sphere with the same volume as the particle
and S is the actual surface area of the particle. Fig. 2.6 shows the Cd as a
function of Rep for varying ϕ using the Haider-Levenspiel correlation [72] (see
their Eq. (11)). As can be seen the significant variations for different ϕ occur
for high Rep >> 10.

When a particle is present near a wall, the FD is expected to be anisotropic
and can be divided into a wall-normal component FD,⊥ and tangential compo-
nent FD,|| [70]. O’Neill [73] derived analytically for a Stokes flow that

Cd,|| = fd,||Cd, (2.60)

where Cd is the free stream drag coefficient and fd = 1.7009, is a correction
term. The same correction term multiplied with the Cd has later also been
used for higher Rep [70]. For the Cd,⊥ a similar correction term was obtained
by Maude [74] for a Stokes flow with fd,⊥ = 3.39, which means that

fd,⊥ ≈ 2fd,||. (2.61)
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Figure 2.6: Drag coefficient Cd as a function of Rep for varying ϕ using the
Haider-Levenspiel correlation [72].

For a particle in a turbulent flow, lift forces may also arise on the parti-
cles caused by a velocity gradient acting perpendicular to the oncoming flow
direction. The shear lift force FLS is defined as

FLS = CLS
ρfπ

8
D3

p(Us × ω), (2.62)

where ω is the fluid vorticity and CLS is the shear lift coefficient. Similar to
Cd, empirical correlations for CLS are often used where a common correlation
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is the one by Sommerfeld [75], which is a function of the Reynolds number for
the shear flow

ReS =
ρfD

2
p|ω|

µf
. (2.63)

If a pressure gradient is present this can also contribute as a force

FP = −Vp∇Pf , (2.64)

where Vp is the particle volume and ∇Pf is the pressure gradient for the fluid.
For the studied particles in this thesis it holds that ρp >> ρf . Other forces

such as the virtual mass or buoyancy forces are therefore considered negligible.
The particles relevant for this thesis are also substantially larger than one
micron, which means that diffusion driven by Brownian motion and rarefaction
effects can also be neglected.

2.3.5 Particle Simulations

Simulations of particles, where the position of a particle is tracked over time,
are usually done by solving Newton’s second law of motion as

mp
d2Up

dt2
=
∑
∀i

Fi. (2.65)

In this equation, Up is the particle velocity, and mp is the mass of the particle,
which is assumed constant, and the sum of all Fi represents all forces acting on
a particle at a specific time step. Theses forces can for example be the forces
mentioned in Sec. 2.3.4, or gravity, or contact forces in a collision. If a particle
is also allowed to rotate, Newton’s law of rotation is also solved

I
dΩ

dt
=
∑
∀i

Mi, (2.66)

where I is the particle inertia, Ω is the angular velocity of the particle, and
the sum of all moments Mi represents all moments acting on the particle.
Particle-particle or particle-wall interactions can be modeled with either binary
collisions, also called the hard-sphere approach, or by resolving the collision
with the soft-sphere approach [69]. The soft sphere approach is commonly
called the Discrete Element Method (DEM), which allows particles to overlap,
and the force is then expressed as functions of this overlap. δ is equivalent to
this overlap in the JKR model as defined by Eq. (2.29) and Eq. (2.30), and
thus these equations can be used directly in DEM.
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Chapter 3

Observations of the Snow
Contamination of Cars

In this chapter, observations of the snow contamination of cars are shown to
demonstrate the present research topic, where results from both in-field tests
and wind tunnel experiments are shown.

3.1 In-Field Test Approach

In-field snow tests were performed on a test track where two identical variants
of a Volvo XC40 Recharge were used as test objects. The two vehicles will
henceforth be referred to as vehicle A and B (see Fig. 3.1). The tests were
performed in winter conditions in Sweden, where a layer of snow was present
on the test track. Two types of tests were performed: self-contamination tests
and third-party contamination tests.

Self-contamination was tested by driving a test vehicle without any other
vehicles nearby, therefore surface contamination is caused by the vehicle itself
when snow is lifted up while driving. These tests were performed for driving
speeds 40, 50, 60, and 70 km/h, where 25 km were driven for each driving
speed. A test was performed by driving a cleaned vehicle on the test track for
25 km and the deposited snow were then documented by taking photographs
of the vehicle. The self-generated cloud of snow from a vehicle was studied by
driving along a segment of the test track at varying speeds. Photographs of
the generated snow cloud were taken as the vehicle passed the same location,
such that photographs of the cloud at different speeds could be compared to
each other.

The third-party contamination was tested using both vehicles, where they
were driven in close proximity to each other, such that the vehicle behind was
driving in a snow cloud. These tests were mainly done for the comparison with
the wind tunnel experiments, where snow was sprayed in front of the tested
vehicle using a snow cannon.

When performing tests in an outdoor environment the tests are not in
general repeatable since the layer of snow on the ground is constantly changing
as well as the weather conditions. To manage with these challenges, the results

27
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at varying velocities were obtained during the same day when the conditions
were similar. The self-contamination tests were mutually performed on both test
objects such that variations caused by lack of repeatability could be detected.
However, when the tests were performed no distinguishable differences were
seen between the results on vehicle A and vehicle B. Results are therefore
only shown for vehicle A in this chapter. The self-contamination tests were
performed in a speed sequence of 40, 70, 40, 50, and 60 km/h. This was done
to monitor and detect if any changes in weather conditions would affect the
tests, however no such changes were observed during the testing.

(a) Vehicle A. (b) Vehicle B.

Figure 3.1: Test objects used for in-field tests.

3.2 Wind Tunnel Procedure

Wind tunnel experiments were performed in an open jet climatic wind tunnel
with a nozzle cross section of 4.3 m2 (2.5 m×1.7 m). Air temperature was kept
constant at −15 ◦C, and the inlet velocity, U∞, was kept constant at 70 km/h.
Snow was produced using a type of snow cannon, often called a snow lancer,
which is a long metal pipe equipped with small nozzles at the end. Cold water
and pressurized air were mixed in these nozzles to breakup and nucleate small
water droplets. The snow cannon was placed upstream in the nozzle of the
tunnel and was placed in head-wind direction, such that airflow would disperse
the cloud of ice particles. Fig. 3.2 shows a photograph of the snow cannon in
the nozzle section of the tunnel.

The test object used (vehicle C) was the same model as for the in-field tests;
a Volvo XC40 Recharge, which was placed downstream in the middle of the
test section in the wind tunnel. The wheels of vehicle C did not rotate during
the test. The test vehicle is shown mounted in the wind tunnel in Fig. 3.3. The
results from the wind tunnel were compared to the third-party contamination
test results on vehicle A. However, vehicle A and vehicle C are not identical, for
example the wheels are different and small design differences exist where vehicle
C was equipped with an exterior styling kit. These differences were however
considered to be minor, instead deviations between the two measurements are
expected to be due to difference in snow type as well as how the tests were
performed. While the in-field tests included both the self-contamination as
well as the third-party contamination, the wind tunnel tests only include snow
coming from the front of the vehicle without any wheels rotating.
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U∞

Figure 3.2: Snow cannon in wind tunnel where the cannon is placed in head-
wind direction.

Figure 3.3: Test object vehicle C, used in wind tunnel experiments.
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3.3 Results and Discussion

3.3.1 Self-Contamination

In the self-contamination tests, snow was predominately observed to adhere 
and accumulate at the rear of the vehicles, while almost no snow deposited on 
the front and side surfaces of the vehicles. Tests at varying speeds revealed that 
the amount of snow that accumulated, as well as the area of accumulation, was 
strongly dependent on the driving speed. Results for vehicle A when driving 25 
km on the test track at speeds 40, 50, 60, and 70 km/h are shown in Fig. 3.4 and 
Fig. 3.5, at a rear view and an isometric rear view, respectively. The figures 
show that more snow accumulates at lower velocities compared to higher. The 
highest area of accumulation was obtained at the speed 40 km/h, while the 
lowest was observed for 70 km/h. These differences in snow accumulation is 
likely due to changes in the aerodynamic load, which can cause resuspension of 
particles. The aerodynamic load will increase with increasing driving speed. 
It is likely that resuspension of ice particles in the rear wake regions affects 
the accumulation of snow in these tests. To investigate this, tests where done 
were a vehicle was continued to be driven with increasing velocities while the 
vehicle was not cleaned of snow between changes in velocity. The results from 
these resuspension tests are shown in Appendix A, where it can be seen that 
snow is disappearing from the vehicle while driving at increasing driving speed. 
The resuspension of ice particles was further analyzed in Chapter 6 where a 
resuspension criterion was derived.

The generated snow cloud from a vehicle consists of individual ice particles. 
The results shown in Fig. 3.4-3.5 indicate in two ways how the deposition 
rate of snow is connected to the expected collisional velocities of ice particles. 
Firstly, deposition predominately occurred in the rear separation regions, where 
low collisional velocities are expected since the relative velocity between the 
fluid fl ow an d su rfaces in  th ese re gions is  lo w. Se condly, th e magnitude of 
the collisional velocity for the ice particles should be directly connected to 
the vehicle speed. The results show that decreasing speed increases the snow 
deposition. The collisional properties of ice particles and adhesive properties 
in particle-wall collisions are further analyzed in Chapter 4.

With an increase in speed, more snow is lifted by the vehicle, which forms 
a larger snow cloud behind the vehicle. The magnitude of the self-generated 
snow cloud when a vehicle is driven on a snow-covered road is depicted in 
Fig. 3.6, which shows photographs of the snow clouds for various driving speeds. 
While a speed of 30 km/h generates a barely visible snow cloud, the amount of 
snow deposited at this speed was significantly higher than at higher speeds, for 
example 70 km/h. This highlights that the snow cloud seen when driving does 
not necessarily correlate with the deposition rate of snow, and it is possible 
that smaller ice particles, which have a large tendency to stick to surfaces, 
simply are not visible to the naked eye.
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40 km/h 50 km/h

60 km/h 70 km/h

Figure 3.4: Snow accumulation at a rear view of Vehicle A after driving for 25
km at the speeds; 40, 50, 60, and 70 km/h at T = −8± 2 ◦C.

40 km/h 50 km/h

60 km/h 70 km/h

Figure 3.5: Snow accumulation at an isometric rear view of Vehicle A after
driving for 25 km at the speeds; 40, 50, 60, and 70 km/h at T = −8± 2 ◦C.
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30 km/h 50 km/h

70 km/h 90 km/h

Figure 3.6: The self-generated snow cloud for the driving speeds; 30, 50, 70,
and 90 km/h.

3.3.2 In-Field Tests Compared to Wind Tunnel Tests

Fig. 3.7 shows a comparison between results from the wind tunnel with the
third-party contamination test procedure. The comparison is restricted to
rear surfaces where an isometric rear view is shown to the left, and a rear
view is shown to the right. Fig. 3.7a shows a wind tunnel measurement with
machine made snow at T = −15 ◦C, where the test was performed for 30 min.
Fig. 3.7b shows an in-field test using the third-party contamination test where
an identical vehicle was driven in front of the test vehicle to generate a snow
cloud. Interestingly, almost no snow was observed to adhere to the side or
front surfaces, despite the vehicle has been driven in a snow cloud. The results
obtained are similar to the self-contamination test at 70 km/h as shown in the
previous section. For the wind tunnel test, however, clear snow accumulation
can also be seen at the sides in Fig. 3.7a, where snow has deposited behind the
A, B, and C-pillar of the vehicle. These results bring attention to deviations
that can be observed between the machine made snow and the natural snow.
Deviations between these types of snow are further analyzed in Chapter 5 and 6,
where not only the angle of repose of machine made snow was significantly
higher than natural snow, but the machine made snow also tended to deposit
at regions where the natural snow did not deposit.
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(a) Wind tunnel measurement of vehicle C for testing in 30 min with U∞ = 70
km/h at T = −15 ◦C.

(b) Third-party contamination test of Vehicle A while driving at 70 km/h for
50 km at T = −8± 2 ◦C.

Figure 3.7: Snow accumulation results at an isometric rear view to the left and
a rear view to the right.
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Chapter 4

Single Ice Particles
Collisions with Surfaces

Central to the topic of this thesis is the energy dissipation when ice particles
collide with massive walls or previously deposited ice particles. As summarized
in Section 2.2 there are multiple sources of energy dissipation that can be
present when particles collide with an object. In this chapter, a computational
framework for the modeling of ice particle collisions with massive walls is
summarized. A massive wall is defined such that the mass of the wall is
significantly larger than the particle mass, and therefore the effective mass
m∗ in the collision is equal to the mass of the impacting particle mp. It also
follows that R∗ = Rp = 0.5Dp, since the walls are modeled as completely flat.
Emphasis in this chapter is towards the energy dissipation in the collisions,
which is represented by the coefficient of restitution en, and the highest velocity
of sticking Vs. Two regimes of impact will be presented; a low velocity modeling
of adhesive-elastic interactions, and a high velocity modeling based on collisional
melting. For the modeling at low velocity, an analytical solution was used to
evaluate en for ice particles. For the collisional melting model, experiments
of millimeter-sized ice particles were carried out to derive unknown model
coefficients. Finally, a regime map combining the two modeling approaches is
presented.

4.1 Modeling Collisions in the Intermolecular
Regime

The JKR model is used to quantify the adhesive-elastic energy loss in ice
particle collisions. The model is assumed to be relevant for capturing the main
dynamics of the adhesion for low velocity collisions with ice particle contacts.
The JKR model is a well-validated model for adhesive particles in general [18]
and has been extensively used previously for modeling contacts between ice
particles [48, 76]. The model is only modeling adhesive-elastic interactions and
is considered relevant under the following assumptions:

• The ice is sufficiently cold T ≲ 261 K, such that the effects of premelting
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can be neglected.

• The collisional velocities Vi are sufficiently low, such that the energy
dissipation is dominated by the adhesive-elastic interactions.

• The ice particles are spherically shaped and adhesive effects caused by
irregularities in shape can be neglected.

• The time of contact for both particle-particle contacts as well as particle-
wall contact is sufficiently short, such that effects of sintering can be
neglected.

Assuming that Vs is the highest velocity for a particle sticking to a wall, this
velocity can be related to the stick energy Es as

1

2
mpV

2
s = Es, (4.1)

where Es is equal to the shaded area in Fig. 2.2 and can be calculated by
integrating Eq. (2.29) and Eq. (2.30) numerically as

Es = Fcδc

∫ A

D

Fn

Fc
d
( δ

δc

)
,

= K1Fcδc,

≈ 0.4177
(π5W 5D4

p

E∗2

)1/3
, (4.2)

where K1 ≈ 0.9355 is an integration constant obtained through the numerical
integration. An equivalent result for Es as shown in Eq. (4.2) was previously
obtained by Thornton and Ning [54] (compare with Eq. (52) in Thornton and
Ning [54]). When inserting Eq. (4.2) into Eq. (4.1), it follows that

Vs = 2.24

√
1

ρp

(
π2W 5

D5
pE

∗2

) 1
6

, (4.3)

which relates to how smaller particles tend to stick more than larger particles

(since Vs ∝ D
−5/6
p ). The coefficient of restitution based on the JKR model en,

can be formulated using Vs as [54]

en =

√√√√1−

(
Vs

max(Vi, Vs)

)2

, (4.4)

where en = 0 means the particle is predicted to stick (when Vi ≤ Vs).

4.2 Collisional Melting Model

The JKR model predicts that particles will stick below a certain threshold Vs,
while for higher velocities the energy lost due to the intermolecular interac-
tions is constant and quickly becomes insignificant compared to Ei. Previous
experiments of ice particles by Higa et al. [42] show that for high Vi the energy
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dissipation drastically starts to increase for increasing Vi. Nietiadi et al. [77]
simulated collisions between nanometer-sized ice particles and found that the
JKR model agreed well with their simulations with respect to the contact radius
a0 for low velocity collisions, however deviations increased with increasing Vi.
They accredited this deviation to increasing collisional melting at the collision.
Eq. (2.18) which originates from Higa et al. [42], agrees well with the experi-
mental data obtained in the same paper. However, the commonly used plastic

dissipation model by Thornton and Ning [54] predicts en ∝ V
−1/4
i (Eq. (2.37)),

which is a significantly weaker dependency of Vi than Eq. (2.18), which has a
proportionality similar to en ∝ V −1

i . This is depicted in Fig. 4.1 which shows
en as a function of Vi for Eq. (2.18) together with Eq. (2.37) and en ∝ V −1

i .
The figure a lso includes measurement points extracted f rom Higa et a l. [42] 
for Dp = 8 mm at T = −12 ◦C. The value of py was in this figure arbitrarily 
chosen to match the used Vc for Eq. (2.18). The figure i llustrates t hat the 
plastic dissipation model does not capture the rapid increase in energy loss 
with increasing Vi for ice particles. This can be because the model does not 
account for melting dynamics and is generally used for low values of the TH . 
Ice on the other hand, regarding the frost-free measurements in Higa et al. [42], 
are all at TH ≥ 0.9. Experiments on other materials have shown that en(Vi) 
changes for high values of TH . Hashemnia [78] showed that the en of steel balls 
colliding with a heated metal wall started to decrease as early as TH > 0.6. 
Yildirim et al. [79] showed that the en of micrometer-sized metal particles stops
following en ∝ V

−1/4
i and instead follows en ∝ V −1

i at sufficiently high Vi.
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Figure 4.1: The coefficient of restitution en as a function of Vi using Higa et
al. [42], Thornton and Ning [54] as well as en ∝ V −1

i . Cross markers show
measurements from Higa et al. [42] for Dp = 8 mm at T = 261 K.

Wettlaufer [31] proposed that induced molecular disorder, caused by damage
during collisions, generates an increased QLL, which can fuse ice particles
together if the time scale for freezing of the QLL is shorter than the collision
time scale. Eq. (4.2) predicts thicker QLL with increased T which should result
in less fusion for increasing T , however, previous experiments imply more energy
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losses with increased T . It was therefore argued in Paper II that the associated
energy loss can be explained by the presence of the QLL itself, instead of a
fusion mechanism, specifically that the QLL causes an extra viscous loss in
the collision. Based on the work by Wettlaufer [31] a simplified expression was
derived for the premelted thickness caused by collisional damage for an ice
particle colliding with a massive wall as

d =
(16√6E∗

135π

)2/5 ξDpρ
3/5
s V

6/5
i

2

(
ρlqm
Tm

(Tm − T ) + ρl−ρs

ρs

(
Pm − ξ

(
40
π4 ρsV 2

i E
∗4
)1/5)) .

(4.5)
Details of the derivation of this equation are shown in Appendix B. In Paper
II there is unfortunately a typo where ρl is missing in the temperature term,
however, the correct equation was used in the calculations for the results in
the paper. In this equation, d is directly proportional to Dp, which means that
the ratio d/Dp is independent of particle size. This equation is valid under
the assumption that the contribution from µvwd (in Eq. (2.15)) is negligible
compared to µD (Eq. (2.14)). Fig. (4.2) depicts when this is not the case by
solving Eq. (2.15) using only µD as well as µD + µvdw. The figure shows d/Dp

as a function of Vi where the solution is the same with or without µvdw for
sufficiently high Vi > 0.1 m/s. For this calculation ξ = 0.15 was used based on
the estimation in Wettlaufer [31] where they bounded ξ ∈ [0.1, 0.2].
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Figure 4.2: Predicted d/Dp as a function of Vi for an ice particle colliding with
an ice wall at T = 262 K. The green dotted line shows the solution with only µD

and the blue solid line shows the solution with µvdw + µD. ξ = 0.15 was used
in the calculations and the shaded area shows the variation for ξ = 0.15± 0.05.

Assuming that forces due to the presence of a liquid layer (Section 2.2.4)
cause the observed damping of ice particle-wall collisions, there are multiple
contributing factors that can cause energy losses. However, only viscous
damping can capture the velocity dependency seen for ice particles since the
other static contact contributions are not estimated to be as sensitive to d, and
not velocity dependent. Therefore, it was hypothesized that the energy loss
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caused by viscous damping Ev (Eq. (2.42)) was the main contribution to the
observed energy loss of ice particle collisions when collisional melting occured.
The resulting en for an ice particle colliding with a wall can then be expressed
as

en =

√
Ei − Ev − ξEi

Ei
, (4.6)

where ξEi is the amount of damage at the interface. For the QLL of ice,
the function h(x) in Eq. (2.39) is unknown, and d is not constant during the
collision. It is, however, reasonable to expect that the resulting Ev will be
similar to Eq. (2.43), however with another dependency on d/ε. Therefore, it
is argued in Paper II that Ev ∝ (d/ε)a for some constant a, and it was found
that a = 1.5 best capture en ∝ V −1

i using Eq. (4.6). The viscosity µf of the
damage induced QLL is also unknown, however the viscosity of a liquid is
generally expected to be dependent on temperature, as [80]

µf ∝ exp
(G+

0

kbT

)
, (4.7)

where G+
0 is a potential energy barrier often found by experimental fitting to

experimental data. Based on this, it is proposed that

Ev = C exp
G

+
0

kbT ViR
2(d/ε)1.5, (4.8)

where C is a constant representing all linear constant terms with unit Pa·s.

4.3 Material Properties

A considerable amount of analyses in this thesis depends on the estimation of
material properties. In this chapter, analysis is performed with the following
wall materials; ABS polymer, hardened glass, stainless steel, and ice. These
walls were chosen because they are common on exterior vehicle surfaces. The
work of adhesion W and the effective Young modulus E∗ are two of the most
important interaction properties since they define adhesive-elastic interactions,
and E∗ also appears in the collisional melting model. W was estimated by
using Eq. (2.27) with literature values for surface energies as inputs. Similarly
E∗ was estimated by finding values of ν and E for each material investigated.
The ν for ice was reported by Gold [81] to be independent of temperature and
therefore this has been assumed in this work. E for ice was calculated based
on the temperature dependency shown in Hobbs [82] (see S11 in Eq. (4.17)
in Hobbs [82]) where E only has a weak correlation with temperature, for
example, E(263K) = 9.67 GPa, while E(253K) = 9.98 GPa. An ice particle
density of ρp = 917 kg/m3 was used in the calculations.

The particle-wall interaction properties used are shown in Table 4.1, where
the calculated values for E∗ and W are obtained by using Eq. (2.33) and
Eq. (2.27). The reader is referred to Table 2 in Paper I for the details of the
material properties used in these calculations.
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Table 4.1: Values of the particle-wall interaction properties used for ice particles.
Calculated using Eq. (2.33) and Eq. (2.27).

Wall material W [J/m2] E∗ [GPa]
Ice 0.218 5.4
ABS polymer 0.117 1.9
Hardened glass 0.166 9.5
Stainless steel 0.131 10.3

4.4 Ice Particle Experiments

The coefficient of restitution (en) for millimeter-sized ice particles colliding
with massive walls was measured in Paper II and this section describes the used
experimental method. Ice particles were created by generating droplets from a
mixture of water and food colorant (to enhance visibility) using a syringe. The
droplets were released into liquid nitrogen, causing the droplets to freeze on
the surface of the liquid nitrogen. This method of creating ice particles has
been used previously by Vargas et al. [83]. The syringe needle used was the
smallest available, which defined the size of the ice particles. Each particle
was picked up gently using a paintbrush, and the particles were released into a
vertical metal pipe. The particles then accelerated due to gravity and collided
with the massive wall at a certain impact velocity, Vi. The course of the
collision was recorded using a high-speed camera at 4000 frames per second,
and the recording began when a laser beam detected a particle outside the
metal pipe. The experiments were performed in a large cooling chamber where
the temperature could be controlled, and a temperature probe located 20 cm
from the massive wall was used to monitor the temperature. One standard
deviation from the mean was interpreted as temperature uncertainty. The
experimental setup is shown in Fig. 4.3.

Figure 4.3: Experimental setup for the measurements of the coefficient of
restitution en, with labels depicting the equipment used.

The recorded sequence of images for a collision was then analyzed using
the software Fiji [84] and the particle tracking plugin TrackMate [85]. The
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images were pre-processed in Fiji, before being analyzed, to improve particle
detection by removing gradient backgrounds, image segmentation, and filling
holes obtained from the segmentation where holes can occur because of light
reflections in particles. The particle radius of each frame in a collision sequence
was calculated by adding the pixel area of every pixel in the segmented sphere.
The overall particle radius for a collision was then calculated as the median of
the obtained radii in a collision. The average diameter of the ice particles was
1.64 ± 0.15 mm. Output for the trajectory points before and after collision
was taken from TrackMate. These points were then post-processed to calculate
the corresponding velocity before and after collision. The uncertainty of the
center position, δx, for a particle was quantified by manually measuring the
center points. The average difference between this manual measurement and
the output from TrackMate was δx = 26.13 µm, which propagates to a velocity
uncertainty of δV = 4000 · 26.13 · 10−6 = 0.105 m/s. The uncertainty of the
coefficient of restitution, δen, was then calculated based on the propagation of
uncertainties as

δen =

√(δVi

Vi

)2
+
(δVr

Vr

)2
en. (4.9)

The study focused on normal collisions, and collisions recorded with a clear
tangential impact were removed from the data set.

4.5 Results

The particles studied experimentally in Paper II had a average diameter of 1.64
± 0.15 mm, which is smaller than the results in Higa et al. [42]. However, the

JKR model predicts that Vs ∝ D
−5/6
p , and the particles studied in Paper II are

still so large that they yield very low values of Vs (Vs ≈ 4 ·10−3 m/s). Therefore,
it was not experimentally possible to validate the JKR model’s predictions
using these particles since it was not possible to perform measurements with
sufficiently small Vi. For the experiments in Paper II, Vi were significantly
larger than Vs. Therefore, the analysis for low velocity collisions in this chapter
is purely based on theoretical predictions and no experimental data is available
to validate those predictions.

4.5.1 Low Velocity Collisions

Fig. 4.4 shows analytical predictions of the energy loss for single ice particles
colliding with a massive wall using the JKR model (Eq. (4.3) and Eq. (4.4)).
Fig. 4.4a shows Vs as a function of Dp for the four studied wall materials (ice,
ABS polymer, hardened glass, and stainless steel). Generally, it is expected
that the cohesion of a material is higher than the adhesion, and it is therefore
expected that the ice wall has the highest Vs. However, the ABS polymer has
the second highest Vs of the studied wall material, which is not as expected
since this wall has the lowest surface energy, which yields the lowest W of
the studied wall materials. This occurs because E∗ is also lowest and since
Vs ∝ W 5/6E∗−1/3, this yields higher estimations of Vs than for hardened glass
or stainless steel.
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Fig. 4.4b shows en as a function of Vi for ice particles colliding with a
massive wall. The figure shows en for the wall material with lowest (stainless
steel) and highest (ice) predicted Vs for Dp = 50 µm as well as Dp = 100 µm.
Different particle sizes as well as wall materials are predicted to yield differences
in en for low values of Vi however for high Vi (Vi > 0.3 m/s) the predicted en
is similar en ≈ 1.
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(a) The predicted Vs for massive
walls of different materials as a func-
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Figure 4.4: Analytical predictions of Vs and en for ice particles colliding with
massive walls at T = 261 K.

4.5.2 High Velocity Collisions

The results from the experiments on millimeter-sized ice particles colliding
with massive walls showed that en depends both on T and the wall material
studied. It was found that the en of ice particles decreases for increasing T , and
is lowest for the glass wall, while highest for the ABS polymer wall. For more
details of the experimental results obtained, the reader is referred to Paper II,
where the results are also compared to the previous work by Higa et al. [42].
The obtained expression for Ev in Eq. (4.8) has two unknown constants C
and G+

0 . A non-linear least-squares fit was performed using the experimental
measurements as input to obtain the values for C and G+

0 . This fit was carried
out for ice particles colliding with an ice wall for both T = 267 K and T = 254
K individually, so that the results of the fit could be compared with each other,
and remarkably similar values of C and G+

0 were obtained. The average values
of the unknowns were found to be C = 0.5 · 10−10 Pa·s and G+

0 = 0.5 eV, and
the best fit at different temperatures only varied by 0.6% and 0.5% for C and
G+

0 . Fig. 4.5 shows experimental measurements (markers) and the predicted
en using the collisional melting model (lines) for ice particles colliding with
massive walls of ice, polymer, and hardened glass. Since the model is fitted
towards the experimental data for the ice wall, it is expected that it will predict
the trend well for these. However, as can be seen, the model also captures
the differences in wall material, which indicate that the dependency en has
on E∗ is captured by the model. These predictions of en deviate from the
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previous work by Higa et al. [42], where the collisional melting model predicts
a higher stick velocity Vcm, where particles are predicted to stick caused by
the damage induced melting. This is not predicted by Eq. (2.18) where the
function f(x) = x− ln(x) only approaches zero as x → ∞. This higher stick
velocity occurs when the incoming kinetic energy is equal to the sum of the
dissipated energy and can be expressed as

Vcm =
3C

πρp(1− ξ)
exp

(G+
0

kbT

) 1

Dp
(dH/ε)1.5, (4.10)

where dH is the melted liquid layer thickness when this sticking occurs. Un-
fortunately this thickness is itself a function of Vcm and an analytical solution 
cannot be obtained for this velocity. In Paper II the same velocity is described 
by the notation ”VH ”, but there is a typo in Eq. (18) in Paper II, where the 
term 1/(ρpDp) is missing, however the calculated Vcm is correctly including 
this term in Fig. 13b (Paper II).

The unknown coefficients in  th e de rived co llisional me lting mo del were 
obtained from experiments on ice particles with a fixed particle s ize. To assert 
how the model will extrapolate outside this particle size, the experimental 
results published by Higa et al. [42] were extracted for Dp = 2.8 mm and 
Dp = 8 mm at T = 262 K. Fig. 4.6 shows the en of ice particles colliding 
with a massive ice wall for these particle sizes combining both the 
experimental results and the predicted en based on the collisional melting 
model. The figure depicts that the size dependency observed for the en of 
ice particles is well predicted by the collisional melting model, where more 
damping is predicted for larger particles.
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Figure 4.5: The en of ice particles (with Dp = 1.64 mm) colliding with massive
walls as a function of Vi. Solid, dashed, and dotted lines show the predicted en
using the collisional melting model for ice particles colliding with an ice wall, a
polymer wall, and a glass wall, respectively. Marker symbols (circle, square,
and triangle) show experimental measurements for ice particles colliding with
an ice wall, a polymer wall, and a glass wall.
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Figure 4.6: The en for ice particles colliding with massive walls. Circle and
triangle markers show experimental results published in Higa et al. [42] for
particle sizes Dp = 8 mm and Dp = 2.8 mm respectively, both at T = 261 K.
Cross markers show experimental results published in Paper II for Dp = 1.6
mm at T = 262 K. Lines depict the predicted en using the collisional melting
model for ice particles.

4.5.3 Regime Map for Ice Particle Collisions

The combined work of Papers I and II predicts that the velocity of impact has
a nonlinear influence on the en of ice particles colliding with massive walls. A
regime map of en can be created by combining the effect of adhesive-elastic
interactions ejkr (Eq. (4.4)) with the collisional melting model ecm (Eq. (4.6)).
Multiple coefficients of restitution can be combined by addition as [50]

(1− e2n) =
∑
i

(1− e2i ), (4.11)

or by taking the product of each contribution [57]

en =
∏
i

ei. (4.12)

Fig. 4.7 shows the combined en using Eq. (4.11) and Eq. (4.12) as well as the
individual contributions ejkr and ecm. While both approaches yield similar
results when using Eq. (4.12), the Vs is not changed and was therefore used
in the upcoming analysis in this section. The combined model predicts a
horizontal plateau around the point

en =
√
1− ξ, (4.13)

where en is constant, similar to what has previously been observed by Higa et
al. [42], which was then called a quasi-static regime.

The particle sizes studied in Higa et al. [42], as well as in Paper II, are
significantly larger than the particle sizes expected in a snow cover. For
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Figure 4.7: The en for ice particles colliding with massive walls with Dp = 1.6
mm at T = 261 K. Blue solid line shows en for the JKR model ejkr, and green
dashed line shows en for the collisional melting model ecm. Dashed red line
shows the combined en by adding the contributions. Dotted purple line shows
the combined en by taking the product of the contributions.

decreasing particle sizes, both Vs and Vcm are predicted to increase, causing
smaller ice particles to stick more at low velocities but less at higher velocities.
This is depicted in Fig. 4.8a, which shows the en of ice particles colliding with
a massive ice wall combining ejkr and ecm at T = 261 K. It is predicted that
Vcm > 10 m/s for all these particles except for Dp = 800 µm, which has a Vcm

slightly below 10 m/s. Fig. 4.8b shows the combined en as a function of Vi for
ice particles colliding with different massive walls. The en was calculated for
particles with Dp = 100 µm at T = 261 K. The energy loss associated with low
velocity impact in a collision, Es, is proportional to W 5/3E∗−2/3, therefore,
particle-wall interactions with high E∗ (e.g. when the wall is glass) will yield
low losses in a collision. In contrast, the energy loss Ev of high-velocity impacts
is proportional to E∗4/5, which means that particle-wall interactions with low
E∗, such as for a polymer wall, will have lower losses. This gives a complex
dependency on the optimal wall material for avoiding snow accumulation, since
the dependency changes depending on the regime of impact. These results
imply that it might be beneficial to have a sensor cover of different materials,
depending on where on the vehicle the sensor is located. For example, for the
radar cover at the front of a car, one would expect high-velocity collisions similar
to the speed of the vehicle, and thus a material that yields a low E∗ might be
beneficial. While in the rear wake of the car, a sensor cover should instead
have a material with high E that would cause a high E∗ for the interaction
with ice particles.

The collisional melting model depends on T where greater melting of a
liquid layer is expected at higher temperatures. The resulting viscous energy
damping is predicted by the model to be higher at higher temperatures because
of the increased QLL. Paper I discusses dry snow adhesion at a cold enough



4.6. DISCUSSION 47

10 2 10 1 100 101
0.0

0.2

0.4

0.6

0.8

Dp = 50 m
Dp = 100 m
Dp = 300 m
Dp = 800 m

Vi [m/s]

e n

(a) Varying particle sizes colliding
with a massive ice wall at T = 261K.
Solid blue line for Dp = 50µm, green
dashed line for Dp = 100 µm, red
dotted line for Dp = 300 µm, and
purple dashed-dotted line for Dp =
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(b) Varying massive walls for Dp =
100 µm at T = 261K. Solid blue line
for an ice wall, green dashed line for
a hardened glass wall, and red dotted
line for an ABS polymer wall.

Figure 4.8: The combined coefficient of restitution en for ice particles colliding
with massive walls as a function of impact velocity Vi at T = 261 K.

fixed temperature, where the effects of a liquid layer in equilibrium are assumed
to be negligible. For temperatures closer to the melting point of water it is not
known what effect this will have on W , but its plausible to assume that W will
increase with increasing T , causing Vs to increase with increasing T . Fig. 4.9
shows en for ice particles colliding with an ice wall at different temperatures.
Since ejkr is established under the assumptions that ice is sufficiently cold, only
T = 262 K was plotted for this low-velocity regime.

4.6 Discussion

The modeling of collisions in the intermolecular regime in this work is based on
the assumption that the collisions are at sufficiently low velocities, such that
the energy dissipation is dominated by the adhesive-elastic interactions. While
the JKR model has been validated experimentally for other adhesive particles,
the predicted energy loss in this work is only based on theoretical estimations
and no experimental results have been found to validate the predictions for the
collisions in the intermolecular regime. Ideally, experiments with micrometer-
sized ice particles, colliding with massive walls, at varying Vi and E∗ would
be needed to assert the validity of the model, which would be, in-practice,
challenging experiments to perform for such small particles. Even though
Paper II studied ice particles that were significantly smaller than the previous
studies, for example by Higa et al. [42], the particles studied in Paper II were
still so large that the predicted Vs would be approximately 4 mm/s, and it
would be very hard to perform experiments at such low collisional velocities.
There are other studies that measured the pull-off force for ice particles, for
example by Bahaloo et al. [86] or Shazbo and Scheebeli [87], however it is not
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Figure 4.9: The combined coefficient of restitution en for ice particles colliding
with massive ice walls as a function of impact velocity Vi for varying tempera-
tures. Solid blue line at T = 262 K, green dashed line at T = 265 K, and red
dotted line at T = 269 K.

obvious how to translate these static measurements into a collision, since both
the contact time and load are significantly larger than what is expected for
collisions in the intermolecular regime. The model was also established under
the assumption that the ice is sufficiently cold, which is assumed to be the case
for ice at T = 262 K. For larger T it is possible that the premelted QLL will
cause increased adhesion, for example by an increased W , however the exact
form of these increases are unknown.

The collisional melting model was derived with the assumption that the
increased melting causes viscous damping in the collisions. The model was
also shown to capture the dependencies on T , Dp, as well as E∗ seen in
experiments for ice particles colliding with massive walls. However, the model
is derived with coefficients that are fitted to some of the experiments, and it
is not possible to prove if it is viscous damping that causes this extra energy
damping. It could be caused by a combination of melting, plastic deformation,
as well as fragmentation of the particles at impact. The model predicts that
for sufficiently high velocities Vi ≥ Vcm, a particle will adhere to the wall
on impact. This was however not observed for the experiments in Paper II,
since the velocity of impact was Vi < Vcm, but occurrences when en = 0 were
reported by Higa et al. [42] for sufficiently high velocities. Hauk et al. [88]
showed that for sufficiently high velocities of impact the ice particles can have
a major fragmentation and in Paper II it was defined a regime of fragmentation
for sufficiently high Vi. However, it is not known which velocities will cause
fragmentation and since the particles then can break up into smaller pieces,
it can be argued that en is undefined for these types of collisions. The Vcm is
predicted to increase for smaller particles, and as can be seen in Fig. 4.8a this
velocity becomes larger for ice particles that are 50−300µm. Since the topic of
this thesis is regarding vehicles driving on snow-covered roads it reasonable to
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assume driving speeds of approximately 50-90 km/h, and particle-wall collisions
are expected to be lesser than these speeds. If Vcm is larger than the driving
speed it is possible that modeling of the collisional melting regime is obsolete
and could be omitted to reduce complexity. This will be further discussed in
Chapter 6 where fine machine-made snow is studied.

The analysis in this chapter only considered single particle collisions with
massive walls. Particles can however also stick together to form agglomerates
or aggregates. Here, an aggregate is defined as multiple ice particles that have,
at rest, formed strong bonds together over time due to either sintering or melt
and freeze cycles. While an agglomerate is referred to as multiple particles
weakly bonded together over a shorter time. Agglomerates could potentially
form while ice particles are dispersed in air due to particle-particle collisions.
In Paper I collisions of agglomerates of ice particles were simulated using
DEM, where both small agglomerates (up to five particles), as well as large
agglomerates (1000 particles) were studied. For these simulations, adhesive
interactions in the tangential direction had to be taken into account, and it
was found that the energy dissipation largely increased for the agglomerates
compared to single ice particles. This can be explained by the increase in
the possible tangential movement of particles and the subsequent increase in
energy loss caused by tangential interactions. The increased energy loss was
substantial; the largest agglomerate with 1000 particles adhered to a polymer
wall at 0.5 m/s, comparably, to a single ice particle with the same size as the
individual particles in the agglomerate, would stick at 0.056 m/s. This means
that the Es for this agglomerate is almost 80 000 times higher than for the
single ice particle.
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Chapter 5

The Angle of Repose of
Snow

The angle of repose α (illustrated in Fig. 5.1), is a measure that reflects the
internal friction in a granular material and is commonly used for classifications
of powders [89]. Various experimental approaches exist to measure the angle of
repose and the measured angle is known to be sensitive to which approach is
used [90]. For a sintering material such as snow, large differences in angle are
to be expected if the material is measured using a static approach where the
material has been at rest for a long duration, or using a dynamic approach that
involves movement of the particles in the material. Snow at rest for a long time
will have strong bonds between ice particles and therefore the internal friction
will be different in contrast to ice particles that are colliding and accumulating
in a pile. When a vehicle is driving on a snow-covered road, a dispersed cloud
of ice particles is generated from the tires that can deposit and accumulate
on exterior surfaces. By measuring the α of snow using a dynamic approach
this process is imitated where the bonds between ice particles are broken to
create a dispersed cloud of ice particles. The α of snow has been previously
studied by Kuroiwa et al. [91] and Willibald et al. [92], where the experimental
methods used in these studies are similar to the one used in Paper III, and the
results obtained in Paper III were compared to these previous studies.

As shown in the result section, α does not only depend on the experimental
setup but also on the experimental conditions. It is therefore important
to emphasize that a measurement of the α of snow should not be taken
without context of how it was measured. For example, at which fall height H
measurements were done.

5.1 Experimental Method

The used experimental setup consisted of two metal tables: a small table with
a standing solid cylinder and a larger table with an electric sieve shaker holding
two sieves. The snow was sieved to separate particles from each-other and pore
sizes of 3.15 mm and 2.5 mm were used for sieve 1 and 2 respectively. The
setup is depicted in Fig. 5.1.
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Figure 5.1: Experimental setup for the angle of repose of snow α (highlighted
in the inset), important dimensions are labeled.

An experimental trial was conducted by loading a snow sample in the sieve
shaker and then activating the shaker. The snow falling through both sieves
was then shaken, causing a dispersed cloud of particles that later collided with
the spherical base of a cylinder below the sieves and accumulated to a heap
formed as a cylindrical cone. The shaking of snow through the sieves was
continued until the heap height h stopped changing over time. The α was
estimated indirectly by measuring h and then calculated as

α = arctan
( 2h
DB

)
, (5.1)

where DB is the diameter of the cylinder base. To estimate h, the distance
between the top of the inner table and the top of the snow heap Lf , was
measured using a depth gauge that was mounted on top of the smaller metal
table. This distance was subtracted from the unloaded distance Le, when no
snow was present on the circular base. Since ideal cones with sharp vertices
were not always obtained, a correction factor c was subtracted from the distance
Lf , i.e.

h = Le − (Lf − c). (5.2)

All experimental trials were photographed, and the correction factor was
measured using images from each trial. An example of such a correction is
shown in Fig. 5.2.

The resulting h from Eq. (5.2) was estimated to have an uncertainty δh = 2
mm. This yields an asymmetric confidence interval for α caused by the arctan
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c

α

Figure 5.2: Illustration of the correction factor c added to cone height h for
imperfect cone vertices.

function (Eq. (5.1)). Since the asymmetry is small and arctan is a monotonically
increasing function, the confidence interval was simplified as,

α± δα ≈ α±

(
arctan

(2(h+ δh)

DB

)
− α

)
. (5.3)

For a certain measurement point of interest, the experimental trials were
repeated, and averaged values were calculated for α based on the repetitions.
The resulting uncertainty quantification for these averages was computed using
a conservative error envelope,

δα = max(δαmax, 2σα), (5.4)

where σα is the standard deviation of α for the repetitions.

To assert the reliability of the measurements, the repeatability was studied
by repeating the same measurement multiple times. It was found that repeated
measurements only yielded minor differences in obtained α (see Appendix A in
Paper III for further details).

For this experimental setup the α of snow can be measured at varying H
and DB , as well as changing T . In this work, the same sieves were always used
and the sensitivity to pore space of the sieves were assumed to be negligible
since they were significantly larger than the particles studied. Experimental
measurements were performed with varying DB from 25 to 100 mm and the
measurements performed showed no dependency of α on DB, as previously
also observed by Kuroiwa et al. [91] and Willibald et al. [92].
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5.1.1 Snow Characterization

Seven different snow samples were studied in this work, and these were charac-
terized using the particle shape classes in the international classification for
seasonal snow on the ground [16].

Ice particle statistics for a snow sample were obtained by taking microscope
photographs of particles on cover slips that were then analyzed using image
analysis. The collection of ice particles on a cover slip is not trivial, and the
method used can influence the obtained statistics. As mentioned by Allen [93],
direct collection from a heap of powder with different particle sizes should be
avoided since there is risk of segregation that can influence the result. In this
work the main method used was to place snow in a sieve shaker and the shaker
was then run for a short period of time, while a cover slip was placed directly
under the sieves. The slide was then photographed using digital microscopes,
where most slides were photographed using a magnification of 100x−200x. The
microscopes were calibrated before usage with a calibration scale. The particle
boundaries from the images were extracted using manual segmentation in the
image analysis program Fiji [84]. Two particle properties were calculated based

on the particle boundaries: the projected diameter dA, and the circularity ϕ̂.
These were calculated as

dA =

√
4Ap

π
, (5.5)

and

ϕ̂ =
4πAp

P 2
, (5.6)

where Ap is the particle cross-section area and P is the length of the particle
boundary. Ideally, the three-dimensional measure sphericity ϕ would be more
useful to obtain for analysis of the results (see Eq. (2.59) for the definition of
ϕ). However, the microscope slides are only two-dimensional data (without
depth), and therefore the circularity was used as an approximation for the

sphericity i.e., ϕ̂ ≈ ϕ. To obtain representative values for each snow sample, the
volume-weighted average of the projected mean diameter Dv, and the median
of the circularity ϕ̂m were calculated for each snow sample. Volume weighting
was used for the particle size to account for the volumetric effect a particle has
on the overall volume of a snow heap, and the median of the circularity were
calculated instead of arithmetic average to exclude outliers from the calculation.
The morphological particle shape class of a snow sample was determined by
visual inspection of the microscope images, and most of the particles studied
in this work were classified as round grains (RG). Microscope photographs of
six of the snow samples (all samples except for the SH 1 sample) are shown in
Fig. 5.3.

Measurements of dA and ϕ̂ were performed for all the snow samples except
for the SH 1 and PP 1 samples, where the two samples were excluded due to
the observed shape complexities in these samples. Normalized particle size
distributions are shown in Fig. 5.4, where particle size distributions for RG
1 and RG 2 are shown in Fig. 5.4a, and particle size distributions for MM 1,
RG 3, and RG 4 are shown in Fig. 5.4b. Fig. 5.5 shows ϕ̂ using a boxplot
centered around the median for ϕ̂. The characterization of the seven different
samples measured and the experimental conditions are summarized in Table 5.1.
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MM 1 PP 1 RG 1

RG 2 RG 3 RG 4

Figure 5.3: Examples of microscope images for six snow samples.

Samples RG 1, RG 2, RG 3, PP 1, and SH 1 were all collected outdoors from
snow covers present on the ground in winter conditions, where only the top
layer of snow was collected. RG 4 was collected from an underbody panel of
an electric vehicle that had been driven 100 km on a snow-covered road at
the same geographical location and time as RG 3 was collected. Comparisons
between RG 3 and RG 4 are therefore of special interest. The RG 3 sample
was collected when snow was present on the ground, and RG 4, where snow
accumulated on a vehicle driven on a snow-covered road. Theoretically, RG 4
is a subset of RG 3. The characterization reveals that the particles in RG 3
are larger and less spherical than RG 4. The machine made snow (MM 1) was
collected from the ground in a climate wind tunnel using a snow cannon that
is described in more detail in Chapter 3. RG 1 and RG 2 were together with
PP 1 measured in a cooling chamber where T could be controlled with a high
precision (±0.5◦C). Measurements of RG 3 were performed in a cooling chamber
with lower temperature control (±2 ◦C). These temperature fluctuations were
estimated by monitoring the air temperature over time and taking 2σ, as the
precision where σ is the standard deviation of the measurement series. The
measurements on the RG 4 and SG 1 samples were performed outdoors at
ambient conditions.
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(a) Normalized particle size distribu-
tions determined from image analysis
for snow samples RG 1 (green) and RG
2 (blue).
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(b) Normalized particle size distribu-
tions determined from image analysis
for snow samples MM 1 (blue), RG 3
(green), and RG 4 (red).

Figure 5.4: Particle size distributions for studied snow samples.
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Figure 5.5: Snow particle circularity ϕ̂ determined from image analysis for the
snow samples MM 1, RG 1, RG 2, RG 3, and RG 4.

The measurements of samples RG 1 and RG 2 are the two largest datasets of
the α of snow in Paper III, were the number of measurements are significantly
larger than any of the other measured samples. While the other samples were
studied directly after they were collected, these two samples were first stored in
a cooling chamber at −5 ◦C, where RG 1 was stored for 3 weeks, and RG 2 was
stored for 4 days before testing. This was done for the particles in each sample
to approach an equilibrium shape such that measurements could be performed
over consecutive days without further change in particle morphology.
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Table 5.1: Snow characterization and experimental conditions for snow samples
used for measuring the α of snow. The labels indicate: round grains (RG),
machine made snow (MM), precipitation particles (PP), and surface hoar (SH).

Label ϕ̂m Dv [µm] T [◦C] H [m]
RG 1 0.70 455 -2 to -14 0.07-0.34
RG 2 0.75 775 -1 to -14 0.07-0.25
RG 3 0.72 492 -16 to -27 0.1-0.25
RG 4 0.82 288 -14 0.1-0.25
MM 1 0.95 80 -9 to -13 0.1-0.34
PP 1 N/A N/A -12 0.1
SH 1 N/A N/A -14 0.1

5.1.2 Data Interpretation

In-order to quantify the experimental trials performed, the analysis was simpli-
fied by theoretically evaluating single ice particles colliding with massive ice
walls. An ice particle that is falling a certain H will accelerate according to
Eq. (2.65) where the sum of forces is expected to be the difference between
the gravitational force and the drag force. As the particle accelerates, this
difference between forces will decrease, and therefore the acceleration will de-
crease. The particle will eventually collide with the massive wall with an impact
velocity Vi ≤ V∞, where V∞ is the terminal velocity which will be reached
for a sufficiently large H. All the snow samples in this work are polydisperse
where multiple particle sizes are present in the same snow sample. However, to
simplify the analysis it is assumed that Dv and ϕ̂m, obtained for each snow
sample, are relevant representations of the size and shape of the samples. Dv

was therefore used to assert effect of the particle size and relate that to α. The
two variables Dv and ϕ̂m were used to calculate the samples averaged impact
velocity Va at the spherical base of the cylinder, where Va = V (Dv, ϕ̂m, H).
Calculations of Va were performed by solving Eq. (2.65) over time using the

Haider-Levenspiel correlation [72], where Cd is then a function of Dv, ϕ̂m, and
Va. The predicted Va is plotted as a function of H in Fig. 5.6 for multiple
particles sizes ranging from Dp = 100 µm to Dp = 1000 µm. The figure also
depicts the effect of ϕ = 1.0, as well as ϕ = 0.6 where the deviations between
the α values increase with increased H. The figure depicts that Va < 2 m/s for
the studied experiments in this work. The magnitude of velocity can be related
to the previous chapter predicting different regimes of the en of ice particles
colliding with a massive ice wall. As shown in Fig. 4.8a, even for the case of
Dp = 800 µm, which is relevant for the sample with largest particles (RG 2
sample with Dv = 775 µm), a velocity of impact around 2 m/s is significantly
lower than the estimated Vcm, and thus the velocities can be regarded to be in
the regime of either a plateau with constant en, or in the regime of adhesive-
elastic interactions. To simplify the analysis, effects of collisional melting on
the α of snow were therefore neglected for the analysis in this chapter.

For the experimental trials performed on the α of snow, it was observed
that particles bounced at initial impact and multiple impacts occur. This
means that the particles approach the adhesive-elastic interaction regime of
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Figure 5.6: Predicted Va of ice particles as a function of H for different particle
sizes. Solid lines show spherical particles (ϕ = 1.0), and dashed lines shows
non-spherical particles (ϕ = 0.6). The shaded areas show the range between
these values of ϕ.

collisions and then eventually adhere to the heap, if it does not bounce outside
the spherical base. However, assuming that the initial impact is a relevant
measure of the resulting α, a dimensionless number, the cohesion number Co
was proposed in Paper III to quantify the ratio between cohesion and impact
energy. The number is defined, for a single ice particle colliding with a massive
flat wall, as the ratio between the cohesive energy Es (Eq. (4.2)) and the
impacting kinetic energy Ei,

Co =
Es

Ei
≈ 5

ρpV 2
i

( π2W 5

D5
pE

∗2

)1/3
, (5.7)

where for the specific analysis in this work Vi = Va was used. The proposed Co
in Paper III is similar to what was previously proposed by Behjani et al. [94],
except that in their work a gravitational potential energy was used, instead of
Ei. The Co is also similar to the commonly used Bond number [18], where the
main difference is that the Bond number is a ratio of forces instead of energies
and will not take into account elasticity. While the dimensionless number in
Paper III is relevant for cohesion and therefore called the cohesion number, the
same definition could be used for adhesion, for example, regarding interactions
of different materials when ice particles collide with a sensor surface that is
not made of ice.

In Paper III obtained values of the α of snow was correlated to Co using a
polynomial fit. This calculation however assumes that Va is independent on Dv

which is a simplification that could be challenged since V∞ = V∞(Dp). It is
therefore argued here that it’s more reasonable to assume that Va has the same
proportionality on Dp as V∞. How Va then depends on Dp can be divided into
two regimes, where for creeping flow (Rep < 1) it is expected that Va ∝ D2

p,
while for sub-critical flow (103 < Rep < 2 · 105) it changes to Va ∝ D0.5

p (see
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Thurton and Clark [95] for explicit equations for V∞(Dp)). In between these
regimes the dependency is more complex and can be expressed as a function
of both D0.5

p and D2
p [95]. For the estimated Va on the α of snow nearly all

measurements are in this transition regime (above the creeping flow regime,
but below the sub-critical regime). To simplify the analysis one can assume
that Va ∝ DC1

p for 0.5 ≤ C1 ≤ 2: Using this assumption in Eq. (5.7), it follows
that

Co ∝ D−(2C1+5/3)
p , for 0.5 ≤ C1 ≤ 2, (5.8)

for the measurements of α of snow in the present work, where C1 depends on
Rep.

5.2 Results and Discussion

Measurements of α were performed for the seven different snow samples at
the experimental conditions as depicted in Table 5.1. Three distinct variables
were identified as important for the resulting α: the snow temperature T , the
experimental fall height H, and the particle average size Dv.

Fig. 5.7 shows α as a function of snow temperature T , for the studied
snow samples with H = 0.1 m. The α of snow varies significantly between
the snow samples, even for similar T and at the same H. An interesting
comparison is the results for the SH 1 and PP 1 sample. Even though the
temperature is similar the difference in α is almost 30◦. The precipitation
particles in the PP 1 sample were collected from snowfall close to 0 ◦C, where a
rich variate of snowflakes such as dendrites, plates, and needles were observed
in the microscope slides. Since the particle shape class is similar for these
samples, the potential difference is the effective curvature of contact, were as
the surface hoar particles in SH 1 consisted of long single crystalline particles,
and the precipitation particles have more complex irregular forms that more
easily break up into small pieces by the sieves. The observed difference between
the PP 1 sample and the SH 1 sample is in line with previous research that
has shown that hoar particles have such low cohesive properties that they can
cause avalanches when present in depth of a snowpack [39,96].

For certain snow samples and experimental conditions α = 90◦ is obtained,
which means that the snow heap continued to increase vertically until the
heap touched the lower sieve. This phenomenon is referred to as a diverging α,
since the α is not well defined for these measurements. This occurs when the
cohesive forces are dominating over gravity causing the heap to continuously
grow. For all measurements of the MM 1 sample, a diverging α is obtained,
indicating that these snow samples are more cohesive and different from the
other studied snow samples.

5.2.1 Snow Temperature

In Fig. 5.7 it can be seen that α changes with T , and α increases as T approaches
the melting point of water. Previous work on the α of snow by Willibald et
al. [92] and Kuroiwa et al. [91] also concluded that α depends on T . Both
studies suggested the presence of a QLL might be the reason for this observed
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Figure 5.7: The α of snow for the different snow samples as a  function of T 
with H = 0.1 m, where the mean values of repeated trials are plotted with the 
error bars representing δα.

dependency. Fig. 5.8 illustrates how α changes for increasing T , where as single 
measurement trials for the RG 1 sample at H = 0.1 m are shown for different 
T . Fig. 5.9 shows the measurements of α for snow samples RG 1 and RG 2 
as a function of T for varying H. The figure highlights that α is sensitive to T 
especially for T > −12 ◦C, and that higher H causes diverging α at lower T . 
Willibald et al. [92] proposed an empirical model for α that can be written as

α = A+B exp
(
−G+/(kbT )

)
, (5.9)

where A and B are constants, G+ is the activation energy, and kb is the
Boltzmann constant. From curve fitting of their experimental data they
obtained G+ = 1.2 eV. The experimental results for RG 1 and RG 2 were
also fitted to Eq. (5.9) and the results are shown in Table 5.2. Data points
with diverging α (α = 90◦), as well as temperature series with less than four
data points were omitted from the fitting. We observed that G+ ≈ 1.15 eV
for all the different temperature series, which is almost identical to what was
obtained by Willibald et al. [92]. This shows that the α of snow depends on
T and seems to follow an Arrhenius relation with G+ ≈ 1.15 eV. Its plausible
that, as predicted by Eq. (2.8), this is caused by the presence of a QLL on the
surface of the ice, and that the cohesive properties of ice (for example the work
of adhesion W ) may strongly depend on T .
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Figure 5.8: Photographs of some of the experimental trials of the α of snow for
the RG 1 sample at varying T .
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(a) RG 1 snow sample.
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(b) RG 2 snow sample.

Figure 5.9: The α of snow as a function of T for varying H, where the mean
values of repeated trials are plotted with the error bars representing δα.

Table 5.2: Least squares fit of Eq. (5.9) for the measured α for the RG 1 and
RG 2 samples at varying H.

Sample H R2 A B G+ (eV)
RG 1 0.10 0.93 27.84 0.92·1023 1.15

0.17 0.95 9.58 0.99·1023 1.14
0.25 0.93 4.64 0.94·1023 1.14
0.34 0.93 21.86 0.99·1023 1.16

RG 2 0.07 0.96 28.51 0.97·1023 1.15
0.10 0.97 15.32 1.00·1023 1.15
0.17 0.85 6.08 1.20·1023 1.15
0.25 0.90 1.00 1.27·1023 1.15
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5.2.2 Particle Size

The studied snow samples consist of particles with a large variation of particle
diameters, where Dv varies from 80µm for MM 1 to 775µm for RG 2. Previous
research has shown that α is generally expected to increase with decreasing
particle size [97]. To assert this the α of snow is plotted in Fig. 5.10 as a
function of Dv for fixed H = 0.1 m, where all measurement values were taken
at T ≤ −12 ◦C. Therefore the effect of T is expected to be small between
the samples. The figure also includes the least squares fit of the polynomial
α = K1D

K2
v , where K1 = 0.05 and K2 = −0.86 gave the best fit. For this

fitting, the MM 1 sample was excluded since this measurement had a diverging
α.
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Figure 5.10: The α of snow as a function of Dv for the samples RG 1, RG 2,
RG 3, RG 4, and MM 1 with H = 0.1, where the mean values of repeated trials
are plotted with the error bars representing δα. The dashed line is the least
squares fitting of the RG samples.

5.2.3 Fall Height

Measurements of the α of snow were performed for varying H and as Fig. 5.9
depicts there are clear differences in the obtained α for varying H. Particles
accelerate due to gravity, according to Newton’s law of motion, when they
fall through the sieves and towards the spherical base of the cylinder. This is
not a linear acceleration because it is dependent on the drag force, which is a
nonlinear function of Rep, and for sufficiently high H, the particles reach its
V∞. Therefore, it is expected to see a nonlinear dependency of α(H), where
changes of H can lead to large changes in α. However for sufficiently large H
the α of snow for a given snow sample can appear constant and independent of
further increases in H. Fig. 5.11a shows mean values of five measurement series
of α as a function of H, which shows that the α of snow is having a nonlinear
dependency on H. For example, only small changes between H = 0.25 m and
H = 0.34 m are observed for the RG 1 sample, while significant changes occur
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for the studied samples when H = 0.1 m is either increased or decreased.
Fig. 5.11b shows the α of snow as a function of the predicted Va for the same

measurements as shown in Fig. 5.11a. The figure depicts that the estimated
Va is ranging from 1− 1.5 m/s for these measurements and α does not change
for minor changes of Va. For example the V∞ ≈ 1.4 m/s was almost reached
for H = 0.25 for the RG 1 sample. When the H was increased to 0.34 m an
almost identical α was measured.

0.00 0.50 1.00 1.50 2.00
0

10
20
30
40
50
60
70
80
90

V
RG 1 T=-4 °C

RG 1 T=-10 °C
RG 2 T=-10 °C

RG 3 T=-27 °C
RG 4 T=-14 °C

0.10 0.15 0.20 0.25 0.30 0.350
10
20
30
40
50
60
70
80
90

H [m]

α
[◦
]

(a) The α of snow as a function of
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Figure 5.11: The α of snow for measurement series at differing H, where the
mean values of repeated trials are plotted with the error bars representing δα.

5.2.4 The Cohesion Number

The experimental results imply that α = α(Dv, ϕ̂m, T,H), where especially
strong dependencies on T and H were observed in the measurements. A
difference between the snow samples was also observed, which was correlated to
the range of Dv values, where a curve fit concluded that α ∝ D−0.86

v . In Paper
III this result was used to calculate that α ∝ D−0.86

v ∝ Co0.86·3/5 = Co0.52,
which was rounded to Co0.5. This calculation however assumes that Va is
independent on Dv which is a problematic simplification as highlighted in
Section 5.1.2. Instead using that α ∝ D−0.86

v with Eq. (5.8) this eventuates
that α ∝ CoK , where K = 0.86(2C + 5/3)−1 i.e., 0.15 ≤ K ≤ 0.32, however
the exact value of K is not constant and depends on Rep. By simply fitting
the experimental data of the α of snow to α = ACoK , the best fit obtained
was K = 0.32, which then indicates that Va ∝ D0.5

v . The result is heavily
dependent on the obtained dependency on particle size shown in Fig. 5.10 and
since only four data-points were used to obtain this dependency it is worth
highlighting that the estimate is uncertain. In Fig. 5.12 the α of snow as a
function of Co for this fit, together with the fit obtained in Paper III, and the
experimental values in Paper III for T < −12 ◦C are depicted. Interestingly the
Co for the MM 1 sample is close to Co ≈ 0.1 and is significantly higher than α
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of the other samples, which are in the interval 10−5 < Co < 10−3. Both fits in
the figure capture the main trends seen for the experimental measurements,
however there is also a spread in values, which potentially could be because
the cohesive properties potentially change, depending on the particle shape,
where now the same W is used independently on ϕ̂m.

The Co was calculated incorrectly in Fig. 16 in Paper III, due to a program-
ming error which caused incorrectly low values of Co. The error also caused
the size dependency to be slightly incorrect. In Fig. 5.12 the correct calculation
of Co is used where the measurements range between 10−5 < Co < 10−3

instead of 4 ·10−6 < Co < 10−5, as was incorrectly calculated in Paper III. The
aforementioned error also changes the fitting of α = ACo0.52, where A ≈ 4000
has now been found using the correct calculation of Co. Despite this error, the
conclusions made, and the trends observed for Co in Paper III still hold since
the error mainly impacts the magnitude of the Co.
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Figure 5.12: The α of snow as a function of Co for different snow samples with
filled colors indicating H. The mean values of repeated trials are plotted with
the error bars representing δα. Dotted blue line shows best fit of α = ACoK

and dashed red line shows best fit of α = ACo0.52.



Chapter 6

Snow Contamination on
Simplified Bluff Bodies

The studies in Paper II and Paper III were designed to measure properties
of ice and snow. However these experiments did not account for external
aerodynamics, which is expected to be the main mechanism for the transporta-
tion of ice particles and should potentially have a large influence on the snow
contamination of cars. In Paper IV, ice particles in turbulent flows were studied
by performing snow accumulation experiments on simplified bluff bodies. The
experiments were performed in a climatic wind tunnel with a snow cannon,
and a computational model was formulated to reproduce the experiments. The
results in Paper IV highlight that unexpected accumulations of snow occurred
in the experiments. In-field tests were therefore performed to test a hypothesis
about differences in properties between natural snow and the machine made
snow produced in the wind tunnel. Thus, the in-field tests presented in this
chapter were performed after the publication of Paper IV.

6.1 Test Objects

A bluff body is, in this work, defined as a body that has large regions of
separated boundary layers when subjected to an aerodynamic wind. All
automotive vehicles (such as cars, trucks, and buses) are regarded as bluff
bodies since they have large re-circulation regions in the rear, as well as behind
vehicle wheels. These regions will be referred to as wake regions. For the present
research topic, reliable experimental results on an industrial manufactured car
are desirable. However, a fully detailed car is a complex system and there
are many uncertainties on the aerodynamics surrounding a car. Examples of
topics that still today have a lot of uncertainties are wheel aerodynamics [98]
and under-hood flow [99]. There is also a great level of customization in the
car industry, which increases variations between specimens that can further
increase uncertainties. Therefore, simplified automotive bluff bodies were
instead studied to reduce complexity and increase repeatability of experiments
where a wedge geometry and the, so called, Ahmed body were studied. The
bodies were chosen such that their simplicity reduce computational costs but

65
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still maintain the most important physics for snow contamination of cars. 
Fig. 6.1 shows the two bodies including arrows illustrating the wind direction, 
U∞, as well as lines and annotations indicating geometrical lengths of the 
bodies. The wedge was built in stainless steel and the Ahmed body was built 
with clay, where a surface coating was added on the Ahmed body to yield 
similar surface properties as for automotive vehicles. The Ahmed body is a 
bluff body that was developed by Ahmed et a l. [ 100] and the aerodynamics 
of this body has extensively been studied, both experimentally [100–102] and 
numerically [63, 101, 103]. Lienhart and Becker [102] performed Laser Doppler 
Anemometry measurements on the Ahmed body with slant angles β of 25◦ 

and 35◦ (see Fig. 6.1 for definition of β ). The body was built with the same 
dimensions as in Lienhart and Becker [102] with three different rear parts, such 
that β equals 10◦, 25◦, and 35◦. Previous studies have shown differences in the 
aerodynamics and the corresponding Cd for the body for these three slant 
angles [100], where it has also been seen that β = 25◦ has been a hard 
configuration to s imulate a ccurately. In Paper IV, β  = 3 5◦ was used for both 
the experiments and the simulations, which is also the focus in this chapter. 
Experiments on the Ahmed body with β = 10◦ and β = 25◦ are summarized 
in Appendix C.1.

(a) (b)

β

U∞ U∞

Figure 6.1: The simplified bluff bodies used in snow accumulation experiments.
(a) The wedge and (b) the Ahmed body. Arrows illustrating air wind direction
of U∞ and lines depicting geometrical lengths of the bodies.

6.2 Wind Tunnel Experiments

Wind tunnel experiments were performed in the same climatic wind tunnel
as described in Section 3.2 using the same snow cannon as shown in Fig. 3.2.
Temperature was controlled in the tunnel at a constant air temperature of
−15 ◦C, and the velocity of the air flow could be changed between 0 − 200
km/h.

The test objects were placed downstream in the middle of the test section
approximately 2 m from the nozzle inlet. A test was begun by starting the
air wind simultaneously as the flow of water and pressurized air to the snow
cannon, and a measurement was performed for 30 min. Since the wedge was
built with relatively long legs (750 mm) it was placed directly on the floor
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of the wind tunnel. The Ahmed body was built with shorter legs (50 mm)
and was therefore placed on a 3x5 m metal table with height 0.7 m to avoid
effects of floor irregularities on the results. Fig. 6.2 shows the Ahmed body
with β = 35◦ placed on the metal table in the wind tunnel. The replaceable
rear part was taped together with the rest of the body to avoid gaps. The
wedge was tested at U∞ = 70 km/h, while the Ahmed body was tested at a
range of U∞ from 12 to 150 km/h. The previous studies on the Ahmed body
by Ahmed et al. [100] and Lienhart and Becker [102] used U∞ = 144 km/h at
room temperature. This corresponds to a height-based Reynolds number ReH
of 768 000. An equivalent ReH at an air temperature of −15 ◦C was obtained
at U∞ = 115 km/h since νf of the air decreases with 20% when going from
T = 20 ◦C to T = −15 ◦C. Therefore, U∞ = 115 km/h was used for the Ahmed
body results shown in this chapter. Experimental results for other values of U∞
on the Ahmed body are shown in Appendix C.2. The experimental conditions
for the two bluff bodies are summarized in Table 6.1.

Figure 6.2: The Ahmed body with slant angle β = 35◦ placed on the metal
table in the wind tunnel.

Table 6.1: Experimental conditions for the two simplified automotive bluff
bodies in the wind tunnel.

The wedge The Ahmed body
Size (l, w, h) [m] 1.5, 1.5, 0.5 1.044, 0.389, 0.288
Legs height [m] 0.75 0.05
U∞ [km/h] 70 12-150
ReH 810 000 80 000 - 1000 0000
Temperature [◦C] -15 -15
Trial duration [min] 30 30



68 CHAPTER 6. SNOW CONTAMINATION ON SIMPLIFIED BLUFF BODIES

Repeatability of the experimental trials was investigated by repeating the
measurements for the Ahmed body three times. Since identical results were
obtained for all three repetitions it was concluded that the testing time of
30 min was sufficiently long to obtain repeatable results. An example of the
repeatability can be seen in Appendix C by comparing Fig. C.8 and Fig. C.3
that show two measurements at U∞ = 115 km/h and β = 35◦.

6.3 Computational Model

The experiments performed in the wind tunnel were reproduced using CFD in
Simcenter STAR-CCM+ 2021.2. A turbulent flow and particle transportation
were modeled using a Eulerian-Lagrangian approach with one-way coupling,
where the air flow affects the particles, but the particles do not affect the
air flow. This was carried out based on the assumption that the particle
laden flow is dilute and therefore the effects particles have on the air flow was
considered to be negligible. Particles were simulated as point sources, where
particle-wall collisions were treated as binary events and thus was not resolved.
Particle-particle collisions were not included in the simulations.

6.3.1 Turbulence Modeling

The IDDES k−ω SST turbulence model was used to simulate the wedge and the
Ahmed body, which is a hybrid LES-RANS model. The model is a compromise
between cost and performance, since LES is used for resolving large eddies in
wake regions, while RANS is used near the turbulent boundary layer, where
LES is too expensive. The domain was discretized using a hexagonal trimmed
mesh with prism layers at the bluff body surfaces, where the numerical setup
of the air flow was similar to what was used by Hobeika and Sebben [98].

The used time step ∆t was chosen such that the Courant–Friedrichs–Lewy
condition, U∞∆t ≤ ∆x, was met everywhere except where accelerations of the
flow occurred at small regions at the front of the bodies.

Flow fields were averaged throughout the simulations, starting when the
fluid flow was considered to be fully developed in time, and the fields were
averaged for 5 s. Particles were injected in the domain 0.2 s after averaging
started, which means the particles were simulated for 4.8 s. Details of the
computational grid and the simulation setup for the wedge and the Ahmed
body are summarized in Table 6.2.

6.3.2 Flow Assessment

The grid resolutions for both cases were evaluated in Paper IV by looking at
the averaged ratio of resolved to total turbulent energy M , (see Eq. (2.50) for
details). Fig. (6.3) shows M in an XY-plane at y=0 for both the wedge and
the Ahmed body. M is close to unity in the rear wakes of both geometries.
This means that the IDDES solver is dominated by resolving turbulent length
scales in these regions, while for the regions close to sides and front surfaces,
the solution is solved using a RANS approach.

Fig. 6.3 shows how the solver is resolving, versus modeling the turbulence in
the domain, however, it is not necessarily a good indicator of how well resolved
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Table 6.2: Computational setup for simulations on the wedge and the Ahmed
body.

The wedge The Ahmed body
Cell count [Million] 23.1 16.5
Domain dimensions [m] 70x40x30 70x40x30
Prism layers 18 18
Maximum Surface Cell Size [mm] 4 4
Near wall prism height [µm] 20 15
U∞ [km/h] 70 115
∆t [s] 2e-4 7e-5

(a) The wedge. (b) The Ahmed body.

Figure 6.3: Ratio of resolved to total turbulent energy M at XZ-planes for
y=0.

the turbulent structures are (pointed out by Davidson [66]). To assert how
well the turbulence is resolved, the minimum number of correlated points NDi

for a specified direction Di (see Eq. (2.52) for definition) was calculated for
XY-planes and a XZ-planes on both bodies. Fig. 6.4 and 6.5 shows NDi

for
these planes, where the coordinate system is defined such that X, Y, and Z
are in the stream-wise, vertical, and lateral directions respectively. In this
analysis 150 samples of Vx, Vy, and Vz were taken using an interval of 20 ms,
and Cc = 0.1 was used. The figures show that the flow is well resolved in X
direction, where NDx

> 8 for most volume cells. However, for both the Y and
Z directions many cells only have an NDi

∈ [3, 6], which is to be regarded as
coarse. While this certainly can have an influence on the predicted details of
the aerodynamics, it is not obvious how the particle trajectories will be affected.
A test was performed on the wedge to refine the wake by decreasing the cell
size to 50%. While this resulted in a 280% cell count increase, no change was
observed in comparison to the particle deposition results shown in Paper IV.
Therefore the original case was used for the results in this chapter.

The simulated results for the Ahmed body were further evaluated by
comparing them to previous experimental and numerical studies. The reader
is referred to Fig. 5 and Fig. 6 in Paper IV for details.
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Z

X

(a) XZ-Plane, NDx and NDz to the left and right, respectively.

X

Y

(b) XY-Plane, NDx and NDy to the left and right, respectively.

Figure 6.4: 2D Planes in the wake of the wedge colored by NDi for the directions
X, Y, and Z. Thick arrows illustrating the analysis directions Di.

Z

X

(a) XZ-Plane, NDx and NDz to the left and right, respectively.

Y

X

(b) XY-Plane, NDx and NDy to the left and right, respectively.

Figure 6.5: 2D Planes in the wake of the Ahmed body colored by NDi
for the

directions X, Y, and Z. Thick arrows illustrating the analysis directions Di.
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6.3.3 Particle Forces and Properties

The particle trajectories were calculated by solving Eq. (2.65), where the
following forces were accounted for:

• The drag force using Haider and Levenspiel correlation [72] for Cd.

• The shear lift force using Sommerfeld correlation [104] for CLS .

• The gravity force.

• The pressure gradient force.

• Turbulent dispersion modeled by adding fluctuations based on Gosman
and loannides [105].

A classification of the machine made snow produced by the snow lancer
has been shown in Section 5.1.1 (see MM 1 sample), where it was seen that
the snow consisted of small spherical ice particles. A range of particle sizes
were simulated by fitting the particle size distribution shown in Fig. 5.4a to a
Rosin-Rammler distribution, where Dp ranged from 9− 150 µm. The density
of ice was used as the particle density in the simulations, i.e., ρp = 917 kg/m3.

The median circularity ϕ̂ from the snow classification was used as a value for ϕ
when calculating Cd, where ϕ = 0.95 was used in the simulations, which only
causes a minor effect of non-sphericity.

6.3.4 Modeling of Ice Particle Collisions with Walls

Particle-wall collisions were modeled as illustrated by the flow chart shown in
Fig. 6.6. When a particle-wall collision was detected, a resuspension criterion
was checked, causing the particle to bounce directly, if predicted to be resus-
pended. If a particle was not predicted to be resuspended it was checked if
the particle had been predicted to stick or bounce, depending on the impact
velocity in the normal direction Vi,n. If a particle bounced, a virtual wall model
was used to model roughness at the impact, causing the re-bounce angle to
be randomly rotated towards the normal direction. The rebound velocity was
damped according to the coefficient of restitution in normal and tangential
direction en, et depending on Dp, Vi,n, and the impact velocity in tangential
direction Vi,t.

Resuspension of particles can occur due to multiple different aerodynamic
forces present at proximity to a wall. A particle can re-enter the fluid flow by
either direct detachment in normal direction, or due to initial rolling or sliding
(further details can be found in Henry and Minier [70]). Resuspension of micron-
sized adhesive particles is most likely to be caused by a rolling mechanism [106].
The resuspension criterion used in the simulations were derived based on the
assumption that rolling is the main mechanism for resuspension. A particle
is predicted to be resuspended if the acting torque on the particle from the
aerodynamic flow Mf and the torque caused by gravity Mg, is greater or equal
to the adhesive resistance torque for rolling Ma,

Mf +Mg ≥ Ma, (6.1)
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Figure 6.6: Flow chart for the modeling of particle-wall collision.

where Ma is defined in Eq. (2.35). Assuming that the particle at the wall is at
equilibrium contact (R∗ = 0.5Dp and a ≈ a0), this equation can be combined
with Eq. (2.24), Eq. (2.36) which simplifies as

Ma =
1

4
πWDpao

∆γ

γ
, (6.2)

The torques caused by the near wall drag force in the parallel direction to
the wall (FD,||

Dp

2 ) and the torque caused by asymmetry of the flow M|| are
estimated to be the main contributions for Mf . These were calculated as,

Mf = FD,||
Dp

2
+ 1.4FD,||

Dp

2
= 2.4FD,||

Dp

2
, (6.3)

where M|| = 1.4FD,||
Dp

2 was used based on the work by O’Neill [73] (see
Eq. (21) in Henry and Minier [70]). Using boundary layer theory, the velocity
at the center of the particle, which determines the magnitude of FD,||, was
calculated based on the friction velocity at the impact point of the wall uτ

using the Reichardt near wall velocity profile for u+(y+) [107]. To determine
if a particle will be resuspended, it is sufficient to find the smallest particle
diameter when resuspension will occur Dc, for a given uτ . This was done by
numerically searching for Dc such that (Mf +Mg)−Ma ≤ ϵ, where ϵ is a small
threshold value. Fig. 6.7 shows the found Dc as a function of uτ , both when
the acting torque is Mf as well as the sum Mf +Mg. Mg was calculated for
the case when a particle is adhered to a vertical wall. Only for large diameters
(Dc > 200 µm), effects of gravity were seen and since the largest simulated Dp

was 150 µm, the contribution of gravity was omitted. The figure also includes
a curve fit for

Dc = aub
τ , (6.4)

where a = 77.7µm and b = −1.34 was the best found fit when searching for Dc,
such that Mf −Ma ≤ ϵ. Since it is sufficient to know Dc(uτ ), this simplified
equation was used as resuspension criterion instead of solving Eq. (6.1).

Effects of collisional melting was neglected in the simulations when calculat-
ing en and et, since the machine made snow consists of such fine ice particles.
As can be seen in Fig. 4.8a, extrapolations down to Dp ⪅ 150 µm predicts
that effects of collisional melting should only take place for Vi > 20 − 30
m/s. The removal of the collisional melting regime is further motivated by
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the experimental results where no snow is observed to accumulate at surfaces
where Vi is expected to be highest (for example front surface). The en and et
were defined as

en = eqe

√
1−

( Vs

max(Vi,n, Vs)

)2
, (6.5)

and

et = eqe

√
1−

( Vc,t

max(Vi,t, Vc,t)

)2
, (6.6)

where Vs is the same as in Eq. (4.1), Vc,t is the critical velocity in tangential
direction, and eqe is the coefficient of restitution due to quasi-static damping
in the collisions. Vc,t is defined as the highest velocity at which all tangential
components in a collision will be lost and was related to Vs in Appendix D
under the assumption that rolling is the main mechanism for adhesive losses
in tangential direction. eqe =

√
1− ξ =

√
1− 0.15 ≈ 0.92 was used based on

Eq. (4.13). The material properties W and E∗ defined the adhesive interactions
for this modeling. These properties depend on the wall material of the bluff
bodies as well as local properties at contacts such as humidity, roughness, or
potential icing at the surface. To simplify the analysis a conservative modeling
approach was chosen such that the modeling was performed using high adhesive
interactions by using interaction properties for ice-ice contacts with W = 0.218
J/m2 and E∗ = 5.4 GPa.
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Figure 6.7: The critical particle size for resuspension Dc, as a function of
friction velocity uτ . Green solid line showing resuspension criterion solved for
Mf = Ma, and red dotted line showing the criterion solved for Mf +Mg = Ma.
Black dashed line showing curve fit to the green line.
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6.4 Data Averaging and Interpretation

The computational model is transient which means that the particle trajectories
and the air flow are evolving over time. The results from the simulations are
therefore time-averaged and analysis is based on these time averages. For
the particle simulations two results are of interest; the time-averaged impact
rate per area Ji, and the time-averaged deposition rate per area Ja. The
difference is that Ji includes all particle-wall collisions, while Ja only includes
particles predicted to stick, which means that Ja ≤ Ji. From these quantities
the collision efficiency was defined as,

κ =
Ja
Ji

. (6.7)

Since uτ can also vary while the simulations are running a maximum
time-average was calculated as

ûτ = uτ + 3στ , (6.8)

where uτ is the time-averaged uτ and στ is the standard deviation of uτ .
However, since the turbulence model solves the near wall flow using an unsteady
RANS model, ûτ ≈ uτ and στ is expected to be close to zero.

All the averages above were calculated for each timestep, but properties
for particle-wall collisions were only saved by sampling at 250 Hz, in order to
save computational resources. This chapter shows statistics from Dp of this
sampling for the different surfaces.

6.5 In-Field Test Procedure

In-field tests on the wedge and the Ahmed body were performed to assert how
the snow type affects the accumulation pattern. The bluff bodies were placed
on a car trailer that was pulled by an electric compact sport utility vehicle
(Volvo XC40 Recharge) to mimic a situation where the bluff bodies are exposed
to a cloud of natural snow. Another vehicle of the same model was driven
in front of the pulling vehicle (within proximity) to increase the generated
snow cloud present near the surfaces of a bluff body. The wedge was mounted
directly onto the trailer floor, similar as in the wind tunnel. However, for the
in-field tests, legs with a height of 400 mm instead of 750 mm were used to
ensure that the wedge was in the wake of the pulling vehicle. The Ahmed body
was placed on a metal table with dimensions 1x3 m. The bluff bodies were
positioned such that the front of the bodies were 3.5 m behind the rear of the
pulling vehicle. Fig. 6.8 shows photographs of the test setup for the two bluff
bodies.

The tests were performed on a test track in Sweden at ambient conditions
by driving both vehicles in close proximity for 100 km. Since the ambient
conditions changed between days, multiple tests were performed on each body,
where the experimental conditions such as driving speed and distance also were
varied between tests.
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(a) The wedge placed on a car trailer. (b) The Ahmed body placed on a car
trailer including a 1x3 m metal table.

Figure 6.8: Photographs of the bluff bodies placed on a car trailer during the
in-field tests on the two bodies.

6.6 Results and Discussion

The wind tunnel results are compared here to the CFD simulations, where each
test object is compared separately. In-field observations of both test objects
using a car trailer are shown followed by an overall discussion of the results.
Emphasis in this section is on the depositions observed on side and rear surfaces
of the two bluff bodies. More details about the simulation results can be seen in
Paper IV, where it is also highlighted that snow is predicted to deposit at areas
of the front surfaces on both bodies. This is not observed in the experiments,
potential reasons for this are also discussed in Paper IV. Since simulations were
only performed for the Ahmed body with β = 35◦ at U∞ = 115 km/h, the
experimental results from the wind tunnel for the same conditions are shown
in this section. Wind tunnel results for the other slant angles can be found
in Appendix C.1 and results for β = 35◦ at varying velocities are included in
Appendix C.2.

6.6.1 The Wedge: Machine Made Snow

In the experiments, most of the snow was depositing and accumulating at the
rear surface of the wedge where three distinct regions of snow accumulation
have been observed; to the left, right, and at the center. The regions are rather
distinct where almost no deposition occurs between the regions. The CFD
simulations aimed to reproduce the results from these experiments show a
similar trend where 75% of the total deposition occurs on the rear surface.
Fig. 6.9 shows the rear surface of the wedge with a photograph from a wind
tunnel trial (a), together with the predicted Ja from the CFD simulation (b).
Red dashed lines were included in the photograph to highlight regions of higher
snow deposition. While the simulations do predict this trend, that most snow
is depositing in the rear, deviations can be seen in the figure between the
experiments and the simulations. Specifically, the simulations predict a more
dispersed deposition. There are regions of higher Ja to the left, right, and
center, similar to the experiments, however not as distinct as in the experiments.
Most of the tracked particles that did collide with the rear surface, did so in
the center of the surface, similar to the obtained experimental result, which can
be seen by looking at the averaged impact rate Ji on the rear surface (shown
in Fig. 6.10).

The aerodynamic result from the wedge reveals an interesting flow phe-
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Ja [kgm−2s−1]

(a)

(b)

Figure 6.9: Deposited snow on the rear surface of the wedge. (a) shows the
wind tunnel results including dashed red lines that highlight regions of increased
snow deposition and (b) shows the averaged deposition rate of ice particles Ja
from the CFD simulation of the wedge.

Ji [kgm
−2s−1]

Figure 6.10: The averaged impact rate of ice particles Ji at the rear surface of
the wedge.
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nomenon where trailing vortices are present in proximity to each side surface
of the wedge. These vortices start at the front tip of the wedge and move
diagonally upwards as they travel towards the rear. Fig. 6.11 shows an isometric
front view of the wedge where estimations of the left vortex core line [108] is
depicted as a tube in the figure. Arrows indicate the rotation of the vortex, and
three constrained planes show the contours of the mean velocity in each plane.
Surfaces of the wedge were shown with ûτ , where a region with low values of
ûτ can be seen at the surface just above the vortex core. In this region ûτ is
so low that Dc ≥ 150 µm, where any of the simulated particles that adhere
on this surface are not expected to be resuspended. In practice however, the
vortex rotation might be so strong that only particles with low values of St
(small particles) might be able to be transported to the region of low Dc. In
the experiments, snow was seen to deposit in this region of low values of ûτ

and the simulations also predicted deposition at the same region. Fig. 6.12
shows an image from the wind tunnel experiment depicting the left side surface
of the wedge (a), and the predicted Ja from the simulations of the left side
surface (b).

uτ [m/s]

Figure 6.11: Illustration of trailing vortex alongside the left side of the wedge
with three constrained planes showing mean velocity contours in each plane.
The surfaces are colored with the time-averaged friction velocity ûτ . Arrows
show the rotational direction of the vortex.
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Ja [kgm−2s−1]

(a)

(b)

Figure 6.12: Deposited snow on the left side surface of the wedge. (a) shows
the wind tunnel results including dashed red lines that highlight regions of
increased snow deposition and (b) shows the averaged deposition rate of ice
particles Ja from the CFD simulation of the wedge.

6.6.2 The Ahmed Body: Machine Made Snow

While the snow deposition and accumulation on the wedge was restricted to
certain distinct surface regions, snow accumulated on the Ahmed body over a
large area, where in practice all surfaces except the front surface received snow
deposition. Fig. 6.13 shows front and rear surfaces of the Ahmed body, where
a photograph of a wind tunnel trial is shown in (a) and the predicted Ja from
the CFD simulation is shown in (b). Here it can be seen that the simulation
predicts deposition in the front, which is not occurring in the experiments,
however the maximum value of κ = 3·10−4 at this surface means that sticking is
a rare event compared to the amount of colliding particles. In the experiments
there are differences in magnitude of accumulated snow, even though the rear
is completely covered in snow, a similar pattern as for the wedge is obtained
where more snow accumulates on the left, right, as well as the center of the
straight rear surface. A curved line of higher snow accumulation can also be
seen in Fig. 6.13, which occurs in the same place as the simulation predicts
a reattachment line. Fig. 6.14 shows an isometric rear view of the Ahmed
body where a calculation of the reattachment line is shown in white at the rear
surface. The figure also includes two constrained planes displaying the mean
velocity contours near the surface and the surfaces are colored with ûτ .

Fig. 6.15 shows the left side surface of the Ahmed body where a photograph
from an experimental trial is shown in (a) and the predicted Ja from the CFD
simulation is shown in (b). In the experiments, snow began to deposit on the
Ahmed body directly after the front curvature surface, where almost the entire
surfaces were covered in snow. An exception is a rear triangular area behind
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Ja [kgm−2s−1]
(a)

(b)

Figure 6.13: Accumulated snow on the front surface (to the left) and rear
surface (to the right) of the Ahmed body for U∞ = 115 km/h.

uτ [m/s]

Figure 6.14: Isometric rear view of the Ahmed body with two constrained
planes showing mean velocity contours. The surfaces are colored with the
time-averaged friction velocity ûτ . White lines on rear slant surface show
calculated reattachment lines.



80 CHAPTER 6. SNOW CONTAMINATION ON SIMPLIFIED BLUFF BODIES

the rear legs that did not receive snow deposition.

Ja [kgm−2s−1](a)

(b)

Figure 6.15: Deposited snow on the left side surface of the Ahmed body. (a) 
shows a photograph of a wind tunnel trial with dashed red lines indicating 
regions of increased snow deposition and (b) shows Ja from the CFD simulation 
on the Ahmed body.

6.6.3 Statistics of Particle Sizes
Fig. 6.16 shows statistics of median and spread of the sampled Dp for different 
surfaces for both the wedge and the Ahmed body. The boxes show the spread 
of one quartile, the bars show spread of two quartiles, and points depict outliers 
outside the bars. For both test objects almost all particle sizes tended to 
collide at front surfaces, while only smaller particles tended to collide with side
and rear surfaces. For the wedge, only particles with Dp ≲ 30 µm tended to 
collide with the side surfaces of the wedge, possibly because only these sizes of 
particles can follow the rotation of the trailing vortices on each side surface, 
and a smaller subset of these stuck on the sides. For the Ahmed body larger 
particles tended to collide with the side surfaces however only a small subset 
of these stuck to the sides where Dp < 20 µm, which is significantly smaller 
than Dc on this surface.

The statistics depict that only a subset of particles is predicted to adhere 
on surfaces and implies that the size of the smallest particles in a snow sample 
should have a large influence on the resulting snow deposition p attern. Since 
the results in Chapter 5 show that the wind tunnel snow is significantly finer 
than natural snow it is reasonable to assume that natural snow should not yield 
the same snow patterns as obtained in the wind tunnel. This reasoning led to 
the hypothesis that snow should not accumulate on side surfaces of either of 
the bluff bodies i f experiments would be repeated by changing to natural snow 
instead of machine made snow. The hypothesis was tested using the in-field 
tests since it’s not possible to perform the same wind tunnel tests with natural 
snow.
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Figure 6.16: Statistics of particle diameters Dp for particle-wall collisions on
different surfaces in the simulations. Blue boxes show statistics for particles
both sticking and bouncing, and green boxes show statistics for particles
sticking.

6.6.4 In-Field Observations

The in-field tests were performed over several consecutive days were the ambient
conditions varied (from T = −5 ◦C to T = −25 ◦C), as well as the properties
and depth of the snow layer on the test track. As described in Section 6.5
multiple tests were performed over the testing days, however, this section does
not aim to report all results obtained from these tests. Instead, characteristic
observations made from the tests that are considered relevant in comparison to
the wind tunnel results will be focused on here. For all the in-field tests on
the bluff bodies, no snow was observed to deposit on neither front, side, or top
surfaces. Snow was only observed to accumulate at rear surfaces for all the
performed tests.

Fig. 6.17 shows two tests with the wedge at driving speeds 40 km/h and 70
km/h. The general difference between the tests is that more snow is observed
to accumulate at 40 km/h compared to 70 km/h, while the overall snow pattern
obtained was similar. This effect of higher snow accumulation at lower speeds
was also observed on a vehicle driving on a snowy road, which was shown in
Chapter 3. Snow deposited at the left and right-side surface in a similar way
as in the wind tunnel, while less snow deposited on the rear center of the two
objects. For the 70 km/h case only small amounts of snow deposited at the
rear center, both at the top part of the surface as well as the bottom part. For
the 40 km/h more snow deposited overall on the rear surface and a larger area
of snow deposited at the center.

Fig. 6.18 shows photographs of the snow deposition from three in-field tests
with the Ahmed body where an isometric rear view is shown to the left and
a rear view is shown to the right. These tests were performed at a driving
speed of 70 km/h for a distance of 100 km. Similar as for the wedge, snow
was only observed to deposit on the rear surface where most snow deposited
on the rear straight surface. Since the tests were performed at 70 km/h they
should be compared to the wind tunnel results for the same velocity, however
only small deviations were observed in the wind tunnel between 115 km/h and
70 km/h (see Fig. C.7- C.8 in Appendix C.2). The results shown in Fig. 6.18
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(a) Test 1 with driving speed 40 km/h for 50 km at T = −25 ◦C.

(b) Test 2 with driving speed 70 km/h for 100 km at T = −20 ◦C.

Figure 6.17: Photographs of in-field tests for the wedge showing two different
tests. Figures to the left shows isometric front view and to the right is shown
a rear view.

highlight some of the challenges when performing in-field tests. For Test 2
(Fig. 6.18b), some of the deposited snow in the rear fell off while driving, causing
the observed irregular snow pattern. In Test 3, snowfall occurred at the end of
the tests while parking to take photographs. Therefore, some of that snowfall
can be seen on the top surface of the Ahmed body in Fig. 6.18c, however no
snow was observed to have deposited during the test on this surface. Some
irregularities can also be seen in Fig. 6.18c at the rear straight surface, where
the rear surface was not cleaned properly due to fat present on a snow brush.
The observed accumulation pattern on the rear slant angle was different than
what was observed in wind tunnel experiments for β = 35◦. The obtained
v-shaped patterns have some similarities to what was observed for β = 25◦ (see
C.2 in Appendix C.1).



6.6. RESULTS AND DISCUSSION 83

(a) Test 1, T = −8 ◦C.

(b) Test 2, T = −25 ◦C.

(c) Test 3, T = −8 ◦C.

Figure 6.18: Photographs of in-field tests for the Ahmed body showing three
different tests driving 100 km at 70 km/h. Figures to the left show isometric
rear view, and to the right a rear view is shown.
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6.6.5 Discussion and Conclusions

The wind tunnel results depict how snow accumulation is affected by aerody-
namics of bluff bodies. Specifically, snow is observed to deposit and accumulate
near rear wake regions and reattachment regions where air flow velocities are
expected to be low, causing low velocities of impact for ice particles.

The computational model captures the main snow deposition patterns seen
in the experiments, however deviations are observed. Specifically, snow is
predicted to stick at front surfaces in the simulations, which is not occurring in
the experiments, which implies that some parts of the transport mechanism of
the particles might be missing in the modeling. There are several possibilities
for these which is also discussed in Paper IV.

Both the wedge and the Ahmed body had snow accumulating on their
side surfaces, a result that can be viewed as unexpected given that this type
of snow deposition is generally never obtained on a car when driving on a
snow-covered road. The statistics from the simulations revealed that only a
subset of the smallest particles had been predicted to stick on these side surfaces.
These particles are to be viewed as extremely fine and when comparing to the
snow characterization in Chapter 5, they are not expected to be present for
natural snow outdoors, which imply that the machine made snow produces
an unnatural snow pattern. This motivated the performed in-field tests of the
simplified bluff bodies where no snow was observed to adhere on any of the side
surfaces, neither for the wedge nor the Ahmed body. Those tests confirm the
hypothesis that the machine made snow is causing an unnatural snow pattern
in the wind tunnel. Concerns can however be raised for the comparison between
the wind tunnel experiments and the in-field tests since not only the snow type
is different but also the experimental setup and conditions. The bluff bodies
were positioned in the rear wake of an SUV ( 3.5 m behind), which affected the
airflow, and potentially also the particle trajectories, as well as the collisional
velocities. Future tests using a different experimental setup would therefore be
interesting to further assert the hypothesis regarding the machine made snow.



Chapter 7

Summary of Papers

7.1 Paper I

Modeling of dry snow adhesion during normal impact with surfaces

Aim: Examine at which velocities dry ice particles and agglomerates of ice
particles are theoretically expected to stick during a normal collision with a
massive wall.

Summary: A computational framework was used combining three contact
models; the JKR model in the normal direction, the adhesive sliding model
as used by Marshall [51], and a novel rolling model, where the resistance of
rolling was assumed to be due to adhesion. The paper reports on an analytical
solution to single-particle collisions combined with simulations of small and
large agglomerates. The analysis predicts that single-ice particles are more
likely to adhere to a polymer wall than a glass or steel wall. For the adhesion
models used, the effective Young modulus, E∗, is predicted to be an important
interaction property. It was also found that the maximum obtained stick
velocity increased with increased coordination numbers in an agglomerate.
This was explained by the higher amount of energy losses caused by sliding and
rolling at the impact, and the increase in energy loss for increasing agglomerate
size is significantly larger than the increased kinetic energy.
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7.2 Paper II

Collisional damping of spherical ice particles

Aim: Experimentally quantify the coefficient of restitution, en, of millimeter-
sized ice particles and propose a novel collisional damping model.

Summary: Experiments on millimeter-sized ice particles colliding with massive
walls were performed. Different temperatures and wall materials were tested.
It was found that the obtained velocity-dependency was similar to what was
obtained for larger particles in the experimental study by Higa et al [42]. It
was also found that the different wall materials yielded different en, where
experiments with the hardened glass wall caused the lowest values of en and
experiments with a polymer wall had the highest en.

Based on the experimental results, the previous experimental study by Higa
et al [42], and a study proposing a model for collisional fusion [31], a novel
model for en of ice particles was proposed, where the damping in a collision was
explained by the collisional premelting of a liquid layer, and viscous damping
caused by this premelted liquid layer. This model was found to capture the
temperature and material dependencies obtained in the experiments. The size
dependency of en presented by Higa et al. [42] was also captured by the novel
model.
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7.3 Paper III

Angle of Repose of Snow: An experimental study on cohesive prop-
erties

Aim: Develop an experimental procedure to measure the angle of repose of
snow α and quantify the variables affecting this angle.

Summary: A wide set of experimental results measuring α were produced
for seven different snow samples. The results show that α depends on the fall
height, the temperature, and the particle size. Analysis of the temperature
dependency shows that it follows an Arrhenius relation and confirms previous
work studying α of snow. For low temperatures, T ≤ −12 ◦C, α appears to
be independent of T . With increasing fall height the angle decreases, but the
dependency is found to be nonlinear. When ice particles are predicted to have
reached terminal velocities, no change of α is observed with increasing fall
height. It is also found that α increases with decreasing particle size, where the
machine made snow has the finest particles, and α = 90◦ for all measurements.
A dimensionless number, the cohesion number Co, was proposed in the paper
and it was found that this number reflects most of the dependencies observed.
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7.4 Paper IV

Snow Contamination of Simplified Automotive Bluff Bodies: A com-
parison between wind tunnel experiments and numerical modeling

Aim: Investigate snow contamination on simplified automotive bluff bodies
by performing wind tunnel experiments and formulate a computational model
that reproduces these experiments.

Summary: Experimental results from wind tunnel experiments at −15 ◦C on
two different bluff bodies were presented together with a computational model
aiming to reproduce the experiments. The computational model consists of
an adhesion model and a resuspension criterion, and particles were tracked
by applying forces on the particles from an aerodynamic simulation. The
experimental results show that snow deposited on surfaces in wake regions
of the two bodies. The aerodynamic simulations indicate that the deposition
seems to increase at re-circulation regions on both bodies. The experimental
results were compared to the predicted deposition rate from the adhesion model
where both similarities and deviations were observed. Specifically, it was seen
that the simulations manage to predict characteristic snow patterns obtained
on side surfaces of the bluff bodies, as well as the overall rear accumulation.
The simulations do however deviate from the experiments by predicting a more
scattered deposition at the rear surfaces than what is seen in the experiments
on both bodies.



Chapter 8

Concluding Remarks

This thesis addressed snow contamination of cars, motivated by an increased
need for sensor availability in the automotive industry. The aim was to investi-
gate adhesive properties of ice particles, in order to increase the understanding
of how snow adheres on exterior vehicle surfaces. To achieve this, mechanistic
models for particle collisions were formulated and then used in a complete
numerical approach to predict snow contamination of aerodynamic bluff bodies.

Single ice particle collisions were studied in Paper I and II, where two
models for ice particle collisions with massive walls were combined into a regime
map; a low velocity model based on the JKR theory, modeling intermolecular
interactions, as presented in Paper I; and a high velocity model, predicting the
damping due to collisional melting, which was developed in Paper II. With this
regime map, analysis of dependent variables such as wall material, particle size,
and temperature were performed. The size dependency predicts that collisional
melting might not be a major mechanism for the snow contamination of cars
since the estimated critical velocity for these ice particles are higher than
the expected driving speed of a vehicle. In both the wind tunnel and in-
field experiments it was found that deposition of snow is only observed at
regions where the collisional velocities are expected to be low. This further
indicates that collisional melting might not be a major mechanism for the snow
contamination of cars at least for sufficiently low temperatures.

The experimental results for the angle of repose of snow in Paper III were
interpreted using the cohesion number, which was defined based on the single
ice particle collision model at low velocities. With this dimensionless number,
observed dependencies on the angle of repose of snow could be explained.
However, the model fails to acknowledge how the cohesive properties of snow
change with temperature. The work in Paper III highlights some of the complex
properties of snow and ice that coming from the fact that the studied material
is in proximity to its melting point. It was shown that for significantly low
temperatures, the cohesion is constant and independent on temperature, while
for elevated temperatures there is a clear relationship between the angle of
repose and the temperature that follow an Arrhenius relation. The experimental
results in Paper III highlight that the angle of repose of snow can vary greatly
even for the same snow sample and is a complex buildup phenomenon. The
angle should be interpreted as a representation of a certain accumulation
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scenario rather than a fixed material property. The study also highlights
that the effects of drag force and particle size are crucial and should not
be neglected when simulating buildup of snow, for example using a particle
simulation software.

The final part of this thesis is addresses snow contamination of simplified
bluff bodies. In Paper IV results from wind tunnel experiments on the sim-
plified bodies were compared to simulations that replicate the experiments
using a computational model. The comparison shows that certain deposition
phenomena are well captured by the computational model, where it is seen
that snow is predominately accumulating in the rear of both the studied bodies.
Deviations were also highlighted between the experiments and simulations,
where the simulations in general predict more dispersed snow depositions than
what is seen in the experiments.

The combined results of experiments and numerical simulations on the
simplified bluff bodies show that the unexpected snow accumulation on the
Ahmed body could be caused by the fact that machine made snow was used.
The machine made snow from the used climatic wind tunnel was already in
Paper III shown to have unique cohesive properties where a diverging angle
of repose was obtained for all measurements. The simplified bluff bodies were
therefore tested in an in-field environment where it was shown that different
snow accumulation patterns are indeed obtained for natural snow compared
to the machine made snow. This was already substantiated when comparing
in-field tests of a car to wind tunnel results for the same car model, where
the machine made snow were also seen to deposit on side surfaces, which does
not occur for natural snow. This stresses how important the particle size is
when manufacturing snow and the results can be used in future development
of machine made snow.

This work has been addressing collisional properties and transport mech-
anisms of adhesive particles when the material is ice. However, much of the
results are expected to be relevant for any adhesive material. For example, the
conclusions that the angle of repose of snow depends on fall height and particle
size, should be valid for any granular material consisting of adhesive particles.
Also, a similar resuspension criterion as the one proposed in Paper IV can be
derived for other types of contaminants when studying surface contamination,
for example when studying dust particles or water droplets.



Nomenclature

Latin symbols
AH – Hamaker coefficient (J)
Ap – particle cross-section area (m2)
a – contact radius [m]
a0 – equilibrium contact radius [m]
ad – maximum contact radius [m]
AH – hamaker coefficient [J]
Co – cohesion number
d – liquid layer thickness
dA – projected area diameter [m]
Dc – critical particle diameter for resuspension [m]
Dv – volume-weighted mean projected area diameter [m]
Dp – particle diameter [m]
en – coefficient of restitution in normal direction
eqe – quasi-static coefficient of restitution
et – coefficient of restitution in tangential direction
E∗ – effective Young modulus [Pa]
Ei – impacting kinetic energy [J]
Ev – energy loss due to viscous damping [J]
Es – energy to stick at collision [J]
Fn – normal contact force [N]
Ft – tangential contact force [N]
Fc – pull-off force [N]
Fv – viscous damping force [N]
ft – sliding friction coefficient
fr – rolling friction coefficient
g – gravitational acceleration [m3/kg·s2]
G – interaction energy [J/m2]
G+

0 – potential energy barrier [eV]
G+ – activation energy [eV]
H – fall height [m]
Ji – time-averaged impact rate per area [kg/m2·s]
Ja – time-averaged deposition rate per area [kg/m2·s]
kb – boltzmann constant [eV/K]
l – separation distance [m]
m∗ – effective mass in contact [kg]
mp – mass of particle [kg]
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M – ratio of resolved to total turbulent kinetic energy
Mc – critical torque [Nm]
NDi – minimum number of correlated cells in direction Di

Pm – bulk melting pressure [Pa]
qm – latent heat of fusion [J/kg]
R – particle radius [m)]
R0 – ideal gas constant [J/(K·mol)]
R∗ – effective particle radius [m]
ReH – height-based Reynolds number
Rep – particle Reynolds number
St – Stokes number
T – temperature [K]
TH – homologous temperature
Tm – bulk melting temperature [K]
Vr – rebound velocity [m/s]
Vc – critical impact velocity [m/s]
Vi – impact velocity [m/s]
Vs – stick velocity [m/s]
Vt – tangential velocity [m/s]
V∞ – particle terminal velocity [m/s]
U∞ – inlet velocity [m/s]
W – work of adhesion [J/m2]
Greek symbols
α – angle of repose [◦]
β – slant angle [◦]
ε – particle roughness [m]
δ – normal overlap [m]
δa – uncertainty of quantity a
δc – critical normal overlap [m]
δr – rolling displacement [m]
δr,c – critical rolling displacement [m]
δt – tangential displacement [m]
ϵ – dielectric constant
∆γ/γ – adhesion hysteresis for rolling
γ – surface energy [J/m2]
ϕ – sphericity

ϕ̂ – circularity
κ – collisional efficiency
µq – chemical potential of quantity q [J/kg]
µf – dynamic viscosity [Pa·s]
νf – kinematic viscosity [m2/s]
ν – Poisson’s ratio
ρf – fluid density [kg/m3]
ρp – particle density [kg/m3]
ρl – liquid phase density [kg/m3]
ρs – solid phase density [kg/m3]
θ – contact angle [rad]
σx – standard deviation of sample series x
ξ – fraction of kinetic energy converted to damage
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Acronyms
ABS – Acrylonitrile Butadiene Styrene
CFD – Computational Fluid Dynamics
DEM – Discrete Element Method
EWM – Exterior Water Management
LPM – Lagrangian Particle Model
CFL – Courant–Friedrichs–Lewy
IDDES – Improved Delayed Detached Eddy Simulation
JKR – Johnson-Kendall-Roberts
LES – Large Eddy Simulation
MM – Machine Made
PP – Precipitation Particles
QLL – Quasi-Liquid Layer
RANS – Reynolds Averaged Navier Stokes
RG – Round Grains
SGS – Subgrid-Scale
SH – Surface Hoar
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“A review of air-ice chemical and physical interactions (AICI): Liquids,
quasi-liquids, and solids in snow,” Atmospheric Chemistry and Physics,
vol. 14, no. 3, pp. 1587–1633, 2014. doi.org/10.5194/acp-14-1587-2014

[22] N. Maeno, Ice and Snow for Winter Sports. Springer, 2016.
doi.org/10.1007/978-1-4939-3020-3 1

[23] J. Luo and Y.-M. Chiang, “Wetting and Prewetting on Ceramic Surfaces,”
Annual Review of Materials Research, vol. 38, no. 1, pp. 227–249, 2008.
doi.org/10.1146/annurev.matsci.38.060407.132431

[24] R. Rosenberg, “Why is ice slippery?” Physics Today, American Institute
of Physics, pp. 50–55, 2005. doi.org/10.1063/1.2169444

[25] H. H. Jellinek, “Liquid-like (transition) layer on ice,” Journal of
Colloid And Interface Science, vol. 25, no. 2, pp. 192–205, 1967.
doi.org/10.1016/0021-9797(67)90022-7

[26] J. G. Dash, B. L. Mason, and J. S. Wettlaufer, “Theory of charge and
mass transfer in ice-ice collisions,” Journal of Geophysical Research, vol.
106, no. D17, pp. 395–415, 2001. doi.org/10.1029/2001JD900109

[27] E. S. Thomson, “An Optical Study of Ice Grain Boundaries,” Ph.D.
dissertation, Yale University, 2010.

[28] J. N. Israelachvili, Intermolecular and Surface Forces. New York: Aca-
demic Press, 1992. doi.org/10.1016/C2009-0-21560-1

[29] D. Beaglehole and D. Nason, “Transition layer on the surface on ice,”
Surface Science, vol. 96, no. 1-3, pp. 357–363, 1980. doi.org/10.1016/0039-
6028(80)90313-1
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Appendix A

Resuspension Test for the
Self-Contamination of Cars

The results for the self-contamination tests in Chapter 3 showed that more
snow accumulates in the rear of a vehicle when driven at lower speed compared
to higher. To quantify the effect of aerodynamic load and resuspension of
snow at different velocities a resuspension test was done where multiple tests
were performed without cleaning the vehicle between the tests. The tests were
labelled alphabetically from a to d. Test a was performed by driving the test
vehicles (as introduced in Section 3) in 40 km/h for 12.5 km. Test b and c were
performed by driving at 70 km/h for 12.5 km, where test c was a repetition of
test b. Test d was performed by driving at alternating speeds of 70 km/h and
90 km/h (when possible on the test track). The results for the four tests on
Vehicle A are shown in Fig. 3.4 and Fig. 3.5 for a rear view and a isometric rear
view respectively. The results indicate that resuspension of snow is occurring
where largest amount of snow accumulates for test a when driven at 40 km/h.
When continuing driving at 70 km/h (test b and c), less snow is deposited
on the vehicle even though the vehicle was not cleaned prior to these tests.
Largest differences between test a and b can be seen below the rear side lamps
in Fig. A.2.

As can be seen in the figures, the test was performed when sunlight was
present. This caused some melting of snow on the vehicle, when the vehicle
was photographed, however this was not considered to alter the findings from
these tests.
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(a) (b)

(c) (d)

Figure A.1: Snow accumulation during resuspension test at rear view of Vehicle
A at T = −12± 3 ◦C: (a) 40 km/h for 12.5 km; (b) 40 km/h for 12.5 km and
70 km/h for 12.5 km; (c) 40 km/h for 12.5 km and 70 km/h for 25 km; (d) 40
km/h for 12.5 km, 70 km/h for 25 km and 70/90 km/h for 12.5 km.

(a) (b)

(c) (d)

Figure A.2: Snow accumulation during resuspension test at isometric side rear
view of Vehicle A at T = −12± 3 ◦C: (a) 40 km/h for 12.5 km; (b) 40 km/h for
12.5 km and 70 km/h for 12.5 km; (c) 40 km/h for 12.5 km and 70 km/h for 25
km; (d) 40 km/h for 12.5 km, 70 km/h for 25 km and 70/90 km/h for 12.5 km.



Appendix B

Premelting due to
Collisional Damage

In Wettlaufer [31] an equation for the predicted liquid layer thickness, d, caused
by collisional melting was derived(see Eq. (3) in Wettlaufer [31]). This equation
was used to predict d for particle-particle collisions and was simplified in Paper
II for single ice particles colliding with a massive wall by inserting expressions
for Ei, ad and P . The mass of a spherical ice particle is calculated as

mp = ρs
4

3
πR3. (B.1)

The Ei for a sphere colliding with a stationary wall is

Ei =
1

2
mpV

2
i = ρs

2

3
πR3V 2

i , (B.2)

and according to the Hertz contact theory, the maximum contact radius, ad,
is [50]

ad =
(15mpR

2V 2
i

16E∗

)1/5
=
(5πρsV 2

i

4E∗

)1/5
R. (B.3)

The contact pressure that causes the damage can be expressed in terms of the
maximum contact pressure from Hertz by [31]

P = ξPd, (B.4)

where Pd is the maximum contact pressure from the Hertz contact theory,
which is [31]

Pd =
3

2π

(4
3

)4/5(5mpV
2
i E

∗4

4R3

)1/5
,=
(40
π4

ρsV
2
i E

∗4
)1/5

. (B.5)
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The liquid layer thickness, d, caused by the damage when an ice particle collides
with a massive wall can then be expressed as

d =
ξEi

πa2d

1(
ρlqm
Tm

(Tm − T ) + ρl−ρs

ρs
(Pm − P )

) , (B.6)
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Appendix C

Wind Tunnel Results for
the Ahmed body

C.1 Different Slant Angles at 115 km/h

Fig. C.1- C.3 show photographs from wind tunnel experiments on the Ahmed
body for β = 10◦, β = 25◦, and β = 35◦, where differences in accumulation
patterns can be seen on the rear surface of the Ahmed body.

Figure C.1: Experimental trial on the Ahmed body at U∞ = 115 km/h for
β = 10◦ showing front, side, and rear surfaces.

Figure C.2: Experimental trial on the Ahmed body at U∞ = 115 km/h for
β = 25◦ showing front, side, and rear surfaces.
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Figure C.3: Experimental trial on the Ahmed body at U∞ = 115 km/h for
β = 35◦ showing front, side, and rear surfaces.

C.2 Varying Velocities for 35 Degree Slant An-
gle

Fig. C.4-C.9 show photographs from the wind tunnel experiments on the
Ahmed body for the velocities 12 - 150 km/h. For the trials at 20 km/h and
150 km/h there were initial problems with the snow cannon causing droplets
not nucleating, and therefore a small amount of icing occurred at the front
surface.

The figures show that the distance between the front surface and the start
of the snow deposition line on the side decreases with increasing U∞. This
distance was defined as ∆Ls and is illustrated in Fig. C.8. ∆Ls was measured
through image analysis based on the taken photographs. The images were
first calibrated using known distances in the figure and the uncertainty of the
measurements was estimated by repeating the measurements multiple times
and then taking 3σ as an error envelope for the estimated ∆Ls, where σ is
the calculated standard deviation of each measurement series. Fig. C.10 shows
mean values with the error envelope of ∆Ls as a function U∞.

Figure C.4: Experimental trial on the Ahmed body at 12 km/h showing front,
side, and rear surfaces.

Figure C.5: Experimental trial on the Ahmed body at 20 km/h showing front,
side, and rear surfaces.
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Figure C.6: Experimental trial on the Ahmed body at 30 km/h showing front,
side, and rear surfaces.

Figure C.7: Experimental trial on the Ahmed body at 70 km/h showing front,
side, and rear surfaces.

∆Ls

Figure C.8: Experimental trial on the Ahmed body at 115 km/h showing front,
side, and rear surfaces.

Figure C.9: Experimental trial on the Ahmed body at 150 km/h showing front,
side, and rear surfaces.
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Figure C.10: The distance between the front face and the start of the snow
accumulation line, ∆Ls on the Ahmed body as a function of U∞. Error bars
representing the uncertainty estimation from the image analysis.



Appendix D

Critical Adhesion Velocity
in Tangential Direction

For tangential interaction previous research has shown that adhesive particles
are more likely to roll than slide and therefore we assume that the tangential
energy dissipation is dominated by adhesive rolling [51]. The energy for onset
of rolling was shown by Dominik and Tielens [76] to be

Et = 3πWδ2r,c. (D.1)

Using the expression for δr,c derived by Krijt et al. [53] (Eq. (2.36)), Et can be
written as

Et =
πWa20
48

(∆γ

γ

)2
. (D.2)

Dividing Eq. (D.2) with Eq. (4.2) it follows that

Et

Es
≈ 0.054

(∆γ

γ

)2
, (D.3)

now relating the critical velocity in tangential direction Vc,t to Et as

1

2
mpV

2
c,t = Et, (D.4)

it follows that

Vc,t ≈ 0.23
(∆γ

γ

)
Vs. (D.5)

It is therefore sufficient, in the implementation of an adhesion model that
predicts particle stick or bounce, to calculate Vs for a particle, and using that
to calculate Vc,t with Eq. (D.5).
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This paper presents experimental values for the coefficient of restitution (en) for millimeter-sized ice particles
colliding with massive walls at different temperatures. Three different wall materials are tested: hardened
glass, ice and Acrylonitrile butadiene styrene (ABS) polymer. The results show a high sensitivity to impact veloc-
ity Vi, where en decreases rapidly with increasing Vi. The results also show a decrease in en with increasing tem-
perature T. A novel model that predicts en based on the assumption of collisional melting and viscous damping
caused by an increasedpremelted liquid-layer, is proposed. Themodel predicts both the velocity and the temper-
ature trends seen in the experiments. The difference obtained in experiments betweenwall materials is also cap-
tured by the new model. A generalized regime map for ice particle collisions is proposed to combine the new
model with previous work.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

Collisions of ice particles are important in many physical systems.
A deep understanding of these collisions is important tomodel and pre-
dict how systems of ice particles will develop in time. Examples of such
systems are ice particles in space that agglomerate, which is an impor-
tant part of planet formation [1]; and ice particles in the atmosphere
that transfer charge through collisions, thereby triggering thunder-
storms [2] or grow and precipitate from the sky as snow and/or rain
[3]. Snow and ice tend to accumulate on surfaces, such as buildings
[4], infrastructure [5], and vehicles [6]. Significant research focuses on
preventing snow sticking and accumulating. A fundamental under-
standing of the energy dissipation in collisions between ice particles
and massive walls, is thus an important part of understanding how
snow or ice accumulates on surfaces.

The energy dissipation for a particle colliding with a wall is an im-
portant subject in the field of particle technology [7–10]. A well-
established measure to characterize the energy dissipation for particle
collisions is the coefficient of restitution en, which is the ratio between
normal rebound velocity Vr and normal impact velocity Vi,

en ¼ Vr

Vi
, ð2Þ

where by definition it is expected that en ∈ [0,1]. A variety of different
damping mechanisms affect the dependencies and trends of en, and
consequently, there are many different models for en [11]. Examples of
mechanisms that have commonly been studied are viscoelastic
damping [12,13], adhesion (typically due to van der Waals forces)
[14,15], plastic dissipation [16], and liquid layer damping [17–21]. The
en has also been extensively studied for ice particles and a wide range
of studies examine ice particle impacts [22–25], and Güttler et al. [26]
have compiled an excellent literature survey. They summarize experi-
mental data of particles in general and for ice particles in particular.
One of the most extensive works that examines the en specifically for
ice particles is by Higa et al. [27]. Those authors studied spherical ice
particles with diameters from 2.8 to 72 mm for a variety of tempera-
tures and impact velocities. A key finding from that study is that below
a certain critical velocity, en is constant and independent of Vi, while
above this velocity, en rapidly decreases with increasing Vi.

Although many studies have examined ice particle collisions, to the
best of our knowledge, no data has been published on the en for ice par-
ticles smaller than 2.8 mm. Snow grains on the ground typically, trans-
form from snowflakes into spherical-shaped particles through
metamorphism [28], and this grains range from hundreds of microns
to a few millimeters in diameter [29].
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In this paper, we present experimental results that extend the knowl-
edge of ice particle collisions by examining collisions of millimeter-sized
ice particles with an ice wall, a hardened glass wall and an ABS polymer
wall. These walls are interesting because they represent large variations
in Young'smodulus, and they are common surfaces on vehicles in the au-
tomotive industry. Icing of external automobile surfaces is becoming a
key obstacle for automated cold-weather driving.We relate observations
to previous experimental work by Higa et al. [27], and utilize a collisional
melting model based on a framework proposed by Wettlaufer [30] to
model collisional melting for collisions between ice particles. We arrive
at a novel model for en that predicts a viscous loss caused by a premelted
liquid layer, andwe show that themodel captures experimental observa-
tions. Finally, we present a regime map of the en for ice particles where
we combine our previous work on damping due to van derWaals forces
[31] with the expanded collisional model.

2. Measurements

Experiments were performed to measure the en for ice particles col-
liding with massive walls of different materials. To validate the setup,
collisions of glass particles against a glass wall were also measured at
the same temperatures used in the ice particle experiments and at
room temperature.

2.1. Experimental setup

Ice particles were created using a previously established method
whereby a mixture of distilled water and food colorant is dropped into
liquid nitrogen using a syringe [32]. The syringe allowed the size of
the droplets to be uniform, and the smallest available syringe needle
was used to create the smallest ice particles possible. Previous studies
of millimeter-sized spherical glass particles colliding with glass walls
[19,33], led us to use spherical glass particles to validate the experimen-
tal setup. Glass particles with 0.5 mm, 1 mm, and 2 mm in diameter
were used. Particles were picked up using a paintbrush and released
into a vertical metal pipe. The particles were then accelerated to a cer-
tain impact speed Vi by gravity and collided with the massive wall
placed under the pipe. The impact speed was varied by changing the
length of the pipe. Ice, hardened glass, and ABS polymer were used as
the massive wall materials where the ice wall was created by freezing
distilled water in a silicone mold. A high-speed camera recorded each
particle before and after impact and a laser connected to the camera
triggered image acquisition when a particle crossed the laser beam
prior to impact (Fig. 1). The experiments were recorded at 4000 frames
per second. In order to focus this work on normal collisions between
particles andwalls, massivewalls with low surface roughnesswere cho-
sen to avoid tangential velocity components after impact and experi-
mental samples with a clear tangential velocity component were
removed from the data set. The experiments were conducted in a large
cooling chamber with temperature control. A temperature probe used
to monitor the temperature was located 20 cm from the massive wall
andwas used tomonitor the temperature Twith themean and 1σ stan-
dard deviation to indicate uncertainty (Table 1). Recordings from the
high-speed camera were analyzed to extract particle trajectories, veloc-
ities, and particle size. The image analysis was done using Fiji and the
single-particle tracking tool TrackMate [34]. Before using TrackMate, im-
ages were pre-processed to improve particle detection by removing the
background and masking the images. For each recorded frame, the par-
ticle diameterwas calculated from the sumof the pixel area. Themedian
of all calculated diameterswere then taken to estimate the particle sizes,
where median were used to eliminate outliers caused by edge effects.
The trajectories resulting from the image analysis were post-processed
to determine the velocity before andafter each collision. The uncertainty
in position was quantified by manually measuring the center positions

of particles and averaging the deviation between these measurements
and the output of the tracking tool. The obtained average positional
uncertainty δx = 2.613 ⋅ 10−5 m results in an velocity uncertainty
δV = 0.105 m/s. The uncertainty in the coefficient of restitution, δen, is
then calculated by further propagation of uncertainties as

Fig. 2 illustrates an ice particle colliding with a glass wall with the
particle's center point trajectory extracted from the image analysis
overlayed as circles.

For particle impacts that occur close to the bulk material melting
temperature there is the potential that proximity to the melting tem-
perature Tm plays an important role in the collisions. Thus the homo-
logous temperature TH = T/Tm, where T is the experimental
temperature, is often used to depict how close to the melting point
the experiments come.

2.2. Experimental observations

The en obtained for glass particles collidingwith glass walls is shown
in Fig. 3 as a function of Vi. Amelting temperature of Tm=1300K is used
for glass particles to calculate TH and these measurements detected no
difference for the en at different temperatures, or for varying Vi. The
mean en was found to be 0.94 ± 0.05 at the 2σ level.

An empirical function for en proposed by Higa et al. [27] for ice par-
ticles impacting an ice wall is,

en ¼ eqe
Vi

Vc

� �− ln Vi=Vcð Þ
Vi ≥ Vc,

eqe Vi < Vc,

0
B@ ð3Þ

Fig. 1. Experimental setup.

δen ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δVi

Vi

� �2

þ δVr

Vr

� �2
s

en: ð2Þ

Table 1
Experimental parameters, wall material, T and TH; and the resulting eqe and Vc extracted
from fitting experimental data.

Impact wall T [K] TH [−] eqe Vc [m/s]

glass 254 ± 1 0.930 0.74 ± 0.02 1.60 ± 0.07
262 ± 1 0.959 0.67 ± 0.03 1.38 ± 0.07

ice 254 ± 1 0.930 0.82 ± 0.02 1.90 ± 0.10
262 ± 1 0.959 0.79 ± 0.04 1.62 ± 0.16
267 ± 1 0.977 0.66 ± 0.05 1.39 ± 0.13

abs polymer 254 ± 1 0.930 0.86 ± 0.05 >2.8
262 ± 1 0.959 0.89 ± 0.02 >3.1
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where eqe is the coefficient of restitution in the quasi-elastic regime,
and Vc is the critical velocity and suggests en varies only above Vc.
Measurements of ice particles colliding with an ice wall were

conducted at three temperatures: 267 K, 262 K, and 254 K, which
correspond to TH of 0.977, 0.959 and 0.930 respectively. The ice par-
ticles had an average diameter of 1.64 ± 0.15 mm. Fig. 4 shows the
measured en values with a non-linear least square fit of Eq. (3)
superimposed. The uncertainties of the fitted Vc and eqe are quanti-
fied as the matrix square roots of the covariance matrix from the
non-linear fit.

Collisions of ice particles with a glass wall were measured at two
temperatures: 254 K and 262 K. The resulting measurements of en are
shown in Fig. 5.

Similar to the experiments with a glass wall, measurements of ice
particles colliding with an ABS polymer wall were conducted at two
temperatures: 254 K and 262 K. The extracted en are shown in Fig. 6,
where it appears that for all observations that Vi < Vc.

Fig. 2. Snapshot of an ice particle colliding with a glass wall with extracted trajectories
from the image analysis. Blue circles show the approaching path, with red circles
illustrating the path of the rebounding particle.

Fig. 3. The en of glass particles colliding with a glass wall as a function of impact velocity at
three different temperatures. The error bars represent the propagated uncertainty δen.

Fig. 4. The en for ice particles colliding with an ice wall as a function of Vi. The error bars
represent δen. The line shows the non-linear least square fit of en as a function of Vi. The
shaded area shows the propagated uncertainty of en based on the matrix square root of
the covariance matrix from the non-linear fit of Vc and eqe.
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A summary of the fitted parameters eqe and Vc are shown in Table 1
in addition to the uncertainties estimated from the coviarance matrix.

The confidence interval for both eqe and Vc in our experimental ob-
servations for ice particles collidingwith an ice wall at T=262 K are ei-
ther very close to or overlap with the confidence intervals for the two
parameters at T = 254 K and T = 267 K. A comparison of results for
the experiments involving massive walls of ice and glass shows that
the en is lower for the glass wall than the ice wall. This is also reflected
in the obtained parameters Vc and eqe. For all experiments except
those with the ABS polymer, a clear trend was obtained where en de-
creased with increasing TH. This is maybe not surprising given the fact
that TH is greater than 0.9, which are temperatures that are very close
to the melting point of water.

2.3. Comparison with previous experimental results

The values of en obtained for glass particles collidingwith a glasswall
shown in Fig. 3 are similar to previous findings [19,33] that found en to
range from 0.92 to 0.98. Since the experimental conditions were far
from the melting temperature of the glass particles, with TH ≈ 0.2, we
did not expect to see a difference between temperatures, and the values
obtained imply that the experimental equipmentwas not affected oper-
ating in cold temperatures. Ice particles collidingwith both glass and ice
surfaces behave differently,which is also expected given that TH>0.9 in
our observations.

Fig. 4 shows that Eq. (3) captures the rapid trend of a decrease in en
with increasing Vi above the critical velocity Vc. An empirical equation

for the critical velocity Vc was derived in Higa et al. [27] as a function
of temperature and particle radius R. If we simplify this equation it can
be re-expressed as,

Vc ¼ K1 exp
K2

kbT

� �
R−0:5, ð4Þ

where kb is the Boltzmann constant, and K1 and K2 are constants ex-
tracted from the Higa et al. [27] results (K1 = 7.0055 ⋅ 10−7 and
K2 = 0.25).

Fig. 7 shows the Vc predicted by Eq. (4) for the three temperatures
used in the ice particle collision experimentswith an icewall. The figure
also shows the values obtained for Vc from Table 1 and the values from
Higa et al. [27] obtained at T = 261 K.

3. Collisional damping of ice particles

3.1. Collisional melting - Premelting due to an impact

The present work and the previous Higa et al. [27] experiments
show that the en, for ice particles colliding with massive walls, signifi-
cantly decreases with increasing Vi above certain velocities. For ob-
tained values of Vc ≈ 1 m/s, the velocity dependency of en is close to
Vi
−1, which is significantly more rapid than plastic dissipation models

predict for en, which are typically proportional to Vi
−1/4 [35]. Interest-

ingly, this strong dependency has been seen before. A study of
micrometer-sized metal particles colliding with a metal surface [36]
found that themetal particles follow the plastic dissipation dependency
ofVi−1/4 for lowvelocities (Vi ≤10m/s). At high velocities (100–1000m/s),
however, en begins to follow Vi

−1, the same dependency found in this
work for ice particles. However, those experiments were performed at
room temperature meaning at low TH for the metal. Given that the TH
in these ice particle experiments is close to unity it is not surprising
that en for ice particles begins to fall at lower velocities since the mate-
rial will be more sensitive to melting. Sensitivity to TH has been ob-
served for other materials, for example, in a recent study where steel
balls collide with heatedmetal walls, Hashemnia [37] shows that en be-
gins to decrease rapidly for TH>0.6. Another study of glass particles col-
lidingwith a PEG (Poly EthyleneGlycol) substrate reported that en fell to
zero as the substrate approached its melting temperature [38].

As shown in Fig. 7 the empirical equation for Vc (Eq. (4)) predicts
that Vc decreases with increasing TH. However, physical reasoning sug-
gest that Vc should approach 0 m/s as TH → 1, which implies that some-
thing fundamental is missing in Eq. (4). We propose that the damping
observed for ice particles can be explained by collisional melting and
specifically an increase in premelting of a liquid layer on the ice surface
due to the collision. The existence of equilibrium liquid-like layers on ice
surfaces is well documented [39–44], and here we expect the collision
to enhance the existence of that layer. Such films are often referred to
as premelted layers, quasi-liquid layers (QLL) or distorted liquid-like
materials, and the material properties of the liquid layers are not neces-
sarily expected to be those of the bulk liquid.

Models have been proposed for ice particle collisions that predict an
increased premelting due to a collision [2]. Wettlaufer [30] proposed a
theoretical model for collisional fusion as an explanation for the rapid
damping of ice particles observed by Higa et al. [27]. That model as-
sumes that a fraction ξ of the kinetic energy will damage the interface,
and the resulting disorder causes an enhanced premelted liquid layer.
This liquid layer can subsequently freeze during impact, causing the
particle to fuse with the colliding object at certain velocities. The
model is intended to predict fusion between ice grains at astrophysically
relevant temperatures and pressures.

While fusion is relevant for astrophysical conditions with short
freezing times, for our operating conditions with temperatures

Fig. 5. The en for ice particles colliding with a glass wall as a function of Vi. The error bars
represent δen. The line shows the non-linear least square fit of en as a function of Vi. The
shaded area shows the propagated uncertainty of en based on the matrix square root of
the covariance matrix from the non-linear fit of Vc and eqe.
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significantly closer to the melting point of water, fusion cannot explain
the observed temperature trend. Specifically, with increasing TH, the
time scale for freezing by heat conduction is decreasing and at the
same time the predicted d is increasing. Thismeans that with increasing
TH the rate of freezing is reduced while the amount of liquid to freeze is
increasing. The experimental measurements show that the damping
consistently increases with increasing temperature for both the ice
walls and the glasswalls.We therefore argue that the associated energy
loss instead can be explained by the presence of an increased liquid-
layer and the associated energy loss this layer causes.

An equation for the liquid layer thickness d caused by ice particles col-
liding with other ice particles was derived byWettlaufer [30]. By simplify-
ing Eq. (3) inWettlaufer [30] for iceparticles collidingwithwallsweobtain,

d ¼ 16
ffiffiffi
6

p
E⁎

135π

 !2=5
ξρ3=5

s V6=5
i R

q

Tm
Tm−Tð Þ þ ρl−ρsð Þ

ρs
Pm Tð Þ−ξ 40ρsV

2
i E

⁎4

π4

� �1=5� �� � : ð5Þ

Here ρs and ρf are the density of solid and liquidwater. Tm and Pm are
the bulk melting temperature and pressure for water. E ∗ is the effective
Young's modulus in the collision defined as,

1
E⁎

¼ 1−ν2
1

E1
þ 1−ν2

2
E2

, ð6Þ

where Ei and νi are the Young'smodulus and Poisson's ratio formaterial i.
The damage term ξ is used to describe howmicroscopic and mesoscopic
changes lead to the deterioration ofmacroscopicmaterial properties [45].
With this new formulation for d we make two interesting observations:
1) d is predicted to be linearly proportional to R, whichmeans that the ra-
tio, d/R, is independent of particle size. 2) d is proportional to E ∗2/5, which
means that increased melting should be observed with increasing
Young's modulus of the material walls. To illustrate how the liquid layer
changeswith Vi, Fig. 8 shows the predicted d for ice particles upon impact
with an ice wall as a function of Vi for the temperatures 267 K, 262 K, and
254 K. The critical velocities found in this work are highlighted in the fig-
ure. The figure shows a rapid increase in d for velocities above Vc and d is
predicted to be a few microns. The secondary y-axis in the figure shows
d/R, and we can see that the liquid layer thickness ranged from 0.2% to
0.4% of particle radius R around Vc. In these predictions ξ= 0.15 is used
based on the work by Wettlaufer [30]. The uncertainty of ξ will be
discussed later in this section. The energy loss for a particle-wall collision
with the presence of a liquid layer has been the subject ofmany studies. In
Crüger et al. [33], the authors observed that the en decreases for glass
particles colliding with a wetted glass wall with increased liquid layer
thickness. Matthewson [46] studied the adhesion of spheres due to a thin

Fig. 6. The en for ice particles colliding with an ABS polymer wall as a function of Vi. The
error bars represent δen. The line shows the non-linear least square fit of en as a function
of Vi. The shaded area shows the propagated uncertainty of en based on the matrix
square root of the covariance matrix from the non-linear fit of Vc and eqe.

Fig. 7. Critical velocity Vc for ice particles colliding with a massive ice wall, results in this
work together with previous experiments by Higa et al. [27], and the predicted Vc as a
function of size for 262, 254, and 267 K. Dashed lines from Eq. (4) where the constants
K1 and K2 are extracted from Higa et al. [27].

Fig. 8. Predicted d for ice particles colliding with an ice wall. The points show the critical
velocities Vc obtained from the experiments in this work. The lines show d and d/R for
ξ = 0.15, with the shaded areas showing how d and d/R vary for ξ = 0.15 ± 0.025.
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liquid film, and show that the adhesive force can be divided into two
components: a meniscus force and a viscous damping force. While the
resulting energy loss for the meniscus force is expected to be constant
for a specific particle size and independent of Vi, the viscous damping loss
depends on d, Vi, and the viscosity η of the fluid.We, therefore, argue that
the viscous damping force will dominate for the case of damping caused
by an increased premelted liquid layer. Based on Reynolds lubrication
theory it has been shown by Chan and Horn [47] and Matthewson [46]
that the viscous force Fv can be expressed as a function of the particles ap-
proaching velocity V and the separation distance x between the particle
and the wall as,

Fv ¼ 6πηR2h xð ÞV , ð7Þ

where h(x) is a function that depends on the wetting conditions in the
collision. For a particle colliding with an infinite wetted wall with con-
stant d, Chan and Horn [47] showed that,

h xð Þ ¼ 1
x
, ð8Þ

which is valid except for very thin films or when x tends to zero (when
the two solid surfaces come closer to contact). The resulting energy loss
Ev, for a particle colliding with an infinite wetted wall was estimated by
Sutkar et al. [20] to be

Ev ¼ ∮ Fvdx ¼ 3
2
πηR2Vi ln

d
ε

� �
, ð9Þ

where the path integral is defined as the collision trajectory and ε is the
particle roughness. In our situation thewetting area isfinite and the thick-
ness d is increasing during the course of collision (due to melting). This
means thatwe expect h(x) to bemore complex than for an infinitewetted
wall with constant d. It is however reasonable to expect that the resulting
Ev would take a similar form as Eq. (9) and therefore we propose

Ev∝η Tð ÞR2Vi d=εð Þa, ð10Þ

where the constant a can be empirically determined. The total energy
loss Et is then

Et ¼ Ev þ ξEi, ð11Þ

where Ei is the initial kinetic energy and thus ξEi is the amount of energy
that causes damage to the ice particle surface. The Et can also be
expressed as a function of en as

Et ¼ Ei 1−e2n
� �

: ð12Þ

Wedetermine a using nonlinear curvefitting of the observed energy
loss represented by Eq. (3). For our experimental values we find an av-
erage best fit of a= 1.46 for ice particles colliding with an ice wall, and
therefore propose that a = 1.5 (or a = 3/2).

The premelted liquid layer is a distorted region with properties be-
tween solid and bulk liquid water [41], therefore, η is unknown but
likely temperature dependent. The temperature dependent viscosity
of a liquid can be expressed as,

η∝ exp
Gþ
0

kbT

� �
, ð13Þ

where G0
+ is a potential energy barrier empirically determined by fitting

experimental data [48]. Using this we can express the viscous energy
loss Ev for an ice particle colliding with a massive wall as,

Ev ¼ C exp
Gþ
0

kbT

� �
ViR

2 d=εð Þ1:5, ð14Þ

where C and G0
+ are coefficients with units Pa⋅s and eV, respectively.

Here C represents the combined value of all constants in Eq. (10). The
resulting coefficient of restitution can then be expressed as,

en ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ei−Ev−ξEi

Ei

s
: ð15Þ

Fitting the coefficients C and G0
+ to the experimental data from ice

particles colliding with an ice wall at T = 267 K and T = 254 K we
obtained average values for C = 0.5 ⋅ 10−10 Pa⋅s and G0

+ = 0.5 eV.
The best fit gives remarkably similar results for the experiments at
T = 267 K and T = 254 K with only a difference of 0.6% and 0.5% for

Fig. 9. Predicted en according to liquid layer damping together with experimental results
for ice particles colliding with an ice wall as a function of Vi. The error bars represent the
propagation of uncertainty for measured en.
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C and G0
+, respectively. Fig. 9 shows the predicted coefficient of restitu-

tion for ice particles colliding with an ice wall together with the exper-
imental measurements from the present work. As shown in the figure,
the new formulation for the energy loss captures the rapid increase of
energy dissipation with increasing Vi, and also captures the difference
between temperatures. The new model predicts that en approaches
zero for a finite value of Vi which is different from Eq. (3) where en
only approaches zero as Vi → ∞.

In Fig. 10 themodel predictions of en for different wall materials and
the experimental measurements for these wall materials are presented.
The different wall materials are represented by different values of E ∗

where the material properties for the different walls are the same as
used in a previous study [31] except that the Young modulus for ice is
calculated as the function of temperature as in Hobbs [49]. Notably the
new model predicts the trend between wall materials that is observed
in the experiments.

The Eq. (15) solutions are plotted in Figs. 9-10 with ξ= 0.15. How-
ever, the value of ξ is not well defined and Wettlaufer [30] bounded ξ
between 0.1 and 0.2. The dependency of ξ on d in Eq. (5) is almost linear
for the range of velocities examined herein. Therefore, changes in ξwill
only alter the constant K1 in Eq. (14), and thus, as long as ξ is a constant.
it will not matter what non-zero value is used for the prediction of Ev.
Fig. 11 shows d/R as a function of ξ together with a linear dashed line
to illustrate the linear dependence between d/R and ξ. The figure as-
sumes Vi = 5 m/s, which is a high Vi in this work. The linearity further
increases with decreasing velocity because the contribution of the con-
tact pressure in Eq. (5) decreases.

As shown in Fig. 10, Eq. (14) provides a good fit to the experimen-
tal measurements for the ice particles with a diameter of 1.64 mm
(R=0.82 mm). To address how en will scale with a change in particle
size we extracted the values of en published by Higa et al. [27] for ice
particles with radii of 1.4 mm and 4.0 mm at T= 261 K. These results
together with the en predicted by the newmodel are shown in Fig. 12.
Again the model captures the trend that is observed in the
experiments.

3.2. General regime map for the coefficient of restitution of ice particle
collisions

The measurements we have presented complement existing mea-
surements and lead us to propose a regime map for ice collisions. We
identify three en regimes for ice particle collisions: an intermolecular ad-
hesive regime, a collisionalmelting regime, and a fragmentation regime.
The intermolecular adhesive regime is characterized by damping due to
intermolecular forces. In previous work [31], we studied when an ice
particle sticks or bounces depending on intermolecular forces. Based
on the Johnson-Kendall-Roberts (JKR) model, at low Vi, en can be de-
fined as,

Fig. 10. The en for ice particles colliding with different massive walls as a function of Vi.
Solid, dashed and dotted lines show predicted en caused by collisional melting for ice
particles colliding with an ice wall, a polymer wall and a glass wall respectively. Marker
symbols (Circle, square and triangle) show experimental measurements for ice particles
colliding with an ice wall, a polymer wall and a glass wall respectively.

Fig. 11. Liquid layer thickness ratio d/R as a function of ξ. The blue solid line shows the
predicted values of d/R for Vi = 5 with the straight green dashed line used to illustrate
the linearity.

Fig. 12. The en for ice particles collidingwith an icewall atT=261K. Scatteredwith circles
and triangles show experimental results published in Higa et al. [27] for radii 1.4 mm and
4.0mm respectively. Dashed and solid lines show the novel model predictions for 1.4 mm
and 4.0 mm radii, respectively.
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en ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

VL

Vi

� �2
s

, ð16Þ

where VL is the lower sticking velocity and for collisional velocities be-
low VL, particles stick due to intermolecular adhesion. This lower stick-
ing velocity is defined as,

VL ¼ 3
ffiffiffi
3

p

4

ffiffiffiffiffiffi
K1

ρs

s
π2W5

R5E⁎2

 !1
6

: ð17Þ

where K1 ≈ 0.9355 is an integration constant [31]. From Eq. (17) it can
be seen that the VL is mainly governed by the interaction properties E ∗

and W (work of adhesion), but will also increase with decreasing R.
The collisional melting regime is defined by Eq. (15). In this regime an
iceparticle collidingwith amassivewallwill have a rapid increase in en-
ergy loss with increasing Vi until the particle begins to adhere to the
wall. This will occur when the incoming kinetic energy is equal to the
sum of energy causing damage at the interface and the energy lost
due to viscous damping. This condition results in a separate, higher
sticking velocity, VH, that can be defined as,

VH ¼ 3C
2π 1−ξð Þ exp

Gþ
0

kbT

� �
dH=εð Þ1:5, ð18Þ

where dH is the melted liquid layer thickness when this sticking occurs.
However, dH is a nonlinear function of Vi, as seen in Eq. (5) and therefore
it is not possible to derive an explicit equation for the VH and Eq. (18)

can only be solved implicitly. In Fig. 13 the sticking velocities VL and
VH are plotted as a function of R for ice particles colliding with an ice
wall, a polymer wall and a glass wall at T = 261 K. As concluded by
Eidevåg et al. [31], a polymer wall will have a higher VL than a glass wall
whichmeans that a polymer wall will tend to accumulate more ice par-
ticles than a glass wall for Vi in the intermolecular adhesive regime.
However, for high velocity collisions, where collisional melting domi-
nates, a glass wall have a lower VH than a polymer wall and therefore
a glasswall is predicted to accumulatemore ice particles than a polymer
wall for Vi in the collisional melting regime.

For even greater velocities ice particles will continue to adhere until
fragmentation begins to influence the impacts at a certain fragmenta-
tion velocity VF. Particles at these velocities, in excess of collisional fu-
sion, will rebound but simultaneously fragment. Previous experiments
have shown that for high velocity impacts, particles rebound and lose
energy due to fragmentation but partial fragments may adhere to the
wall [50]. Experimental data in this range is lacking and the en for
such impacts is ill-defined given that the impacting particle will not re-
main intact.

The outlined regimes can be convoluted to yield a map for ice parti-
cle impacts (Fig. 14). In the figure, en is the convoluted coefficient of res-
titution that emerges fromconsidering, eJKR due to intermolecular forces
and ecm due to collisional melting. A fragmentation regime is indicated
for velocities above an unknown VF to illustrate that this is an experi-
mentally unexplored region. The sticking velocities VL and VH are also
indicated in the figure. The combined model predicts a horizontal pla-

teau around the point en ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1−ξ2

q
and this demostrates why previous

studies have proposed a quasi-static regime for the en of ice particles.
However, the new combined model also predicts that en will decrease
for Vi below this point.

4. Conclusions

In this study we have investigated the damping mechanisms of ice
particles that collide with walls, specifically in terms of the coefficient
of restitution en. Experimental measurements of en for millimeter-
sized particles at different temperatures and for different wall materials
were presented. We obtain a velocity dependent en, similar to what has
previously been observed by Higa et al. [27]. Different magnitudes of en
for ice particles colliding with different wall materials were also ob-
tained. Collisions with a polymer wall had the highest en and collisions
with a hardened glass wall had the lowest en.

Fig. 13. The sticking velocities VL (a) and VH (b) for ice particles colliding with different
massive walls as a function of R at T = 261 K. Solid, dashed and dotted lines shows the
calculated sticking velocities for ice particles colliding with an ice wall, a polymer wall
and a glass wall respectively. In (a) below each respective line particles sticking will
occur. In (b) above each respective line particles sticking will occur.

Fig. 14. The coefficient of restitution for ice particles upon collision with a massive wall.
The red dotted line (eJKR) shows the coefficient of restitution due to intermolecular
forces. The dashed green line (ecm) shows the coefficient of restitution due to collisional
melting, and a fragmentation regime is also indicated where the en becomes undefined.
The combined en is shown by the black solid line.
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We propose that the rapid energy dissipation for ice particles collid-
ingwithwalls can be explained by collisionalmelting and the associated
viscous damping the increased premelted liquid-layer causes in a colli-
sion. A novel model has been derived that captures obtained tempera-
ture dependencies and observed differences attributed to wall
material properties. We combined the new model with previous work
[31] and proposed a regime map for the en of ice particles.

Nomenclature

en normal coefficient of restitution (−)
Vi normal impact velocity (m/s)
Vb normal rebound velocity (m/s)
Vc critical damping velocity (m/s)
VL lower sticking velocity (m/s)
VH higher sticking velocity (m/s)
d liquid layer thickness (m)
ρs density of solid water (kg/m3)
ρf density of liquid water (kg/m3)
kb Boltzmann constant (eV/K)
E ∗ effective Young's modulus (Pa)
T experimental temperature (K)
Tm melting temperature (K)
TH homologous temperature (−)
η viscosity of the liquid layer (Pa-s)
ε particle roughness length scale (m)
Fv viscous force (N)
Ev energy loss due to viscous damping (J)
R particle radius (m)
W work of adhesion (J/m2)
ξ fraction of kinetic energy causing damage at interface (−)
qm latent heat of fusion (J)
δa uncertainty of quantity a
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A B S T R A C T   

The angle of repose is a measure reflecting the internal friction and cohesion properties of a granular material. In 
this paper, we present an experimental setup and measurements for the angle of repose of snow for seven 
different snow samples over a large range of temperatures. The results show that the angle of repose is dependent 
on the fall height, the temperature, and the grain size of the snow. These variables are quantified, and their 
interdependencies are separately studied. With increased snow temperature, the angle of repose increases, and 
this can be explained by the presence of a liquid layer on ice that can be thermodynamically stable at temper
atures below the melting point of water. With decreasing grain size the angle of repose also increases which is 
expected since the cohesive energy decreases more slowly than the grain mass. For increasing fall height, the 
snow grains generally accelerate to larger collisional velocities, yielding a smaller angle of repose. In general, the 
dimensionless cohesion number was found to largely reflect the dependencies of the variables and is therefore 
useful for understanding what affects the angle of repose. The results demonstrate that the drag force and 
collision dynamics of ice grains are important for understanding how snow accumulates on a surface, for example 
if one desires predicting snow accretion by simulating a dispersed cloud of snow.   

1. Introduction 

The cohesive properties of snow are important in many engineering 
and scientific applications. One example is in avalanche research where 
it has been observed that the dynamic movement of snow covers is 
sensitive to temperature, especially when temperatures are above − 1◦C 
(Heil et al., 2018). Another example is snow accretion on building roofs, 
which has an influence on the efficiency of solar panels (Borrebæk et al., 
2020) and can cause roof failure (Holicky and Sykora, 2009). The pre
sented research is driven by a need in the automotive industry to better 
understand snow adhesion. Active safety and autonomous systems have 
increased the need to understand how snow accretes on vehicle sensors 
(Eidevåg et al., 2019). The phenomenon of snow accretion on sensor 
surfaces generally involves a dispersed cloud of snow grains that collide, 
adhere, and accumulate on these surfaces. 

The angle of repose α of a granular material (illustrated in Fig. 1) is a 
micro-mechanical property that reflects the internal friction of the ma
terial (Al-Hashemi and Al-Amoudi, 2018). The α of a granular material 
can generally be regarded as a bulk material property but, as was 
pointed out by Woodcock and Mason (1988), measured values of α 

depend not only on the material but also on the experimental setup used. 
Snow is a cohesive material where the cohesive properties are contact- 
time dependent due to sintering. The bond strength between grains in 
contact increases over time, which causes static approaches to 
measuring α, such as using a tilting table, to be problematic. Instead, it is 
advantageous to use a dynamic approach with grains of snow that 
collide and accumulate to form a heap, as has previously been done 
when studying snow. To the best of our knowledge, Kuroiwa et al. 
(1967) were the first to measure the α of snow in this way. In their ex
periments, they used a hopper to shake snow that then fell through a 
funnel onto a cylindrical platform. They released snow until a stable 
heap had been obtained such that α could be measured. They observed 
that α increased with increasing snow temperature T for T > − 20◦C, 
and they related their findings to the presence of a liquid-layer on ice 
that can be thermodynamically stable at T well below the melting 
temperature of water (Jellinek, 1967; Dash et al., 1995; Dash et al., 
2006). They observed a sensitivity to fall height H with larger H yielding 
smaller α. Willibald et al. (2020) proposed a similar experimental setup 
where the hopper and funnel were replaced with a sieve. They studied 
how snow grain shape and T affect the snow’s α. They have proposed an 
empirical model based on their measurements that takes into account 
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shape and T to predict α. In both studies, α was found to be sensitive to T 
for T > − 15◦C, but few data points were published for this range. The 
previous studies were also based on relatively large grain sizes and no 
data for α of snow with an average grain size less than 500 μm has been 
published, to the best of our knowledge. 

In this work, we present and analyze new experimental results for the 
angle of repose of snow for multiple temperatures greater than − 15◦C 
and particles as small as 100 μm. The observations allow us to charac
terize snow’s α as a function of shape, size, T, and H. 

The results extend the understanding of the cohesive properties of 
snow and ice. We show that cohesion is sensitive to T, collisional ve
locity, and grain properties. The data from this work can be used as 
validation when simulating snow adhesion and the buildup of snow, for 
example, using the Discrete Element Method or Smoothed Particle Hy
drodynamics. The α for rounded grains at varying T and H reported in 
this work can also be referred to when validating the cohesive properties 
of machine made snow. 

2. Method and materials 

2.1. Experimental setup 

Experiments were performed to measure α for different snow sam
ples at different experimental conditions. The experimental setup con
sisted of a large metal table that held an electric sieve shaker with two 
sieves (sieve 1 and sieve 2) and a smaller metal table with a solid cy
lindrical base with diameter DB (Fig. 1). The purpose of sieving was to 
shake the snow to separate individual grains. Sieve 1 and 2 had pore 
sizes 3.15 mm and 2.5 mm, respectively. 

An experimental trial was performed by pouring snow into the sieve 
shaker and shaking the snow sequentially through sieve 1 and sieve 2. 
The snow grains from sieve 2 fell until they hit the cylinder under the 
sieve shaker. A growing snow heap formed as more grains accumulated 
on the cylinder base. Snow was continuously fed into the sieve shaker as 
long as snow continued to accumulate on the heap. A trial was 
completed when the height of the cylindrical cone h stopped changing 
with time, and a measurement usually took a few minutes to complete. 
To estimate α, h was calculated as 

h = Le −
(
Lf + c

)
, (1)  

where Le is the distance between the top of the inner table and the 
platform without any snow, and Lf is the distance between the top of the 
inner table and the top of the snow heap. Ideal cones with a sharp vertex 
at the top of the cone did not always form, and therefore, the length c (as 
illustrated in Fig. 2) was added as a correction factor. 

With the obtained h, α can be calculated as 

α = arctan
(

2h
DB

)

. (2) 

The calculated h was estimated to have an uncertainty of δh = 2 mm, 
which emerges from measurement uncertainties. The result is a 
nonlinear and asymmetrical confidence interval for α. However, arctan 
(x) is a monotonically increasing function and the asymmetry was minor 
for the values reported in this work. The confidence interval was, 
therefore, simplified to 

α± δα ≈ ±

(

arctan
(

2(h + δh)
DB

))

. (3) 

Alternatively, α could also be measured with image analysis either 
indirectly using the projected heap area or directly by measuring the 
angle (Willibald et al., 2020). These methods are sensitive to camera 
angle, and because the image quality varied in this work, we found that 
the snow cone height estimate gave the most robust estimate for α. 

Experimental trials were conducted with each snow sample and at 

Nomenclature 

Ap grain cross-section area (m2) 
Co Cohesion number 
DB base diameter (m) 
dA projected area diameter (m) 
dV volume-weighted mean projected area diameter (m) 
E* effective Young’s modulus (Pa) 
g gravitational constant (m/s2) 
G+ activation energy (eV) 
H fall height (m) 
h heap height (m) 
kb Boltzmann constant (eV/K) 
P length of grain boundary (m) 
R* effective grain radius (m) 

s surface area of sphere (m2) 
S surface area of grain (m2) 
T snow temperature (K) 
Vi collisional velocity (m/s) 
V∞ terminal velocity (m/s) 
Le distance top of inner table to cylinder (m) 
Lh distance top of inner table top to snow heap (m) 
W work of adhesion (J/m2) 
α angle of repose (◦) 
δa uncertainty of quantity a 
ϕ sphericity 
ϕ̂ circularity 
σ standard deviation 
ρp particle density (kg/m3)  

Fig. 1. Experimental setup with important dimensions labeled and the α of 
snow highlighted in the inset. 
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each experimental condition. Average values combining multiple trials 
were computed, and a conservative error envelope was estimated as, 

δα = max(δαmax, 2σ), (4)  

where δαmax is the largest obtained δα of the measurements, and σ is the 
standard deviation of α for the repetitions. 

Previous work on the α of snow has shown that α is independent of DB 
(Kuroiwa et al., 1967; Willibald et al., 2020). This was also observed in 
this work when testing diameters from 25 to 100 mm. DB = 50 mm was 
used in the experiments for the majority of measurements if not stated 
otherwise, which is the same DB used by Kuroiwa et al. (1967) and 
Willibald et al. (2020). 

2.2. Snow samples 

Snow samples were collected in containers, and total volumes of 
20–30 l were collected for each sample. A sample was defined as a 
collection of snow at a specific time and place. The samples were labeled 
using the snow shape classes defined in Fierz et al. (2009), and the labels 
are summarized in Table 1. The samples RG 1, RG 2, RG 3, PP 1, and SH 
1 were collected from the ground outdoors, and only the top layer of 
snow was collected. The sample RG 4 was collected from an underbody 
panel on an electric vehicle driven 100 km on a snowy road at the same 
location and during the same period as RG 3. The machine made snow 
(MM 1 sample) was collected from the ground in a climate wind-tunnel 
where the snow was created with a snow cannon. 

Each sample was characterized by placing microscope slides just 
below the sieve shaker and collecting particles from each sample onto 
the slides. The slides were then photographed using a microscope. Fig. 3 
shows examples of microscope images for all the snow samples, except 

for the SH 1 sample. The magnification was similar for each sample 
except for the MM 1 sample, which had a higher magnification due to its 
small grain sizes. The grain boundaries for each image were extracted 
with manual segmentation of each boundary using the image analysis 
program Fiji, and the segments were analyzed to extract grain properties 
characteristic for each sample. On average, 450 grain boundaries were 
extracted for each sample with a minimum number of 291 for RG 1. Two 
properties were extracted for each grain: the projected area diameter, 
dA, and the circularity, ϕ̂. dA and ϕ̂ are defined as 

dA =

̅̅̅̅̅̅̅̅
4Ap

π

√

, (5)  

and 

ϕ̂ =
4πAp

P
, (6)  

where Ap is the grain cross-section area, and P is the length of the grain 
boundary. ϕ̂ was used as an approximation of the sphericity, ϕ, since the 
microscope slides contained only 2D data, and ϕ is a 3D measure con
taining the surface area of a grain, defined as 

ϕ =
s
S
, (7)  

where s is the surface area of a sphere with the same volume as the grain, 
and S is the surface area of the grain. However, ϕ̂ is often used as an 
approximation of ϕ, for example for volcanic particles (Bagheri and 
Bonadonna, 2016). 

Experiments measuring α were performed either in cooling chambers 
or outdoors, depending on the snow sample. The air temperature in the 
cooling chambers could be controlled. The samples RG 1, RG 2, and PP 1 
were measured in a cooling chamber with high precision control of the 
temperature (±0.5◦C), while RG 3 was measured in a cooling chamber 
with low precision control of the temperature (±2◦C). Samples RG 4 and 
SH 3 were measured outdoors. The measurements of the samples RG 1 
and RG 2 are the largest datasets of α in this work, where multiple trials 

Fig. 2. Illustration of how the height measurements were corrected by adding 
the length c to the imperfect cone height. 

Table 1 
Snow characterization and experimental conditions for snow samples. The labels 
indicate: RG round grains, MM machine made snow, PP precipitation particles 
and SH surface hoar.  

Label ϕ̂m  
dV [μm] T [◦C] H [m] 

RG 1 0.70 455 − 2 to − 14 0.07–0.34 
RG 2 0.75 775 − 1 to − 14 0.07–0.25 
RG 3 0.72 492 − 16 to − 27 0.1–0.25 
RG 4 0.82 288 − 14 0.1–0.25 
MM 1 0.95 80 − 9 to − 13 0.1–0.34 
PP 1 N/A N/A − 12 0.1 
SH 1 N/A N/A − 14 0.1  

Fig. 3. Typical microscope images taken of six snow samples.  
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with varying T and H were performed. These two samples were stored in 
a cooling chamber before measurements to allow the grains to approach 
an equilibrium shape by means of snow metamorphism. Sample RG 1 
was collected after outdoor dry snow metamorphism at a temperature of 
− 5◦C and stored for 3 weeks before testing. Sample RG 2 was collected 
after wet snow metamorphism at a temperature of 0◦C and was stored at 
T = − 5◦C for 4 days before testing. 

The grain properties, dA and ϕ̂, for the different snow samples were 
visualized using a binned histogram showing the normalized frequency 
of dA (Fig. 4 and Fig. 5) and a box-plot centered around the median for ϕ̂ 
(Fig. 6). The histograms were normalized such that the sum of the bin 
heights for each sample is equal to 1. Particle properties, dA and ϕ̂ were 
not calculated for the PP 1 and SH 1 samples due to the observed shape 
complexities of these samples. The volume-weighted average projected 
area diameter dV, and the median circularity ϕ̂m, for each snow sample 
are summarized in Table 1. The volume-weighted average was used to 
weight the volumetric effect a grain has on the overall volume of a snow 
heap. The MM 1 sample was significantly smaller than any other sample, 
with ϕ̂ ≈ 1, two properties that are common for machine made snow 
from snow cannons (Fierz et al., 2009). The dA range from 100 − 1000 
μm for the rounded grain samples, which implies that the sieve size of 
2.15 mm was sufficiently large for the studied snow samples. The RG 4 
sample had significantly smaller dA than any of the other rounded 
grains, which implies that the collection method used for this sample 
acted as a grain-size filtering method, where only the smallest grains 
were lifted by the vehicle and accumulated on the underbody panel. This 
has been reported before, for example, Abrahamsson et al. (2018) have 
concluded that the snow that accumulates on the rear of a car is a subset 
of smaller particles than those present on the ground. 

2.3. Experimental data interpretation 

The Johnson-Kendall-Roberts (JKR) model has previously been 
extensively used to predict cohesive forces between ice grains (Eidevåg 
et al., 2019; Chokshi et al., 1993; Dominik and Tielens, 1997) and we 
will here use the JKR model to interpret our experimental observations. 
The model predicts that the cohesive sticking energy Es for a colliding 
grain with diameter d, is proportional to d4/3 and will thus decrease with 
decreasing grain size. The gravitational and kinetic energy acting 
against the cohesion will also be proportional to d but in this case ∝d3 

meaning it will decrease faster than the cohesion energy for a decreasing 
grain size. Therefore, cohesion is predicted to dominate over the grain mass for sufficiently small grains and grains will be more cohesive the 

smaller they are. To better understand these dependencies, we define a 
dimensionless number Co (the cohesion number) as the ratio between Es 
and the kinetic energy at impact, Ei for a single grain impacting a solid 
wall. Our definition is similar to one proposed by Behjani et al. (2017), 
except here we use kinetic energy instead of gravitational potential 
energy. Using the expression for Es (Eq. 11 in Eidevåg et al. (2019)) and 
R* = 0.5d, it follows that 

Co =
Es

Ei
≈

5
ρpV2

i

(
π2W5

d5E*2

)1/3

, (8)  

where Vi is the grain collisional velocity, E* is the effective Young’s 
modulus, W is the work of adhesion and ρp is the grain density. For the 
snow samples in this work, all samples consist of a wide range of grain 
sizes and to simplify the analysis we will assume that the volume 
weighted average reflects the overall grain sizes in each sample (d ≈ dV). 

3. Results and discussion 

3.1. General 

The α of snow for the different snow samples with H = 0.1 m as a 
function of T are shown in Fig. 7. All measurements presented in this 

Fig. 4. Normalized particle size distributions determined from image analysis 
for snow samples RG 1 and RG 2. 

Fig. 5. Normalized particle size distributions determined from image analysis 
for snow samples MM 1, RG 3, and RG 4. 

Fig. 6. Snow grain circularity ϕ̂ determined from image analysis.  
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figure were done with DB = 50 mm, except for the RG 4 data, where both 
40 mm and 50 mm were used. The figure shows the average values from 
multiple trials with error bars representing δα. The experiments gener
ally had good repeatability, which is shown in Appendix A. The 
magnitude of the α for the different samples varied, for example, the PP 
1 sample had an average α = 62◦ while SH 1 had α = 33◦, even though 
the difference in temperature was minor. Both samples had grains with 
complex crystalline shapes, but the observed difference implies different 
cohesion properties. This is in line with previous snow research that has 
shown that hoar grains have low-cohesive bonds, and they can cause 
avalanches when present as a layer deep in a snowpack (depth hoar) 
(Colbeck, 1997; Schweizer and Jamieson, 2001). The results for RG 1 
and RG 2 imply that α is strongly dependent on T, which was also 
observed when H was varied, as shown in Fig. 8 and Fig. 9. At low 
enough T, lower than − 10 or − 12 ◦C, α appears to be constant and in
dependent of T. It was only possible to measure α for the height H = 0.25 
m above a certain T (− 10◦C for RG 1 and − 6◦C for RG 2) for these two 
samples. Almost all snow grains bounced away from the base, and no 
heap of snow formed below this T. This implies a limitation of the 
experimental setup, where α ≤ 10◦ could not be measured. 

In certain trials α = 90◦ was observed, indicating that a cylindrical 

snow heap had formed. The snow heap height observed in these trials 
increased until the heap touched the sieves. We refer to this phenome
non hereinafter as diverging α, since the α was not well defined. The 
phenomenon, however, remains interesting because it indicates when 
cohesive forces dominate over gravity. Fig. 10 shows an example of 
diverging α for snow sample RG 2 with T = − 1◦C and H = 0.1 m. 
Diverging α occurred for RG 1 and RG 2 at certain low values of H in 
combination with T above certain values. We observed diverging α in all 
measurements of sample MM 1 although the experiments were con
ducted at a low temperature (T = − 13 ◦C). This implies that the MM 1 
was more cohesive than any of the other snow samples. 

Fig. 7. The α of snow for the different snow samples as a function of T with H 
= 0.1 m, where the mean values of repeated trials are plotted with the error 
bars representing δα. 

Fig. 8. The α of snow for RG 1 as a function of T for different H, where the 
mean values of repeated trials are plotted with the error bars representing δα. 

Fig. 9. The α of snow for RG 2 as a function of T for different H, where the 
mean values of repeated trials are plotted with the error bars representing δα. 

Fig. 10. Experimental trial with diverging α for sample RG 2 with T = − 1◦C 
and H = 0.1 m. 
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3.2. Snow temperature 

As shown in Figs. 8 and 9 α is sensitive to changes in T and a high T 
can lead to diverging α as the snow cohesion is strong. Fig. 11 shows α as 
a function of T for snow samples RG 1, RG 2, and RG 3, as well as 
measurements from previous studies by Kuroiwa et al. (1967) and 
Willibald et al. (2020). The data in this figure was measured with H =
0.1 m except for the data from Willibald et al. (2020), which used H =
0.04 m. The figure shows that α changes for T ⪆  − 12◦C. Below this 
temperature range, α appeared constant and rather independent of T. A 
comparison with other experimental findings showed that the results 
reported by Willibald et al. (2020) were rather low given that H was only 
0.04 m. This could be due to the larger grains in their samples; they 
reported grain sizes that ranged from 700 − 1400 μm. The α reported by 
Kuroiwa et al. (1967) is similar to the RG 3 sample with values around 
40◦. 

Jellinek (1967) has studied the cohesion force between ice particles 
as a function of T. The results showed that cohesion increased with 
increasing T, and they proposed that the observed T dependency was 
caused by the existence of a liquid layer on ice that becomes thicker with 
increasing T. This phenomenon is often referred to as premelting and has 
been explained by the balance of the intermolecular forces at the surface 
of ice that causes a liquid layer to form at temperatures below the 
melting temperature of water (Dash et al., 1995; Dash et al., 2001; 
Wettlaufer and Worster, 2005; French et al., 2010). Jellinek, used the 
Arrhenius relation, ∝ exp (− G+/kbT), to fit the cohesion force between 
ice particles as a function of temperature, where G+ is the activation 
energy, and kb is the Boltzmann constant. It is common in ice physics to 
observe that ice properties have an Arrhenius relation with T. For 
example, it has been concluded that the creep rate of ice follows an 
Arrhenius relation but with a sudden increase of activation energy for T 
approximately above − 15◦C to − 10◦C (Weertman, 1983; Cuffey and 
Paterson, 2006; Goldsby and Kohlstedt, 2001). Goldsby and Kohlstedt 
(2001) credited this increase to premelting on the surface of ice. 

Willibald et al. (2020) have proposed an empirical model for the α of 
snow, where they use the Arrhenius relation to capture the temperature 
dependence. Their model can be expressed as, 

α = A+Bexp( − G+/kbT), (9)  

where A is a sum of the α for cohesionless spheres and a shape correction 
due to ϕ. In this model, B and G+ are free parameters. Willibald et al. 
(2020) obtained B = 1.5 ⋅ 1023 and G+ = 1.2 eV from curve fitting. 

To extract the α dependence on T we performed curve fitting, where 

the averaged results for samples RG 1 and RG 2 were fitted to Eq. 9 for 
each individual H. We omitted data points with diverging α, and we have 
also omitted the data series with H = 0.07 m for sample RG 1, because it 
only contained 3 data points. The resulting least squares fits are shown 
in Table 2 for the parameters A, B, and G+ and for the correlation co
efficient, R2. We obtained almost identical activation energies with an 
average of G+ = 1.15 eV for the eight different series. The best fit of B 
was, on average, 1.03 ⋅ 1023 with no obvious H dependence. We 
conclude, therefore, that α has a T dependence that follows an Arrhenius 
relation independent of H, and that the G+ we obtained was almost 
identical to the results reported by Willibald et al. (2020). 

3.3. Grain size 

The snow samples in this work had a large range of grain sizes. In 
Section 2.3 we introduced the cohesion number where Co ∝ dV

− 5/3. How 
α depends on Co is unkown but it is expected that α increases for 
increasing Co and therefore, samples with smaller dV should yield 
smaller α. Previous research has shown that α does depend on particle 
size and that α increases with decreasing particle size (Cadle, 1965). This 
can also be seen in our results for the RG 4 sample, which had a 
significantly higher α than the RG 3 sample, even though the type of 
grains and grain shape were similar. To assert how α depends on dV we 
propose a dependence of the form α ∝ a ⋅ dV

b, for a constant a and an 
exponent b. 

Fig. 12 shows the α for the snow samples RG 1, RG 2, RG 3, and MM 1 
together with a curve fit assuming this proportionality. The effect of 
temperature difference between the samples was assumed to be negli
gible since, as shown in Section 3.2, the α dependence was expected to 
be small for T ≤ − 12◦C. The data for the MM 1 sample was excluded 
from the curve fitting since it is unknown if a diverging α also occurs for 
dV > 80μm and the fitted line suggests that a diverging α may already 
occur for dV ≈ 150 μm. The obtained best fit for the remaining four data 
points was α ∝ dV

− 0.86, which suggests that α ∝ Co0.86⋅3/5 ≈ Co0.5, 
however, only a single data point was below 400 μm (RG 4). Thus, we 
regard the estimated exponent b as uncertain, but the results do show 
that samples with lower dV have higher angles of repose. 

3.4. Fall height and grain acceleration 

Our results show that α is sensitive to H and generally decreases with 
increasing H. Fig. 13 shows α as a function of H for different samples of 
rounded grains, at different temperatures. α did not always decrease 
with an increase in H. Only small changes were observed between H =
0.17 m and H = 0.25 m, and no change was observed between H = 0.25 
m and H = 0.34 m for RG 1. These observations can be explained by the 
acceleration of grains when falling. The acceleration of grains does also 
explain why some of the obtained α for high H is lower than what was 
previously reported by Willibald et al. (2020) for the α of snow. 

When a grain falls in the experiments, it accelerates according to 
Newton’s law of motion, where the acceleration is equal to the differ
ence between the gravitational force and the drag force acting on the 
grain divided by grain mass. The grain accelerates until either it collides 

Fig. 11. The α of snow for samples RG 1, RG 2, and RG 3 as well as previously 
published results in Willibald et al. (2020) and Kuroiwa et al. (1967) as a 
function of T. 

Table 2 
Least squares fits of Eq. 9 for the measured α for the RG 1 and RG 2 samples at 
varying H.  

Sample H R2 A B G+ (eV) 

RG 1 0.10 0.93 27.84 0.92⋅1023 1.15 
0.17 0.95 9.58 0.99⋅1023 1.14 
0.25 0.93 4.64 0.94⋅1023 1.14 
0.34 0.93 21.86 0.99⋅1023 1.16 

RG 2 0.07 0.96 28.51 0.97⋅1023 1.15 
0.10 0.97 15.32 1.00⋅1023 1.15 
0.17 0.85 6.08 1.20⋅1023 1.15 
0.25 0.90 1.00 1.27⋅1023 1.15  
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with a collisional velocity Vi or reaches its terminal velocity V∞, which 
occurs when the two forces are equal. Increasing H, therefore, yields an 
increase in Vi if Vi < V∞. The drag force depends on grain size, shape, and 
the current velocity of the grain. We calculated an estimate of Vi for 
different grains as a function of H by solving Newton’s law of motion 
using the drag coefficient correlation proposed by Haider and Levenspiel 
(1989), (cf. their Eq. (11)). The drag coefficient depends on ϕ and the 
particle Reynolds number Rep, which is defined as 

Rep =
dVpρf

μ , (10)  

where Vp is the relative velocity between the particle and the air, and 
since the air is not moving Vs = Vi. In the calculation we used the ma
terial properties for air (viscosity μ and density ρf) that are valid for T =
− 15◦C (NOAA/NASA/USAF, 1976) and we approximate that ϕ̂ ≈ ϕ. In 
Fig. 14 the calculated Vi for different grain radii as a function of H are 
shown for ϕ between 0.6 (dashed lines) and 1.0 (solid lines) to reflect the 
range of values obtained for ϕ̂. The difference between non-spherical 
and spherical grains increased with increasing grain size and H. We, 

therefore, expect that α will be more sensitive to snow shape for large 
snow grains. All grains are expected to approach a constant V∞ with 
sufficiently high H. Each sample had a distribution of grain size, and 
therefore, we expected that the Vi would vary between grains in a snow 
sample. By assuming that the dV and ϕ̂ give an overall representation of 
the grains in each snow sample the data in Fig. 13 can be replotted as a 
function of Vi. Fig. 15 shows α as a function of the predicted Vi for 
different snow samples with rounded grains and at different tempera
tures. The figure shows that Vi was 1 m/s for most samples and α did not 
change with minor changes in Vi. For example, the V∞ ≈ 1.4 m/s was 
almost reached at H = 0.25 m for the RG 1 sample, which explains why a 
similar α was obtained for H = 0.34 m in Fig. 13. 

Previous experiments have shown that collisional damping should 
increase with increasing Vi for ice grains with sufficiently high Vi (Higa 
et al., 1998; Eidevåg et al., 2021). A model for collisional melting that 
explains this phenomenon was proposed by Eidevåg et al. (2021). In the 
present study, Vi was lower than the theoretical stick velocity for colli
sional melting and was also lower than the critical velocity for ice par
ticles proposed by Higa et al. (1998). Therefore, we expected the 
coefficient of restitution for these collisions to be almost constant and 

Fig. 12. The α of snow as a function of dV for the samples RG 1, RG 2, RG 3, RG 
4, and MM 1 with H = 0.1. The dashed line is the least-squares fitting of the 
RG samples. 

Fig. 13. The α of snow as a function of H for different snow samples with 
rounded grains and at different T. 

Fig. 14. Predicted Vi of snow grains as a function of H for different grain sizes. 
Solid lines show spherical grains (ϕ = 1.0), and dashed lines shows non- 
spherical grains (ϕ = 0.6), while the shaded areas show the range between 
these values of ϕ. 

Fig. 15. The α of snow as a function of predicted Vi for different snow samples 
with rounded grains and different T. 
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only weakly dependent on Vi. This means that the collisions should be in 
the regime where intermolecular forces dominate sticking and not 
collisional melting (see regime map in Eidevåg et al. (2021)). During the 
experiments, the snow grains were observed to rebound from initial 
collision and bounce multiple times before settling. Consequently, we 
concluded that more grains fall off the base with increased Vi. This is a 
likely reason why α is sensitive to H. It also implies that more grains 
should be able to accumulate with increased DB. We moreover see that h 
increased with increasing DB such that the resulting α was constant. 

3.5. The cohesion number 

The experimental results shown above imply that α = α(dV , ϕ̂,T,H). 
The dimensionless number Co depends on three of these key variables 
where an explicit relationship to T is missing. It can be argued that W =
W(T) due to the existence of a quasi-liquid layer on ice (Eidevåg, 2020), 
however the exact form is unkown. The experimental results imply that 
there is only a weak dependence on T for sufficiently low T. α is plotted 
in Fig. 16 as a function of Co for the experimental measurements with T 
≤ − 12 ◦C. The material properties W, ρp and E* were taken from what is 
used in Eidevåg et al. (2019) for ice-ice interactions. The figure also 
includes the best fit of α = A

̅̅̅̅̅̅
Co

√
for A ≈ 20000 which is based on the 

dependence α(Co) obtained in Section 3.3. As can be seen in the figure, α 
generally increases with increasing Co. This is expected given that Co ∝ 
Vi

− 2dV
− 5/3, meaning that Co increases with a decrease in dV or Vi, i.e., 

the same dependence as observed in the experiments. For most mea
surements Co ranged from 10− 6 to 10− 5, except for the MM 1 sample, 
which had the significantly higher value of 10− 3. The results, however, 
show a spread in values and this could be because W might also depend 
on particle shape, for the proposed Co now ϕ̂ will only affect the pre
dicted Vi due to change in drag coefficient. This analysis assumes that dV 
gives an overall representation of the grain sizes in each sample, which 
might be to crude of a simplification. 

4. Conclusions 

The α of snow is a seemingly simple parameter to study, dispersing a 
cloud of snow to fall, collide and accumulate on an upright cylinder. The 
underlying physics for this parameter are, in contrast, highly complex 
with nonlinear dependencies on multiple variables. We have presented 
new experimental measurements for the α of snow that extend the 
knowledge of ice and snow physics, specifically with regards to the 
cohesion properties of a dispersed cloud of snow. We have shown that α 
is sensitive to the variables H, T, dV, and ϕ̂, and that these dependencies 
are nonlinear. We propose that the non-dimensional cohesion number 
(Co) represents the dependencies for H, dV, and ϕ̂, and we have shown 
that there is a clear correlation between α and Co for T ≤ − 12 ◦C. 

The α of snow is sensitive to T > − 12◦C, while it appears rather 
independent below this range. We have shown that the observed 
dependence follows an Arrhenius relation, which confirms work by 
Willibald et al. (2020), and we obtained a similar activation energy (G+) 
as in their. These results suggest that W = W(T) however the exact form 
is unkown. 

Our experimental findings for varying H highlight how important 
this parameter is for the resulting α. For example, the RG 1 sample at T 
= − 8 ◦C had an α that varied from 19◦ to 90◦ depending on H. The 
sensitivity to H was explained by the acceleration of the grains and the 
resulting Vi. This is a complex relationship that depends on the drag 
force of the grains and, therefore, depends on both the shape and size of 
the grains. When modeling snow to predict accretion events, we 
consequently believe that the drag force and the cohesive properties of 
snow are important to get right, for example, when using Discrete 
Element Method or Smoothed Particle Hydrodynamics. 

We found that α increases with decreasing dV for the snow samples 
studied; machine made snow was the extreme case with diverging α 
even at T = − 13 ◦C. The α of snow with rounded grains collected 
outdoors from the ground, ranges from 20◦ to 40◦ for sufficiently low T 
with H = 0.1 m, while increased with increasing T until a diverging α, i. 
e., α = 90◦ was reached. 

The α of snow can be used as a measure of cohesive properties when 
creating machine made snow. We have shown that the cohesive prop
erties of a snow sample created with a snow cannon (the MM 1 sample) 
were significantly different from any naturally collected snow samples 
with a diverging α for all measurements. A clear difference was also 
observed between surface hoar crystals (the SH 1 sample) and precipi
tation particles (the PP 1 sample), where the PP 1 sample had a higher α 
than the SH 1 sample. These differences imply that measuring the α of 
snow can be a useful cohesion measure when manufacturing snow, for 
example, from a snow cannon or with vapor growth in a laboratory, 
which is a method often used in snow science. 
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Appendix A. Repeatability of measurements 

The repeatability of the experimental trials was studied to assure the reliability of the measured α. The T studied in this work was close to the 
melting temperature of water, which makes the snow samples studied sensitive to environmental changes. The morphology of the snow grains was also 
expected to change over time due to snow metamorphism (Colbeck, 1982). Thus it was important to monitor repeatability to ensure that 

Fig. 16. The α of snow as a function of Co for different snow samples, with 
shading indicating H. The mean values of repeated trials are plotted with the 
error bars representing δα. Dashed red line showing α = 20000

̅̅̅̅̅̅
Co

√
. (For 

interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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morphological changes in snow samples during experimental trials did not affect α. We observed that the experimentally determined α of the same 
snow sample at the same T was repeatably obtained with little variation between trials. An example is shown in Fig. A.1. The figure shows the 
experimental measurements of α for sample RG 1 for four different trials at T = − 10◦C. The sample consisted of around 30 l of snow. Ensuring that 
different snow grains were present in the different measured heaps. However, the α for the different trials were almost exactly the same. For these 
measurements, the α was estimated to be 41 ± 3◦. We observed few cases with larger uncertainty, for example, the average value was estimated to be α 
= 52 ± 8◦ for the RG 2 sample, with T = − 2◦C and H = 0.25. However, the changes in α observed for the different T and H in this work were significant 
compared to the uncertainties. 

Measurements of the samples RG 1 and RG 2 were performed over 3 days, and therefore, repeatability was examined during this time by repeating 
the experiments after 14 h but at the same conditions (with the snow at rest overnight). We observed no statistically significant differences in the α 
between these trials and, therefore, conclude that the rate of change due to metamorphism was slow and only had a minor influence on the shape and 
size of the snow grains during the experimental time frame. Repeatability over time was also performed for sample PP 1 to compare freshly collected 
fallen snow with the same sample aged for 16 h at − 12◦C. We observed a lower α for all measurements of the aged PP 1 sample with an average 
difference of 4◦. This is expected since fresh snow, with a high specific surface area, has a faster metamorphism rate than granular snow with a low 
specific surface area (Eppanapelli, 2018).

Fig. A.1. Four repeated measurements for the α of snow on RG 1 sample at T = − 10◦C and H = 0.1 m.  
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