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1.1 Problem statement 

Atmospheric phenomena have influenced many fields of engineering for 

a long time. The atmospheric phenomenon related to the present work is called 

atmospheric icing. Two forms of atmospheric icing are commonly distinguished: in-

cloud icing and precipitation icing. The first one is due to liquid particles suspended in 

clouds which freeze when in contact with a cold surface forming the icing accretion. 

This type of icing is mainly related to aeronautics. For terrestrial structures as buildings, 

wind turbine, cables or ground vehicles, precipitation icing is a more important concern. 

Precipitation icing is addressed in this work. This type of icing is due to rain or snow 

precipitation that freezes when in contact with a surface. Both icing phenomena can be 

very hazardous under certain circumstances.  

In-cloud icing has been extensively investigated in the last seventy years, but 

the domain of precipitation icing has not been examined with the same attention. A type 

of icing phenomenon not enough investigated is related to wet snow particles. These 

particles are characterized by a mixed phase. Wet-snow accretions concern several 

fields of engineering: buildings, cables, ground vehicles can be affected by this kind of 

accretion (Figure 1). 

  
(a) (b) 

Figure 1. Accretion examples: (a) aerial cable (b) train. 

The wet snow accretion process can be described as follow. A wet snow 

particle which reaches a structure may stick or not on the structure surface depending on 
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environmental parameters and particle characteristics. Once stuck to the structure, the 

liquid part of the particle can partially freeze and  trap the solid part of the particle. If 

initiated, the process generates the accretion growth. 

Wet snow accretion can be modeled according to different approaches based 

on empirical observations or physical modeling  [1-2]. For a better comprehension of 

the physics of the phenomenon, an approach based on physical modeling has been 

undertaken in this work.  

 The modeling relies on the experimental approach undertaken in a climatic wind 

tunnel with artificial snow making capability. The base hypothesis is that wet snow 

accretions are reliably simulated by icing accretion due to artificial snow particle during 

the freezing stage. 

The wet snow accretion phenomenon is quantified by three dimensionless 

coefficients.. The first coefficient is related to the efficiency of snow particles to reach a 

structure. The second coefficient quantifies the efficiency of particles to stick on the 

structure surface. The last coefficient quantifies the efficiency of stuck particles to 

contribute to the accretion. 

Wet snow particles are characterized by a mixed phase. The dimensionless 

parameter which quantifies the mixed phase is the particle liquid water content    . It 

is defined as the ratio of the liquid mass of the particle to the whole particle mass. The 

purpose of this work is a better understanding of the link between the wet snow 

accretion and the     of the particles. An analysis of the physical parameters involved 

is done investigating each one of the three coefficients introduced above. 

1.2 Methodology 

The investigation is led using both an experimental and numerical approach. 

Experiments have been carried out in a climatic wind tunnel in order to link the wet 

snow mass accretion on horizontal cylinders to the     content of the particles. An 

important work has been done in order to control the physical parameters of the 

experimental simulation.  The resulting experimental set-up allows keeping most of the 

physical parameters constant. The variation of the ambient temperature is used to 

modify the freezing process of the liquid particles exiting the snow gun and tune the 

liquid water content of the snow particles reaching the cylinders. The result of the 

simulations is the measurement of the coefficient      (equal to the ratio of the mass of 

accretion to the incoming mass flow of snow) for different ambient temperatures: 

       𝑇  . 

However it has been found to be complex to obtain some of the parameters of 

the simulations due to the lack of efficient measurement devices to characterize the wet 

snow incoming on the cylinders. It has then been chosen to model the turbulent 

dispersion and the freezing process of the particles in the wind tunnel using simple 

models. The goal is to obtain the missing physical parameters which could not be 

measured such as the particle size distribution and the liquid water content of the 

particle at the vicinity of the cylinders. The combination of those numerical models and 

the results of the measurements in the wind tunnel allows to link the evolution of the 
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accretion with the ambient temperature to the Liquid water content of the particle 

           . 

Finally those results are analyzed using a decomposition proposed by the 

literature which distinguishes the collision efficiency, the sticking efficiency and the 

accretions efficiency.  A numerical modeling of the collision efficiency has been carried 

out using a CFD code coupled with a lagrangian computation. It allows then to 

distinguish the collision efficiency contribution to the coefficient     . The final part of 

the work will show then that the sticking efficiency coefficient is difficult to model and 

the current models in the literature fail in reproducing the observations made in the 

wind tunnel. 

1.3 Outline of the Thesis 

The thesis has been developed in four parts. 

Chapter two presents the literature review on wet snow accretions. A 

description of the particles which leads to wet snow accretion is presented. These 

particles are characterized by a mixed phase quantified by the liquid water content 

   . This dimensionless parameter is the ratio of the liquid particle mass to the whole 

particle mass. Moreover, a particle freezing model is presented. It validates that the 

    of the particles can be controlled by the ambient temperature. This is one of the 

leading principles of the experimental campaign. The modeling approach is presented 

via three different dimensionless coefficient:   ,    and   . Due to the two-phase nature 

of the snow flow, an approach to model particle-flow interactions is presented. The 

approach is based on the Lagrangian modeling. To model the turbulent feature of the 

flow, two approaches are presented: Eddy Life Time and Langevin approach. Both 

approaches are implemented in the numerical modeling. 

Chapter three presents  the experimental procedure undertaken to study the wet 

snow accretions. The accretions are analyzed on three cylinders of different diameter. 

This allows to study if the structure dimension plays a role on the accretion process. 

Wet snow particles are produced by a snow gun which injects liquid particles that freeze 

along their path before reaching the cylinders. Following the particle freezing theory the 

liquid water content is tuned as a function of the ambient temperature. The accretions 

obtained at different ambient temperature are analyzed by an experimental coefficient 

    
   . This coefficient represents the ratio of the accretion rate to the mass flux of the 

incoming particles. Moreover,     
    allows to take into account the three dimensionless 

coefficient:   ,    and   . During the experimental campaign the snow flow is 

characterized by mean flow speed, turbulence intensity and integral length scale. 

Chapter four presents the physical model developed to estimate the boundary 

conditions of the model presented in chapter five. These boundary conditions are the 

particle size distribution      of particles upstream the cylinder with the associated 

liquid water content     . The physical model has been developed due to the 

difficulties to acquire the boundary conditions during the experimental campaign. It 

concerns the modeling of the particle trajectory coupled with the particle freezing 

process. The particle tracking part of the model estimates the      upstream the 

cylinders. This part is based on the Lagrangian approach and implements both 
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approaches to model the turbulent feature of the flow: EIM and Langevin. The particle 

freezing part evaluates the liquid water content associated to     . 

Chapter five concerns the numerical modeling and the analysis of the 

accretions obtained during the experimental campaign. A series of numerical 

simulations allow to analyze the experimental coefficient     
    as a function of the 

liquid water content and of the aerodynamic response of the particles to the flow around 

the test structures. Thus, the role of particle inertia and of the liquid water content on 

wet snow accretions is quantified. The accretion shapes are also investigated in the 

second part of the chapter. Two different approaches are presented and the results are 

compared to the experimental ones. The analysis is focused on the link between the 

angle of impact between the particle direction and the accretion surface and the 

accretion obtained. Suggestions for future works on wet snow accretions are discussed. 
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This chapter presents the state of the art and a literature review of the wet 

snow accretion process. An overview on the possible interactions between snow and 

structures is first presented. The possible damages that may occur in case of accretion 

are also shown. The discussion continues with a description of the particles responsible 

for wet snow accretions. These particles are characterized by a liquid and a solid part. 

These two parts are quantified by a dimensionless parameter: the liquid water content 

   . The ambient conditions which generate these particles are also described. Finally 

the approach adopted to model this phenomenon is presented.  

This approach can be divided into three different aspects. The first one mainly 

concerns the aerodynamic aspect. This means to evaluate if a snow particle approaching 

a structure hits the structure or not. The second aspect mainly concerns the mechanical 

aspect of the accretion. This one estimates, once the particle has hit the structure, if it 
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remains stuck on the structure. If the whole sticking part the contributes to the accretion 

concerns the third aspect. 

Additionally a theoretical approach to estimate the particle     is also 

presented. This approach provides the basic principle of the whole experimental 

campaign as shown in chapter 3.  

2.1 Overview of the snow interaction on structures. 

The icing of structures caused by wet snow may have several damaging effects 

on structures. This type of snow contains a certain amount of liquid and can be observed 

for temperature close to water fusion temperature. Wet snow can be classified as an 

icing precipitation with freezing rain [1]. The phenomena may affect several 

engineering domains as buildings, cables, wind turbine and transport. 

2.1.1 Interactions with buildings. 

The problem of snow accumulation on buildings has interested scientists since 

1800’s, when roof slate tiles were used for pitched roofs and the overweight induced by 

snow could cause the breakup of tiles. Design and construction practices have changed 

in many ways. New trends like energy conservation, exclusive architecture, taller 

buildings and use of new materials and technologies have an impact on the performance 

of a building with respect to its environment. Facades are often tested for wind impact, 

thermal performance, water infiltration and structural capabilities. In specific cases, 

facades should also be tested regarding ice and snow accumulation risks [2]. As shown 

in Figure 2,  large snow accumulation on building may lead to severe risks for people 

and structures.  

 
(a) 

 
(b) 

Figure 2. Examples of the damages caused by snow accumulation: (a) a collapsed roofs [3], (b) a massive 

snow fall from a roof in Scotland [4]. 

 

The influence of winter conditions on buildings is far from controllable but 

could be inferred by review and analysis of historical meteorological data. This analysis 

is made by recording the frequency of the phenomena and the potential hazard 

associated [5-8]. Several climatic phenomena can affect buildings: wind drift, snow 

formations, sliding snow, snow loads, snow creep, melt water drainage issues, icicle 

formation, sliding ice sheets, etc.(Figure 3). 
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(a) 

 
(b) 

Figure 3. (a) An example of icicles formation on a building [9]. (b) A snow sliding phenomenon [10] 

 

As seen above, the snow accretion may constitute a significant risk to people and 

structures. A better comprehension of parameters and physical processes which govern 

this phenomenon is necessary to  foresee how and when snow accretions take place on 

building. An example of the necessity of a regulation to predict accretion phenomenon 

is the devastating icing event that took place in Quebec in January 1998. Two million 

people remained without electricity as the consequence of the collapse of 1300 high-

power line towers due to accretion overload.. 

2.1.2 Interactions with cables. 

As seen from the accident described above, wet snow accretions can occur on 

cables. As reported by Poots et al. [11, 12] the accretions on cables occur in a 

temperature range between     and    . Additionally Sakamoto [13] has shown how 

also in case of sub-freezing temperature, in conjunction with a wind speed less than 

    , accretions on cable can occur. In the accretion process snowflakes collide with 

the snow/conductor surface: a part of the snowflakes will stick on the surface while 

another part rebound into the air flow. During the accretion process, snowflakes 

undertake a rapid thermodynamic process which permits snowflakes to bound together 

principally by capillary forces and forms a snow matrix [11]. In case of severe 

precipitation the accretion can grow rapidly and induce a serious overload problem. 

(Figure 4). 

  
(a) (b) 

Figure 4. (a) example of accretion on cables which gives an extra load of 5kg/m [14]. (b) the highest 

accretion phenomena documented [15] 

 

Additionally it should be noted that in case of a temperature decreasing after 

wet-snow has formed on the cable, the accretion will freeze. In this case the adhesive 
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forces are strong, accretion becomes hard to shed. As a consequence a combination of 

snow and wind load takes place which can cause galloping [16]. Very few attempts 

have been made to study wet-snow accretion on cable in wind-tunnel. For this reason 

there is not a common procedure to reproduce and analysis the phenomenon in wind-

tunnel. A method can be to collect fresh snow available outdoor and spread it in a cold 

chamber [13, 17]. 

2.1.3 Interactions with terrestrial transports. 

Terrestrial transports, focusing on the train case, may also be affected by wet-

snow accretion problems. On trains the phenomenon occurs mainly in the bogies and 

the underframe. Snowpacking affects the bogie movements, movements within the 

bogie and all components placed underneath the carbody (Figure 5) [18]. 

  
(a) (b) 

Figure 5. (a-b) Wet-snow accretions on boogies train [18].  

 

Snow accretions may block boogies movements, damage components and 

reduced accessibility for maintenance. It has been shown during a study in Japan how 

wet-snow accretion build up very fast in the underframe when average ambient 

temperature gets around      and the amount of snowfall exceeds     [18]. Like in 

wet-snow accretions on cables and buildings a universal modeling to prevent these 

hazards is not available, neither a regulation to design train against wet-snow accretion.  

2.1.4 Interactions with wind turbines. 

The last branch which has been investigated for wet-snow accretion is the wind 

turbine case. Due to its low density, snow can be carried by the wind and ingested by 

wind turbine. In case of wind turbine nacelles, which are not necessary airtight, snow 

ingestion can be very fast. Snow accumulation inside the nacelle can damage electrical 

equipment and can also obstructs the ventilation openings and prevent the normal air 

circulation [19]. In case of accretion on blades, like reported by Bose [20], this accretion 

lead to vibration and power losses.  

2.1.5 Overview conclusion. 

As seen from this concise overview, wet-snow accretion is a natural 

phenomenon which affects many engineering domains. Moreover, at the actual state, 

there is not a common and unique procedure to approach the problem seen its vastness. 

Once presented the principal engineering domains concerned by wet snow accretions, 

the work continues with a brief description of the particles which give origin to the 

phenomenon. This allows to present the characteristic parameters of wet snow particles 

on which will be based this work: the liquid water content    . 
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2.2 Physical characterization of snow particles responsible of wet 

snow accretions. 

Snowflakes are constituted of two or three phases: ice, water vapor saturated and 

water. The presence at the same time of these phases shows that the formation of 

snowflakes is not far from water triple point [21]. As a consequence there are constant 

exchanges between phases; snowflakes are in constant evolution. 

The formation of snow crystals begins in clouds in two main ways. The first way 

is related to nucleation of so-called “freezing nuclei” when the atmospheric temperature 

is below      . Freezing nuclei are solid particles suspended in clouds with a form 

similar to the ice crystal one. These freezing nuclei, when immersed in a supercooled 

water mass, permits the ice crystal growth. The second way is the freezing of droplets 

measuring         when ambient temperature is between      and       [22]. In 

both cases the initial shape is hexagonal and remains in continuous evolution according 

to the conditions of temperature and humidity of the environment. Once a droplet has 

frozen, it grows in the supersaturated environment: humid air is saturated with respect 

to ice when the temperature is below the freezing point. The droplets then grow by 

deposition of water molecules in the air (vapor) onto the ice crystal surface. This 

process is known as the Wegner-Bergeron-Findeison process [23]. Because water 

droplets are much more numerous than the ice crystals, the crystals are able to grow to 

hundreds of micrometers or millimeters in size at the expense of the water droplets. 

When snowflakes reach a millimetric size the growth continues by a mechanical 

bounding process with other ice crystals. As snowflakes reach a dimension around a 

centimeter they start to fall by gravity and may collide and stick together in clusters, or 

aggregates. In Figure 6.a is presented an example of this kind of crystals which are 

named dry snowflakes. However, precipitating snowflakes may pass through the 

isotherm     and meet air at positive temperature. In this case, snowflakes growth stops 

due to a lack of thermal exchanges with the surrounding environment and a liquid film 

occurs on snowflakes surface (Figure 6.b). This liquid film assures a strong capillary 

bounding between snowflakes. 

  
(a) (b) 

Figure 6. Example snowflakes: (a) dry snowflakes [24] (b) wet snowflakes [24]. 

 

When wet snowflakes, which contain an important quantity of water, strikes an 

obstacle the metamorphosis process is accelerated. Suddenly snowflakes lose their 

sharpness and turn into agglomerates of sub-millimetric ice granules with high inclusion 

of air bubbles. In these agglomerate ice granules (Figure 7.a), air bubbles and liquid 

water are jointed together by capillary forces [25]. In the case of an excessive heat 
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exchanges the liquid water can reach 40% and ice granules change into ice plates, just 

before they melt completely (Figure 7.b).    

  
(a) (b) 

Figure 7. Wet snow aggregate: (a) capillary liquid water between 5-15% and air bubble which is 

often >50% in volume [24] (b) aggregate of wet snow which is melting [24]. 

 

The heat and mass exchange between the snowflakes and the environment lead 

to a ratio between ice, liquid water and air which is intimately related to ambient 

conditions as temperature and humidity. Wet-snow often falls for ambient temperature 

between     and     . This snow can stick and accumulate on different structures like 

cable, wind turbine and buildings and can cause several damages as seen before. In this 

work, we assume that the accumulation is strictly dependent on snowflakes density and 

liquid water content (   ). The liquid water content of a snowflake indicates the 

quantity of water inside a snowflake.     can be expressed as the ratio between the 

liquid mass   
  and the total mass    of the snowflakes, and is dimensionless (1). 

    
  

 

  
 (1) 

  

 In this work the above definition is adopted as being more suitable to the  

building and civil engineering context instead of the aeronautic usual definition. In the 

aeronautic domain,     means the liquid content of a cloud with respect to a specific 

amount of dry air, in this case it is measured in 
 

  ⁄ .  

A snowflakes form strictly related to this study is a snow droplet produced by 

snow guns. Artificial snow is made by mixing water and air at high pressure and 

injecting this mixing out from a nozzle. Artificial snow is made of water droplets which 

freezes along their trajectory (Figure 8.a). The size and shape of artificial snow particles 

are different from natural fresh snow crystal structures (Figure 8.b). They are more 

comparable to eroded particles observed during wind driven snow events 

  
(a) (b) 

Figure 8. (a) an artificial snowflakes. (b) a natural snowflake. [24]. 
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2.2.1 An approach to reproduce wet snow: artificial snow produced by a snow 

gun. 

As exposed below, the experimental approach used in this work to study the wet 

snow accretion uses the capabilities of a large climatic facility including artificial-snow-

making. The fully controllable environment of the test chamber allows to control the 

particle liquid water content     during the experimental campaign as explained in 

chapter 3. Artificial snow is made of water droplets which freeze when injected in the 

ambient air. A snow gun mixes compressed air and water. When this mixture exits the 

nozzle, it expands and produces a spray that cools down. Water droplets freeze into ice 

crystals, normally these kind of particles are smaller than natural snowflakes. Three 

systems are used in artificial snow production (Figure 9) 

   
(a) (b) (c) 

Figure 9. Artificial snow systems production: (a) internal mix system. b) external mix system [26]. c) 

air/water/fan system [26].  

 

Moreover due to the physical atomization process, artificial snow particles are 

close to a spherical shape [27, 28]. 

  
(a) (b) 

Figure 10. Sample ice particles images from a snow gun with internal mix system: (a) captured using the 

OAP (Particle Measuring Systems 2D-Grey Optical Array Probe) system [27]. (b) photographed with a 

microscope [28]. 

 

Whatever the method chosen to produce artificial snow with snow gun, this is 

made by mixing air and water and by pulverizing this mixture in the air. Once in the air, 

water cools and then starts to freeze along its path. As detailed in chapter three, this 

method is used during the experimental campaign to reproduce wet snow particles. 

Moreover, particles which have a mixed phase can be characterized by a parameter as 

seen before: the liquid water content LWC. A series of examples to better understand 

the influence of the LWC on the accretions in aeronautic domain are here presented.  
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2.2.2 Snow particles characterization conclusion. 

The previous paragraph has introduced the different conditions under which a 

snowflake can have origin. Considering the context of this work, the most important 

feature of a snowflakes is its classification in a dry snowflakes and wet snowflakes. 

Moreover, wet snow accretions are relied to wet snowflakes which impacting a structure 

give origin to accretion. These wet snowflakes are characterized by a mixture of a solid 

and a liquid part. This mixture is synthetized by a parameter called     which 

represents the ratio between the liquid  and the total mass of the particle. 

2.3 Effects of LWC on in cloud icing accretions 

As discussed before the liquid water content can be defined in two different 

ways. In case of wet snow accretions, the     characterizes the quantity of water of 

snowflake mixed phase. It quantifies the ratio between the liquid mass and the total 

mass of the particle. In case of aircraft icing it most often means the water concentration 

in the air.  

Here after are reported some test results of the effect of the     in case of in 

cloud icing. The examples are extracted from aeronautical icing studies. Following the 

    definition in aircraft domain an increase of     means an increase of water 

concentration in the air. On the other hand, in case of wet snow accretion, an increase of 

    means an increase of the liquid part of particles with the same particle 

concentration. 

Examples of the     effects in case of in cloud icing are reported by Lynch et 

al. [29]. In Figure 11 is reported the effect of the     on an airfoil. As one can note, 

the     increase has produced an important variation of the accretion on the front part 

of the airfoil. The accretion shape is also concerned by the     increase. The accretion 

on the rear part of the airfoil seems unchanged. 

 

Figure 11. Effects of     on airfoil, experimental test [29]. 

The accretion leads to a reduction of the aerodynamic performance of the airfoil 

as shown by Bragg [30] which may induces risks for aircrafts, or in performance losses 

of wind turbines (Seifert et al. [31]).  
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Gent et al. [32] has shown how the augmentation of the     can lead to more 

accretion on an airfoil while the accretion pattern is the same (Figure 12) 

 

Figure 12. Impact of LWC variation on in cloud icing  of  an airfoil, experimental test [32]. 

 One of the most relevant works on the     variation effects on the resulting 

accretions was presented by Lozowski et al. [33]. In this work the accretion 

phenomenon has been investigated on a horizontal cylinder for increasing values of 

   . Figure 13 shows how the accretion increases with the increase of the     and  

the mean speed of the flow 〈  〉. 

 

Figure 13. Impact of     and 〈  〉 variation on resulting ice accretion on a cylinder (diameter 2.54mm), 

experimental test at Ta= -15°C [33]. Test duration for 〈  〉:       ; for  〈  〉 when      and     

        , when            . 

The work of Lozowski et al. [33] has also investigated the relation between the 

    and the ambient temperature 𝑇      . As one can note from Figure 14 the 

accretion increases with the     whatever is the ambient temperature. Moreover, the 

ice accretion on the cylinder is less extended for the lowest ambient temperature. 
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Figure 14. Effects in cloud icing on a cylinder(diameter 2.54mm), experimental tests as a function of 𝑇𝑎 

and    , mean wind speed  〈  〉        [33]. Test duration       . 

The works of Lozowski have also noted how the increase of the     can act on 

the accretion shape as also reported by Lynch et al.[29]. In Figure 15 is reported for an 

ambient temperature of 𝑇       the three accretions obtained as a function of the 

    on the cylinder. 

 

Figure 15. Effects of     on cylinder accretions (diameter 2.54mm), experimental tests [33]. 〈  〉  

      . Test duration            ,             ,             

As will be detailed later, the experiments made by Lozowski are very close to 

the one performed in this work. However, Lozowski’s work is based on the aeronautical 

definition of     which is different from the definition adopted in this work to 

describe wet snow accretions. As a consequence, the results of Lozowski et al. cannot 

be directly compared to the one obtained during the experimental campaign of this 

work. 

As one can note from the examples reported above, the liquid water content, that 

determines the dry or wet regime of the icing phenomena along with other ambient 

parameters, influences in an important way the accretion. Among the parameters which 

can influence the accretion process, during this work will be deepen the    . Here 

after will be introduced the numerical approach undertaken to study the accretions. 



Chapter 2 

 

17  

 

2.4 Modeling wet snow accretions: the approach chosen. 

Following previous works by Makkonen [34, 35], Lozowski et al. [36], also 

summarized in the ISO 12494 standard [37],  the accretion modeling considers three 

steps. According to these three steps, the accretion process will be analyzed, considering 

the aerodynamic, the mechanical and the thermal aspects. Before to proceed, it is 

important to remember how wet snow particles are characterized by a liquid and a solid 

part. The approach chosen will take into account these two parts. 

The first step of the modeling concerns the analysis of the aerodynamic aspect. It 

concerns the evaluation of the probability for a snow particle approaching the structure, 

to strike or not the structure. The second step consists in estimating, once the particle 

has struck on the structure, whether it sticks or not on the surface structure. This step 

concerns the mechanical aspect of wet snow accretion. The last step concerns mainly 

the liquid part of the particle. It will be estimated the fraction of the liquid part which 

freezes once it has stuck on the structure. This last step concerns the thermal aspect of 

the accretion process. 

The three steps of the modeling are summarized by three dimensionless 

coefficient presented below. 

2.4.1 Aerodynamic aspect of accretion process: collision efficiency. 
The aerodynamic aspect consists in establishing if the snow particles, which are 

approaching a structure, strike it or not. This aspect is modeled in this work by a 

parameter called collision efficiency    (2).  

   
 ̇   

 ̇   
 (2) 

  

This coefficient represents the mass of particles impacting the structure 

normalized by a reference surface:  ̇    divided by the incoming mass flux upstream 

the structure:  ̇   . Both the mass fluxes are quantified in [
  

   
]. As a consequence    is 

dimensionless and its values is between 0 and 1. 

Let us consider as an example, a cylindrical object. The particles far upstream 

the cylinder are assumed to be moving at free stream velocity. While approaching the 

cylinder, a particle undergoes a deflecting force due to the diverging streamlines and a 

resistance due to its own inertia. Thus the particle motion relative to the airflow 

increases and the particle may not reach the cylinder surface before it is swept away by 

the airflow. The collision efficiency is reduced from one, because small particles tend to 

follow the air flow and can be deflected form their path towards the object (Figure 16). 

A collision efficiency      means that the incoming particle flux does not strike the 

structure surface while     , means that the whole incoming mass flux strikes the 

structure surface.  
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Figure 16. Collision efficiency   . 

The collision efficiency evaluation will be deepen in chapter five where the 

numerical approach is presented. 

2.4.2 Mechanical aspect of accretion process: sticking efficiency. 

Once a particle has struck the structure surface, the ratio between the sticking 

mass flux and the impacting mass flux is expressed by the sticking efficiency   (3). The 

sticking efficiency has a range between 0 and 1. 

   
 ̇     

 ̇   
 

(3) 

 

 According to the nature of particles the sticking efficiency may change. Water 

droplets can be generally considered not to bounce, so the    will be almost one as 

assumed in previous works (see for instance the ISO 12494 standard [34]). However, it 

is well known that liquid particle can splashes when impacting a surface (Mundo et al. 

[35]). In case of frozen or partially frozen particles a fragmentation phenomenon may 

happen when striking a structure. In this case, Makkonen [15] reports how the volume 

of these fragments are very small and so the effect on the icing process can be 

negligible. For solid particles colliding a dry structure, the sticking coefficient is 

basically zero as noted by the ISO standard [34] which means     . Makkonen [15] 

points out how nowadays there is no universal theory about the sticking coefficient for 

wet snow particles. 

The ISO 12494 standard [34] considers in case of wet snow particles the sticking 

coefficient for both the liquid and the solid part can be considered almost one at low 

impact speed. Moreover, the ISO 12494 standard suggests an empirical approach based 

on the mean flow speed 〈  〉:     
〈  〉

⁄ . Owing to this formulation the measurement 

unit should be [
 

 
], but due to its empirical nature, the coefficient is considered 

dimensionless. Moreover no distinction between solid and liquid part is done in this 

case. 

Another approach to evaluate the sticking coefficient has been presented by 

Trenker et al. [36, 37]. This work is related to wet snow particles and no distinction 

between liquid and solid part is made. Two conditions are imposed to assume particles 
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adherence. The first one concerns the particle angle of impact. The angle between the 

trajectory and the surface normal must be smaller than 45°. The second condition is a 

friction velocity smaller than 0.21m/s. If one of these two conditions is not satisfied, the 

particle bounces. If this happens, the particle momentum is reduced to a fraction of the 

initial value, i.e. 1% in the normal direction and 20% in the tangential direction. This 

empirical approach has been applied to assess snow accretion on an airfoil and on train 

components. Due to the general characteristics, it might be applied in other cases. In this 

work, the Trenker’s approach is adopted in chapter five to analyze the accretion shapes.  

2.4.3  Thermal aspect of accretion process: accretion efficiency. 

Once a snow particle sticks on a structure a thermal exchange arises between the 

surface and the particle as reported by Cansdale [38], Messinger [39] or Lozowski et al. 

[40]. Considering the liquid part of the impacting mass flux, the accretion efficiency can 

be expressed as (4). 

   
 ̇   

 ̇     
 

(4) 

 

Where  ̇    represents the accretion mass flux related to the liquid and solid 

part of particles. This parameter represents the liquid mass flux which freezes and gives 

a contribution to the accretion with respect to the liquid mass flux which sticks to the 

structure. The most common models (Messinger [39], Guffond [41] , Makkonen[42] or 

Lozowski et al. [40]) quantify the accretion efficiency with a mass balance and a 

thermal balance. As reported by Makkonen [15], to the value of    can be associated the 

form of the accretion and its definition. In case     , when all the sticking water 

freezes, the accretion is defined as rime. Figure 17.a shows a scheme of a rime ice while 

Figure 17.b an image of a rime ice accretion. 

  
(a) (b) 

Figure 17. Rime ice accretion,     : (a) schematic representation [15]. (b) an image [43]. 

 

When not all the sticking water freezes, the accretion is called glaze ice and 

      . In this case the accretion can trap the not-frozen water as reported by 

Makkonen [15] or Knight [44]. A representation of glaze ice accretion is reported in 

Figure 18. 
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(a) (b) 

Figure 18. Glaze ice accretion,       : (a) schematic representation [15]. (b) an image [43]. 

 

At the current state of knowledge the most common models estimate the 

accretion efficiency taking only into account the liquid part of the particle. These 

models have been developed for aircraft icing. where the solid part of particles is not 

considered or does not play a fundamental role in the accretion process (Brunet [45]). 

Models which consider a theoretical approach to deal with the solid part of 

particle have been proposed by Cansdale et al. [38], Brunet [45] or Wright [46]. For the 

first two works mentioned, only the theoretical formulation is given without any 

application to real cases. Wright proposes a series of results without deepen in the 

theoretical background.  

In this work the accretion efficiency is taken equal to one. A discussion about 

this assumption is undertaken on chapter five. 

2.4.4 Accretion modeling conclusion and synthesis of the accretion steps 

In this work the approach to model the accretion process considers three steps 

which are synthesized by three dimensionless coefficients. The collision efficiency   , 

the sticking efficiency    and the accretion efficiency   . In Figure 19 is reported a 

synthesis of the three coefficient. 

 

Figure 19. Synthesis of the coefficients to model the accretion. 

If one takes into account the mass flux approaching a structure  ̇    through the 

three coefficients presented before: (2) (3) (4) it is possible to estimate the mass flux of 

the accretion  ̇    (5): 
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 ̇     ̇       

(5) 
 

 ̇       ̇          
 

 ̇     ̇             
  

To synthesize the effects of the three steps of the approach a global 

dimensionless coefficient is proposed (6). It represents the ratio between the accretion 

mass flux  ̇    and the incoming mass flux  ̇   . 

     
 ̇   

 ̇   
          (6) 

  

The coefficient   will be the leading thread of the analysis presented in this 

work and it takes into account the three aspects of wet snow accretion: aerodynamic, 

mechanical and thermal aspect. The coefficient   will allow to characterize the 

accretion obtained during the experimental campaign. Furthermore it will allow the 

analysis between the experimental results and the numerical one.  

2.5 Theoretical approach to control particle    : the particle 

freezing theory. 

Artificial snow during the experimental campaign is produced by a snow gun 

which injects liquid particles that freeze in contact with the ambient air. This freezing 

process leads to particles characterized by a ratio of a solid and a liquid part. This ratio 

is quantified in this work by the    . 

A part of the experimental campaign will be focused on the effect of  the     

on the accretions. As will be detailed during the experimental chapter the     will 

vary as a function of the ambient temperature 𝑇 . Therefore, to explain the approach 

adopted during the experimental campaign, this part of the literature review concerns 

the presentation of the particle freezing theory. 

The theoretical development is based on the works presented by Hindmarsh et 

al. [47] and Strub et al. [48] with the following hypothesis: 

 a uniform particle temperature. 

 during the entire freezing process the particle remains spherical. 

The first assumption allows to assume that the transient heat transfer between 

the liquid particle and the environment can be modeled by a thermal balance that 

considers the heat flux at the particle surface and the particle internal energy. The 

second assumption allows to describe the process with a one dimensional model. The 

heat fluxes which characterize the evolution of the freezing particle are due to 

convection:    [ ], mass transfer:    [ ] and radiation:     [ ] (7). 
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      (𝑇  𝑇 )   

(7) 

 

       (     )   
 

      ̂(𝑇 
  𝑇 

 )   
  

Analyzing the convection, the heat transfer coefficient of the particle is noted as 

  , 𝑇  is the particle temperature and    is the particle surface. 

 Considering the mass transfer,   is the latent heat of evaporation or sublimation 

in case the particle is respectively liquid or solid.    is the mass exchange coefficient 

and (     ) is the difference between the water vapour mass concentration at the 

particle-air interface    and the ambient   .  

The radiation is expressed as a function of   which is the Stefan-Boltzmann 

constant,  ̂ which is the snow emissivity and the difference between the particle 

temperature at power four and the ambient temperature at power four. 

The freezing process of a particle can be divided in four subsequent phases 

(Figure 20) [47-49]. In Figure 20 the evolution of the particle temperature during the 

freezing process is represented with a continuous black line. 

 

Figure 20. The four stages of a particle freezing process 

The first phase of the process is represented by the so-called supercooling stage. 

During this stage the liquid particle may be cooled from the initial temperature to below 

the equilibrium freezing temperature (In Figure 20 represented by a red discontinuous 

line) until crystal nucleation occurs. The temperature at which starts the crystal 

nucleation is called the nucleation temperature from the work of Feuillebois [50]. Here 

convection and evaporation mainly drive the process. In the first stage the liquid water 

content of the particle is equal to one:      .  

The second phase is the recalescence stage, where supercooling drives rapidly 

the crystal growth [47]. The second stage ends when the particle temperature has 
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reached the equilibrium freezing temperature. This stage is the shortest one [48] among 

the four stages.  

When the particle reaches the third phase the freezing process takes place driven 

mostly by convection, evaporation and sublimation. During this phase crystal grows at 

constant temperature till the particle is completed frozen. In the third phase the liquid 

water content is between zero and one:        . As will be shown later in chapter 

four, in this framework, this stage represents the longest among the four. 

During the last phase the solid droplet temperature decreases close to the 

ambient temperature, a green discontinuous line in Figure 20, by convection and 

sublimation principally. In this case      , the particle is completely frozen. 

The first phase (supercooling stage)  
This stage represents the first cooling part when the particle is entirely liquid: 

     . The process involves a heat transfer by convection, a mass transfer by 

evaporation and a heat transfer by thermal radiation. The heat transfer by forced 

convection between the particle and the airflow is due to the temperature difference. For 

the same reason a heat transfer by thermal radiation takes place. Additionally the mass 

transfer by evaporation is due to the humidity difference between the drop-air interface 

and the ambient air. 

The equation balance of this phase is obtained by balancing the internal energy 

with the heat flux from the droplet (8) for each time step   . It allows to evaluate the 

temperature evolution of the particle. As indicated above, this is possible owing to the 

assumption of  uniform temperature of the particle.      

      
 
 𝑇 

 

  
             (8) 

  

In the equation    is the density of water,    is the particle volume and   
  the 

specific heat of water at constant pressure. 𝑇 
  represents the temperature of the particle 

when it is in a liquid state. In this work this equation will be solved through a time 

discretization as function of the particle temperature 𝑇 
 . 

The second phase (recalescence stage) 
The second stage of the particle freezing process is the so-called recalescence 

stage. Particle temperature increases rapidly after having reached the nucleation 

temperature (𝑇    in Figure 20). This stage represents, in the whole freezing process, 

the moment when the first ice layer appears. The most difficult part is the determination 

of the nucleation temperature. It can be measured using a thermocouple inside the water 

particle as reported by Strub et al. [48] or Hindmarsh et al. [47] as shown in Figure 21. 
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Figure 21. Thermocouple to measure the nucleation temperature [47] 

Obviously, this approach can be only performed in case of a non-moving 

particle. The choice to record the nucleation temperature in this experimental approach 

is justified by the random characteristic of the nucleation process [48]. This means that 

the exact prediction of the crystallization is not possible. As explained by Dumas et al. 

[51] only the probability of crystallization can be determined. Additionally to the 

difficulties in its evaluation, the recalescence stage concerns a very short part of the 

freezing process as shown in this work. As a consequence, it will be considered 

negligible. 

The third phase (freezing stage) 
 After the recalescence stage the particle starts to freeze with the coexistence at 

the same time of a liquid and a solid part. That means that this phase is characterized by 

a        . With the hypothesis that the freezing process takes place uniformly in 

the whole particle, a Heat balance model is used in this work to evaluate the rate of 

frozen volume increase. The model has been presented by Hindmarsh et al. [47]. In this 

model the hypothesis of a constant freezing temperature is made. For each time step    

the heat balance is given by equation (9) which is solved as a function of the ice volume 

of particle   
 . 

    
   

 

  
           [ ] (9) 

  

In this phase of the freezing process the particle temperature 𝑇  is supposed 

equal to the equilibrium freezing temperature: 𝑇     .    is the ice density,    the 

latent heat of fusion. The equation (9) is solved as a function of the ice volume   
 . 

Knowing the frozen particle volume it is possible to estimate the particle liquid water 

content as (10). In this work, equation (10), has been taken as a reference for the 

particles     estimation. 

    
  

 

  
   

    
 

    
 (10) 

  

The fourth phase (tempering stage) 
Once the particle is completed frozen, which means      , its temperature 

starts to fall down. As in the first stage the heat terms involved are convection:   , mass 

transfer:    and radiation:   . 
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As a consequence the heat balance is of the same form, the internal energy is 

balanced by the heat terms (11). 

      
 
 𝑇 

 

  
           [ ] (11) 

  

Where   
  is the specific heat capacity at constant pressure of ice and 𝑇 

  is the 

temperature of the frozen particle. Here the phase of the particles changed from liquid to 

solid then the mass transfer is due to sublimation instead of vaporization. 

2.5.1 Particle freezing theory conclusion 

The theoretical approach presented above will allow to justify the approach 

adopted during the experimental campaign. It will be shown how with the experimental 

physical parameters fixed the liquid water content can be tuned as a function of the 

ambient temperature:       𝑇  . The particle freezing theory allows to estimate the 

particle     as a function of the ambient temperature 𝑇 . 

Due to the impossibility to measure the nucleation temperature 𝑇    the 

implementation of this approach in this work will be constituted only by three phases: 

 supercooling stage:       

 freezing stage:         

 tempering stage:       

2.6 Theoretical approach to model snow particles dynamic in the air 

flow. 

Snow particle dispersion in the air flow can be modeled as a two-phase flow. In 

this work  the carrying phase is represented by the air flow and the second one is the 

discrete phase represented by snow particles. In the present work the evaluation of the 

particle dynamic in a flow concerns two parts. First a particle tracking model will be set 

up to estimate the particle size distribution at the experimental structure. Secondly, a 

numerical model to evaluate the collision efficiency will be presented in chapter five. 

Therefore, this part of the literature review is dedicated to an introduction of particle-

flow interaction and modeling. 

  Two approaches have been developed to study the particles dispersion in flow: 

Eulerian approach and Lagrangian approach. In the first one the discrete phase is treated 

as a continuum. The conservation equations are developed in a control volume in a 

similar form as for the fluid phase. The Lagrangian approach considers particles as 

discrete phase and tracks the path of each particles distinctly. In this approach the fluid 

phase is treated as a continuum whereas the dispersed phase is solved computing the 

equation of motion of a large number of particles. Particles are modeled as spherical and 

smooth objects which can exchange mass, momentum and energy with the fluid phase. 

Two-way-coupling can be neglected if the dispersed phase does not influence the 

carrying phase [52, 53]. Lagrangian approach takes into consideration some aspects 

impossible or very hard to evaluate with Eulerian approach: particles rotation, particles 

wall interactions, particles-particles interaction an also large distributions of sizes. The 
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Lagrangian method [52], will be the one chosen to model particle-fluid interaction in 

this work. 

2.6.1 Forces acting on particles 

Particles are here assumed to be like solid spherical particles with a smooth 

surface. Moreover, they can be considered as points and momentum: heat and mass 

exchange can be modeled as a function of the local fluid proprieties if the particle 

diameter is smaller than the Kolmogorov scale in case of turbulent flow. Generally this 

last condition can be relaxed [52]. The equation governing particle motion is then the 

fundamental equation of  mechanic (12). 

∑ ⃗ 

 

    �⃗�  (12) 

  

where  ⃗  is any kind of forces acting on particle,    is the particle mass and �⃗�  is the 

particle acceleration.  

The drag force. 
The drag force is the net force in the direction of the flow due to pressure and 

shear stress forces on the surface of the object. It is in the opposite direction of particle 

relative velocity with respect to stream velocity (Figure 22). 

 

Figure 22. The drag force acting on a particle 

The drag force is evaluated by using equation (13). 

 ⃗  
 

 
    ⃗⃗ | ⃗⃗ |   (13) 

  

In this equation    is the density of flow,   the reference surface as     where   

is the particle radius. The relative velocity  ⃗⃗  is defined as  ⃗⃗    ⃗⃗   ⃗⃗  where  ⃗⃗  is 

the velocity of the particle center of mass and  ⃗⃗  is the velocity of the unperturbed 

stream. Practically the unperturbed stream velocity is the velocity of the stream in the 

hypothetic case of particle absence. As it can be seen from equation (13) the drag force 

depends on    which is the coefficient of drag. Drag coefficient is related to particle 

Reynolds number (14) and particle shape: 
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  | ⃗⃗ |

  
 (14) 

  

here    is the diameter of the particle, | ⃗⃗ | is the absolute value of the particle-flow 

relative speed and    is the kinematic viscosity of the flow. In the present work, only 

particles of spherical shape are taken into account. This leads to consider values of    as 

given in equation (15) [54]. 

      

 

           

 

         

        ⁄  

 

   
  

   
(         

     ) 

 

        

(15) 

  

Values of drag coefficient are valid under conditions that particle volume and 

shape remain unchanged during  motion and particle surface can be assumed smooth. 

Three principal flow regimes for particles immersed in a stream can be analyzed. These 

differences in flow regime correspond to different formulation of   . In case of 

      the regime is called “Stokes regime” and viscous forces dominate. A 

“transition regime” is considered for            in which the flow in the wake of 

the sphere undergoes a series of transitions. In case of         , the drag coefficient 

is constant after the boundary layer transition from laminar to turbulent. The wake of 

the sphere is characterized by a turbulent nature (Figure 23). 

 

Figure 23. Coefficient of drag as a function of particle Reynolds number 

For small solid particles having a density much larger than the carrying fluid, the 

drag force and the gravitational force are the two most significant forces acting on a 

particle. The gravitational force is evaluated as  ⃗     ⃗ where    is the particle mass 

and  ⃗ the gravitational acceleration. 
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Others forces. 
Besides drag and gravitational force there are others forces which may act on a 

particle. The lift force is the force applied to the particle by the fluid on the 

perpendicular direction of the particle motion. This force can be originated by particle 

rotation or by a shear field. When lift force is generated by particle rotation it is possible 

also to speak of “Magnus effect” [55] and it can be quantified by equation (16) 

 ⃗           ⃗⃗    ⃗⃗⃗⃗⃗⃗  (16) 

  

Where      is a specific coefficient in case of lift induced by rotation and   ⃗⃗⃗⃗⃗⃗  is 

the particle angular velocity. In case of lift force induced by shear, the equation differs 

from the previous one only by the   coefficient (Figure 24).  

The buoyancy force is associated to the density of the fluid surrounding the 

particle. It is independent from the flow around the particle. The force is equal to the 

Archimedes force (17) corresponding to and opposite to the mass of fluid    displaced 

by the particle. 

 ⃗     ⃗ (17) 

  

In case in which the fluid density is small respect to the particle density, the 

Archimedes force is negligible (Figure 24).  

 

Figure 24. Schemes for lift force (left and center image) and for buoyancy force on the right. 

The added mass force compensates the acceleration needed to get in motion the 

fluid mass which surrounds the particle. For particles with a density higher than the 

fluid one, the force can be considered negligible.  

Finally the Basset force describes the force due to the lagging of the boundary 

layer development with acceleration of bodies moving through a fluid. The Basset force 

is hard to implement and its contribution on particle dynamics is negligible if      , 

for these reasons it is rarely implemented. 

In the context of the study with particles considered solid and       only drag 

and gravitational will be considered as forces acting on a smooth, non-deformable, 

spherical particle. These assumptions lead to resolve the equation (18)  

  

   ⃗⃗ ⃗⃗⃗

  
   

⃗⃗⃗⃗⃗     ⃗ (18) 
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2.6.2 Stokes number definition 

Particles will react to a variation of the flow velocity as a function of their inertia 

and forces applied by the surrounding fluid. In our case      , as a consequence, 

inertia will drive principally the particle response to a flow velocity variation. The time 

with which the particle reacts to this variation is called relaxation time   . To 

understand what physically represents    one can image a non-moving particle (   

    ) immersed in a flow without velocity:         and no gravity:  ⃗       . 

When the flow velocity becomes different from zero, the particle starts to move. 

Supposing a constant flow velocity          the particle behavior in the flow can be 

expressed through equation (19). 

  

  ⃗⃗ 

  
 

 

 
   ( ⃗⃗   ⃗⃗ )

 
   (19) 

  

The solution of this equation can be expressed as  

 ⃗⃗      ⃗⃗ (   
  

  ⁄ ) (20) 

  

Where the particle relaxation time    is equal to (21) in case of Stokes regime: 

(     ). 

   
    

 

    
 (21) 

  

As a consequence of equation (21), the momentum equation of a particle can be 

written as (22). 

  ⃗⃗ 

  
 

( ⃗⃗   ⃗⃗ )

  
 (22) 

  

In case the particle does not fall in a Stokes regime it can be applied a correction 

factor            
      leading to a relaxation time    (23) 

   
 

 
 
    

 

    
 (23) 

  

In case of gravity, equation (22) can be written as (24) which is a differential 

equation of the first order. Its solution is an exponential curve with a characteristic time 

   which tends to a value   ⃗⃗     ⃗. 

  ⃗⃗ 

  
 

( ⃗⃗   ⃗⃗ )

  
  ⃗ (24) 

  

The settling velocity    ⃗ represents the particle speed only caused by the effect 

of gravity with a fluid velocity equal to zero in a Stokes regime (     ). The particle 

will reaches the 95% of its terminal speed in a time equal to    . Therefore    indicates 

the time of the particle to react at the flow solicitations.  
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To characterize the capacity of a particle to react at a flow solicitation, a 

dimensionless number is introduced. The Stokes number is defined as (25) where    

represents a characteristic time scale of the fluid. This number is used during this work 

to characterize the particles behavior in the flow or the particles behavior close to the 

experimental structure. 

   
  

  
 (25) 

  

Moreover the Stokes number will be used in the modeling of the interactions 

between particle and flow. It will allow to characterize the particle behavior with respect 

to a turbulence eddy. In case      the particle will cross the turbulence eddy (Figure 

31.a), on the other hand, if      the particle will follow the eddy in a tracer-like 

behavior (Figure 31.b). 

  
(a) (b) 

Figure 25. Stokes number: (a) particle crosses the eddy. (b) particle acts as a tracer.  

 

2.6.3 Particle-flow interaction modeling 

Particle movement is influenced by the surrounding flow. This flow, acting on 

particles, gives origin to forces as seen before. The way this flow, considered as 

turbulent, acts on particles, is one of the hardest challenge in particle-flow interaction 

modeling. Basically, turbulent flow is characterized by its random nature [56] and it is 

composed by a random superposition of eddies of various size. The random nature of a 

turbulent flow means that the prediction of the exacts value of its velocity field   ⃗⃗⃗⃗⃗ is 

impossible.  

How to model particle-flow interaction is strictly related to the modeling of the 

carrying phase: DNS, LES or RANS are the three numerical approaches. The first one, 

Direct Numerical Simulation (DNS) permits to characterize the whole fluid phase by the 

resolution of all the spatial and temporal scale of the turbulence. This approach permits 

to fully describe the turbulent flow but the computational cost is tremendously high. 

This cost is related to the necessity to have a very refined mesh to “catch” all the 

turbulent structures (from the Kolmogorov scale   up to the integral one  ). In practical 

application DNS is unusable due to this computational cost and its utilization is 

restricted to “numerical experiments” with which investigate, for example, the nature of 

turbulence. LES and RANS approaches base the computation of the flow speed   ⃗⃗⃗⃗⃗ as a 

sum between a mean or filtered flow velocity 〈  ⃗⃗⃗⃗⃗〉 and a mean random velocity   
 ⃗⃗⃗⃗⃗. 

  ⃗⃗⃗⃗⃗  〈  ⃗⃗⃗⃗⃗〉    
 ⃗⃗⃗⃗⃗ (26) 

  

With the Large Eddy Simulation (LES) method, only the large eddies of 

turbulence are resolved. It acts as a low-pass filtering which models, instead to 
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calculate, the small scales of turbulence. In LES approach the computational cost is 

reduced with respect to DNS. Moreover it maintains a higher level of detail with respect 

to the RANS approach. 

The Reynolds-Average Navier Stokes (RANS) approach is based on the full 

modeling of the turbulence through an on time averaged approach for all the turbulent 

structures. This modeling is performed by a series of scalars which represent 

statistically the whole turbulence and more particularly its main physical proprieties. 

Considering the RANS     model these scalars are represented by  : the turbulent 

kinetic energy and  : the turbulent dissipation. In case of RANS     model,   is the 

specific dissipation which determines the frequency scale of the turbulence and   

assumes the same definition seen for    . RANS approach is the faster one among the 

three but it is also the less detailed. A synthesis scheme of the  three methods with the 

relative level of turbulence resolution is shown in Figure 26. 

 

Figure 26. Methods to model the turbulence. 

During this work a RANS approach will be adopted. The context of the study 

does not require to model turbulence in a more complex way. RANS gives an averaged 

information on turbulence. However, it is possible to reconstruct the randomness of the 

particle trajectories due to turbulence, by implementing a stochastic algorithm. To 

explain the stochastic approach, it is supposed here after, a condition of “homogeneous 

isotropic turbulence” for the flow. This means that the mean flow stationary velocity is 

zero and turbulence is equal and constant along the three spatial directions [56]. In this 

way it is sufficient to consider one component of the flow velocity (27) to describe 

particle-flow interactions: 

  ⃗⃗⃗⃗⃗  〈  ⃗⃗⃗⃗⃗〉    
 ⃗⃗⃗⃗⃗       

  (27) 

  

 The stochastic approach permits to calculate   
  which must respect two 

conditions: 
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1. The root mean square of   
  is linked to the turbulent kinetic energy   of the 

modeled flow with: 〈  
  〉  

 

 
  

2. The time scale of   
  must correspond to the Lagrangian autocorrelation function 

of the flow, this means:       
〈  

       
      〉

〈  
  

〉
  

  
  
 ⁄
 in case of 

homogeneous isotropic turbulence [52] (Figure 27). 

where   represents the time shift and 𝑇 
  is the Lagrangian integral time scale of the 

flow.   

 

Figure 27. Theoretical autocorrelation function of the flow. 

In Figure 27, while the time shift   increases the flow particle loses “memory” of 

its initial velocity and       decreases, so         when   𝑇 
 . The modeling of 

𝑇 
  and associated autocorrelation function with stochastic models, has been the topics 

of several studies [57], and is described in what follows.   

2.6.4 Modeling of the turbulence fluctuation   
  

Commonly the fluctuating velocity is modeled through the Eddy-Interaction-

Model (EIM) also known as Discrete-Random-Walk (DRW) approach. 

This model generates the fluctuating velocity   
  starting from the local 

turbulence statistics. This fluctuating velocity acts on the mean velocity flow 〈  〉 

during a specific time      which represents the interaction time between the turbulence 

eddy and the particle. When      ends, a new value of    
  is calculated as equation (28) 

  
   √

 

 
  (28) 

 

here   represents a random variable distributed as a normal with a zero mean and 

variance equal to one:         . 
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As noted by Oesterlé [52] the interaction time      must satisfy the 

autocorrelation function of the flow. With EIM approach it has a triangular shape: 

equation (29). 

      {
  

 

 𝑇 
     𝑇 

 

     𝑇 
 
 (29) 

 

This means that, to have an effective integral time scale equal to 𝑇 
 , the 

interaction time must be       𝑇 
 . 

An example of the fluctuating velocity modeled with the EIM method is shown 

in Figure 28.a. This example is extrapolated from a flow speed computation of one 

hour. As shown, the simplest EIM model is unable to reproduce the continuity of   
  as 

also reported by Oesterlé [52] or Pozorski et al. [53]. 

Figure 28.b shows with a black line the autocorrelation of the carrying phase. 

The blue one reproduces a computation example of EIM autocorrelation function on a 

window for     . As shown the autocorrelation has a triangular form which is far 

from the ideal one. EMI model can be implemented easily and it requests less 

computational time.   

  
(a) (b) 

Figure 28. EIM model: (a) an example of   
 , (b) the autocorrelation        

 

Several improvements have been proposed to compensate the drawbacks of the 

EIM approach. Oesterlé in [52] proposed to generate a new       and        by an 

exponential law with mean 𝑇 
  and   respectively. Also Graham in [58] proposes a new 

version of EIM with random length and time scale. The aim is to obtain an exponential 

decreasing shape for the autocorrelation function which is more realistic.  

The turbulence fluctuation velocity   
  can be also reproduced by the Langevin 

approach (Pozorski [53]) which is also known as Continuous Random Walk (CRW): 

equation (30).  

   
        

    
  

𝑇 
  √

   

𝑇 
       (30) 
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Where    is the time step,   the fluctuating velocity variance equal to 
 

 
  and 

      is a random variable. This last one is distributed as a Gaussian, independent 

from position and velocity   
 , with a zero mean and a variance 〈     〉 equal to   . It 

is called Wiener process. The equation (30) can be rewritten through the finite-

difference equation (31) thank to Hito’s integral (Oesterlé [52]). 

  
          

       
    

  

𝑇 
  √

     

𝑇 
       (31) 

 

Where   
        is the fluctuation velocity at time       ,    

    
  

  
  is the 

deterministic drift and √
     

  
       is the diffusion term. This approach assures a 

continuity of   
 : the fluctuating velocity   

        has a “memory” of the precedent 

one   
    . Moreover the Langevin approach (30) presents the autocorrelation function 

reported in (32). 

       
  

  
 ⁄
 (32) 

 

which leads to evaluate the Lagrangian integral time scale as (33): 

𝑇 
  ∫        

 

 

 (33) 

 

Hence this approach permits to compute a Lagrangian theoretical integral time 

scale consistent with the one of the carrying phase: Oesterlé [52], Pope [56]. In Figure 

29.a is shown the trend of   
  extrapolated from a flow speed computation of one hour. 

In Figure 29.b is shown a comparison between the theoretical autocorrelation function 

of   
  and the one obtained with Langevin approach on a window of four seconds. As 

one can note, the autocorrelation function with the Langevin approach is closer to the 

ideal one. 

  
(a) (b) 

Figure 29. Langevin model: (a) an example of   
 , (b) the autocorrelation        
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2.6.5   
  modeling conclusions. 

In this work both the modeling will be used. The EIM approach will be exploited 

during the numerical modeling to evaluate the collision efficiency. On the other hand, 

the Langevin approach will be employed to model the particle-flow interaction during 

the particle freezing process. As will be shown later, the particle heat transfer 

coefficient    of the particle freezing process is relied to the relative velocity  ⃗⃗   ⃗⃗  

 ⃗⃗  through    . As a consequence the modeling of the flow speed  ⃗⃗  will influence the 

coefficient   . The choice to model   
  with a Langevin approach in the particle 

freezing model will ensure a more physical behavior of the coefficient   . This aspect 

and the coupling between the particle dynamic and the particle freezing process will be 

deepened in chapter four. 

2.6.6 Inertia effect and Crossing trajectories effect 

Inertia effect 
As seen in the precedent paragraph, the Langevin approach and the EIM 

approach allow to reproduce a fluctuating velocity with an autocorrelation function 

consistent with the one of the flow. While modeling   
  also the inertia effect and the 

crossing trajectory effect must be considered. This two effects cause the fluid element 

and particle trajectories to differ (Figure 30). Particle inertia induces a relatively 

instantaneous motion of particles with respect to the fluid neighborhood. Crossing 

trajectory effect induces a mean particle drift due to gravity: Lain [59].  

 

Figure 30. Particle inertia and crossing trajectory effect.  

Analyzing first the inertia effect and supposing that solid particles are immersed 

in a system without external forces, Wang and Stock [60] have proposed an integral 

time scale which depends on the inertia of particles (34). This integral time scale allows 

to take into account the inertia of a solid particle with respect to a fluid particle. 

 

 

𝑇   
  𝑇 

  [                              ] (34) 
 

Where 𝑇   
  is the integral time scale of the fluid seen by particles as a 

consequence of the inertia effect. 𝑇 
  represents the Eulerian integral time scale and it is 

defined in a reference frame moving with mean flow velocity 〈  〉. 𝑇 
 , as seen before, 
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is the Lagrangian integral time scale. The parameter   is defined as the ratio between 𝑇 
  

and 𝑇 
 . 

The Stokes number        ⁄  in equation (34) allows to take into account the 

inertia of particles with respect to the carrying phase inertia. 

This means that      particles are characterized with a high inertia with 

respect to the fluid. As a consequence particle will slightly interact with turbulence and 

𝑇   
  𝑇 

  (Figure 31.a). When      the particle is close to moving at the same 

mean velocity of the flow. Vice versa, when particle inertia is low,      and 𝑇   
  

𝑇 
 : particle is “trapped” by the eddy (Figure 31.b). 

  
(a) (b) 

Figure 31. Stokes number: (a)     : high particle inertia. (b)     : low particle inertia.  

 

The inertia effect can be taken into account in the Langevin approach by 

substituting 𝑇 
  with 𝑇   

 : equation (35). 

  
          

       
    

  

𝑇   
  √

     

𝑇   
       (35) 

 

As reported by Oesterlé [52] the EIM is not able to reproduce inertia effect with 

its simplest formulation. Graham in [61] proposes a modified EIM which takes into 

account the inertia effect. Anyway, as underlined by Oesterlé [52], the implementation 

of these modifications is far to be fully accomplished and will not be implemented 

during this work. 

Crossing trajectories effect 
When an external force acts on a particle-flow system an extra drift between 

flow particle and solid particle takes place. This extra shift leads to a mean relative 

velocity 〈  〉 between the carrying phase and the discrete phase. Due to this mean 

relative velocity the integral time scale seen by particles is reduced along 〈  〉 direction. 

Moreover a further reduction occurs in the transversal direction due to the so-called 

continuity effect. To take into account these reduction Csanady proposed two 

formulations for the integral time scale seen by particle. In equation (36) the 

implementation for a Langevin approach: 

𝑇     
  𝑇   

  
 

√(  
𝑇   

  
  

 

  
)

  𝑇     
  𝑇   

  
 

√(   
𝑇   

  
  

 

  
)

 

(36) 
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where   and   represents respectively the parallel direction and the 

perpendicular direction to the mean relative velocity. Oesterlé [52] reported also an 

improvement to 𝑇     
 :  

𝑇     
  𝑇   

  
 

√     
   

 

      
  with   

    
  

  
 

  
 and it permits a better 

agreement with several numerical simulations. The present work will integrate the 

Csanady formulations with the improvement to 𝑇     
 . 

In its simplest implementation, the crossing trajectory effect can be implemented 

in the EIM taking the interaction time      as the minimum between the eddy life time 

      and the time necessary to particle to cross the eddy       : equation (37). 

                       (37) 
 

The eddy life time must be        𝑇 
  and the eddy crossing time        

  

|  |
 

with   the integral length scale. These two formulations ensure a consistent EIM 

autocorrelation function with respect to the flow one. Thus the evaluation of      

compares the life time of the eddy       with the time necessary to the particle to cross 

the eddy       .  

The Csanady correction can be introduced also in EIM approach, taking the 

interaction time      
  
 

√   
  with   

  
   

 

  
 

By introducing the crossing trajectory effect in EIM it is assured the continuity 

of the interaction time      (Figure 32 – blue line). Red line in Figure 32 shows how the 

evaluation of the interaction time with the minimum formulation (equation (37)) the 

continuity is not ensured. 

 

Figure 32. The evaluation of      in the EIM approach. 
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In Figure 32 the black vertical line represents the limit velocity for the minimum 

formulation after which      is evaluated as 
  

|  |
 instead of  𝑇 

 . To assure a consistent 

EIM autocorrelation function with respect to the flow one      must be twice the value 
  
 

√   
.  

2.7 Conclusion 

The review on the effects of wet snow accretions on structures has shown how 

the risks associated can be extremely sever. Wet snow accretion concerns several fields 

of engineering as buildings, cable, trains or wind turbine. As seen, particles responsible 

of wet snow accretion are characterized by a mixed phase of a liquid part and a solid 

part. This mixed phase is synthetized by a dimensionless coefficient: the liquid water 

content    . This one is defined as the ratio between the liquid mass of a particle and 

the particle mass. The     will be the leading thread of the work. 

A brief review on     effect on in cloud icing has been presented. As reported, 

the liquid water content plays a crucial role on the accretion. It drives both the accretion 

forms and the accretion mass. Hence to model the accretion process, an approach which 

takes into account the     is imperative. 

The approach undertaken to model wet snow accretion is based on the separation 

of the aerodynamic, the mechanical and thermal influence: Makkonen [15], ISO 12494 

standard [34]. This separation is synthetized in this work by three dimensionless 

coefficient. The aerodynamic effect is taken into account by the collision efficiency   , 

the mechanical effect by the sticking efficiency    and the thermal effect by the 

accretion efficiency   .  

Due to the system chosen during the experimental campaign to reproduce the 

wet snow accretion, the freezing process of a particle has been summarized: particle 

    can be adjusted as a function of the ambient temperature.  

In the last part the Lagrangian approach chosen to model the interactions 

between snow particle and the fluid flow has been presented. Both the Eddy-Interaction-

Model and the Langevin model have been presented. Both models will be applied in the 

present work. 
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This chapter is dedicated to the experimental approach undertaken in the 

climatic wind tunnel to study the wet-snow accretion process. As presented in the 

literature review, wet snow accretions are characterized by three aspects: aerodynamic, 

mechanical and thermal one. To synthesize the influence of the three aspects, a 

dimensionless coefficient      is here presented and discussed. The influence on the 

accretions of particle     is investigated. The liquid water content of particles is tuned 

by varying the ambient temperature 𝑇  in the wind tunnel as seen in chapter 2. The 

aerodynamic aspect is investigated by analyzing the coefficient      for three cylinders 

of different diameters. 

Moreover, a set of boundary conditions are measured for further analysis and 

numerical modeling: mean flow speed 〈  〉, turbulent intensity    and integral length 

scale   of the snow flow. The data acquired on accretion forms give also a database with 

which validate the accretion model presented in chapter five.   
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An important part of our work has been to set up an experimental procedure to 

study the wet-snow accretion due to the lack of a universal procedure in the climatic 

wind tunnel. In such a large wind tunnel, it was very important to build a procedure 

leading to reliable results. Moreover an important work has been done to ensure the 

reproducibility of the results. To achieve this goal all the parameters of the experimental 

study have to be understood and controlled.  

3.1 Climatic conditions reproduction: climatic wind tunnel. 

The wind tunnel facility of C.S.T.B. was built to conduct tests at full scale. It is 

possible to investigate the wind effects on many kinds of structures in conjunction with 

different climatic conditions: rain, snow, dust, sun, icing. Moreover the facility is 

adapted to study the aerodynamic of vehicles, the ventilation of building and the 

performances of materials subjected to extreme climatic conditions. The wind tunnel is 

constituted of two parts. The first one is called the “dynamic circuit”. It is operated 

since      (the green ring in Figure 33). The second part, called “thermal circuit” is 

operated since      (the purple ring in Figure 33). The latter unit permits to reproduce 

warm and cold environment from      down to      . This large range of 

temperature allows to reproduce several climatic conditions among which wet-snow 

storms. 

 

Figure 33. Jules Verne Climatic Wind Tunnel facility. 

The thermal circuit includes a six blades fan of    . The fan can reach 

       limited to        when the temperature inside the chamber is less than -

    . The test chamber is     long,     wide and    high. Previous tests, conducted 

with only air flow, have characterized the chamber with a turbulence intensity of 

      and an integral length scale of        using air as a fluid. The flow inlet 

has a variable section: from    to     . The maximum reachable speed depends on the 

inlet section. For      flow speed can go up to        , when test section is      

the flow speed can reach        . The heat exchanger allows to adjust temperature 

from       to      with a temporal gradient of           . The hygrometry can be 

adjusted from     to    . A completed description of the cooling systems can be 



Chapter 3 

 

45  

 

found in [1]. A set of turning vanes are installed upstream the flow inlet to assure a 

straight flow in the test chamber (Figure 34). 

 

Figure 34. Jules Verne Climatic Wind Tunnel: thermal circuit. 

3.2 Wet snow production: snow gun 

As seen in literature review there are three types of snow guns, the one utilized 

here to produce artificial snow presents an internal mixing chamber. This means that 

water and air are mixed inside a chamber and then expulsed at high pressure: from   to 

   𝑎  which means approximately        [1]. The gun air/water ratio can be 

adjusted to obtain a more or less wet snow [1], as a consequence, tuning this ratio is 

another approach to adjust the     of particles. However the gun air/water ratio 

influences the particle distribution of the snow gun [1]. Therefore, to ensure the same 

snow gun particles distribution for all tests (Figure 35) and, due to the difficulties to 

adjust the     precisely through the gun air/water ratio, the air/water ratio was kept 

unchanged during all the tests. The flux of air/water mixture has been set-up to       
    .  

 

Figure 35. Snow gun volume particle distribution [2]. 



Experimental approach to investigate wet snow accretions. 

 

    46 

 

The particles distribution (Figure 35) was measured during a precedent test 

campaign held in C.S.T.B. in 2007 with a MALVERN Spraytec [2]. The measurements 

have been taken as Figure 36 with the snow gun placed on a side of the wind tunnel. 

The snow gun was placed one meter ahead of the MALVERN. One is aware that the 

distribution of Figure 35 does not correspond exactly the distribution at the exit of the 

snow gun. Nevertheless, due to the high particles concentration it was impossible to 

approach more the MALVERN to the snow gun.   

 

Figure 36. MALVERN position [2]. 

The measurement principle is based on laser diffraction. This means that the 

particles size distribution is evaluated by measuring the angular scatter of a laser beam 

which passes through the dispersed phase (Figure 37). The angular scattering intensity 

is then analyzed to calculate the size of the particles. 

 

Figure 37. Measurement principle of laser diffraction. 

As shown in Figure 37 the angular scatter is a function of the particles diameter: 

small particles scatter the laser beam more than larger particles.  

To characterize a distribution of the dispersed phase the Sauter diameter 

    
∑  

 

∑  
 ⁄  and De  Brouckere diameter     

∑  
 

∑  
 ⁄  are often utilized. The 

first one is the surface area moment mean, the second one is the volume moment mean 

and it is also called the mean volume diameter (MeanVD). These diameters indicate 

around which particle diameter the (surface area or volume) distribution is centered. In 

our case the particle distribution of the snow gun is characterized by a           

and          . Due the fact that our studies are focused on the mass of the snow 

accreted, the diameter     is most appropriated to deal with. The particles distribution 
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of Figure 35 will be taken into account in chapter four while modeling the particles 

stochastic dispersion model, it will also be used to characterize the particle distribution 

close to the cylinder. 

Due to the fact that the snow gun has a transition time during startup before the 

water flux becomes stable, a trapdoor was installed facing the snow gun during the 

whole test campaign (Figure 38). This expedient has allowed to reduce noticeably the 

quantity of snow spread in the test chamber before the actual beginning of the tests 

which can accumulate and perturb the flow. Moreover it limited the quantity of snow in 

the vicinity of the temperature and humidity sensor of the wind tunnel which can 

perturb the regulation system during the test. Thanks to the trapdoor a good part of the 

mixture flowed away under the test section ground. When the stability of the water flux 

was reached, the trapdoor was then lowered to permit a fully diffusion of the flow.   

 

Figure 38. Function principle of the trapdoor. 

3.3 Test campaign devices to study wet snow accretions. 

3.3.1 Investigation of the aerodynamic aspect: test structure. 

The test structure was built in the C.S.T.B. workshop. It consists in a main part 

made of two vertical bars that hold horizontally one PVC cylinder      long. To 

investigate the aerodynamic aspect of the accretion three cylinders of various diameter 

were tested:         ,            and           . The cylinder was 

placed      above the ground to ensure a uniform snow flow outside the boundary 

layer (Figure 39).  
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Figure 39. Air boundary layer at the structure location:     from the inlet. 

The boundary layer measured without snow particles into air was evaluated 

using a “Turbulent flow instruments” cobra probe at a data output frequency of      . 

The measurements have been made in a configuration without snow gun to avoid flow 

perturbations. Considering the homogeneity of the speed values at      and    of 

height, the flow speed reference      to evaluate the profile is the average between the 

speeds at these heights. Three runs guaranteed the reproducibility of the test. 

Measurements above      are not available, but analyzing the boundary layer profile 

obtained, one can suppose that at      above ground the flow can be considered 

uniform. 

The cylinder was protected (Figure 40.a) by a removable cover to safeguard the 

cylinder during the startup of the snow gun (Figure 40.b). 

  
(a) (b) 

Figure 40. (a) A front view of the test structure with its principal features and dimensions. (b) The cover 

which protects the cylinder. 

 



Chapter 3 

 

49  

 

3.3.2 Estimation of the incoming snow flow rate: snow collectors. 

A couple of snow collectors with a diameter of 8cm were installed on both sides 

of the test structure. One collector placed at       from the ground and the other one at 

      to ensure a full coverage of the impacting area of the cylinder (Figure 41.a). 

Snow collectors permitted to measure the mean incoming snow flux 〈  〉 (38). The 

mean incoming flux will be a part of the evaluation of the experimental coefficient   

and of the accretion model presented in chapter five. 

〈  〉  
〈    〉

        
 

  

    
  (38) 

  

Where 〈    〉 is the mean snow mass accumulated inside the four snow 

collectors,       the snow collector area and   the duration of the test. A similar 

approach to measure the snow flux was also undertaken by Font et al.[3]. This device is 

made of tissue characterized by a porosity of     : the air pass through the tissue 

while the snow remains collected inside. The snow collectors were mounted on two 

vertical poles placed 1 meter ahead from the structure. The collectors were equipped 

with a pincer and a horizontal rod to maintain the collectors horizontals and straights 

(Figure 41.b high) during the tests. This approach guarantees that the snow accumulated 

inside the collector did not obstruct the inlet by closing down the porous tissue (Figure 

41.b low). 

  
(a) (b) 

Figure 41. (a) Front view of the test structure with the four snow collectors. (b) Fide view of the snow 

collectors. 

 

This configuration ensures an acceptable homogeneity of snow flux for each 

collectors during all a test day as shown in Table 1. Here is reported, for each flux    of 

the four collectors, the percentage difference with respect to the mean flux of the day 

〈  〉   . This means:     
 

(   〈  〉   )
〈  〉   

⁄ . The duration of the test was 

     . In the evaluation of the snow flux, one has to consider the errors committed 

during the sampling of the snow and while weighting the snow. In this case an error 

analysis has evaluated at about      the uncertainty committed while sampling the 

snow mass. One can suppose that this uncertainty is mainly related to the difficulties to 

completely empty the snow collectors and to the difficulties to have exactly the same 
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flow uniformity during all the tests. The uncertainty associated to the balance used to 

weight the snow is     . Tests have shown that the mean snow mass gathered by the 

snow collectors is about 〈    〉       which means a mean uncertainty of snow 

sampling of     . Seeing the error associated to the balance, one can suppose that the 

most important error contribution to     
 is given by the sampling process and the 

flow homogeneity.  

Table 1. The snow flux for each collectors for three periods in a test day. 

 
    

  

beginning  

    
 

middle 

    
 

end 

high left                     

low left                      

high right                      

low right                     
    

Moreover one can wonder if the snow particles, while approaching the snow 

collectors, can be deviated by the flow close to the snow collectors increasing the 

measurement error. Taking as a reference particle the           of Figure 35 

distribution, it is possible to estimate the behavior of the particle close to the snow 

collector through a Stokes number. As will be shown later in this chapter the     is 

characterized by a         . The evaluation of characteristic time of the flow which 

surrounds the collector      
    

〈  〉
 leads to a Stokes number 

  
    ⁄    . With 

          , the diameter of the collectors and 〈  〉        the mean flow speed. 

This value of Stokes number, as seen in chapter two, means an inertial behavior of 

particles: therefore one can preliminary suppose that particles are not so much deviated 

by the flow close to snow collectors. As a consequence of this analysis, one can suppose 

excludable the influence of the flow around the snow collectors on snow particles which 

could perturb the snow collector filling.  

Test duration analysis. 
Being aware that a flow blockage of the collectors can happen when measuring 

the snow flux with this simple system, a series of pre-tests to study the optimal test 

duration was performed. Three tests of 5,10 and 15 minutes showed how the flow 

blockage can arise above 10min (Figure 42 - black circle).  

The test is based on the evaluation of the mean snow flux between the four 

collectors: 〈  〉, defined in equation (38). 
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Figure 42. Analysis of filling up drawback of snow collectors. 

The whole experimental campaign was based on 10min tests, that permitted to 

avoid snow collectors filling-up. Two runs assured reproducibility of the filling-up tests.  

The transversal uniformity of the snow flow. 
An important part of the experimental campaign has been dedicated to study the 

transversal homogeneity of the snow flow. This means to check if the snow flow 

measured with the snow collectors placed aside the test structure well-represent the 

snow flux at the center of the test structure. To investigate this problematic, a series of 

measurements of the snow flow distribution have been performed. Five snow collectors 

placed on a row have allowed to study the transversal homogeneity of the incoming flux 

(Figure 43). The snow collectors have been placed in the same place of the test 

structure. The height of the collectors was the same of the cylinders:     . The two 

lateral collectors have been placed in the same position of the test configuration (Figure 

41). 

  
(a) (b) 

Figure 43. (a) Schematic view of snow collectors. (b) Wind tunnel setup. 

 

The measurements of concentration along five different points have shown how 

the snow flux uniformity is assured only on the central part: only the three collectors at 

the center have shown a flow homogeneity (Figure 44). It is important to underline how 

the three central collectors cover well the central part of the cylinder on which has been 

done the analysis of the accretion. 
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Figure 44. Snow flux uniformity, 〈  〉       . 

In Figure 44, run1a, run1b and run1c are characterized by an ambient temperature 

𝑇        and a test duration equal to 10min. run2 has been performed at 𝑇       

with a test duration of 10min, while for run3 the test duration was 6min at 𝑇       . 

The choice to vary the ambient temperature and the test duration has shown how these 

parameters do not influence considerably the transversal uniformity of the flow. The 

percentage differences between the snow mass inside each collectors is evaluated as 

(39). 

       
(                    )

      
 (39) 

 

Where              represents the snow mass collected form the central 

collector and        the mass collected from the other four collectors of Figure 43. The 

error bars are based on the standard deviation evaluated for each collector. 

As one can note from Figure 44, the flux can be considered homogeneous only 

in the central part. The cylinders are      long and, as will be explained later, the 

analysis of the accretion is focused on their central part which is      long. As a 

consequence, analyzing Figure 44, one can suppose that the incoming flux on the 

central part of the cylinders is homogeneous (Figure 44 - orange lines).  

It is important to note how the configuration with a snow collector placed at the 

center was impossible to use at the same time of the accretion tests on the cylinders. For 

this reason, all the tests have been undertaken with the four lateral collectors as seen in 

Figure 41. 

Considering the fact that the incoming snow flux during the tests is measured 

aside the test structure, it is necessary to recalibrate the snow mass gathered inside the 

snow collectors by a coefficient to have the real snow flux which impacts the cylinders. 

cylinder 

snow collectors 
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This coefficient is taken equal to the mean difference between the snow mass collected 

at the center and aside of the flow. The mean difference has been estimated as     . 

As a consequence, all the snow flux measured with the lateral snow collectors have 

been recalibrated with a coefficient         to obtain the supposed snow flux at the 

center. Moreover one can suppose how       of Figure 44 does not change as a 

function of the ambient temperature 𝑇 . Therefore it has been supposed that the 

coefficient of      was acceptable for all the temperatures tested in the experimental 

campaign. 

3.3.3 Temperature monitoring: thermocouples,  flow visualization: GoPro 

camera. 

A total of four k-type thermocouples (chromel-alumel Figure 46.a) were 

installed during the tests. One for each side of the structure (Figure 45), one on a wall of 

the wind inlet and the last one on the cylinder surface facing the snow flow at the 

stagnation point.  

 

Figure 45. Thermocouples position. 

The principle of measurement is based on the difference of voltage generated 

when two different conductors are subjected to a temperature gradient. By measuring 

this voltage difference it is possible to determine the temperature (Figure 46.b).  This 

kind of thermocouples has a temperature range between      and        with a 

temperature accuracy of       and a sensitivity of        . 

 

 

(a) (b) 

Figure 46. (a) Thermocouple used during the experimental campaign. (b) Measurement principle of the 

thermocouple. 

Thermocouples 
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Acquiring the temperature at     allowed to control precisely its trend for each 

test. The aim was to survey the temperature in the wind tunnel and begin the test when 

temperature stability was reached. This control was necessary to take into account the 

thermal inertia of the whole facility and of the flow. To protect from icing, the two 

thermocouples on the side were protected with the same porous tissue as the snow 

collectors. The contact thermocouple on the cylinder allows an analysis of the 

temperature evolution in the first instants of the accretion (Figure 47). It is placed facing 

the incoming snow at the stagnation point. Its side position on the cylinder avoids to 

perturb the accretion at the center. 

 

Figure 47. Thermocouple on the cylinder. 

The thermocouple on the right wall of the flow inlet allowed, via a comparison 

with the twos on the sides of the structure, a control on the general uniformity of the 

temperature inside the chamber. 

With its design for climatic extreme conditions the GoPro camera (Figure 48) 

was suitable during our tests. The camera was placed on one side of the setup so as to 

not perturb the flow.  

 

Figure 48. GoPro camera. 

With this device a series of photos at a frequency of       were taken, to 

visualize afterwards, a qualitative analysis of the accretion evolution. 
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3.3.4 Characterization of the incoming flow: ultrasonic anemometer 

Due to the fact that the snow flow presents a water content which makes 

impossible the use of a cobra probe or a hotwire anemometer, a METEK USA-1 

ultrasonic anemometer was employed to obtain the flow speed data. The device was 

placed at the same level of the structure (Figure 49). 

 

Figure 49. The ultrasonic anemometer on its support. 

It permitted to measure flow speed along the three spatial direction up to a speed 

of       with a resolution of         at a maximum sampling rate of     . The 

accuracy of the instrument is    . The six heads are heated to prevent icing which can 

perturb the measuring process. An ultrasonic anemometer uses sound to measure wind 

speed. It sends a sound wave from a fixed transmitter to a fixed receiver. By measuring 

the time that the sound wave takes to reach the receiver, the ultrasonic anemometer 

computes the speed of flow. It must be underlined how the presence of the dispersed 

phase in the air can modify the sound wave speed and reducing the accuracy. 

Nevertheless previously applications in Chritin et al.[4], Lehning et al.[5] or Cierco et 

al.[6] justify the use of the ultrasonic anemometer to measure the speed of the air with 

the presence of snow. However it is important to underline how these experiments have 

been conducted in open field where snow concentration is less important than during 

our tests. Moreover, in none of the previous cited studies is presented an estimation of 

the error committed by using the ultrasonic anemometer with two-phase flow. Here 

after, a simple estimation of the number of particles which pass through the 

measurement volume of the ultrasonic anemometer is made. This provides a 

preliminary estimate of the particle influence on the flow speed measurements.  

The reference values are: a particle diameter          , a measurements 

volume of the ultrasonic anemometer              and the mean snow flux at the 

center 〈  〉       
  

   
⁄  The mean snow flux is taken equal to the mean value of 

the whole experimental campaign weighted for the coefficient. With the mean wind 
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speed 〈  〉        and the ice density of          it is possible to evaluate the 

particles concentration as (40).    is the particle mass. 

 ̇  

〈  〉
〈  〉

⁄

  
        

  

  
  

(40) 

  

With the particles concentration and     it is possible now to estimate the 

number of particles through the measurement volume as     ̇            . This 

preliminary estimation shows how the number of particles, passing through the 

measurement volume for a given instant, is less than one. As a consequence, one can 

suppose that the flow speed measurements are slightly affected by particles. 

If the presence of particles is important, then additionally, it is interesting to 

consider the particle state (liquid and/or solid) influence as a function of the ambient 

temperature. During our tests the particle state has been tuned by adjusting the ambient 

temperature. Hence, the measurement of the flow speed at an ambient temperature 

𝑇       could be different from another one at 𝑇      . The influence of the 

particle state on the measurement is not well documented in the literature. Moreover, no 

clear discrepancy was observed during our own measurements at various ambient 

temperature. As a consequence, it will be not be taken into account during the analysis. 

3.4 Experimental procedure to reproduce wet snow accretions 

3.4.1 Wind tunnel setup 

The wind tunnel setting up of the tests follows the scheme of Figure 50  

 

Figure 50. Wind tunnel setting up for test. 

The test structure was placed at     from the inlet, with the snow collectors 1m 

ahead. The snow gun, after several optimization tests, was positioned in a counter-

current configuration with an inclination of    . Moreover, it has been analyzed if the 

mean snow flux, during a test day, measured with the lateral snow collectors, was 

constant along the five test days. One can note how, with this configuration, the mean 

snow flux of a day was close to the mean lateral snow flux of the whole campaign 
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(Figure 51). The errors bars have been evaluated taking into account the standard 

deviation for all the measurements during the test days. 

 

Figure 51. Mean snow flux measured during the five tests of the experimental campaign for the exetrnal 

snow collectors. 

With the aim to characterize the snow flow which impacts the test structure a 

preliminary evaluation of the particle concentration    was performed. The estimation 

was performed taking the mean snow flux impacting the test structure 〈  〉  

     
  

   
⁄ , a mean flow speed of 〈  〉        and the snow collector area 

            . The results of    
 ̇ 

 ̇   
⁄         has shown how the particle 

concentration is between the threshold of consider the influence of particles on the 

carrier phase (one-way or two-way coupling).  ̇  is the particle concentration and  ̇    

the concentration of the air. One-way coupling means that interactions between particles 

can be neglected as well as the influence of the dispersed phase on the carrier phase [7]. 

Two-way coupling means that the dispersed phase acts on the carrier phase through a 

modulation of the carrier fluid. In this case, due to the qualitative nature of the    

evaluation and due to the proximity of one-way coupling limit (         ) it has 

been considered anyway a condition of one-way coupling. This assumption will be also 

taken into account during the modeling of the dispersion model in chapter four. 

Moreover the snow flux can be characterized by a set of characteristic parameters as 

follow. 

As a first approximation for the evaluation of    can the mean volume diameter 

          be taken in consideration as a reference diameter. As a consequence one 

can assume that the settling velocity        gives the most important contribution to 

the relative velocity |  |  |     |. Furthermore one can perform an iterative 

evaluation (Figure 52) of the relaxation time and the Reynolds number[8] supposing a 

Stokes regime for the first iteration: 
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Figure 52.    evaluation loop. 

Taking a particle density       
  

  ⁄  and a kinematic viscosity         

      
  ⁄  the loop reaches the convergence at          which differs from the 

supposition of Stokes regime of     .  

Moreover an estimate of the characteristic time of the turbulent flow can be 

performed as     
  

 ⁄ . The integral length scale of the fluid   is estimated as   

      and   
    〈  〉        . The values of   and    will be detailed later in this 

chapter. This leads to a characteristic time of the flow    
 

〈  
 〉

     . To give an 

estimation of the particle behavior with respect to the turbulence a Stokes number is 

proposed as:     
  

  ⁄     . One can note that particles will follow the large scale  

turbulence eddies but gravity effect will have an important role on particles trajectories 

with            . 

3.4.2 Experimental principle to reproduce wet snow accretions. 

The main goal of the test campaign was to study the thermal and aerodynamic 

aspect of the accretion. The thermal aspect was investigated varying the     as a 

function of the ambient temperature 𝑇 . Let us take as an example a particle with 

diameter equal to d43 of the snow gun distribution, the trend of     evolution is shown 

in Figure 53. For the set-up of the test campaign this particle has a flying time of       

(the purple line of Figure 53). 
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Figure 53. Particle     as a function of the ambient temperature for          . The evaluation is 

made thanks to the dispersion numerical model explains later in chapter four. 

The graph above shows how, when the particles flying time is fixed, the particles 

reach the test structure with a     which depends only on the ambient temperature. As 

seen in chapter 2 the accretion depends strongly on the particles    , as a 

consequence, the thermal aspect is investigated by changing the ambient temperature to 

adjust the particle    . 

The aerodynamic aspect is examined by changing the diameter of the cylinder 

placed on the test structure. The particles behavior with respect to the flow can be 

characterized with the Stokes number     as explained in literature review. In the same 

way the behavior of particles close to the cylinder can be investigated with a Stokes 

number (43) 

      
  

    
  

(41) 

 

where    is the particles relaxation time as seen in chapter 2 and      
    

〈  〉
⁄  is the 

time scale of the flow around the cylinder. This means that changing the diameter of the 

cylinder leads to change the time scale      and, as a consequence, the behavior of 

particles close to the cylinder. The larger is       the more particles have an inertial 

behavior close to the cylinders, this parameter will be helpful in paragraph 3.5.3 to 

explain partially the aerodynamic aspect of the accretion.  

3.4.3 Procedure undertaken during the experimental campaign. 

At the beginning of a test, the cylinder was shielded by the cover, snow 

collectors were empty and protected with a plastic bag to avoid unwanted filling during 

snow gun start-up. A test starts when of a constant desired wind speed of       is 

obtained. A fixed wind speed implies that, with the distance between the test structure 

and the flow inlet fixed, the mean particle flying time is fixed. As a consequence of a 
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fixed mean particle flying time the     of the impacting particles varies only as a 

function of the ambient temperature. Thus the tuning parameter of the campaign is the 

ambient temperature. With a stable wind speed, thermocouples data acquisition started 

to control the temperature stability inside the climatic chamber (green circle - Figure 

54). When also the temperature in the climatic wind tunnel was stable (blue arrow - 

Figure 54) the snow-gun was started. After the snow gun startup period was completed 

(light blue circle - Figure 54), plastic bags as well as the cylinder cover was removed. 

At the same time the trapdoor was lowered. Starting from this moment (yellow arrow - 

Figure 54). a test of 10 minutes is performed (yellow circle - Figure 54). 

 

Figure 54. Temperature data of a test. 

At        , the wind speed and then the snow gun was stopped as well as 

thermocouples acquisition and also the GoPro video. Afterwards the central portion,  
     long, of the snow accretion on the cylinder was weighed with a precision balance 

as well as the snow mass inside the four collectors. Additionally the thickness of the 

accretion was noted down. Before starting a new test, the cylinder surface was cleaned 

from the residual accretion with hot water and then dried to assure the same cylinder 

surface condition for each test.  

This procedure was performed for the three cylinders and for a temperature 

range between      and     . The results obtained at       and      from a 

previous campaign test have provided the limiting cases of the study (Figure 55).  
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(a) (b) 

Figure 55. (a) Accretion at 𝑇       . (b) Accretion at 𝑇      . 

 

In the first case the accretion was very thin and could not be weighted with 

sufficient accuracy. When ambient temperature was -2°C the accretion was too humid 

and could no longer be considered as actual snow. 

3.4.4 Preliminary wind tunnel settings up: analysis of snow flow homogeneity and 

test reproducibility. 

The accuracy of the results presented in this chapter are the consequence of a 

long period of work to study a configuration which could ensure the homogeneous of 

the snow flux and the repeatability of the tests. 

The snow gun position  
Two principal configurations were tested. The first one was characterized by two 

snow guns placed on both sides of the climatic chamber (Figure 56). The second one 

presents one snow gun placed at the center of the climatic wind tunnel, has presented in 

Figure 50.  

  
(a) (b) 

Figure 56. (a) Scheme with two snow guns. (b) Configuration with one snow gun. 

 

The test session with two snow guns aimed to obtain the snow flux as 

homogeneous as possible. In our case the two snow guns did not have exactly the same 

air/water flux which can lead to a different flux of snow injected during the tests. 

Moreover another difficulty was to place the two guns exactly in the same position at 

the same inclination. These drawbacks led to a spatial inhomogeneity of the snow flux 

(Figure 57).  

The spatial homogeneity has been evaluated as  

  〈  〉  
(〈  〉     〈  〉     )

〈  〉     
 (42) 

 

〈  〉     

〈  〉      
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where 〈  〉     indicates the mean snow flux of the two collectors on the left side 

and 〈  〉      the mean snow flux on the two collectors on the right side. Two data sets 

have been analyzed to ensure the reproducibly (Figure 57). 

 

Figure 57. Flux homogeneity in case of one or two snow guns. 

 In Figure 57 the position of the snow collectors is the same of Figure 41, with 

“1c” is indicated the   〈  〉 obtained for a configuration with one snow gun, and with 

“2c”, is reported   〈  〉 in case of two snow guns placed both sides of the climatic 

wind tunnel. Low and high are referred to the snow collectors height: low means at 

      and high means      . 

A third configuration was also tested by placing one snow gun on a side of the 

climatic chamber. This solution was undertaken to reduce as much as possible the 

perturbation of the snow gun jet on the air stream. However, the results have shown 

important flux inhomogeneity between the mean snow flux on left side 〈  〉     and on 

the right side 〈  〉      (Figure 58). 

 

   〈  〉 
high       

low       
  

 

(a)  (b) 

Figure 58. (a) Configuration with one side snow gun. (b)   〈  〉 differences. 

 

This paragraph has shown how the configuration with one snow gun placed at 

the center of the climatic camber allows a better control on the spatial homogeneity of 

snow flux. 

〈  〉     

〈  〉      
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The position of the test cylinders 
The final position of the test cylinders was the result of a long work dedicated to 

establish the best position which could guarantee the uniformity of the accretion. The 

first one, presented a series of vertical cylinder of different diameter placed at the center 

of the climatic wind tunnel (Figure 59.a). This configuration was abandoned due to the 

vertical non-homogeneity of the accretions obtained (Figure 59.b). This non-

homogeneity was supposed to be linked to a water film originated on the upper part of 

the cylinder, that afterwards froze in the lower part of the cylinder. The accretion here 

obtained had a triangular shape. 

  
(a) (b) 

Figure 59. (a) Configuration with vertical cylinders. (b) A scheme of the accretion drawback. 

 

The second configuration undertook was characterized by two horizontal 

cylinders (Figure 60.a). This was an improvement to the previous solution which 

permitted to obtain a uniform accretion. This configuration was used several times but, 

after having developed the stochastic dispersion model, one has realized that the two 

cylinders were impacted by a different volume particle distribution      (Figure 60.b). 

These differences were supposed to be due to gravity and boundary layer influence.   

  
(a) (b) 

Figure 60. (a) Configuration with two horizontal cylinders. (b) A scheme of the accretion drawback 

in which      is the volume particle size distribution. 

 

As a consequence, the final test structure was designed with one horizontal 

cylinder. The structure had a practical system to change rapidly the cylinders. The same 

height for all the cylinders had ensured the same volume particle size distribution 

impacting the cylinders. 

The reproducibility with the final setup 
The reproducibility of the final setup (presented in paragraph 3.4.1) was ensured 

with a second run of measurements. This second run was performed for all the three 
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cylinders in an ambient temperature range between      and     . The Table 2 shows 

the results as a     
             

     
⁄  where       represents the   coefficient 

of the first run and       the one of the second run. 

Table 2. The reproducibility of the tests 

                        

𝑇       ≈ -5% ≈ -4% ≈ -1% 

𝑇       ≈ -15% ≈ 28% ≈ 6% 

𝑇       ≈ 23%  ≈ 7% 
    

The table above shows how control scrupulously all the boundary conditions of  

the test campaign was difficule. Nevertheless, the results of     obtain at �̂�       

and 𝑇       give a confirmation of the progress in the setting up of the experimental 

structure and procedure. Moreover one does not forget the large dimension of the wind 

tunnel and its industrial characteristics. Looking at the previous test configurations 

described in this chapter one can consider the actual setting up and procedure are 

suitable to study the accretion process.  

Additionally one can notice     increase while the temperature decrease. This 

could be imputable to the fact that collecting snow from the cylinders was more difficult 

at low temperature due to the harder texture of the accretion.  

Lastly it is possible to note, how the experimental errors decrease when the 

diameter of the cylinder increase. One can suppose, that the error committed during the 

collection of snow from the cylinder      are less important on the collected mass      

with respect to the small cylinder    . This leads the errors between the first and the 

second run to be more important for the small cylinder. 

3.5 The experimental results. 

Here after the results of the experimental campaign are exposed. First the 

evaluation of the turbulence intensity and integral length scale of the flow are presented. 

After a procedure to recalibrate the values of mass inside the snow collectors and on the 

cylinder is explained. This recalibration is necessary to take into account the filling-up 

of the heat exchanger and, as a consequence, the time evolution of the flow velocity 

during the tests. Finally to investigate the accretion process, a new dimensionless 

coefficient β is presented. 

3.5.1 Snow flow characterization through the ultrasonic anemometer. 

To measure the mean speed 〈  〉, the integral length scale   and the associated 

turbulence intensity    of the flow, a series of measurements with the cobra probe and 

the sonic anemometer were performed at the beginning and at the end of two test days. 

To characterize precisely the incoming flow on the cylinders, the measurements were 

done      ahead of the cylinders. Moreover, the maximum sampling rate of the 

ultrasonic anemometer is     . In case of the cobra probe the data output rate was 

     . The cobra probe has been used in case of air stream. With the snow flow the 

ultrasonic anemometer has been employed. Here after an analysis on the data acquired 
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is proposed. First the statistical convergence of the data is investigated for a case with 

only the air stream and a case with the snow flow. The statistical convergence is 

examined by checking if the second order moments of speed data are stationary: the 

running average of the flow speed and the flow speed variance must converge toward 

theirs mean values. This analysis is performed to control the suitability of the data 

acquired for a flow characterization in terms of turbulence intensity and integral length 

scale. Figure 62 shows how the stability of the signal around its mean is verified (Figure 

62.a) and how the running average of the mean flow velocity 〈  〉 and of the flow 

variance 〈  
 〉 converge towards their mean values. 

  
(a) (b) 

Figure 61. Air flow analysis, cobra probe: (a) flow speed . (b) convergence analysis. 

 

In the same way the analysis of the data convergence is performed in case of 

flow with snow particles dispersed. Figure 62 shows how, even in case of the snow 

flow, the stability of the flow speed is verified (Figure 62.a) as well as the convergence 

of the second order moments (Figure 62.b). 

  
(a) (b) 

Figure 62. Snow flow analysis, ultrasonic anemometer: (a) flow speed. (b) convergence analysis. 

 

This check is performed to all the flow speed data acquired. The data file which 

respects better the stationariness of 〈  〉 and 〈  
 〉 is taken as a reference for the 

evaluation of    and  . The intensity of turbulence is evaluated as (43). 
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√〈  

  〉

〈  〉
 (43) 

 

√〈  
  〉 represents the root mean square of the fluctuation speed of flow where   

  

   〈  〉. This approximately gives a turbulence intensity of     for the air stream 

and     in case of snow flow. Then the evaluation of the integral length scale   for 

the air stream is proposed through the analysis of the autocorrelation function. As seen 

in chapter two, the autocorrelation function follows the equation       
〈  

       
      〉

〈  
  

〉
 

and it is characterized by a value at     of        . 

 

Figure 63. Autocorrelation function for the air stream. 

To evaluate the integral length scale one has to evaluate the integral time scale 

of the flow by an integration of the area under the curve between      and the first   

at which        . In this case             (Figure 63 – blue area). The area 

evaluation leads to an integral time scale of      . Taking as a reference a mean flow 

speed 〈  〉         , this leads to an integral length scale for the air stream       .  

The estimation of the integral length scale in case of snow flow 
The snow gun jet emerging against the main flow is responsible for a new 

turbulent flow structure. Indeed, the counter-current jet induces high level of shear and 

therefore, turbulence production. Moreover, turbulent length scales are influenced by 

the wake of the jet. (Figure 64).  
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Figure 64. The supposed effect of the snow gun on the eddies dimension,  top view. 

Moreover, taking into account the fact that the cylinder is placed in the wake 

region of the counter-current jet, one has to estimate the integral length scale for the 

snow flow with care. The autocorrelation function is again used (Figure 65). 

 

Figure 65. Autocorrelation function for the snow flow. 

Figure 65 shows that the frequency response of the ultrasonic probe is not 

sufficient to provide an accurate value. However, it is very hard to measure turbulence 

in presence of snow. This evaluation is kept in the following. 

In case of snow flow, the estimation of the integral length scale leads to an 

approximate values of       . More precisely the cylinder as well as the ultrasonic 

anemometer is placed in the wake region of the counter-current jet. This can explain 

how the turbulent intensity of the snow flow is larger than in case of air stream and also 

how the integral length scale is smaller for the snow flow. By overlapping the two 

autocorrelations one can have a confirmation of the fact that the integral length scale of 

the snow flow is smaller than the one for the air stream (Figure 66). 
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Figure 66. The autocorrelation comparison. 

3.5.2 Heat exchange blockage: estimation of the real flow speed. 

It has been observed during the tests that snow can stick and pack on the wind 

tunnel heat exchanger causing an obstruction which can lead to a decrease of the mean 

flow speed 〈  〉. As a consequence the mean snow flux 〈  〉 and the snow mass 

gathered on the cylinder      decrease as well. Therefore it is important to recalibrate 

〈  〉 and      with respect to a dimensionless coefficient    
〈  〉 

〈  〉 
⁄  which takes 

into account the heat exchange obstruction. 〈  〉  is the mean flow speed at the 

beginning of a test day supposed to be not affected by the heat exchanger obstruction. 

〈  〉  is the mean flow speed of the “n-th” test of the day.   

The pressure difference    measured between upstream and downstream the 

heat exchanger is the warning parameter: when it grows the heat exchanger starts to be 

obstructed. To control when obstruction arises the pressure difference     of each test  

is noted. 

Seen the practical impossibility to measure the mean flow speed of each test 

〈  〉  with the ultrasonic anemometer, an empirical law is here presented to rely the    

of a test to the correspondent mean flow speed. The mean flow speed employed for the 

data fitting is taken from the data analyzed in paragraph 3.5.1with the associated    

(Figure 67). As one can observe from the figure below, during a test day, the snow flow 

speed can decrease up to      from       to        . 
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Figure 67. Decrease of the mean flow speed during a test day. 

Hence the data presented above are interpolated with a second order polynomial 

fit to obtain an empirical law (44) which, for a given    , estimates the mean flow 

speed 〈  〉 . The mean decrease of the flow speed during a test day has been evaluated 

in     . 

〈  〉            
                   

(44) 
 

While doing this interpolation we are well-aware that three points does not lead 

to a robust statistical data fitting. At the same time we are conscious of the importance 

to know the mean flow speed for each test with which recalibrate the experimental data. 

For this reason the mean snow flux and the snow mass gathered by the cylinders are 

recalibrated. Moreover when the speed of the flow    decreases during a test day, the 

relative velocity between the speed of the snow flux and the speed of particles injected 

by the snow gun can vary. One can suppose that this variation affects also the snow flux 

deviation. To deepen this aspect a series of concentration measurements with five 

collectors in a row have been performed as a function of the wind speed. The placement 

of the snow collectors follows the one seen in Figure 43. The figure beneath shows how 

the mass collected inside the five collectors remains almost constant changing the wind 

speed   . 

  
(a) (b) 

Figure 68. (a) Transversal flow uniformity. (b) Transversal flow uniformity – center zoom. 
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Moreover, analyzing Figure 68, one can suppose that the changing of    has an 

influence on the snow gathered by the collectors which can be considered negligible. 

Therefore in this work it has been supposed that the decrease of the wind speed does not 

influence the snow flow distribution that impacts the cylinder at the center and the snow 

collectors on the sides. 

 Finally, during the development of the analysis, it has been supposed that the 

recalibration here proposed can compensate the reduction of the wind velocity due to 

the blockage effect of the thermal exchanger. With all the data recalibrated it is now 

possible to proceed with the analysis of the accretion data obtained during the 

experimental campaign. 

3.5.3 Wet snow accretions quantification: coefficient β 

To analyze the accretion on the test structure a dimensionless coefficient      

(45) is proposed as the ratio of the normalized flux of the snow developed on the 

cylinder    to the mean snow flux 〈  〉 (Figure 69). Once again, it is remembered how 

the mean snow flux 〈  〉 is evaluated aside the test structure and how the value it has 

been recalibrated by the coefficient         explained before. This parameter      

allows to quantify the accretion on the cylinder with respect to the mean incoming snow 

flow, and it takes into account the three aspects of accretion: aerodynamic, mechanical 

and thermal. The extreme values of the parameter are one and zero. One in case that all 

the incoming snow flux sticks and forms the accretion on the cylinder, zero in case of 

no accretion. 

     
  

〈  〉
 

(45) 

 

   is defined as the snow accretion on the cylinder      divided by the effective section 

   and by the test duration   (46). The definition of the mean snow flux 〈  〉 has been 

given in paragraph 3.3.2. 

   
    

      
 

  

    
 (46) 

  

where    is equal to (         ) where      is the cylinder diameter and      the central 

portion of the cylinder equal to 0.7m. 
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Figure 69. The mean snow flux and the normalized accretion on the cylinder, a later view. 

The snow is taken from the central part of the cylinder. This approach ensures that the 

snow sample weighted had an uniform profile excluding not-uniform side portions of 

accretion (Figure 70). One can suppose that these non-uniformities of the side portions 

are related to perturbations sideways of the cylinder and, as seen before, to the non-

uniformity of the impacting snow flow. 

 

Figure 70. Impacting flow uniformity on the cylinder central portion.  

3.5.4 Experimental analysis of the     role of wet snow accretion through the 

coefficient  . 

As seen before, one of the objectives of the experimental campaign is to study 

the influence of the particles     on the accretion. By adjusting the ambient 

temperature it is possible to modify the particle     through the particle freezing 

process. In Figure 71 the coefficient      is reported as a function of the ambient 

temperature for the cylinder with a diameter of 50mm. Taking into account only one 

cylinder central portion 
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cylinder, the aerodynamic influence on the coefficient      is the same for all the 

temperatures. 

 

Figure 71. The coefficient   as a function of the ambient temperature. 

The graph reported above shows how the coefficient β decreases while lowering 

the ambient temperature. Following the particle freezing process theory this means that 

a decrease of the ambient temperature leads to a decrease of particles    . As a 

consequence the snow mass accreted decreases while lowering the particles    . 

These values of      will be linked to the snow flow     in the chapter five when will 

be exposed the accretion model. 

Through the analysis of the accretion images in Figure 72 it can be observed 

qualitatively how the augmentation of the temperature leads to larger accretions. 

Through a close observation of the accretions during experiments it has been noted also 

how in case of high temperature the accretion was more humid. 
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(c) 

(b) 

(a) 

LWC INCREASE 

     
  

〈  
〉
 



Chapter 3 

 

73  

 

 

 

 

 

 

  
  

  
  

  

 Figure 72. Four side views of the accretion on the cylinder d50. 
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Focusing on Figure 73 it can be noted how the accretion (the red arrow) has 

grown more than the diameter of the cylinder (the yellow arrow) which leads to an 

effective section    bigger than its standard values (         ). This image is related to 

the cylinder     at an ambient temperature 𝑇      . Analyzing the image, one can 

suppose that the area augmentation leads to overestimate the coefficient     . As a 

consequence the value of      in this case have to be taken with care. 

 

Figure 73. Augmentation of the effective section for   at 𝑇      . 

A preliminary evaluation of the effective area augmentation leads to a qualitative 

evaluation of this increase around    . One can preliminary suppose that this area 

augmentation could be due to an important runback of water, due to the high 

temperature, which freezes later on the cylinder surface. In accordance with the 

literature review, the runback is the liquid part of the particle which does not freeze on 

the surface and flows along the cylinder surface. 

Here after a sequence of photos taken with the GoPro camera at different test 

moments is presented. The photos are referred to the snow accretions on the three 

cylinders for an ambient temperature 𝑇       (Table 3). With a qualitative visual 

analysis one can see how the ratio of the accretion seems to be the same for all the three 

cylinders. 
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Table 3. Screens of snow accretions at the same ambient temperature 𝑇      . 

                                       
 

          

   
 

           

   
 

           

   
    

    

Moreover the same qualitative analysis can be done taking a sequences of 

images for the cylinder of            for different ambient temperatures. In this 

case the influence of the temperature on the accretion is well evident from the images. 
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At low temperature, which it supposed to mean low    , the accretions was very thin 

which correspond a low coefficient     . 

Table 4. Screens of snow accretions for the same cylinder. 

                                       
 

𝑇       

   
    

  𝑇        

   
    

𝑇       
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3.5.5 Experimental analysis of the thermal aspect of wet snow accretions: 

temperature profiles 

An additionally analysis can be performed by studying the temperature data for 

the four same cases shown above: ambient temperature of     ,     ,      and 

     for the     cylinder. Figure 74 reports the temperature on the wall inlet, the 

average temperature of the climatic chamber and the temperature on the cylinder. The 

temperature on the wall inlet is referred to a contact thermocouple placed in the climatic 

chamber inlet as shown in Figure 50. The average temperature of the climatic chamber 

is evaluated as a mean between the two thermocouples placed on both sides of the 

structure. The temperature of the cylinder surface is referred to a contact thermocouple 

on the external surface of the cylinder placed on the right, face to the snow flux, to 

avoid perturbations on the accretion. 

  
  

  
  

  

Figure 74. Temperature profiles for the same cylinder d50 at four ambient temperatures. 

It is important to notice how all the profiles of Figure 74 show an augmentation 

of the temperature on the surface cylinder when the snow flow impacts the surface 

(yellow arrow). Nevertheless this augmentation is totally different in cases of high 

temperature: (a) and (b) or low temperature cases: (c) and (d). Taking in consideration 

the first two cases, supposed to be characterized with high    , it can be observed how 

after snow impact the temperature rise-up close to zero degrees. As seen in chapter 2 

this condition is  characterized by the presence of a water runback and it is called glaze 

 ̂       

 ̂       

 ̂       

 ̂       
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ice. During the accretion process in this case the temperature on the cylinder surface 

remains constant all time long as shown by the red square in Figure 74. 

Analyzing the others two cases (c) and (d) supposed to be characterized by a low 

   , it can be noted how the temperature surface trend of the cylinder is completely 

different from the previous two. After the impact of the snow flow the temperature rises 

up but less rapidly than for the (a) and (b) cases and its value is far from zero degrees. 

When surface temperature is not close to zero the accretion is called rime.  

3.5.6 Experimental analysis of the aerodynamic aspect of wet snow accretions: 

cylinders role through a Stokes number and coefficient     . 

To study the aerodynamic aspect of the accretion three cylinders of different 

diameter are employed. The test procedure is repeated for all the cylinders for the whole 

range of temperatures as well as the evaluation of the coefficients      (Figure 75). 

 

Figure 75. The      coefficient for all the three cylinders as a function of the ambient temperature. 

As shown in Figure 75 performing an aerodynamic analysis directly on the      

coefficient for all the three cylinders is not so evident. To better understand how 

aerodynamic influences the accretion, the      coefficient is split in three contributions 

(47) 

    
             

(47) 
 

 Where the three   follow the same definitions proposed in the literature review: the 

first one represents the aerodynamic contribution, the second one the mechanical 

contribution, and the last one represents the thermal contributions. To bring in evidence 

the aerodynamic aspect of the accretion, a ratio between the      coefficients is 

proposed. Let us consider     and      the      ratio means (48) 
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(48) 

 

 Doing this it has been supposed as a first approach, that the contribution       

is the same for two cylinders. As a consequence, the ratio is only a function of the 

aerodynamic aspect: 
      

       
 

      

       
. Doing the ratios between the      coefficients for 

all the cylinders leads to Figure 76. 

 

Figure 76. The accretion ratio for the three cylinders. 

Figure 76 shows how the aerodynamic aspect is more favorable to the accretion 

for the cylinder    , this is why the ratios between        and         or        and 

        are greater than one with the exception of 
      

       
 at -9°C. Analyzing the error 

bar in this last case the value of the ratio less than 1 can be imputable to the errors 

committed during the measurements. The same considerations can be done while 

studying the ratio 
       

       
, where also in this case the smallest cylinder between the two, 

is more favorable to the accretion. The values at 𝑇       are to take with precautions 

considering the error bars.   

As explained in section 3.4.2, in a first approach, the aerodynamic aspect of the 

accretion can be investigated with the aid of a Stokes number:       
  

    
.  

The time scale of the cylinders      
    

〈  〉
 is found supposing a 〈  〉       

which correspond to the mean flow velocity evaluated with the ultrasonic anemometer. 

So one can now evaluate the       (Table 5). It is important to remind how an higher 

value of       means a more inertial behavior of particles while approaching the 

cylinder. 
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Table 5. Values of        

                                 

                  
    

The       show how particles are more subjected to impact when the cylinder is 

little. Hence particles which are approaching the cylinder of           have more 

inertial behavior than in case of            or           . This inertial 

behavior can justify why the ratios 
      

       
, 

      

       
 and also 

       

       
 are greater than one 

analyzing Figure 76.  

As a conclusion of the analysis of      , more the cylinder is little, more the 

accretion is favorable due to the more inertial behavior of particles upstream the 

cylinder. 

The aerodynamic aspect with the evaluation of    will be deeply investigated in 

chapter five thanks to numerical simulations of particles dispersion close to the 

cylinders. Moreover the numerical simulations will give a confirmation of the loop 

sketched in Figure 52 to evaluate the relaxation time. 

3.6 Physical measurements approached  

To model we snow accretions, in chapter five will be proposed a numerical 

modeling. Hence, a set of boundary conditions must be measured. This set includes the 

particle distribution close to the cylinder with the associated     of particles.  

To evaluate the particle distribution close to the structure a numerical model has 

been developed. The development of this numerical model has been necessary seen the 

difficulties to acquire physically the information. An optical system, as for example, a 

MALVERN Spraytec was not possible to rent. Moreover, seen the high concentration of 

particles in the analysis area, the measurement obtained was certainly affected by 

important errors. Some tests have been also performed with two systems available at 

C.S.T.B.. The OTT Parsivel and the Campbell Scientific Presence Weather Sensor 

PWS100 have shown how the particle concentration was too high to measure the 

particle distribution.  

  
(a) (b) 

Figure 77. (a) OTT Parsivel. (b) Campbell Scientific Presence Weather Sensor PWS100. 
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As a consequence of the difficulties to acquire the particle distribution via 

physical measurements a particle stochastic model has been set up to estimate this 

distribution. This numerical approach will be explained in the next chapter. 

To study the     of particle close to structure some instruments are available, 

as for example the Nevzorov probe. This probe is based on the principle of an hot wire 

probe. The sensor is heated continuously, when a particle hits the sensor the temperature 

sensor decreases. At this point, to reestablish the predefined temperature, more current 

is supplied to the sensor. Through this supply of current, the sensor detect the     of a 

particle and, in case of a Nevzorov probe, also the particle solid part can be detected.  

 

 

(a) (b) 

Figure 78. (a) TWC and LWC probe. (b) SEA probe. 

 

Due to the high level of components implemented in this type of probe, the rent 

price was prohibitive. To obviate this drawback a first development of this kind of 

probe has been undertaken at C.S.T.B. (Figure 79) 

  
(a) (b) 

Figure 79.: (a) Experimental probe sensor head. (b) Control system set up. 

 

Unfortunately the electrical regulation system was not fast enough to adapt the 

current to the temperature decrease. Future modifications are planned to improve the 

response rapidity to a temperature decrease.  

Seen the difficulties encountered to evaluate the particle     through physical 

measurements a numerical model has been setup to overcome this matter. This 

numerical model is coupled with the stochastic dispersion model mentioned before. The 
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numerical model for the evaluation of the particle     is based on the particle freezing 

theory and will be exposed in the next chapter.  

3.7 Conclusions 

This chapter has presented our experimental approach to study the wet-snow 

accretion process. The results have been synthesized by a dimensionless coefficient 

    . This coefficient takes into account the three factors which characterize wet snow 

accretion:   ,     and   . Test reproducibility has been also evaluated.  

As seen, lowering the particles     by lowering the ambient temperature, 

results in an accretion decrease (     decreases). In the next chapter, thanks to a particle 

freezing process model, the values of temperature will be related to the particles    . 

Moreover increasing the cylinder diameter at the same ambient temperature has shown a 

decreased accretion (     decreases). This result, dependent on the particle-structure 

interaction, will be investigated again in the next chapter.  

The analysis of the temperature profiles has shown how the ambient condition as 

well as the particles     can lead to rime or glaze accretion type.  

A mean flow speed of     , a turbulent intensity of    and integral length 

scale of      have been evaluated as a boundary condition of the stochastic dispersion 

model explained in next chapter. The data acquired on the mass and form of the 

accretions have given a database with which will be validated the accretion model 

presented in chapter five.  
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The goal of this work is to model wet snow accretions on structures. As 

seen in previous chapter, a series of experimental tests have been conducted to 

investigate the aerodynamic the mechanical and the thermal aspect of the wet snow 

accretions. The result, synthesized by an empirical parameter     , has shown how the 

three aspects play a crucial role for the accretion process. These three aspects will be 

considered in chapter five. 

A physical model able to model the experimental results requires to identify  the 

boundary conditions. The two fundamental boundary conditions are: the particle 

distribution upstream the cylinder surface and the associated    . A series of tests to 

acquire the boundary conditions have been undertaken during the experimental 

campaign without success. These trials were based on physical measurements of particle 

distribution (with OTT Parsivel and the Campbell Scientific PWS) and particles     

(with a prototype of a Nevzorov probe).  

Due to the fact that physical measurements were not satisfactory to acquire the 

boundary conditions for the accretion model, a physical model has therefore been built 

in order to estimate the boundary conditions and their sensitivity to the characteristics of 

the air stream in the wind tunnel. This model is the main subject of this chapter. The 
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model is based on the particle freezing process to estimate the     coupled with a 

stochastic particles tracking model to estimate the particle distribution. The choice of a 

stochastic approach will allows to take in account flow-particles interactions.  

Moreover the current chapter explains the procedure undertaken during the 

experimental campaign. It will be shown that the ambient temperature drives principally 

the particle liquid water content:       𝑇  . 

4.1 Model implementation: estimation of particle     at the instant 

of impact coupled with flow-particles interaction. 

The goal of this section is to present the implementation of the particle freezing 

model coupled with the stochastic particle tracking model. The first model allows to 

estimate particles     at the instant of impact on the cylinder surface, while the second 

model the particle distribution “on” the cylinder. “On the cylinder” means here that, we 

take into account the statistical properties of the particles having a trajectory that crosses 

a point of the cylinder upstream surface in the absence of the cylinder. The role of the 

flow around the cylinder will be considered in chapter 5. The particles     and 

distribution are the boundary conditions of the accretion model presented in chapter 

five. The setup of the model is intended to mimic the experimental campaign (Figure 

80). 

 

Figure 80. Coupling between freezing and tracking code 

As presented during the literature review, wet snow particles are composed of a 

mix phase. Moreover, literature review and chapter three, has shown that the liquid 

water content (    – relation (1)) can be considered a crucial parameter for wet snow 

accretions. 

    
  

 

  
 (49) 

  

Where   
  is the liquid mass of the particle and    the mass of the particle. As 

seen in literature review, the particle     can be estimated by developing the particle 



Chapter 4 

 

87  

 

freezing process (Strub et al. [1], Hindmarsh et al. [2]). This freezing process allows to 

tune the     by adjusting the ambient temperature 𝑇 , that is one of the physical 

parameters of the experimental campaign:       𝑇  . 

The particle trajectory is evaluated by implementing a stochastic tracking model. 

This model allows to take in account the particle-flow interactions. Taking as a 

reference the particle diameter         , in previous chapter we have evaluated that 

the relaxation time    of this particle is almost        . A characteristic time of 

turbulence can be defined as     

√〈  
  〉⁄

     . Where the integral length scale 

estimated in previous chapter is          and the root mean square of the fluctuating 

velocity √〈  
  〉    〈  〉         . Hence a Stokes number can be evaluated as 

   
  

  ⁄      which indicates that the turbulence strongly affects the particles 

behavior in the flow. For this reason, the model  tracking the particles trajectories must 

include a stochastic feature. 

4.1.1 Equations implementation in the coupled model: thermal and dynamic 

equations. 

The freezing process of a particle can be characterized by four different steps. 

The first one is the supercooling stage in which particle temperature 𝑇  decreases till the 

nucleation temperature 𝑇   . This one is the temperature at which crystals start to 

growth inside the particle (recalescence stage). In practice, it is not possible to 

accurately measure the particle temperature to characterize this stage of the particle 

freezing process. Moreover, one can assume that, due to the highly turbulent flow, the 

recalescence stage is very short or may not exist at all. As a consequence, this stage was 

neglected in the analysis. The same hypothesis was made in previous work [3]. The 

third step (freezing stage) is characterized by the freezing of the liquid part of particle at 

𝑇     . In the last step (tempering stage), the particle temperature decreases till reach 

the ambient temperature 𝑇 . A scheme is reported in Figure 81. 

 

Figure 81. Particle freezing process scheme. 



Physical models for the determination of the boundary conditions 

 

    88 

 

Neglecting the recalescence stage, the particle freezing process considered in the 

present work has three steps. Following the works of Strub et al. [1] and Hindmarsh et 

al. [2] the model is based on two hypothesis: 

 the particle temperature is considered uniform. 

 the particle remains spherical along the freezing process. 

The first hypothesis allows to neglect heat conduction inside the particle. Hence, 

the thermodynamic state of the particle is assessed by a thermal balance including the 

heat sinks and sources ∑   and the internal energy of the particle   . The Biot number 

(50) allows to verified this first hypothesis. 

   

  
  
  

  
 

(50) 

  

Where   is the heat transfer coefficient,    the particle volume,    the particle 

surface and    the thermal conductivity of water. Taking a particle of         , the 

particle freezing model presented in this chapter quantifies a mean heat transfer 

coefficient 〈 〉     
 

   
. Hence,        . When the Biot number is less than     

the heat transfer inside the particle is neglected and the heat transfer is driven by the 

thermal gradient at the particle surface. As a consequence, particle temperature is 

considered uniform. 

Thanks to the second hypothesis, the freezing process can be modeled as an 

isotropic process. The two hypothesis allow to present the freezing process as equation 

(51), the terms are expressed in [ ]. 

   ∑   (51) 

  

The assumption of uniform temperature is also reported by Hindmarsh et al. [2] 

as a common assumption to predict the freezing time of artificial snowmaking methods 

which corresponds to the context of this work. 

As noted above, the particle freezing process is studied by resolving the equation  
   ∑   for all the three stages. For the cooling stage and the tempering stage 

equation (52) is applied to evaluate the internal energy. 

   

  
     

 𝑇 

  
  (52) 

  

where   is specific heat capacity of water   
  for the cooling state or of ice   

  for the 

tempering state.   is the density of the particle, i.e.    or    respectively in case of liquid  

or solid particle. 

Several theories coexist to describe the freezing process. Inward or outward 

moving boundary models can be developed in the more detailed models that consider 

the spatial progression of the solidification front. The former supposes an external solid 

shell which grows toward the center of the particle. For the latter, the particle core is 

supposed to be solid growing towards the particle surface.  
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A third approach allows to model the freezing process through a heat balance. In 

this case, there is no hypothesis regarding the freezing spatial evolution. The freezing 

process is supposed to occur at constant and uniform temperature ..  

Hindmarsh et al. [2] has shown that the three approaches are equivalent. The 

Figure 82.a shows the results of Hindmarsh et al. using the three approaches. The error 

made by the models for the estimate of the freezing time, with respect the experimental 

value for a particle of         is shown. As one can note, the heat balance model 

and the Outward model provide the best results. Moreover, Figure 82.b shows how the 

heat balance mode represents well the particle temperature temporal evolution 

compared to the experimental measurement. 

  
(a) (b) 

Figure 82. Freezing stage modeling [2]: (a) Assessment of the models regarding the freezing duration 

(the model outputs are compared to experimental results expressed in term of frequency of 

occurrence), (b) Temporal evolution of particle temperature according to the heat balance model 

superimposed to the experimental measurement. 

 

A  heat balance model is chosen in this work (53). This model is the fastest in 

term of computational time. The heat balance model is resolved by a finite-difference 

scheme while the moving boundary model requires implicit methods to resolve the 

space-time coupling.  

   

  
     

   
 

  
 (53) 

  

where    is the latent heat of fusion/solidification and   
  is the ice volume of the 

particle.  

As explained before, the particle internal energy    is balanced by the heat sinks 

from the particle. These heat fluxes are the convective heat flux   , the heat flux    due 

to the convective mass transfer and the heat flux    due to thermal radiation.  All the 

heat transfers are expressed in [ ]. The convective heat flux is expressed by equation 

(54).   

      (𝑇  𝑇 ) (54) 
  

Where   is the heat transfer coefficient and    is the particle external surface. 

The heat transfer coefficient   is assessed by using a correlation which relates the heat 

transfer coefficient and the Nusselt number   . Hughmark [4] proposes a correlation to 
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evaluate a mean Nusselt number for a wide range of Reynolds particle number     and 

the Prandtl number of air    (55). These correlations are valid for forced convection 

around a sphere as in our cases. 

           
                                

(55)    

            
                               

    

Where    
  

  
⁄      with    the kinematic viscosity of the air and    the 

thermal diffusivity. The Nusselt number is related to   through equation (56) in which 

   represents the thermal conductivity. 

   
   

  
 (56) 

  

The second heat transfer involved in the particle freezing process is the heat 

transfer due to the convective mass transfer    (57) 

        (     )  (57) 
  

Where   represents the latent heat of evaporation. For the cooling stage the heat 

transfer    is related to evaporation, while when the particle is frozen, heat of 

sublimation must be considered:   . The heat mass transfer coefficient    is associated 

to the Sherwood number as (58) 

   
    

    
 (58) 

  

Here               [
      

   
]
     

 represents the water vapour diffusion in 

the air evaluated in 
  

 
.  

Moreover the Sherwood number is related to the Schmidt number     
  

      
 

an Reynolds number     as (59). 

           
                         

(59)    

             
                                 

    

In equation (57) the convective heat mass transfer    is also related to the water 

vapour concentration difference between the particle-air interface    and in the air   . 

This difference can be expressed through equation (60) [1] and it is evaluated in 
  

  . The 

hypothesis applied to obtain equation (60) is to consider the air as ideal gas.  

(     )  
 

  
(
  

   (𝑇 )

𝑇 
   

  
    𝑇  

𝑇 
) (60) 
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   is the ratio between the gas constant and the water molar mass,    is the 

relative humidity of the airstream taken equal to 99% as monitored during the 

experimental campaign. 

  
    represents the saturated water pressure at the particle/air interface 

  
   (𝑇 ) and in the air   

    𝑇  . Both values can be evaluated by empirical 

formulations (61). Moreover two different formulations are used for   
   (𝑇 ) in case 

of liquid particle at 𝑇 
  or frozen particle at 𝑇 

  (61). 

  
    𝑇          

(
  

          
)       

 𝑇        

(61)   

  
   (𝑇 

 )   
(

       

(  
     )

       )

 
𝑇 

         

   

Where 𝑇 in the first equation in (61) represents 𝑇  for the saturated water 

pressure in air or 𝑇 
  at the particle/air interface. 

The last heat transfer involved in the particle freezing process is the heat transfer 

due to thermal radiation    (62). 

     ̂  (𝑇 
  𝑇 

 ) (62) 
  

Where   is the Stefan-Boltzmann constant and  ̂ the ice emissivity taken as 0.97.  

As one can note from equation (55) and (59) the heat transfer coefficient   and 

the heat transfer due to convective mass transfer    are linked to the Reynolds number 

of particles    , which is defined as (63). The Reynolds number is evaluated thanks to 

the stochastic tracking model discussed in what follows.  

    
  |  |

  
 (63) 

  

Where    is the particle diameter,    the kinematic viscosity of the air and |  | 

the relative speed between the particles    and the flow   , hence         . At this 

point of the model the coupling between the thermal code and the stochastic tracking 

code takes place. The speed of a turbulent flow can be modeled via a stochastic way as 

   〈  〉    
  where 〈  〉 is the mean flow speed and   

  is the fluctuating speed. At 

the beginning of the chapter we have shown that a stochastic model is necessary due to 

the turbulence influence on particle trajectories. Hence, the results of the thermal model 

are directly linked to the turbulent flow modeling. Later in the chapter, the effects of the 

turbulence modeling on the thermal part of the model will be investigated.  

As seen in the literature review, two   
  models have been presented: Eddy-

Interaction-Model (EIM) or the Langevin approach. Both models have been 

implemented. 
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The EIM model expresses the fluctuating velocity   
  as (64) 

  
   √

 

 
  (64) 

  

Where   represents a random variable following a Gauss normal distribution. 

The mean of   is zero and its variance is equal to one:         .   is defined as the 

turbulent kinetic energy equal to   
 

 
(〈  〉  )

 
. 

For the Langevin approach, the fluctuating velocity   
  is defined as 

  
          

       
    

  

𝑇   
    

 √
 〈  

 〉     

𝑇   
    

        (65) 

  

Where    is the time step, 𝑇   
  is the integral time scales of the fluid seen by 

the particles with the Csanady correction. This correction, as explained in chapter two, 

allows to take in account the inertia effect and the Crossing Trajectories Effect. The 

choice of the time step    will be presented later in the chapter. 

The estimate of the particle size and velocity distribution “on” the cylinder is 

obtained by using a stochastic particle tracking model. The trajectories of the particles 

injected by the snow gun are tracked till they reach the cylinder. This tracking is 

performed using a lagrangian approach, following equation (66). 

∑ ⃗ 

 

    �⃗�  (66) 

  

Here    represents the external forces acting on the particle,    the particle mass 

and 𝑎  the particle acceleration. Particles are here considered as spherical smooth 

objects which can exchange with the fluid phase: mass, momentum and energy.  

Moreover, if particles can be considered, as in this case as points, the heat and mass 

exchanges can be modeled as a function of the local fluid properties. As discussed in 

chapter two a series of forces can be considered acting on a particle dispersed in a fluid 

phase. In case of small solid particles having a density much larger than the carrying 

fluid (as in our case      ), the drag    and the gravitational force    (67) are the 

two most significant forces acting on the particles [5].  

   
 

 
      

    
(67) 

 

       
  

Where    indicates the particle reference area and the coefficient of drag    is 

evaluated as (68): 
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        ⁄  

 

   
  

   
(         

     ) 

 

        

(68) 

  

This leads to the resolution of the differential equation (66) as presented in (69).  

   
 

 
    

           
   

  
 (69) 

  

This equation is resolved by a finite-difference scheme to evaluate the particle 

position at each time step   . This time step is not fixed a-priori and varies along the 

trajectories computation. As said before, it will be investigated in this chapter when 

comparing a series of characteristic times of the dispersion and thermal models.  

A scheme to synthetize the coupling between the dynamic model and the 

thermal model is presented in Figure 83. 

 

Figure 83. Dynamic and thermal coupling model 

4.1.2 Hypothesis introduced to represent the experimental conditions. 

To apply the model presented above to the experimental framework, a series of 

hypothesis have been introduced. 

As seen in previous chapter, the experimental analysis of the accretion has been 

conducted on a central portion of the cylinder. This central portion was characterized by 

a uniform transversal shape (Figure 84.a). Moreover the analysis of the spatial 

uniformity of the snow flux in the central portion of the cylinder, has shown a fair 

transversal homogeneity (Figure 84.b). As a consequence, the particle distribution has 

been supposed uniform along the central part of the cylinder. Hence, the model to 

evaluate the particle size distribution has been developed in two-dimensions. 
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(a) (b) 

Figure 84. (a) accretion uniformity, (b) snow flux uniformity:       represents the percentage difference 

between the snow flux measured at     and        or        . 

 

Moreover, as seen during the experimental campaign, interactions between 

particles have been excluded as a consequence of    
 ̇ 

 ̇   
       , where    

represents the particle concentration in the flow,  ̇  the particle concentration and  ̇    

the air concentration. Therefore the assumption of mono-dispersed phase is taken during 

the development of the dispersion model for each particle size class. The interactions 

between particles, as for example particle coalescence, are also not taken in account for 

both models.  

Another important hypothesis is made on the modeling of counter-current jet of 

the snow gun. During the evaluation of the particles path, due to the difficulties to 

estimate the influence of the air jet of the snow gun on the air stream, this aspect is not 

taken in account by the model. This leads to assume that water particles are injected in 

the counter-current air stream without considering the air jet of the snow gun. Doing 

this in our computations, one is aware of the introduction of an important simplification 

in the physical model. 

As seen in previous chapter, the crucial parameter of the experimental campaign 

has been the ambient temperature 𝑇  used to tune the particle liquid water content    . 

Additionally, the flow characteristics are kept unchanged along all the tests. Thus, one 

may consider that the experimental results are more correlated to the physical 

parameters of the freezing process than to varying characteristics of the air flow. As a 

consequence, it has been opted for a detailed modeling of the particle freezing process 

and a simplified model for the turbulent flow. 

During the modeling of the turbulent flow, the turbulence has been assumed 

constant along the computational domain. As a consequence, the turbulent intensity    

has been assumed constant and equal along the two dimensions as well as the integral 

length scale  . We are aware that this simplified model does not correctly represent the 

physic of the turbulent flow in the wind tunnel. However, we have supposed that this 

simple physical modeling allows to estimate reasonably well the particle distribution 

“on” the cylinders. 

Regarding the frozen process, a constant ambient temperature and hygrometry is 

supposed for all the computational time. As will be shown later, the heat loss due to 

radiation can be neglected when compared to the convective heat loss and the mass 
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convective heat loss. The same hypothesis has been formulated by Strub et al. [1]. 

Moreover, the mass lost due to evaporation on the total mass of the particle has been 

considered negligible. Taking as a reference a particle diameter         , the 

particle volume is             . The freezing code estimates a volume lost due to 

evaporation as   
               . As a consequence the particle volume lost due 

to evaporation has been neglected. 

It is well known from literature that some physical constant can be estimated as 

a function of the ambient temperature. Latent heat of fusion, sublimation, evaporation as 

well as, the heat capacity of water and ice or the dynamic viscosity of the air can be 

evaluated, through empirical formulations, as a function of the ambient temperature. 

Previous works of Leroy [6], Presteau [7] or Hindmarsh et al. [2] have adopted this 

principle. To examine if this kind of approach is needed in this work, a synthesis of the 

liquid water content evaluated with or without empirical formulation is presented in 

Table 6. The reference particle diameter is         . 

Table 6. Influence on particle    , of the evaluation method for the thermophysical proprieties  

𝑇              𝑎                   𝑎   
               

               

               
   

Table 6 shows that the results in term of liquid water content are only slightly 

different. To simplify the task, an ambient temperature of reference𝑇       has been 

chosen to compute the values of the physical constants that can be expressed through 

empirical formulations. 𝑇       represents the mean ambient temperature in the 

temperature range of the experimental campaign. 

4.1.3 Implementation in the model of the experimental conditions: thermal and 

flow parameters. 

Regarding the stochastic tracking model, chapter three has permitted to measure 

three fundamental parameters: the mean flow speed 〈  〉      , the turbulence 

intensity       and the integral length scale         at a distance of       

upstream the cylinders. These last two parameters, are kept constant during the 

simulations as a consequence of the hypothesis exposed above (paragraph 4.1.2). 

Through these parameters the fluctuating kinetic energy   and the dissipation rate   are 

as follow (70) 

  
 

 
(  

 )
 
     

  

  
 

(70)  

  
    

 
 ⁄   

 
 ⁄

 
     

  

  
 

  

The Lagrangian integral time scale of the fluid 𝑇 
 , employed in both the 

approach to model   
  can be estimated as 𝑇 

   
 

 
. The value of   is characterized by 

a great uncertainty as reported by Oesterlé [5]:             . In our case is 

adopted       (71) proposed by Oesterlé [5]. 
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𝑇 
     

 

 
    (71) 

  

The Langevin approach is used to model the fluctuating velocity of flow √〈  
  〉. 

In the Langevin approach, the time scale seen by particles 𝑇   
  follows a formulation 

(72) proposed by Wang and Stokes [8]. 

𝑇   
  𝑇 

 [               
                ] (72) 

 

One can note that the relation above depends on the eulerian time scale 𝑇 
  of the 

fluid. 𝑇 
  is the turbulence time scale detected by an observer moving at the mean fluid 

velocity. The eulerian time scale is related to 𝑇 
  by the   

  
 

  
  coefficient as seen in 

chapter two. Once again, a great uncertainty concerns the value of  . Oesterlé [5] 

proposes a value of        which leads to an Eulerian time scale (73). 

𝑇 
  

𝑇 
 

    
      (73) 

  

Presuming a        leads to an eulerian time scale 𝑇 
  bigger than the 

lagrangian time scale 𝑇 
 . This is in agreement with the theory as reported by Oesterlé 

[5]. 

In equation (72) the Stokes number is:     
  

    
 . The Stokes number is 

estimated with respect to the integral time scale of the fluid seen by the particles 𝑇   
 . 

One of the most important hypothesis of the coupled model regards the snow 

gun. Due to the difficulties to model the effect of the counter current jet on the air, the 

particles are injected in the air flow without taking in account the jet influence. Particle 

injection is placed in the same configuration of the snow gun: 0.6m above ground with 

an inclination of        . As reported by Boisson-Kouznetzoff [3] the initial speed of 

particle is          . As shown in Figure 85 the particles are injected into the air 

stream with an angle       which is related to the cone of injection.  

 

Figure 85. Particle injection scheme. 
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To take in account this aspect each particle is injected with a random angle       

which can vary between -10° and +10°. This assumption is extrapolated from a visual 

analysis of the snow gun jet from a side view. This estimation is also adopted by 

Boisson-Kouznetzoff [3]. As a consequence, the global injection angle is       

     . One is aware that modeling the snow gun jet in this way does not represent the 

physic involved in snow particles atomization. Moreover, taking as a reference diameter 

         one can evaluate the Weber number to provide an estimation of the 

particles breakup (74). This non dimensional number concerns particles that, under 

aerodynamic forces, can break in smaller particles.  

   
    

   

 
 (74) 

  

Where   is the surface tension. Oesterlé [5] reports a limit       above 

which a particle breaks in smaller particles. In our case, at the first instant of injection 

       , the Weber number exceeds 12. As a consequence, a particle break up arises. 

Anyhow, the stochastic tracking code does not include particle breakup. The choice can 

be justified with the fact that our analysis is focused on the experimental structure 

which is far away from the snow gun. As example, a particles          reaches the 

experimental structure with a relative velocity close to           which means 

       . Hence, close to the cylinder, particle break up does not arise. Additionally, 

the particle distribution estimated with the tracking code will be weighted by the 

distribution measured by a MALVERN [9] as presented in chapter 3. The distribution 

measured can be assumed as the particles distribution downstream the complex series of 

events taking place at the snow gun exit. As a consequence, in this work, we  suppose 

that the MALVERN distribution takes into account the particle break up.  

Concerning the freezing process model, the particle temperature at the exit of the 

snow gun is one of the boundary condition to set-up. During this work, the initial 

temperature of the particle, is taken equal to the water temperature of the tank which 

contains the water used for the snow gun 𝑇          . Moreover, the relative 

humidity of the air, has been set as        as reported during the experimental 

campaign. The last boundary condition is the ambient temperature 𝑇 , which varies 

according to the different configurations modeled and will be the main parameter of the 

liquid water content estimation. 

4.1.4 Resolution procedure of the coupled model. 

The code modeling the particle freezing process is coupled with the stochastic 

tracking model. This means that, coupled with the particle trajectory evaluation, the 

particle temperature profile is also evaluated as well as the particle frozen mass. 

Especially, the tracking particle model allows to evaluate the Reynolds number of a 

particle     involved in the correlations used to calculate the heat and mass transfer 

coefficients   and   .  

Once a particle is injected, its trajectory is evaluated by solving equation (75) 

with a finite-difference method. 

   
 

 
    

           
   

  
 (75) 
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Along the particle trajectory, the particle temperature is computed at each time 

step    for all the different stages of the freezing process. For the first stage and third 

stage, equation (76) is solved. We recall  that the heat loss of radiation is neglected. 

   

  
     

 𝑇 

  
  (76) 

  

 The temperature profile of the first stage is solved as (77) till the particle 

temperature reaches 𝑇        .  

𝑇 
        [     (𝑇 

     𝑇 )         (        )]
  

      
   𝑇 

     (77) 

  

 When particle starts to freeze during the freezing stage, the particle temperature 

𝑇     is left unchanged and equal to 0°C. Here, as seen before, the ice volume of the 

particle is evaluated with  heat balance model (78): 

   

  
     

   
 

  
 (78) 

  

which leads to evaluate the particle ice volume   
  as (79): 

  
        [     (𝑇 

     𝑇 )         (        )]
 

    
     

     (79) 

  

While analyzing equation (79) the latent heat of sublimation is used in the 

evaluation of the convective heat due to mass transfer. This is a consequence of the 

hypothesis that particles in our case start to freeze from the outer surface. Therefore, the 

mass transfer happens by sublimation from a solid surface to the air.  

When the particle is fully frozen the temperature profile during the tempering 

stage is evaluated as (80) till 𝑇 
  𝑇 . 

𝑇 
        [     (𝑇 

     𝑇 )         (        )]
  

      
  

 𝑇 
     

(80) 

  

Finally the particle liquid water content     is evaluated as (81): 

    
  

 

  
 (81) 

  

The liquid mass of the particle   
  is derived from the particle frozen volume   

 . 

The particle trajectory evaluation ends when the particle (with the associated    ) 

reaches the virtual cylinder surface. An example of trajectory computation for three 

particle diameters is reported in Figure 86. Let us note how the trajectories in red: 

        do not reliably represent the injection process. This is supposed to be 

linked to the very simple approach to model the snow gun injection. One can assume 

that, in the first instant of injection, the spray can be considered as “compact”. This 

means that particles have more inertia than considered by the  model. As a consequence, 
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most particles should follow a trajectory similar to the blue or the green one before to 

reverse their trajectory. Due to the fact that the model does not consider particle 

interactions, particles with low inertia reverse immediately their trajectory. 

 

Figure 86. Particle trajectories example: red        , blue         , green        . 

As seen previously, the time step    has been evaluated by comparing the 

characteristic time of the tracking and freezing model. The characteristic time of the 

tracking code has been well defined before and is equal to   . The characteristic time of 

the freezing model has to be defined and computed. 

As seen previously, the equation to solve for  the particle temperature is (77). 

𝑇        [     (𝑇     𝑇 )        (        )]
  

    
   𝑇     (82) 

  

which can be seen as (83): 

 𝑇 

  
  𝑇    (83) 

  

With   and   given by :  

   
      

    
 

(84) 
 

  
    𝑇                      

    
   

 

If   and   are supposed constant (in fact they are not), the characteristic time of 

the cooling process    can be estimated  as (85): 

   
    

      
 (85) 

  

It characterizes the response time of a particle temperature to changes of the 

carrier fluid temperature. Values of density   and heat capacity   are taken in case of 

water particle state. The equation of    leads to suppose that particles characterized by 

cylinder 

snow gun 
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larger masses     and larger heat capacities   are characterized by a slower thermal 

relaxation time. 

In Table 7 is reported the estimation, for three particle diameters, of the mean    

and   . 

Table 7. Analysis of the characteristic times 

   〈  〉 〈  〉 
〈  〉

〈  〉
⁄  

                          

                           

                           
    

As one can note on the above table, the particle dispersion aspect involves 

smaller response times than the freezing aspect. Hence the time step of the coupled 

model will be based on the particle dispersion aspect as (86) 

            (86) 
  

The factor        is chosen so that the numerical models do not diverge. A 

similar approach can be found in Volkov [10]. Taking 100 particles of 
        , Table 8 shows the number of particles which reach the cylinder as a 

function of   . As one can note, a coefficient        ensures the convergence of the 

numerical model with a gain in computational time with respect to       . 

Table 8. Analysis of    influence 

             

            

     

       

       

       
  

4.1.5 Model implementation conclusions 

The first part of the chapters has dealt with the presentation of the coupled 

model. This model is based on a tracking lagrangian model, with which evaluate the 

particle trajectory coupled with a model of the particle freezing process. Moreover the 

influence of the turbulence is taken in account in both codes. This coupled model aims 

at the estimation of the boundary conditions for the numerical model on the accretion 

namely the particle distribution “on” the cylinder and the associated particle    .. 

The results of the model are presented below, discerning between the particle 

tracking model and the particle freezing model. We will then discuss the physical 

parameters which play an important role in the two models. 
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4.2 Models results discussion 

4.2.1 Boundary condition estimation: particle distribution “on” the cylinders. 

The first boundary condition needed for the accretion model of chapter five, is 

the particle distribution “on” the cylinder surface. Indeed, the particle distribution is 

directly linked to the mass of particle approaching the cylinder     . Then, through the 

collision efficiency   , it will be possible to estimate the mass flux of particles 

impacting the cylinders as a function of the aerodynamic parameters. The collision 

efficiency    is defined as the ratio between the mass of particles which impact the 

cylinder and the incoming particle mass, both masses are normalized by a reference 

area. A detailed description of   will be given in chapter five.  

The particle distribution is defined as     : particle size distribution based on 

the volume of particles (87). It allows to compare the volume of a class of particles with 

respect to the whole volume of particles. This kind of distribution will concern the 

definition of      in the next chapter. 

     
(  ) 

 
   

∑ (  ) 
 
    

 (87) 

  

The number of particles of each class   which reach the cylinder surface is   . 

    is the particle diameter of the   class. 

In a similar way, one can define the particle distribution     : particle size 

distribution based on the number of particles (88): 

     
  

∑    
 (88) 

  

Both particle size distributions will be used in the chapter to analyze the results. 

A simple table is proposed below to understand the difference between the distributions. 

As one can note in Table 9, the difference between      and      can be very large. 

Table 9. Differences between      and      

   [  ]              

                      

                   

                     

                  
    

The estimation of      is made through a stochastic particle tracking model. 

The model tracks the particles injected by the snow gun and record particles reaching 

the cylinder, falling on the ground or exiting the domain. Then, by tracking which 

particles reach a control surface, the model estimates the     .  

Diameter range of particles adopted in the coupled model. 
One of the most important parameters of the particle dispersion model is the 

range of particle diameters used as initial condition to evaluate the volume particle size 
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distribution. The reason of its importance resides in the strict dependency between the 

volume      calculated by the model and the range of particle diameters used as initial 

condition. In this case the choice of the diameter range is based on the volume      

evaluated during a precedent study with a MALVERN Spraytec [9]. As reported during 

the experimental campaign, this particle size distribution is here considered as the 

volume particle distribution at the “snow gun exit”. 

This precedent test campaign has showed a particle range between           

and          . As will be shown below, the evaluation of the trajectory for small 

particles is computational costly due to the small time step needed for the trajectory 

evaluation (        ). Indeed, as shown before, the time step    is linked to the 

relaxation time    which for           is very small.  For this reason a low cut-off 

on the diameter range, is applied in this work.  

As example, the computational time of ten path of a particle with           

is       . This particle diameter has been taken as a reference in this estimation 

because it is the smallest one measured. As will be shown later, the number of 

trajectories chosen to obtain a correct statistical representation of all the incoming 

particles is     ; this leads to a computational cost of         . Hence, to reduce the 

computational time a cut-off for small particles is performed.  

The model has shown how the computational time becomes reasonable for 

particles with a diameter bigger than         (        ). For this particle size, 

the computational cost of      trajectories is        .  

Analyzing the volume distribution      of the snow gun, it can be 

demonstrated that, by choosing this low cut-off, only    of the whole particle volume 

injected is not taken in account by the model (Table 10) 

Table 10. Analysis of low cut-off for particle diameter range [9]  

                 ∑              

…     

               

               

… … … 

                

                
   

A preliminary simulation to establish if larger particles reach the cylinder has 

been performed. This to investigate if is necessary to take into account the whole 

particle range supposed to be injected by the snow gun. A simulation with     

injections for each particle class has been performed. The result has shown that particles 

larger than          do not reach the cylinder plane. It can be supposed that gravity 

plays a crucial role on larger particles which fall on the ground before reaching the 

cylinder. This high cut-off allows to reduce further the computational time. As a 

consequence of this preliminary analysis, the diameter range adopted in this work will 

be              . The range has been discretized each     . 
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Number of particles injected: convergence analysis. 
It is impossible, due to the computational cost, to simulate the trajectory of all 

the particles injected by the snow gun. To avoid this drawback it is imperative to choose 

a reduced number of injections for each class diameter which gives a correct statistical 

representation of all particles. The analysis is performed for one ambient temperature 

𝑇 . The number of injection chosen will be then extended to the whole range of ambient 

temperature. 

The minimum number of particles to inject for the dispersion model has been 

chosen by a comparison between the      evaluated with different numbers of 

particles injected, and a      of reference. This last one has been assumed to be the 

one evaluated with 12000 injections for each particle class:     
     . This one 

corresponds to the distribution evaluated with the maximum number of injections which 

keeps reasonable the computation cost evaluated as         .  

The percentage difference       between the      for a given number of 

injections and the     
      of reference is presented as (89). 

      
          

      

    
     

 (89) 

  

As example,     
   represents the particle distribution obtained with 10 

injections for each class of diameter. The analysis is focused on a particle range 

between          and          which represents      of the particle 

volume which strike the control surface (Table 11).  

Table 11. Analysis of number of particles to inject  

        
        

        
         

          
          

     

                                              

                                                  

                                               

                                               

                                                 

                                                 
       

Considering Table 11, one can see that the percentage difference       for 

each class diameter, decreases with the increases of the number of particles injected. 

Moreover the computation begins to convergence starting from      injections. With 

the analysis of Table 11, it has been considered acceptable to evaluate the particle size 

distribution with      injections for each class diameter (see also Figure 87). This 

choice allows to keep the difference      
     under 5%. As a consequence the choice 

of      injections ensures a correct statistical convergence with also a gain in terms of 

computational time.  
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Figure 87. Injections number convergence 

4.2.2 Particle size distribution on the cylinder 

For the particle range considered as well as the number of injections, the 

tracking model has been employed to estimate the volume particle size distribution 

reaching the surface of the cylinder. This one, must be weighted by the particle size 

distribution measured with the MALVERN Spraytec which is supposed to be the 

distribution at the snow gun exit (Figure 88). 

 

Figure 88. The PSD supposed at the exit of the snow gun [9] 

The diameter class discretization of the MALVERN instrument distribution does 

not correspond to the one chosen for the tracking model. As a consequence, an 

interpolation with a third order polynomial has been performed to obtain the particle 

size distribution of the snow gun adapted to this work:       
  (Figure 89). 
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Figure 89. Snow gun particle size distribution interpolation. 

With the particle size distribution of the snow gun calibrated on the particle class 

of the tracking model, it is now possible to evaluate the particle size distribution “on” 

the cylinder as (90). The particle distribution estimated is represented in Figure 91. 

           
             

  (90) 
  

A schematic representation of the weighting process between particle 

distributions is presented in Figure 90. 

 

Figure 90. Particle size distribution weighting process. 

The particle size distribution shown in Figure 91 is the first boundary conditions that 

will be used for the accretion analysis in the next chapter. As seen at the beginning of 

the paragraph, this particle distribution will be implemented to evaluate the mass of 
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particles which approach the cylinders. To simply the reading,            
  will be call 

     here after.  

 

Figure 91. Particle size distribution “on” the cylinders. 

To characterize the particle size distribution     , a series of characteristic 

diameters are here presented. The first one is the     
∑  

 

∑  
        which is called 

the Sauter Mean Diameter, used to characterize the distribution in terms of particle 

surface. To characterize a particle size distribution in term of volume, the De Brouckere 

Mean Diameter is used often:     
∑  

 

∑  
       . This is the typical diameter to 

characterize a particle distribution in terms of volume or mass and it is also called the 

mean volume diameter (MeanVD).     will represent the reference diameter in what 

follows. 

Taking           is it possible to characterize the flow, which approaches 

the test structure, by a series of characteristic numbers. A mean particle relaxation time 

〈  〉 is evaluated through the model as 〈  〉      . Moreover the particle behavior 

with respect to the turbulent flow is characterized by a Stokes number which compares 

the mean relaxation time to a characteristic time of the flow:    
 

√〈  
  〉

. Where   is the 

length of the eddy and √〈  
  〉 the root mean square of the fluctuating velocity. This 

leads to a Stokes number     
〈  〉

  
     which indicates how particles are subjected 

to turbulence influence. This analysis gives a confirmation of the hypothesis formed at 

the beginning of the chapter on the necessity of a stochastic approach. 

Assuming a particle speed of        , a Froude number can be defined as 

equation (91). It represents the ratio between the inertial force and the gravity force.  
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√  
 (91) 

  

Where   is the gravitational acceleration and   a characteristic length. In this 

case, assuming        , equal to the distance between the injection and the cylinder, 

the Froude number is       . This indicates that gravity plays an important role on 

the particle along the path between the injection and the cylinders. As a consequence, to 

analyze this aspect, we propose an analysis of the role of gravity on the particle 

distribution “on” the cylinders and on the ground. 

4.2.3 The role of the gravity on particle distribution 

To understand well this part of the chapter, the results will be shown with a 

particle size distribution on number of particles defined as (92). Moreover the 

distribution will not be weighted with the particle distribution of the snow gun       
 .  

     
  

∑    
 (92) 

  

Deposition of particles on the wind tunnel ground 
The computational domain has been divided in six sectors. Each sector is    

large. This allows to discretize the analysis along the domain and to better understand 

where deposition becomes important (Figure 92). The particle range is from    

     to          . 

 

Figure 92. Wind tunnel ground discretization 

The particle size distributions evaluated in number of particles are reported in 

Figure 93. Each bar represents the number of particles deposited as a percentage of the 

total number of particles deposited of each particle class. Analyzing the results, one can 

note how gravity plays a crucial role on the deposition of particles for the configuration 

chosen. It is possible to note that the deposition of larger particles takes place in the first 

six meters of the domain. Around     of particles larger than          fall before 

six meters from the snow gun. Figure 93 also shows that small particles reach the 

ground further from the snow gun than larger particles. Moreover it is clear from Figure 

93 that particle deposition on the ground follows a trend. Close to the cylinder, larger 

particles are more subjected to deposition (Figure 93.a and Figure 93.b). While 
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proceeding far from the snow gun, smaller particles are more and more subjected to 

deposition (Figure 93.c and Figure 93.d). A peak of deposition can be noted between   

and   meters away from the snow gun (Figure 93.c). Close to cylinders, only smaller 

particles fall on the ground (Figure 93.e and Figure 93.f). In these last two cases, it is 

supposed that all the bigger particles have reached the ground before. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 93.  Deposition analysis: (a)     , (b)     , (c)     , (d)     , (e) 8    ,               

(f)       . 

 

Considering now the particle distribution in volume      evaluated on the 

ground weighted by the distribution of the snow gun       
 , we show in Figure 94  the 

result for a quantitative deposition estimation during the experimental campaign. One 

must be aware that the tracking code is based on important simplistic hypothesis which 
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cannot reproduce the physics of the turbulent flow as well as the physics of the snow 

gun. As a consequence, the analysis must be taken with care. Each bar corresponds to 

the diameter contribution in volume on the whole volume of snow deposited on the 

ground. A trend is clear: far from the snow gun the contribution of larger particles to the 

whole deposited volume of snow decreases. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 94.  Deposition analysis: (a)     , (b)     , (c)     , (d)     , (e) 8    , 

 (f)       . 

 

Moreover, Figure 94 shows that more than half of the deposited snow reaches 

the ground between   and   meters from the snow gun. A schematic representation of 

the estimated snow distribution on the wind tunnel ground is proposed in Figure 95. 

Most part of deposition is far from the experimental structure. Hence, one can suppose 

∑        

∑         

∑         ∑         

∑        ∑        



Physical models for the determination of the boundary conditions 

 

    110 

 

that the deposition does not affect so much the incoming  flux of snow during the 

experimental campaign.  

 

Figure 95.  Snow deposition on wind tunnel ground. 

This accumulation of snow on the central part of the wind tunnel has been 

observed during the experimental campaign. 

Gravity role on particle distribution “on” the cylinders. 
The gravity effect can be seen also analyzing the volume particle distribution 

“on” the cylinders. As one can note from Figure 96 gravity in this work plays a crucial 

role. The particle size distributions , with and without gravity effect, are completely 

different. Gravity moves the particle distribution center towards smaller particles 

(shown also by the vertical lines of the    ). This why gravity acts on larger particles 

that reach the ground before reaching the cylinder.  

 

Figure 96.  Gravity effect on     . 

A similar analysis can be performed with the particle size distribution evaluated 

in number of particles:     . Figure 97 shows how without gravity (Figure 97 – red 
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bars), larger particles also reach the cylinder. This does not happen if one considers the 

gravity effect (Figure 97 – blue bars). This explains how, the volume particle size 

distribution seen in Figure 96 shows an important contribution of larger particles 

without taking in account gravity.  

 

Figure 97.  Gravity effect on     . 

4.2.4 Particles     “on” the cylinder surface as a function of the ambient 

temperature. 

The thermal model coupled with the tracking one has allowed to characterize the 

mixed phase of particle by applying the particle freezing theory. This model, for a given 

ambient temperature 𝑇 , allows to estimate the     of the particles. This estimation 

has a capital importance for the accretion model in the next chapter. Indeed, to faithfully 

reproduce the experimental accretions, one has to know the liquid water content of 

particles which impact the cylinders. Moreover this part also offers an analysis on the 

strategy chosen during the experimental campaign to tune the particle    .  

As seen before, interactions between particles are neglected owing to the 

particles concentration          .   

Influence of the fluctuating velocity models on the thermal aspect of the 
coupled model. 

Two approaches have been presented to model the fluctuating part   
  of the flow 

velocity. The first one, called “Eddy Interaction Model”, models the fluctuating velocity 

through a series of discrete generations of   
  along the particle path. The second 

approach, based on the Langevin equation, determines the fluctuating velocity 

continuously along the particle path.  

To better understand what follows, a synthesis of the procedure leading to the 

heat transfer coefficient   and the heat coefficient due to mass transfer    is proposed 

(Figure 98). 
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Figure 98. Stochastic and thermal coupling in the model 

As one can note from Figure 98, the flow speed evaluated with the stochastic 

feature of the tracking model directly influences the particle Reynolds number. This last 

one is linked to the evaluation of the heat transfer coefficient  . 

In Figure 99.a we show the coefficient   and the relative speed    as a function 

of the time for a particle          which reaches the cylinders. On Figure 99.b is 

reported the fluctuating velocity   
  evaluated through the EIM model. As one can note, 

the discontinuities of the fluctuating velocity are clearly reflected on the relative speed 

   (Figure 99.a – red line). These discontinuities of    are replicated on the heat 

coefficient   giving nonphysical jumps (Figure 99.a – blue line). Due to these anomalies 

in the coefficient  , a Langevin approach for   
  has been implemented. 

  
(a) (b) 

Figure 99. (a) Effects of EIM model on    and  ,  (b)   
  example. 

 

Figure 100.a shows the coefficient   and the relative velocity flow-particle    

with a Langevin approach. As one can note, the coefficient   evolution does not show 

the discontinuities seen with the EIM approach. This way, the Langevin approach 

models   
  in continuous way (Figure 100.b). Hence,    and    are continuous as well. 

As a consequence, the coefficient   is continuous. 
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(a) (b) 

Figure 100. (a) Effects of Langevin model on    and  ,  (b)   
  example. 

 

Due to this analysis, the choice of a Langevin approach to model   
  seems 

obvious. In case of a continuous   
 , the heat transfer coefficient   is represented in a 

more physical way. 

Taking as a reference particle          and    injections for each 

fluctuating speed model, the     evaluated in case of EIM is         . In case of 

a Langevin approach the particle liquid water content is         . The percentage 

difference between the two     is around     . It is evident that a different   
  

modeling leads to a different    . Seen the fact that the     is the leading parameter 

of this work, the choice of a Langevin approach does not only influence the 

representation of   but, above all, the results of this work. 

Heat transfer weight: radiation heat transfer  
As explained during the model presentation, the heat transfer due to thermal 

radiation has been neglected. With a particle reference diameter of          and a 

temperature of reference 𝑇      , which represents the median temperature in the 

range analyzed during the experimental campaign, two ratio are plotted in Figure 101. 

The analysis is based on the heat transfer of convection:   . 
  

  
⁄  represents the ratio 

between the heat transfer due to convective mass transfer and the convective heat 

transfer. 
  

  
⁄  represents the ratio between the heat transfer due to radiation and the 

convective heat transfer.  
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Figure 101. Heat transfers ratio 

The ratios reported in Figure 101 shows that the two most important heat 

transfers are the convective one and the convective mass transfer one. As a consequence 

the heat transfer due to radiation has been neglected in the modeling. 

Physical parameters of the thermal model involved in experimental campaign: 
particle diameters and ambient temperature 

This part of the chapter is dedicated to the explanation of the effects of the 

particle diameter and the ambient temperature on the particle temperature. This analysis 

will lead to consider how the particle diameter and the ambient temperature play a role 

on the particle liquid water content    . 

Taking as a reference the diameter         , the temperature temporal 

evolution of a particle is investigated as a function of the ambient temperature. The 

temperature range chosen represents well the range of the experimental campaign: t 

𝑇      , 𝑇       and 𝑇      . 

 

Figure 102. Particle temperature evolution as a function of 𝑇    

Freezing period 
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Figure 102 shows that, at the first instants of the injection, the particle reaches 

immediately the freezing stage and starts to freeze (Figure 102 – black circle). As one 

can see from Figure 102, the duration of the freezing period is dominant during the 

freezing process. One can suppose that this very short initial period is linked to the high 

relative speed of particles which induces a high heat coefficient  . The large   

coefficient during the initial cooling phase leads the particle temperature to immediately 

fall to zero degree. Moreover the first part of Figure 102 corresponds to the part of 

particle injection. As seen before, the snow gun has been modeled through a very 

simple approach which does not at all represent the physics counterparty. Hence the first 

period of the particle temperature curve must be taken with care.   

Figure 103 shows the temperature evolution of particles of different diameters 

(       ,          and         ). The ambient temperature is fixed to 

𝑇      . As one can see from Figure 103 the particle diameter plays an important 

role in the freezing process. A small particle reaches the freezing point faster than a 

bigger particle. Moreover, the time needed to freeze completely is shorter in case of 

small particles (blue line in figure 24). Additionally in Figure 103, taking as a reference 

the blue line, one can confirm that the freezing stage is the longer among the three 

stages of the freezing process. Therefore, neglecting the nucleation temperature has 

certainly a very small influence on the final particle state. 

 

Figure 103. Particle temperature profile as a function of      

Estimation of particle     “on” the cylinder surface during the experimental 
campaign:          . 

We now know that the evolution of the particle temperature during its flight in 

the wind tunnel is very sensitive to the particle diameter and to the external temperature. 

Moreover, the freezing period, characterized by 0<LWC<1, is the longest period. We 

now evaluate the particle LWC as a function of these physical characteristics. The 

particle     is evaluated as     
  

 

  
 which represents the ratio between the liquid 

mass and the total mass of the particle. The ambient temperature range reflects the one 

applied during the experimental campaign with also 𝑇       and 𝑇       . 

Freezing stage 
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As seen in chapter three, the     of particles during the experimental campaign 

is tuned by changing the ambient temperature of the wind tunnel 𝑇 . To give an 

example of the ambient temperature influence on particle    , we show in Figure 104  

the evolution of the liquid water content of a particle          as a function of 

three ambient temperatures (𝑇      , 𝑇       and 𝑇      ). 

 

Figure 104. Particle LWC temporal evolution as a function of the ambient temperature 𝑇 .   

As can be noted from Figure 104, the liquid water content of a particle is very 

sensitive to the ambient temperature. For a temperature decrease, the     decreases as 

well and the solid part increases. Hence, one can consider that a slight variation of the 

ambient temperature during the experimental campaign leads to an important variation 

on the liquid water content. This liquid water content variation can be supposed directly 

reflected on the experimental accretions (Figure 105).  

   
(a) (b) © 

Figure 105.           (a) 𝑇      , (b) 𝑇      , (c) 𝑇       

 

As seen before, the particle distribution which reaches the control surface is far 

from being a uniform distribution. To show how the     can vary as a function of the 

particle diameter, Figure 106 reports the     at an ambient temperature 𝑇       for 

P
a

rt
ic

le
 “

o
n

”
 t

h
e 

cy
li

n
d

er
s 



Chapter 4 

 

117  

 

three particles of different diameters:        ,          and         . We 

see that small particles reach the cylinders completely frozen, on the other hand, large 

particles reach the cylinders almost completely liquid. Therefore, the LWC is also very 

sensitive to the diameter of the particles. 

 

Figure 106. Particle     evolution as a function of the particle diameter.   

Considering all the particle diameters involved in the stochastic tracking model 

as well as an ambient temperature range between      and      , the liquid water 

content estimated is reported in Figure 107.  

 

Figure 107. LWC of particles with respect to ambient temperature and particle diameter, 3D view.   
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The graph of Figure 107 gives the evolution of the particle liquid water content 

as a function of the ambient temperatures 𝑇  and of the particle distribution “on” the 

cylinder surface. Fixing the diameter, when the ambient temperature 𝑇  decreases, the 

particle     decreases as well (Figure 107 – blue arrow). In the same manner, for a 

fixed ambient temperature, when the particle diameter decreases, the liquid water 

content associated to that particle decreases as well (Figure 107 – orange arrow). The 

figure shows additionally as the sensibility of the     to a temperature change is a 

characteristic of all the particles class. 

Figure 108 below represents in a more quantitative way the     associated to 

each class of diameter as a function of the ambient temperature. The particle class 

diameter which reaches the cylinders completely frozen, increase with the decrease of 

ambient temperature 𝑇 . As example at 𝑇       the particle that reach the cylinders 

completely frozen goes till        . In case of 𝑇       the particle completely 

frozen threshold diameter is         . 

 

Figure 108. LWC of particles with respect to particle diameter for various ambient temperature , 2D view.   

The results shown in Figure 107 and Figure 108 show that it is possible  to 

evaluate a global liquid water content of the particle mass at the cylinder location. 

    as a function of    : conclusion. 
This part of the chapter has presented the results of the estimation of the liquid 

water content of particles that reach the cylinders location. A Langevin approach allows 

a better physical estimation of the heat transfer coefficient   compared to an EIM 

model. Above all, the paragraph has shown that the liquid water content is sensitive to 

the ambient temperature setting. Hence the approach undertaken in the experimental 

campaign has been validated: a change of the ambient temperature leads to an important 

change of the particle liquid water content:       𝑇  . 
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We have also shown that the LWC varies significantly with the diameter of the 

particles generated by the snow gun. It was therefore very important to select a single 

working condition for the snow gun throughout all the experimental study. 

The coupled model allows to investigate which are the other physical parameters 

influencing the particle liquid water content. An analysis of these parameters is 

proposed below. 

4.2.5 Physical parameters which can drive the particle    . 

Thanks to the coupled model, we analyze the effect of the physical parameters 

on the particle    . These parameters could have been adjusted during the 

experimental campaign. 

Mean flow speed, turbulence intensity and cylinder-snow gun distance effect on 
particle    . 

The first analysis is based on a particle diameter of          at an ambient 

temperature of 𝑇      . Figure 109 shows the particle liquid water content as a 

function of the mean flow speed 〈  〉. The flow speed does not act on the evolution 

shape of the    : the four curves overlap. However, the larger is the flow speed, the 

faster particles will reach the cylinder. As a consequence, the freezing time is reduced. 

However, for a particle flying time divided by two, the particle liquid water content is 

reduced by only     . Doing this, one must be aware that with an increase of the 

wind speed, turbulence characteristics may change (turbulence intensity and integral 

length scale) inducing changes of the heat transfer coefficient. As a consequence, during 

our experimental campaign, to ensure the same turbulence characteristics and the same 

particle distribution on the cylinder, the mean flow speed has been kept fixed. 

 

Figure 109.     tuning as a function of the mean flow speed 〈  〉.   

Figure 110.a shows the liquid water content of a particle of          at an 

ambient temperature of 𝑇       as a function of the turbulence intensity. The 

turbulence intensity does not influence so much the final value of liquid water content. 

A slight reduction of LWC is only observed for the highest turbulence intensity because 
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this corresponds, for a given size class, to smaller Stokes numbers and to particles that 

respond less to changes in the fluctuating flow. One therefore expects larger values of 

the relative velocities and of the heat exchange coefficient. 

  
(a) (b) 

Figure 110. (a)     as a function of    (b)   
  as a function of   . 

 

The influence of the distance between the cylinders and the snow gun is 

investigated in Figure 111. Here the liquid water content of a particle          at 

an ambient temperature 𝑇       is reported. Obviously, when the time of flight (and 

the distance for a fixed mean velocity) is reduced, the LWC increases. However, 

changing the location of the experimental structure would be difficult in the wind 

tunnel. Moreover, this would lead to changes of the size distributions of particles 

flowing upstream the cylinders. Results would therefore be very complex to analyze. 

 

Figure 111. (a)     as a function of cylinder – snow gun distance:   

Particle initial temperature and hygrometry effect on particle    . 
During the experimental campaign, the particle initial temperature has been 

supposed equal to the water in the tank which supplies water to the snow gun: 𝑇     

     . The influence of the initial particle temperature on the liquid water content is 
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considered here. The simulation condition is:          and 𝑇      . Figure 112 

shows that the initial particle temperature does not influence so much the particle liquid 

water content. The percentage difference is kept in around     which can be 

considered small. This result is also interesting regarding the assumption made earlier 

about the initial cooling stage of the freezing process and the hypothetical supercooling 

of the particles. Hence, supercooling of water particle of a few degrees would have little 

influence on the resulting LWC of the particles at the cylinder location.  

 

Figure 112.     as a function particle initial temperature.   

Figure 113.a shows the liquid water content as a function of the hygrometry in 

the air. We observe that    does not play an important role on the particle    . The 

liquid water content slightly increases with an increase of the hygrometry. The reason 

can be found in Figure 113.b where the heat transfer due to mass transfer is shown. This 

last one is the only heat transfer linked to the hygrometry. When the hygrometry 

increases,    decreases. Therefore, the global heat loss is lowered and the LWC slightly 

increases. 

  
(a) (b) 

Figure 113. (a)     as a function of    (b)    as a function of   . 
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The hygrometry during the experimental campaign cannot be tuned due to the 

mixed nature of the flow (air and snow particles). The value of HR is systematically 

measured in the wind tunnel and shows that the ambiance is almost saturated.   

4.2.6 Boundary condition estimation:     of the whole snow particle flow. 

The goal of this last section is to compute the whole particle flux which reach 

the cylinder with a characteristic liquid water content as a function of the ambient 

temperature 𝑇 . This means to weight the liquid water content of each diameter class   
with the volume particle size distribution      obtained before. This allows to 

associate an unique value of liquid water content to the particle flow as a function of the 

ambient temperature. The estimation of the global      for all the ambient 

temperatures is made through the weighted mean (93). 

     
∑         

    

∑        
 (93) 

  

Table 8 provides all the information needed to compute the weighted liquid 

water content for three different temperatures.   

Table 12.      with associated     for      evaluation 

              𝑇           𝑇           𝑇       

                     

                     

                           

                                

                                    

                                      

                                     

                                      

                                      

                                     

                                     

                                     

                                     

     

𝑇          

                              

     

Figure 114 shows the global weighted liquid water content     . This 

evaluation has been performed as a function of the ambient temperature 𝑇 . This last 

one represents the physical parameters through which the liquid water content has been 

tuned during the experimental campaign:       𝑇  . An example of the results 

obtained during the experimental campaign is reported in Figure 105. A decrease of the 

ambient temperature induces a decrease of the accretion mass. 
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Figure 114. The LWC of the whole particle flux.   

One can note that taking a     of the mean volume diameter     does not 

correspond to the global liquid water content. As a consequence, one has to take the 

whole particle distribution to obtain a robust result for the global particle liquid water 

content. This global liquid water content will be weighted in chapter five by the size 

distribution of particles which impact the cylinder. This will allow to evaluate the      

of the particles which impact the cylinders. 

4.3 Conclusion 

In this chapter, we have estimated the boundary conditions for the accretion 

analysis of chapter five. It was not possible to measure these boundary conditions 

during the experimental campaign. Therefore, a model has been built. 

This physical model presents two codes which are coupled together. The first 

code is a stochastic tracking dispersion code used to estimate the volume particle size 

distribution “on” the cylinders. This distribution corresponds to the first boundary 

condition sought:     . The distribution will be employed to estimate the collision 

efficiency in next chapter. 

The second part of the model is based on the particle freezing process. Coupled 

with the tracking model. it allows to estimate the liquid water content of particles which 

reach the cylinder position. Then, the global liquid water content      of the whole 

particle flow has been evaluated as a function of the ambient temperature:     . This 

parameter represents the second boundary condition of the analysis presented in chapter 

five. The      evaluated in this chapter, will be weighted in chapter five by the size 

distribution of particles on the cylinder. This provides the assessment of the liquid water 

mass of the particle which impacts the cylinders. 
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The chapter has shown that the ambient temperature represents a physical 

parameter that can be used to tune the particle liquid water content. This justifies the 

approach chosen during the experimental campaign. Moreover we  have shown that the 

liquid water content is very sensitive to a temperature variation:       𝑇  . 
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This chapter aims at presenting the procedure undertaken in this work to 

model wet snow accretions and the associated results. The test campaign and the 

literature review have shown how the accretion process is characterized by three 

aspects: aerodynamic, mechanic and thermal. These aspects are analyzed by three 

dimensionless coefficients. During the experimental campaign was not possible to 

analyze separately each aspect. As a consequence, a numerical approach is undertaken 

to estimate each aspect, and analyze the role of each aspect on the accretion process. 

The first part of the chapter explains the numerical approach undertaken to study 

the influence of the cylinders on the incoming particle behavior. It is considered as the 

aerodynamic aspect of the accretion. This analysis is performed by analyzing the 

collision efficiency   . This coefficient allows to estimate the mass flux of snow which 

impacts the cylinder with respect to the mass flux which approaches the cylinders.  

The second part of the chapter proposes an analysis of the sticking efficiency   . 

This coefficient is defined as the ratio between the sticking mass flux of particle and the 

impacting mass flux of particle. It will be investigated how the sticking efficiency can 

be a function of the liquid water content and of the angle of impact to the accretion 

surface.  
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The investigation in both parts, will be performed assuming an accretion 

efficiency     . This coefficient represents the ratio between the accretion mass flux 

and the sticking mass flux. This hypothesis means that the mass of wet snow lays on the 

cylinder surface once it has stuck on it. 

5.1 Determination of the aerodynamic contribution to wet snow 

accretions: collision efficiency. 

The main purpose of this part is to quantify the aerodynamic aspect of the 

experimental accretions by a numerical approach. The goal is to discern from the 

experimental coefficient     , the aerodynamic influence. 

Therefore, the first step of the analysis is setting up a numerical model to study 

the particle behavior close to the cylinders. The model will be set up to represent the 

conditions of the experimental campaign.  

The analysis is focused on the collision efficiency   . This coefficient is defined 

as (94) 

   
 ̇   

 ̇   
 (94) 

  

The incoming mass flux  ̇    is evaluated as the ratio between the mass of 

particles which passes through a reference surface and the area of this reference surface. 

The ratio is evaluated per unit time. The reference area is evaluated as                

where      is the cylinder diameter and      a reference length. The reference length is 

taken equal to the central portion of the cylinder as explained in chapter three:      

    . The impacting mass flux  ̇    is evaluated by normalizing the mass of particles 

which have impacted on the cylinder by the reference area      (Figure 115) per unit 

time. The position of the reference area will be explained during the presentation of the 

model set up. 

 

Figure 115. A representation of the collision coefficient    

Let us consider a particle diameter equals to the MVD of the particle distribution 

evaluated in chapter four:           . In Table 13 is presented a Stokes number 

      
  

    
 evaluated as the ratio between the relaxation time    and a characteristic 
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time of the flow around the cylinder      
    

〈  〉
. For the particle      the relaxation 

time is        . To evaluate      the mean flow speed 〈  〉 is taken equal to     . 

Table 13.       as a function of the cylinder diameter 

           

       

         

       
  

The Stokes numbers proposed in In Table 13 vary noticeably as a function of the 

cylinder for the same particle diameter. As a consequence, one needs a numerical 

approach capable to model the flow nearby the cylinders and its interaction with the 

particles. 

For the flow modeling, the RANS approach has been chosen. It is supposed that 

the framework of the study does not require to model turbulence by a more complex 

approach. The model integrates the lagrangian stochastic feature to model the particle-

flow interaction. Let us consider the Stokes number        
  

     
 with    based on the 

particle types considered before. The characteristic time of the flow, based on the 

turbulence, is    
 

√〈  
  〉

. Where   is the integral length scale of the snow flow equal to 

        as seen in the experimental chapter. An approximation of √〈  
  〉 is 

evaluated as √〈  
  〉    〈  〉         . Therefore           . Hence,        

indicates that the turbulence plays a crucial role on the particle trajectory. As a 

consequence, a stochastic feature must be introduced in the numerical model to take into 

account the interaction of particles with the turbulence. 

This stochastic feature is implemented in a different way from previous chapter. 

Here, an EIM (Eddy-Interaction-model) approach will be used for the task. As seen in 

chapter two, this model takes also in account the crossing trajectory effect and it is 

faster than a Langevin approach.  

As seen in chapter three the influence of the particles on the carrier phase can be 

neglected. As a consequence, one can perform two distinct computations to establish the 

flowstream around the cylinder and to compute the particle dispersion on the cylinder 

with the flowstream previously evaluated.  

Due to the spatial uniformity of the snow accretions obtained on the cylinders 

during the experimental campaign, the numerical models will be two-dimensional. 

5.1.1 Numerical modeling of the flowstream around the cylinders: setup. 

The numerical model for the airflow around the cylinder is based on the RANS 

approach to model the turbulence. With the RANS approach one solves the time-

averaged version of the Navier-Stokes equations. In this work two turbulence models 

are employed.  
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The first one is the     model.   [
  

  
 ] represents the turbulent kinetic energy 

and   [
  

  
 ] the dissipation rate of  . The second model employed is the     with its 

  𝑇 variant. For this model   [   ] represents the specific dissipation which 

determines the frequency scale of the turbulence. The choice of these two models is not 

trivial. The first one is the most common used and easy to implement. However, it 

presents a well-known anomaly on the evaluation of   at the stagnation point. The 

second one       𝑇, allows on the other hand, a good prediction of   where     

fails. Therefore, a comparison between the collision efficiency evaluated with both 

turbulence models will be proposed. The purpose is to investigate if the anomaly of the 

    model influences or not the collision efficiency. 

The initial conditions of the flow have been acquired during the experimental 

campaign. With a mean flow speed  〈  〉      , a turbulence intensity of       

and the integral length scale         it is possible to evaluate the initial conditions of 

the turbulence models.  

For the     model:   
 

 
(  

 )
 
     

  

  
 and   

    
 

 ⁄   
 

 ⁄

 
     

  

  
. For 

the       𝑇 will be taken as   
 
 

 ⁄

    
 

 ⁄   
       . The flow speed is supposed to 

be uniform in the inlet. On the lower and upper bound, a condition of         has 

been imposed. 

The computational domain is 14m long and 4m high (Figure 116). One can 

suppose that with a ratio between the height of the domain and the cylinder diameter 

larger than 10, the blockage effect is avoided (Table 14).  

Table 14. Estimation of the blockage effect 

                ⁄  

      

       

       
  

 

Figure 116. Computational domain for          . 

The mesh is refined close to cylinder to ensure an improved characterization of 

the flow close to the surface. This will lead to a better evaluation of the particle 
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trajectory. As a consequence of the different diameter of the cylinders, the number of 

cells is different for each computational domain. This is also why, the refinement close 

to the cylinder needs more cells when the cylinder diameter increases.  

The quality of the meshes has been analyzed with the Skewness parameter. This 

one allows to measure the flatness of a cell through its area       with respect to the 

reference one      (95). 

     
          

    
 (95) 

  

In Figure 117.a is reported an image of the mesh refinement close to the cylinder 

with a scheme to illustrate what Skewness is (Figure 117.b). 

  
(a) (b) 

Figure 117. (a) mesh refinement evolution, (b) skewness concept. 

 

The three meshes have a maximum skewness below 0.6. This skewness value is 

commonly considered acceptable for 2D meshes.  

The mean wall distance    of the first grid (96) for the three cylinders is close to 

     . Without entering into the details this parameter allows to apply a boundary 

condition close to the cylinder surface. Seen the    value in our case, the law of the 

wall is used. It is based on a relation between the velocity and the friction at the wall, in 

the log region of a boundary layer. 

   
     

  
 (96) 

  

Where    is the friction velocity,   is the distance from the cylinder surface to 

the center of the first cell mesh and    is the kinematic viscosity of air.  

In Table 15 is proposed a synthesis of the characteristic parameters of the 

meshes developed. 

 Table 15. The analysis of the meshes. 

                        〈  〉 
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The simulation is solved with an incompressible steady solver. The flow is 

considered incompressible because the Mach number  𝑎  
〈  〉

      
    . As a 

consequence, the density of the air         
  

  
 is fixed. One hundred iterations 

ensure the solution convergence. Figure 118 reports the convergence analysis based on 

the residual of the numerical simulation. The residuals can be synthetized as the 

difference between the exact and approximated solution. When the residuals reach a 

constant value the simulation is considered converged. 

  
(a) (b) 

Figure 118.Convergence analysis (a)     model. (b)       𝑇 model. 

 

5.1.2 Numerical modeling of the flowstream around the cylinders: results. 

To validate the fluid model, here after are reported a series of results. In 

particularly, the attention is focused on the pressure coefficients define as                  

   
    

       
 . Where   the local pressure on the surface and    the ambient pressure. In 

Figure 119, one can see that the flow separates at          for the       𝑇 

model, while flow separation only occurs at           for     simulation. 

      𝑇 model results in accordance with Zdravkovich [1] while     model results 

in a delayed flow separation. Both models fail in reproducing the pressure coefficient 

reported by Zdravkovich in the wake. One can see a difference on the pressure 

coefficient close to the separation point. The one calculated for            seems 

to be the most in accordance with the experimental data found in literature.  

  
(a) (b) 

Figure 119. Pressure coefficient (a)     model. (b)       𝑇 model. 
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Figure 120, shows the normalized turbulent kinetic energy computed by the 

    and the       𝑇 models. It clearly shows the overproduction of   by the     

model. This overproduction, then contaminates the boundary layer and results in a 

delayed separation for the     model (Figure 119.a). 

  
(a) (b) 

Figure 120. Overproduction of   (a)     model. (b)       𝑇 model. 

 

Using the       𝑇 model, one is now able to estimate the flow around the 

three cylinders tested during the experimental campaign. The analysis presented in this 

paragraph is not a detailed description of the flowstream around a cylinder (Figure 121). 

However, it allows to present a numerical simulation of the flow around the cylinders 

which is suitable for the lagrangian tracking of particles and hence, a good evaluation of 

the collision efficiency   .  

 
           

Figure 121.       𝑇 flowstream computational results. 
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5.1.3 Lagrangian simulations of particle dispersion around the cylinders: setup 

The dispersion model takes as a flow field the ones calculated in the first step 

(Figure 121). The particle distribution evaluated in chapter four (Figure 122) is used 

here as initial condition for particle injection. 

 

Figure 122. Volume PSD at the cylinder location. 

The injection point is placed in a zone of the computational domain where the 

fluid velocity is constant (Figure 123.a) along all the vertical direction. This contributes 

to a uniform particles injection. The point of injection is placed at    to the inlet and 

        to the cylinders (Figure 123.b). 

 
 

(a) (b) 

Figure 123. (a) flow speed uniformity at injection point. (b) Injection point location. 

 

Moreover, it is supposed that the injection-cylinder distance is long enough to 

“stabilize” the particles in the flow. To ensure this hypothesis, a Stokes number 

      
  

    
 is proposed. Where the particle flying time is      

    

 〈  〉
     , the mean 

flow speed is taken equal to 〈  〉      . The particle reference is            

characterized by a mean relaxation time        .  
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As one can note           is smaller than unity. This means that the flying 

time of particle      is 5 times longer than the response time   . Therefore, one can 

suppose that the distance of   , between the injection point and the cylinders, is 

adequate to “stabilize” the particles with respect to the flow. 

Particles are introduced in the computational domain from an injection line 

which is      high and it is characterized by five hundred injection points. The vertical 

extension of the particle source ensures a full coverage of the cylinders by the particle 

flow. It is supposed that particles reach the cylinder at the same velocity of the flow. As 

a consequence particles are injected at the instant     with velocity:           . 

The particle injection is performed at each time step. A total of         particles are 

injected for each simulation. In Figure 124 a representation of the injection in the whole 

computational domain. 

 

Figure 124. Particles injection point in the computational domain 

Close to the cylinders, taking a particle            characterized by 

        with a mean velocity 〈  〉      , the Froude number is    
〈  〉

   
  . 

This shows that the gravity will not influence significantly the motion of particles in the 

cylinder region. As a consequence, gravity effect has been neglected during these 

simulations. 

Additionally, the numerical model has been setup under the hypothesis that 

particles are not interacting with the boundary layer turbulence. Indeed, particles 

responding to the mean wall turbulence can be “trapped” in the boundary layer flow, 

without impacting the wall (Aguinaga [2]).  

To validate this hypothesis here follow an estimation of a Stokes number 

     
  

   
 based on the particle relaxation time    and a characteristic time of the mean 

wall turbulence    . If this analysis shows:            with       
  

    
, one can 

exclude particles/wall turbulence interactions. As a consequence particle will hit in an 

inertial way the cylinder. Figure 125 represents a scheme to better understand the 

following analysis. 
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Figure 125. Particle behavior in the boundary layer,      meaning. 

As seen before the value of   is around 35 which means that the boundary layer 

is treated with the log law. As a consequence, the characteristic time of the turbulence in 

this region can be approximated as     
   

  
. Where   is the Von-Karman constant,    

the friction velocity. As a consequence      can be expressed as (97) (where    
    〈  〉 has been chosen as a crude estimation). 
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(97) 

  

Which leads to      
    

  (
 

    
⁄ )

      . With    
    

  
, we obtain (98) 

     
     

    
 
〈  〉      

  
       

     

    
             (98) 

  

Estimating a mean Reynolds number of the three cylinder               and 

the constant 
     

    
          , the Stokes number for the boundary layer is      

       . As a consequence, it is possible to setup the model without taking into account 

particle/turbulence interaction in the mean wall flow. 

The dispersion solver considers the fluid as incompressible, the time step    is 

tuned as a function of the Courant number     (99) where   is the length of the 

turbulent eddy. 

    
    

  
 (99) 

  

Due to the fact that interactions between particles are neglected, particle 

trajectories are independent from one to another. As a consequence, the duration of the 

numerical simulation has no importance. It is however necessary to check that enough 

particles have reached the cylinders to ensures a good statistical representation of the 

collision efficiency. 



Chapter 5 

 

137  

 

5.1.4 Flowstream and lagrangian modeling setting up conclusions. 

The modeling setup presented will allow to evaluate the collision efficiency for 

the three experimental cylinders. To resume, the approach undertaken is divided in two 

steps. The former one concerns the modeling of the flowstream around the three 

cylinders. The modeling is based on a RANS approach with two turbulence models: 

    and       𝑇. This last one has been chosen as a reference model. The latter 

part concerns the modeling of particles dispersion on the cylinders. The model uses as 

initial conditions the particle size distribution evaluated in chapter four and the 

flowstream evaluated in the first part. 

5.2 Collision efficiency evaluation of the experimental cylinders. 

The collision efficiency is evaluated through the second part of the numerical 

approach. This coefficient allows to estimate the particle flux which strikes the 

cylinders  ̇    with respect to the incoming particle flux  ̇    as reported in equation 

(100). The coefficient will allow to discern the aerodynamic effect on the experimental 

coefficient      to analyze the accretion process as a function of    and   . 

   
 ̇   

 ̇   
 (100) 

  

The incoming particle flux  ̇    
    

      
 is defined as the particle mass      

which flows through a control surface divided by the surface area      and the 

simulation time  . The impacting mass flux  ̇    
    

      
 is evaluated as the mass 

     which impacts the cylinder divided by the reference area and the simulation time 

(Figure 126). 

 

Figure 126. Scheme of the    evaluation. 

The control surface for the incoming mass is placed at a distance of        from 

the stagnation point, where the flow velocity is uniform (Figure 127). Moreover, black 

streamlines show how the air flow is not deflected by the cylinder. 
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Figure 127. Location of the control surface,           . 

Table 16 reports the simulation results obtained for the three cylinders tested 

during the experimental campaign. To ensure the validity of the dispersion numerical 

model, the results are compared with the ISO standard formulation [3]. Table 16 

confirms the accuracy of the setup: the results are in accordance. Moreover, this shows 

that the     anomaly on the turbulence production   does not influence the collision 

efficiency.  

Table 16. Collision efficiency 

     [  ]                 𝑇        

                     

                      

                      
    

Table 16 shows that for a larger cylinder, the collision efficiency decreases. A 

large cylinder is less subjected to collect incoming particles. As a consequence, the 

interaction between particles and the flow surrounding the cylinders plays a role on the 

accretion process. Generally speaking, this analysis also justifies the necessity of a 

numerical approach which model the flow around a structure, in order to assess the 

collision efficiency for any kind of structure.  

This part of the chapter has presented the method to assess the collision 

efficiency for the three cylinders tested in the experimental campaign. The results 

obtained with the numerical approach will allow to study the experimental accretions, 

through the coefficient     , independently from the influence of the flow around the 

cylinders on the particles. To analyze how the flow surrounding a cylinder acts on a 

particle, here after is presented an analysis of the collision efficiency linked to the 

Stokes number. 

5.2.1 Relation between Stokes number and collision efficiency. 

As supposed in chapter three and confirmed in this chapter, the collision 

efficiency is linked to the particle behavior close to the cylinders. In this work, it has 
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been proposed a Stokes number to estimate how particles behave close to the cylinders 

(48). The reference particle diameter is         . 

      
  

    
 

(101) 

 

Where          is the particle relaxation time and      
    

〈  〉
 the characteristic 

time of the flow with respect to the cylinder.      is evaluated as the ratio between the 

cylinder diameter      and the mean flow velocity 〈  〉      . In Table 17 is reported 

the particle       associated to the cylinders with the corresponding collision efficiency 

  .  

Table 17. The evaluation of       and the associated   .  

     [  ]                𝑇 

             

               

             
   

When the       increases, the collision efficiency increases as well. At the same 

time, an increase of       means that a particle of the same diameter has a larger inertial 

behavior facing a smaller cylinder. Hence, a large collision efficiency is the 

consequence of a larger inertial behavior of particles facing a smaller cylinder. In this 

case, the particles have more chance to reach the cylinders. 

In Figure 128 is proposed a scheme to illustrate the relation between       and 

the collision efficiency   . The reference particle diameter is the         . 

  
(a) (b) 

Figure 128.       concept (a) high      , (b) low      . 

 

To study the relation between       and the collision efficiency   , the Stokes 

number       has been evaluated for each class diameter, of the particle size distribution 

injected. This evaluation has been performed for the three cylinder diameters. A focus 

of the result is presented in Figure 129. 
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Figure 129. Collision efficiency    as a function of      . 

One can see in Figure 129 that the curves calculated for each cylinder collapse in 

one single “universal” curve. It is possible to evaluate the collision efficiency of the 

cylinder starting from this curve. One has to integrate the curve, weighting the collision 

efficiency by the particle size distribution injected as following (102): 

   ∫          
      

      

              
(102) 

 

Let us consider the values of           for the smaller cylinder. In Table 18 is 

reported the evaluation of    according to equation (102). 

Table 18. Collision efficiency evaluation with equation (102). 

   [  ]                          

                    

                    

        

                    

                    
    

           
    

Considering a large span of       values corresponding to a large distribution of 

particle size, an  approximate methodology would be, to use the generic curve of Figure 

129 together with a particle distribution of size, in order to compute the collision 

efficiency    without need to perform a numerical simulation. 

The numerical simulations have also allowed to evaluate the particle size 

distribution      of the snow flux which has reached the three cylinders. Moreover, the 

More inertial 

behavior 
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global liquid water content      associated to that snow mass can be estimated by the 

    . The evaluation of      allows to analyze the experimental results, via the 

coefficient     , as a function of the liquid water content. The evaluation of      and 

     is presented below. 

5.2.2 Particle size distribution on the cylinders and the resulting liquid water 

content  

The particle distributions on size are evaluated as seen in previous chapter (103). 

The distribution is evaluated in volume of particles. 

        
(  ) 

 
   

∑ (  ) 
 
    

 (103) 

 

Where    is the particle diameter of the   class and    is the number of particles 

which have impacted the cylinder. In Figure 130 is reported a comparison between the 

     injected and the      of particle which have impacted the three cylinders. As 

seen before, the small particles have a small inertia and they are more likely to be 

deviated by the air stream away from the cylinders. 

 

 Figure 130.      comparison 

The numerical model presented in chapter four has provided the liquid water 

content of each particle class:        𝑇   at the cylinders location. To evaluate the 

global liquid water content of the particle mass on the cylinder surface, the      of 

each particle class is weighed by the particle size distributions on size evaluated above 

(93) 

     
∑         

    

∑        
 (104) 
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Let us consider as example (Table 19), the values of      of particles which 

have respectively impacted the cylinder           and           . The      

for an ambient temperature 𝑇       for each particles diameter class is also reported. 

Table 19. Example of      and      used for      evaluation. 

                                        𝑇       

                      

                      

                       

                       

                            

                              

                              

                              

                              

                            

                            

                            

                            

    

𝑇              

                   

    

Figure 131 shows the global liquid water content of particle mass for the three 

cylinders, as a function of the ambient temperature. As one can observe, the global 

liquid water content for a smaller cylinder, is always lower than the one for a larger 

cylinder. For a smaller cylinder, small particles (characterized by a low    ) are more 

subjected to reach its surface. As a consequence, small particles which have a very 

small     have contribute more to the global liquid water content. This leads to a 

lower     . 

Additionally, Figure 131 shows the global liquid water content curve evaluated 

in chapter four (black curve - Figure 131). This      is evaluated for a particle mass 

which reaches the cylinder location without being influenced by the cylinder flow. As 

one can see, this curve is underneath the three others due to the fact that, no particle is 

deviated by the flow around the cylinders.  
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Figure 131.      for the three cylinders: a comparison. 

The evaluation of a global liquid water content for the three cylinders, will be 

used in the next paragraph to analyze the experimental coefficient     . 

5.2.3 Collision efficiency evaluation: conclusions. 

This part of the chapter has concerned the evaluation of the collision efficiency 

   and the global liquid water content of the mass impacting the cylinders. The collision 

efficiency increases when the Stokes number based on the cylinder diameter increases. 

The collision efficiency allows here after, to study the experimental coefficient      

without taking into account the effect of the flow around the cylinders on particle 

deposition. The analysis will be undertaken as a function of the global liquid water 

content. 

Moreover, the procedure proposed, can be applied to evaluate the collision 

efficiency for objects of different forms. For the simple shapes of cylinders, the 

simplified approach proposed in the literature is accurate enough. 

5.3 Quantification of the collision efficiency impact on the 

experimental coefficient     . 

The dimensionless parameter     , proposed in chapter three, takes in account 

the three aspects of the accretion process (aerodynamic, mechanical and thermal) (105). 

    
                          

(105) 
 

Where    represent the collision efficiency,    the sticking efficiency and    the 

accretion efficiency. The first coefficient is relied to the influence of the flow around the 

cylinder on the incoming particles. In Table 20 are reported the three coefficients    for 

the cylinders. 

Experimental 

campaign 

range 
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Table 20. Collision efficiency 

     [  ]          𝑇 

         

          

          
  

Through the collision efficiency     (    ), evaluated numerically, it is 

possible to discern the aerodynamic aspect from the coefficients      evaluated during 

the experimental campaign (106). 

    
         

    
   

  
         (106) 

 

The accretion efficiency    is defined as the ratio of the global mass flux of the 

accretion to the global mass flux of particles which reach and stick on the cylinder. If all 

particles which stick on the cylinder contribute to the accretion, the coefficient    will 

be equal to one (Figure 132.a). When the accretion efficiency is lower than one, a part 

of the particles which stick on the cylinder, does not contribute to the accretion.  

Following previous accretion models (Messinger [4], Guffond [5], Makkonen 

[6] or the ISO 12494 standard [3]), in case of      the liquid part of the particles 

stuck on the cylinder, does not freeze completely. Then, the liquid part not frozen, is 

supposed to flow along the cylinder surface and finally drips away. These assumptions 

are commonly made in case of icing phenomena (Figure 132.b), where the solid part of 

particles is not taken into account. A first attempt of modelisation has been made in this 

work to take into account this phenomenon. It was based on a model developed at 

ONERA (Guffond [5]) for liquid droplets impacting airfoils. As the particles in the 

present work presented a mixed phase, a decomposition for    between the liquid and 

solid part was applied.    for solid part was assumed equal to one, while    for liquid 

part was computed using the ONERA model. The results led to a very different results 

from the ones observed during the experimental campaign. 

For wet snow accretion (characterized by a mixture of ice and water), the 

behavior estimation of the liquid part not frozen is quite difficult (Makkonen [6]). Due 

to the porosity of the snow accretion, the liquid part can be soaked by the accretion, 

instead of drip or flow away (Figure 132.c). If all the liquid part is soaked, it contributes 

to the accretion even though it is not frozen. In this case, the global accretion efficiency 

   is equal to one.  
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(a) (b) (c) 

Figure 132. Accretion efficiency concept: (a)      (b)      icing case, (c)      wet snow case. 

 

During the experimental campaign, we did not observe any noticeable drip or 

shed of water from the cylinders. Moreover, observing the accretions obtained, it has 

been noticed a certain amount of water trapped into accretions (Figure 133).  

   
(a) (b) (c) 

Figure 133. Accretions at 𝑇      : (a)           (b)            , (c)            . 

 

As a consequence, it seems that to model the wet accretion, the modelisation 

efforts have to be focused on the sticking efficiency    rather than   . As a first attempt 

it is here proposed to take as hypothesis      in accordance with the experimental 

observations. It is then proposed to deduce a coefficient     
   from the experimental 

measurements and the numerical assessment of   :(107) 

    
     

    
   

  
         (107) 

 

As reported in Figure 134, the sticking coefficient increases with the increase of 

the liquid water content of particles that reach the cylinders. This means that particles 

are more likely to stick on the cylinders in case of high     . One can see from Figure 

134 that the sticking efficiency    is close to    when the global liquid water content 

is almost    . The maximum    measured during the experimental campaign 

corresponds to         . Moreover, Figure 134 shows also that the differences 

Water soaked 
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between the sticking efficiency of the three cylinders increase with the increase of the 

global liquid water content. 

 

Figure 134.           . 

The three curves            cannot be considered as a unique curve. If one 

can suppose that the differences is related to experimental errors which influence     
   , 

on the other hand, one can assume that the sticking efficiency is not only a function of 

the global liquid water content. Hence, the aerodynamic impact on the accretion is not 

only related to the collision efficiency, but also to the sticking efficiency.  

5.4 Quantification of modeled accretion shapes 

The numerical simulations which have been performed to compute the global 

collision efficiency    also allows to evaluate the shapes of the accretions. The 

accretion shape is first evaluated by considering that all the impacting mass sticks on 

the cylinder surface (    ). 

The accretion shape estimation is based on the evaluation of the local collision 

efficiency. This coefficient is defined by equation (100) applied to each cylinder sector. 

The local collision efficiency is defined as the ratio between the mass flux  

impacting a sector of the cylinder:  ̇          and the incoming mass flux upstream the 

cylinder:  ̇    (Figure 135). This last one is evaluated as seen before, while  ̇          

follows equation (108). 

 ̇          
          

            
 

(108) 
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Hence the local collision efficiency can be estimated as (109). 

  
         

 ̇      

 ̇   
 (109) 

 

 

Figure 135. Scheme of the    local evaluation. 

An accretion shape 𝑎            is evaluated with the local collision efficiency. 

It represents the displacement of the cylinder surface due to the accretion. The 

displacement of the accretion surface is assumed  normal to the cylinder surface ( ⃗⃗ . 

Thus 𝑎            can be written as: 

𝑎              
               ⃗⃗ 

(110) 
 

Where      is a coefficient used to tune the accretion growth. If one wants to 

calculate the exact accretion shape, then      
 ̇      

     
   where       is the accretion 

density in 
  

  . If one considers steady simulations for the flow and lagrangian 

calculations,      can be chosen independently from any time consideration. However, 

if      is too large it can lead to an overestimated growth of the accretion and hence 

induce the instability of the loop. As a consequence,      has to be chosen to produce a 

representative growth for each step of the loop without compromising the stability of 

the coupling.  

 Let us consider the upper part of the cylinder          . In Figure 136 is 

reported an example of the approach undertaken to evaluate the accretion shape. Figure 

136.b reports only five angles, while the computation has been almost performed every 

five degrees. The number of elements along the cylinder surface is linked to the mesh 

obtained in the numerical simulations. The example concerns the first step of modeling. 
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       𝑎   𝑎    𝑎       

     

      

      

            

              

               

               
 

(a) (b) 

Figure 136. 𝑎            concept (a) a scheme, (b) an evaluation example. 

Figure 137 shows the result for the three cylinders. As one can see this approach 

leads to the same shape for the three cylinders. 

 

   
(a) (b) (c) 

Figure 137. Accretion shapes: (a)           (b)            , (c)           . 

 

With the accretion shape obtained, a new numerical computation of the flow 

around each cylinder has been performed. The methodology for the numerical 

computation is exactly the same as the one presented previously. Once the aerodynamic 

computation has reached convergence, the particles are injected to obtain a new local 

collision efficiency (Figure 138). 
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Figure 138. Loop undertaken to compute the accretion shape. 

As one can see from Figure 138 the computation procedure associates the 

aerodynamic evaluation of the flow around the cylinder and the lagrangian particle 

dispersion model. The result of the aerodynamic computation influences the particle 

dispersion result which determines the accretion shape. The new shape is then used to 

perform an updated aerodynamic computation. The present coupling considers a 

“steady” approach for both the flow and the lagrangian computation. As a consequence, 

there is no real duration associated to each loop. Thus the accretion coefficient      has 

been kept constant for each step and chosen to obtain a significant growth without 

compromising the stability of the coupling. 

Let us consider the cylinder of diameter          . As one can see from 

Figure 139, the shape of accretion obtained after three computational steps does not 

correspond to the one obtained during the experimental campaign. 
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(a) (b) 

Figure 139. Accretion shape (a) model result, (b) experimental result. 

 

The approach proposed does not reproduce correctly the ogival shape of the 

experimental accretion. Focusing on the sticking coefficient on can see that the 

hypothesis of      is not applicable to wet snow accretions. The literature review 

reports an approach to model the sticking efficiency    as a function of the angle of 

impact between the particle and the surface. This approach, proposed by Trenker et al. 

[7, 8], is applied to our case in the next paragraph. The Trenker approach takes also into 

account the friction velocity of particles when impacting the surface. In the analysis 

here after presented, this condition is not considered. 

5.5 Sticking efficiency as a function of the particle-surface angle of 

impact 

This part of the chapter aims at investigating how a sticking coefficient based on 

the particle-surface angle of impact can correctly reproduce the experimental accretion 

shapes. The first part of the paragraph explains the theoretical approach, while the 

second part exposes the results obtained. 

5.5.1 Theoretical implementation of the angle criterion and application to the 

experimental cases. 

The Trenker sticking criterion is based on two assumptions. A particle sticks on 

the surface only if the angle between the surface normal and the particle trajectory 

direction is lower than a threshold angle. This angle in the works of Trenker is assumed 

equal to    . This condition is coupled with a friction velocity    on the surface which 

must be lower than         . 

When the particle does not stick on the surface, it bounces away with an energy 

loss. The particle momentum is reduced to one percent along the normal direction   
  

 

and     along the tangential direction   
  . Owing to the momentum reduction induced 

by the impact, the particles would more likely creep along the surface instead of being 

deviated away from the surface as the result of an elastic bounce. 
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(a) (b) 

Figure 140. Trenker principle (a) angle of impact constraint, (b) particle behavior after impact. 

 

The approach proposed by Trenker and implemented in this work is based on the 

angle of impact between the particle and the surface. No information were found in the 

literature to explain why the threshold angle was set to       . Hence, before 

applying the angle proposed by Trenker, a series of simulations for different    have 

been performed. This allows to identify the best threshold angle in our case, to obtain an 

accretion shapes similar to the experimental one (Figure 141). The simulations of Figure 

141 concern the cylinder of          . 

The simulations setup follows the same procedure seen before (Figure 140). The 

analysis is performed after    iterations which ensure a good representation of the 

accretion shape.  

Figure 141 shows how the angle of impact between the particle and the surface 

strongly influence the accretion shape. The larger is the threshold angle, the larger is the 

accretion. Moreover, one can note that the simulation made with the angles        
and        do not induce accretion shapes similar to the one observed in the 

experimental campaign. As a consequence, it is considered here after, a threshold angle: 

      . 

 

Figure 141. Accretion shapes at different threshold angles   . 
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Figure 141 shows that a threshold angle        seems well adapted to our 

case, when a cylindrical object is tested. Anyhow, the literature does not offer any 

information about the suitability of        with other object shapes. One of the 

perspective of this work could be to test different object forms at different orientation 

with respect to the incoming snow flow. This will allow to validate if the threshold 

angle of        can be applied as one of the factor which influence the sticking 

efficiency.  

5.5.2 Accretion shape obtained with a threshold angle       . 
Figure 142 shows the result of the approach undertaken to estimate the accretion 

shapes for the three cylinders. One can note that, the sticking efficiency linked to the 

particle-surface angle of impact induces an accretion shape more similar to the 

experimental one than the one obtained by imposing     . All the accretion shapes 

obtained are characterized by an ogival form in their central part. This characteristic has 

been observed for the experimental accretions for all the liquid water content tested. 

The modeled accretions for the cylinder            and            

does not reach a clear ogival shape. This is due to problems encountered while meshing 

the last shape obtained. For both the cases the last mesh was too coarse to perform the 

airflow computation. With red rounds, in Figure 142 are highlighted the point where 

meshing was impossible. Reducing the accretion coefficient      did not solved the 

problem. 

  
model result           experimental result           

  
model result            experimental result            



Chapter 5 

 

153  

 

  
model result            experimental result            

  

Figure 142. Accretion shapes obtained. 

 

The angle criterion has improved the shape modeling, especially on the central 

part, but it fails on the upper and lower part of the cylinders. None of the threshold 

angles tested (Figure 143.c) is able to reproduce exactly these accretion parts. As a 

consequence, models only based on the angle criterion might not be sufficient to 

reproduce the accretion shape. 

 

 

 

(a) (b) (c) 

Figure 143. Accretion analysis of the upper and lower part of the cylinder          : (a) numerical 

simulation        (b) experimental result, (c)            𝑎      . 
 

As seen before, the loop used to model the accretion shape has three principal 

steps. The first one concerns the computation of the flow around the accretion. The 

second part concerns the lagrangian particle dispersion computation and the third part 

concerns the accretion evaluation. For each loop, a new dispersion computation is 

performed with a new accretion shape. As a consequence, for each loop, a new global 

collision efficiency is calculated which takes into account the new shape. 

The next paragraph aims at the quantification of global collision efficiency 

evolution during the accretion process.  

5.5.3 Accretion shape influence on the global collision efficiency   . 

A shape change means that the flow around the accretion is modified with 

respect to the one of a “clean” cylinder. In Figure 144 a comparison between the flow 

field around the cylinder           (Figure 144.a) and the flow field for the last 

accretion step (Figure 144.b) is proposed. As one can note, the most important 
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differences concern the flow at the stagnation point. Due to the differences of the flow 

fields, particles are supposed to act differently whether they are close to the cylinder or 

the accretion. 

  
(a) (b) 

Figure 144. Flow fields (a) cylinder shape (b) accretion shape. 

 

Figure 145.a shows the global collision efficiency evolution during the 

computational steps for the three cylinders. The coefficient definition is  exposed in 

paragraph 5.3 (111).  ̇    represents the mass flux which impacts the accretion and 

 ̇    the incoming mass flux. 

   
 ̇   

 ̇   
 (111) 

  

 As one can see, the coefficient shows a decrease for the three cases. The 

decrease is more evident for cylinder           and           . In Figure 

145.b is reported the slope of    for the cylinder          .   

This decrease is due to the fact that the flow field around the accretion changes 

along the computational steps. The coefficient decreases because an ogival shape, is 

more streamlined and the particles are more likely to follow the flow instead of impact 

on the accretion surface.   

  
(a) (b) 

Figure 145. Global collision efficiency evolution (a) for the three cylinders, (b)           zoom. 
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5.5.4 Sticking efficiency evaluation for the experimental cases 

The numerical simulations seems to confirm that the accretion shape depends on 

the angle between the particle path and the normal at the accretion surface. For each 

calculation loop, the mass flux of particles stuck on the surface  ̇      can be quantified 

as the ratio between the mass stuck per unit time and the reference area. The reference 

area      follows the same definition seen for the impacting mass flux (Figure 126). 

This allow to evaluate the global sticking efficiency    during the accretion evolution 

(112). 

   
 ̇     

 ̇   
 (112) 

  

In Figure 146.a is reported in blue the mass which impacts the cylinder while in 

Figure 146.b is reported the mass which sticks applying the angle criterion. The figure 

below shows that the angle criterion reduces the mass stuck with respect to the 

impacting one. Anyhow, this reduction is too large with respect to what observed during 

the experimental campaign. 

  
(a) (b) 

Figure 146. (a) impacted mass, (b) stuck mass 

  

In Figure 147 is reported the sticking efficiency coefficient evaluated for the 

three cylinders at each loop of the computation. The curves end at the last step 

computed: due to the bad mesh quality, no other steps could be performed. One can note 

from Figure 147 that the coefficient seems to not depend on the cylinder diameter. The 

three curves presented seems to collapse to a single one. This is thus not linked to the 

cylinder diameter. It might however change if one considers a different object (means 

something else than a cylinder). 

Figure 147 also shows a large decrease of the global sticking efficiency. This 

means that with the accretion growth, the mass which sticks on the accretion is lower 

and lower.  
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Figure 147. Sticking efficiency evolution at each loop 

To study the decrease of the stuck mass, in Figure 148 is reported with the blue 

color the impacted mass and in red the mass which sticks on the surface for four steps of 

computation. The reference cylinder is          . While the accretion shape 

becomes more ogival, less and less particles stick to it. 

  
computational step 10 

  
computational step 15 

  
computational step 20 
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computational step 24 

  

Figure 148. sticking analysis (left) impacted mass, (right) stuck mass. 

 

The more the accretion develops, the more the angle of impact between a 

particle and the accretion surface increases. This means that , while the accretion grows, 

a larger number of particles impact on the accretion with an angle larger than the 

threshold angle       . As a consequence, fewer particles contribute to the accretion.  

Let us consider two particles approaching the accretion at step 10 and 24 (Figure 

149). The two particles have the same trajectory in both cases. For the step 10 the two 

particles impact the accretion with an angle lower than        (Figure 149 square 1 

and 2). For the step 24 only one particle sticks on the accretion according the angle 

criterion (Figure 149 square 4). The other one bounces away (Figure 149 square 3). This 

explains how the mass which sticks on the surface decreases with the accretion growth. 

When the accretion progresses its shape becames sharpened. As a consequence, the 

number of particles which satisfy the angle criterion decreases with the accretion 

progress.   

 

Figure 149. Accretion shape evolution linked to the angle criterion. 

One can suppose that with this approach ,the accretion evolution reaches a 

limiting stage when no more particles  contribute to the accretion process. This 

hypothesis was not confirmed by the simulation, due to the problems encountered with 

the mesh quality for the highest steps. A perspective for this work is to enhance the 

mesh quality after the accretion calculation. 

Collision and sticking efficiency role on the accretion evaluation 
As seen in paragraph 5.5.3 and 5.5.4 both the collision and sticking efficiency 

have a role in the accretion process. The first one concerns the evaluation of the particle 

mass which impacts the cylinder, while the second one quantifies the particle mass 
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which sticks on the accretion surface. Moreover, both coefficients decrease as the 

accretion grows. Let us consider the cylinder          . Table 21 reports the 

difference on percentage between the first and the last step for the collision and the 

sticking efficiency:    
(              )

       
. 

Table 21.     and     evaluation 

        

          
  

As one can note, in our work, the difference between the first and the last step of 

computation are more important for the sticking coefficient. Therefore, for the 

simulation cases presented, the sticking efficiency influence more the accretion progress 

than the collision efficiency. Hence one can assume that the evolution of a wet snow 

accretion, is more sensitive to the sticking efficiency decrease than the collision 

efficiency one. 

5.6 Analysis of the sticking coefficient     (    ) on the 

experimental cases. 

The analysis presented in paragraph 5.5 has described an approach to model the  

sticking efficiency as a function of the impact angle between the particle and the normal 

at the accretion surface. This approach gives accretion shapes more similar to the 

experimental one than in case of     . Moreover, the sticking efficiency    

 (    ) constantly decreases for each loop of the calculation. In order to study how the 

numerical results are related to the experimental ones a mean sticking efficiency is 

evaluated as (113).  

〈  〉  ∫      
        

        

      
(113) 

 

Figure 147 has shown that the decrease of    can be considered equal for the 

three cylinders. Moreover,           is the cylinder diameter which leads to the 

largest number of calculation loops before experiencing meshing issues. As a 

consequence, it has been assumed as the most accurate to estimate the mean sticking 

efficiency. Taking       of          , equation (113) leads to 〈  〉      . 

Figure 150 shows the sticking efficiency as a function of the global liquid water 

content as presented in paragraph 5.3. The sticking efficiency has been obtained thanks 

to the experimental measurements and the numerical evaluation of   . As one can note, 

the sticking efficiency of      corresponds in the curve Figure 150 to the ones measured 

for a global          . As a conclusion, the proposed modelisation based on the 

impact angle might corresponds to the behavior of particle with a global          . 
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Figure 150. Relation between 〈 
 
〉 and     . 

Let us consider the three cylinders. Figure 151 shows a comparison between the 

accretion shapes obtained numerically and the experimental one obtained for a      

    . One can note that the numerical shapes present a similar trend compared to the 

ones obtained during the experimental campaign. Anyhow the accretion on the upper 

and lower part of the cylinders is not well predicted. 

                                

   
   

   
   

Figure 151. Accretion shapes: (a)           (b)            , (c)           . 

As a conclusion, the model based on the impact angle criterion evaluated with a 

loop between the aerodynamic calculation and the lagrangian calculation leads to a 
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better prediction of the accretion shapes. However, this models cannot reproduce many 

of the features observed during the experimental tests. 

First, the accretion shape is not exactly similar to the one observed in the wind 

tunnel especially on the lower an upper part of the accretions. This means that the 

impact angle is not sufficient to predict the accretion in those parts. Other parameters 

might be necessary to better predict the accretion shape.  

Makkonen  (also reported in the ISO standard 12494), suggests a modelisation 

deduced from experimental observations of sticking efficiency following    
 

〈  〉
 

where 〈  〉 is the mean wind speed. One is aware that this formulation is not relevant, 

since    is not dimensionless. Hence, it cannot be applied in our studied cases. Anyhow, 

it suggests that the sticking efficiency is linked to the velocity of the particles. Figure 

152 shows the impact velocity of particles calculated during the lagrangian simulations 

for the three cylinders as a function of the particles diameters. 

 

Figure 152. Particles impact speed. 

One can see that there is a difference for the three diameters. This trend can be 

explained in the same way as the one for the collision efficiency    using the Stokes 

number based on the cylinder. The differences between the impact speeds for each 

cylinders could be linked to the ones of the coefficient     
  shown in Figure 150. One 

can suppose that an improved modelisation which also takes into account the impact 

speed of particle would be able to explain the differences observed in Figure 150 

between the three cylinders. 

Finally, the model for    proposed in this work does not take into account the 

liquid water content of the particles. As a consequence, the evolution of     
  as a 

function of      cannot be reproduced. The model as it is proposed seems to lead to a 

reproduction of the accretion observed for a          .  

It is not clear how the liquid water content of particles impacts on the sticking 

efficiency. There is likely a mechanical aspect: the liquid water part could help in the 
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sticking process of the particle to the surface. Additionally, the thermal aspect might 

also be considered by a local heat and mass balance of the particle liquid part at the 

impact on the surface. 

Moreover, for very high      it has been observed on "over-accretion" bigger 

than the diameter of the cylinder. One can assume that this "over-accretion" might be 

linked to the runback of the liquid part of the accretion. As a consequence a most 

accurate modelisation of   , different from the one proposed in the aeronautic models 

for the liquid droplet model, has to be considered. 

As a conclusion, one is aware that the modelisation of accretion coefficients    

and    is very complex and involves aerodynamic, mechanic and thermal models. 

Specific experimental tests and the development of physical models have to be 

undertaken to better understand the local interaction of the particles on the accretion at 

the impact. 

5.6.1 Sticking efficiency analysis: conclusions. 

This last part of the chapter has analyzed separately, the sticking efficiency as a 

function of the global liquid water content      and as a function of the angle of 

impact between the particle and the surface     . The analysis of     (    ) has 

shown that the sticking efficiency increases when the      increases as well. It has 

been assumed that the liquid part of particles acts as am “adhesive”. 

 A first attempt to model the accretion shape was done by assuming     . The 

accretion shapes obtained did not correspond to the experimental ones. To obtained a 

more realistic shape, literature review has provided an approach to model the sticking 

efficiency as a function of the particle-surface angle of impact     (    ). With this 

approach, the accretion shapes obtained were more similar to the experimental ones 

with respect to the hypothesis     . Anyhow, with this second approach, the global 

liquid water content is not taken into account. Moreover, the numerical results has 

shown that     (    ) fails in predicting the accretion on the upper and lower part 

of the cylinder.  A conclusion of the comparisons between the model results and the 

wind tunnel measurements show that the proposed model for    is clearly not sufficient. 

5.7 Conclusion 

In this chapter a procedure to estimate the model parameters of wet snow 

accretions has been presented. As presented in this work, wet snow accretion has been 

modeled by three coefficients:   ,    and   . The framework of reference has been the 

experimental campaign. 

The aerodynamic aspect of the accretion is investigated through the collision 

efficiency   . This coefficient has been evaluated for the experimental cylinders with a 

numerical dispersion model. The lagrangian tracking model, presented in chapter four, 

and the experimental campaign have supplied the initial conditions for this dispersion 

model. The results show that collision efficiency varies as a function of the particle 

inertia quantify by Stokes number. The more is the particle inertia, the larger is the 

collision efficiency.  
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The second part of the chapter has been focused on the modelisation of the 

sticking coefficient   . Considering the experimental results the accretion efficiency    

has been assumed equal to one. A first attempt to quantify    involving a complex 

model from ONERA used for liquid water droplet failed in reproducing the trends 

observed during the experimental campaign. 

In this part, it has been investigated the sticking efficiency as a function of the 

global liquid water content     (    ). One can assume that the liquid part of the 

snow particles acts as an “adhesive”. As a consequence, to high values of      

correspond high values of   . 

The chapter has also proposed an approach based on the works of Trenker [7, 8] 

to estimate the shape of the accretions. This approach takes into account the angle 

between the particle path at the impact with the surface and the normal to the surface. If 

this angle      is lower than a threshold angle        the particle sticks on the 

surface. The approach has allowed to obtain accretion shapes closer to the experimental 

ones than in case of     . However it fails to predict accretion on the upper and lower 

part of the cylinder. Moreover, this models is not able to reproduce the evolution of the 

accretion with the LWC content. 

Some propositions have been made to improve the models. It seems that more 

complex models have to be developed in order to take into account the aerodynamic, 

mechanical and thermal aspect of the coefficient   . Moreover, for very high liquid 

water content the hypothesis of      might not be valid any longer. Hence, models 

inspired from the one used for aeronautic purposes might be developed. 

The present work as shown how a reliable experimental databases is helpful in 

assessing the models. An extended database for wet snow accretions in wind tunnel 

could be interesting. It would involve objects with different shapes and with different 

angles of orientation relative to the wind. The present work has shown how to setup 

such experiments to provide accurate results. 

 

Figure 153. Experimental setup proposed. 
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Performing these experimental tests in conjunction with a tuning of the physical 

parameter global liquid water content during the tests, it could be possible to generate a 

database of results to establish a relationship that includes the angle of impact       and 

the global liquid water content     :                . 
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Chapter 6 Conclusion 

In this work we have studied the wet snow accretion phenomenon. This kind of 

accretion can be considered as a part of the atmospheric icing phenomena. Wet snow 

accretions may concern several fields of engineering. Regarding buildings and civil 

engineering, wet snow accretions to structures can cause important damages and severe 

risks for people. Particles which generate wet snow accretion are characterized by a 

mixed phase. The water/solid ratio of particles has been synthesized in this work by the 

liquid water content:    . This dimensionless parameter represents the ratio of the 

liquid mass of the particle to the total mass of the particle:     
  

  
. 

To analyze wet snow accretions this work has presented an approach based on 

three dimensionless coefficients. The coefficient    concerns the efficiency of particles 

to reach the structure. The coefficient    concerns the efficiency to collect particles 

which have reached the structure. The third coefficient   , concerns the accretion 

efficiency. The three coefficient have been synthesized with the coefficient      

       
 ̇   

 ̇   
, considered in the experimental part of this work. 

To study wet snow accretions, an experimental campaign has been undertaken 

in a climatic wind tunnel facility. The experimental tests were focused on the role of the 

liquid water content on the accretions. Three cylinders were tested (          , 

           ,           ). The choice of three different cylinders has allowed 

to investigate the influence of the object dimension on the accretions. Wet snow 

particles were produced by a snow gun. The particle     was tuned as a function of 

the ambient temperature 𝑇  of the wind tunnel:       𝑇  . The experimental 

campaign has shown that wet snow accretion is influenced by the particle inertia facing 

a structure. Moreover, wet snow accretion are strongly influenced by the particle liquid 

water content. Anyhow, the analysis of the role of each coefficients on the accretion was 

hard, as well as, the quantification of the boundary conditions for the numerical model 

(     and     ).  

To overcome the matter of boundary conditions quantification, a physical 

model has been developed. This model quantifies the      and      by coupling two 

numerical codes. The first code concerns the dispersion of particles injected by the snow 

gun. This part is based on the lagrangian approach to evaluate the particle trajectories 

and it integrates a stochastic feature to model the turbulent characteristic of the flow. 

The analysis performed with the particle dispersion code has shown that a Langevin 

approach leads to a more physical evaluation of the heat transfer coefficient  . As a 

consequence, the Langevin approach has been assumed as the reference in the coupled 

model. The second code is based on the particle freezing process and is used to quantify 

the particle    . It has shown that the heat transfers due to convection and mass 

transfer are the main heat sinks driving the freezing process. It has also allowed to 

justify the experimental procedure. 

Due to the fact that discerning the role of each coefficient during the 

experimental campaign, a numerical approach has been undertaken. It was based on 
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RANS turbulence model and it integrated a stochastic feature to model the particle 

characteristic of the flow. 

The evaluation of the collision efficiency has allowed to analyze the 

experimental coefficient     
    independently from the efficiency of particles to reach the 

cylinders:     
   

    
   

  
. Moreover, if    can be evaluated with a simplified approach 

(ISO 12494 Standard) our work has proposed a procedure to evaluate the collision 

efficiency for any kind of engineering structures. To study the sticking efficiency   , 

following the work of Makkonen and the experimental results, it has been assumed an 

accretion efficiency     . This means that all the sticking mass contributes to the 

accretion. The results have shown that the sticking efficiency    is strongly driven by 

the     . When the liquid water content increases,    increases as well. It has been 

supposed that the liquid part of the particles acts as an “adhesive” for the particles. 

To model the accretion forms it has been assumed as a first attempt a sticking 

efficiency     . The accretion forms obtained did not correspond to the experimental 

ones. Then, a second approach has been proposed. It has been based on the angle of 

impact      between the particle path and the surface normal. If the angle of impact 

was less than a threshold angle, the particle stuck on the surface. The threshold angle 

has been fixed to     after a series of optimization tests. This approach has led to an 

accretion forms more similar to the experimental ones. 

Anyhow, with the approach based on the only angle of impact, it is not possible 

to explain the accretion on the higher and lower parts of the cylinder, especially for the 

higher values of liquid water content. Additionally the model 〈  〉          did not 

take into account the liquid water content which this study has shown to play a crucial 

role in wet snow accretion. 

As a future perspective it is suggested to study the accretion on different simple 

forms. This will allow to apply the method developed in this work to other object forms. 

Additionally, changing the liquid water content as well as the object orientation facing 

the flow may allow to acquire a series of experimental data. These results might lead to 

a more comprehensive model to take into account both the particle liquid water content 

and the angle of impact that this work has identified as the two crucial aspects involved 

in wet snow accretion process. 

It is also very important to design academic experiments allowing to characterize 

the behavior of impacting snow particles on different types of surfaces (dry or covered 

with snow of varying properties). Such approach is typically encountered for the model 

of liquid particles interacting with walls and is used in the aeronautical industry. The 

presence of mixed phases for snow particles makes progress more difficult and 

information are very rare in the literature. However, such model experiments, supported 

when possible by theoretical analysis based on physical principles, would be of great 

help in the computation of accretion of snow on structures. 
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Résume de chaque chapitre en français 

Le deuxième chapitre présente l’état de l’art et une synthèse bibliographique 

concernant les accrétions de neige collante. La première partie du chapitre présente les 

effets de ce type d’accrétion sur différentes structures. Les particules qui sont à l’origine 

des accrétions de neige collante sont caractérisées par un mélange liquide solide. Le 

ratio entre la partie liquide et la masse totale de la particule est quantifié par un 

coefficient adimensionnel TEL: teneur en eau liquide. Dans le cadre de ce travail, la 

TEL est défini comme étant le ratio de la masse liquide d'eau sur la masse totale de la 

neige. Bien que la Teneur en Eau Liquide soit traduite par "Liquid Water Content" 

(LWC), cette grandeur est différente de celle communément utilisée dans le domaine du 

givrage aéronautique, où LWC désigne la concentration d’eau dans l’air. Le chapitre 

présente la modélisation thermique de la congélation d’une goutte d’eau. La 

modélisation conforte l'approche expérimentale d'ajustement  de la TEL des particules 

en fonction de la température ambiante. Le chapitre présente les trois phénomènes 

physiques qui interviennent dans le processus d'accrétion des particules de neige sur une 

structure. Le premier phénomène concerne la tendance d’une particule à impacter une 

structure. Il est quantifié par le coefficient de collision   . Le deuxième phénomène est 

lié à la capacité d’une particule à “coller” sur la surface de la structure après avoir 

impacté la structure. Il est quantifié par le coefficient de collage   . Le troisième 

phénomène prend en compte la faculté des particules “collées” à la surface à contribuer 

à l’accrétion. Il est quantifié par le coefficient d’accrétion    (Figure 17). 

 
  

Figure 154.Les trois phénomènes physiques analysés. 

 

La nature diphasique du problème nécessite, la modélisation des interactions particule-

turbulence. Les modèles Eddy Life Time et Langevin sont expliqués. Les deux 

approches ont été implémentées dans la modélisation numérique.   

Le troisième chapitre présente la procédure expérimentale développée pour reproduire 

les accrétions de neige collante. Deux aspects ont été étudiés: l’effet de la TEL sur les 

accrétions ainsi que l’influence de la dimension de la structure sur l’accrétion. Le 

premier aspect a été analysé en modifiant la TEL des particules par ajustement de la 

température ambiante. Le deuxième aspect a été étudié en mesurant l’accrétion sur trois 

cylindres de différents diamètres (Figure 155 - a). Les particules de neige qui forment 

les accrétions ont été produites en utilisant un canon à neige. Le spray formé par le 

mélange d'eau et d’air sous pression permet la production des particules givrantes. La 

quantité de la partie liquide a été ajustée en variant la température ambiante. Les 

accrétions obtenues, en fonction de la température ambiante, ont été évaluées par à un 
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coefficient expérimental             qui intègre les contributions des trois aspects 

physiques décrits dans le chapitre deux (Figure 155 - b). Le coefficient      a été défini 

comme le ratio entre le flux massique d’accrétion sur le flux massique incidente.  

 
 

(a) (b) 

Figure 155. (a) exemple d’accrétion à 𝑇      , cylindre           . (b) coefficient      en 

fonction de la température ambiante. 

 

La partie expérimentale a permis une caractérisation de l’écoulement chargé en neige 

pour la modélisation numérique des chapitres quatre et cinq. L’écoulement a été 

caractérisé en termes de vitesse moyenne, longueur d’échelle intégrale et intensité de 

turbulence. Compte tenu des difficultés rencontrées pour caractériser l’écoulement 

amont des cylindres en termes de répartition granulométrique et teneur en eau liquide, 

un modèle simple pour estimer ces deux caractéristiques a été développé dans le 

chapitre quatre. 

Le quatrième chapitre présente le modèle physique développé pour estimer la 

distribution granulométrique (partie dynamique du modèle) à l'amont des cylindres avec 

la teneur en eau liquide associée (partie thermique du modèle). Le modèle  évalue les 

deux caractéristiques en même temps: l'évaluation de la teneur en eau liquide est 

couplée à l’estimation de la distribution granulométrique. Ces deux conditions sont 

utilisées dans le chapitre cinq pour analyser les trois aspects de l’accrétion. Un modèle 

lagrangien a été développé pour estimer la distribution des particules à l'amont des 

cylindres (Figure 156 - a). Une approche stochastique est mise en œuvre pour modéliser 

les effets de la turbulence sur les particules. Les deux modèles implémentés sont: Eddy 

Life Time et Langevin. L’approche Langevin, mieux adaptée au problème physique, a 

été retenue. La teneur en eau liquide des particules à l'amont des cylindres (Figure 156 - 

b) a été estimée en implémentant un modèle thermique de congélation d'une goutte 

d’eau dans la partie dynamique du modèle. 
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(a) (b) 

Figure 156. (a) distribution granulométrique . (b) teneur en eau liquide des particules. 

 

Le modèle a montré, entre autres, l'influence importante de la gravité sur la distribution 

granulométrique des particules qui impactent la structure ainsi que la sensibilité élevée 

de la teneur en eau liquide à la température ambiante et au diamètre des particules.  

Le chapitre cinq présente l’analyse des trois aspects physiques à la base des accrétions 

de neige collante. La partie expérimentale présentée dans le chapitre trois et le modèle 

physique présenté dans le chapitre quatre ont donné les conditions aux limites pour 

développer l’analyse du chapitre cinq. La première partie du chapitre expose l’analyse 

de la tendance des particules à impacter le cylindre. Cette tendance est  quantifiée par le 

coefficient de collision   . Une simulation numérique RANS avec dispersion des 

particules a été développée pour l’estimation du coefficient   . Les résultats ont montré 

l'augmentation de la tendance des particules à impacter le cylindre alors que le diamètre 

du cylindre diminue. Cette tendance a été reliée au nombre de Stokes (     ) qui 

quantifie l’inertie des particules vis-à-vis des forces induites par l'écoulement de 

contournement  des cylindres. Plus l’inertie est importante plus les particules ont 

tendance à impacter le cylindre (Table 17). 

Table 22. Le lien entre       et le coefficient de collision   .  

     [  ]                𝑇 

             

               

             
   

La deuxième partie du chapitre est dédiée à  l’analyse de la tendance des particules à 

rester “collées” à la surface et sur la modélisation des formes expérimentales. Les 

observations expérimentales ont amenées à considérer que toutes les particules qui 

adhèrent à la surface contribuent à l’accrétion. En conséquence, le coefficient 

d’accrétion    a été considéré égal à 1. Cette hypothèse a amené à étudier la tendance 

des particules à “coller” en fonction de la teneur en eau liquide des particules:    
  𝑇    (Figure 157 – a). Les résultats de l'étude éxpérimentale ont montrés que plus la 

teneur en eau liquide d'une particule est élevée plus celle-ci adhère à la surface. La 

modélisation numérique des formes d'accrétion a considéré deux critères mécaniques: 

en supposant que toutes les particules adhèrent à la surface:      et en fonction de 

l’angle d’impact:           . Les résultats des simulations ont montré que le critère 
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d’angle , génère les formes d'accrétion les plus proches des formes obtenues 

expérimentalement (Figure 157 - b). 

 
 

(a) (b) 

Figure 157. (a)      𝑇    . (b) forme d’accrétion modélisée. 

 

Le chapitre six présente les conclusions et les perspectives du travail de recherche. La 

construction d’une base des données expérimentale permettrait d'd'affiner le critère 

d'angle qui détermine la forme de l'accrétion en fonction de la TEL. La modélisation de 

ce processus serait précisée. En parallèle, une analyse locale des effets de ruissèlement 

induits par les contraintes de cisaillement pourrait améliorer la compréhension des 

phénomènes physiques à la base des accrétions par neige collante.   
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Abstract 
The present work aims at studying the atmospheric phenomenon of wet-snow accretion to 

structures. This phenomenon may induce severe damages to structures. Freezing particles which 

generate wet-snow accretions are characterized by a mixed phase ice/water. The particle state in 

this framework is quantified by a dimensionless parameter: the liquid water content     

defined as the ratio of the particle liquid mass to the whole particle mass. This     definition is 

different form the aeronautical one. In this work, wet snow is produced with an ambient 

temperature below    . Both experimental and numerical approaches are undertaken to 

investigate the subject. The experimental approach, undertaken in a climatic wind tunnel, is 

based on the     effect on the accretions obtained on a test structure. The particle     is 

tuned by adjusting the ambient temperature of the test chamber. The results are synthesized by a 

coefficient   defined as the ratio of the accretion mass flux to the snow mass flux. A first 

numerical model assesses the boundary conditions of the accretion model, i.e. the particle size 

distribution upstream the structure and the associated    . The first part of accretion model 

concerns the study of the particle behavior close to the structure which is quantified with a 

Stokes number. The efficiency of particles to impact the structure is synthesized by a 

dimensionless parameter   . The analysis of the experimental coefficient   according to    is 

developed. This allows to study the efficiency of particles to stick on the structure as a function 

of the    . The result is synthesized by the    coefficient. The second part concerns an attempt 

to model the accretion shape by the sticking efficiency    as a function of the particle-surface 

angle of impact. A series of perspectives are presented. 

 

Keywords: LWC, atmospheric icing, particle mixed phase, climatic wind tunnel, numerical 

modeling, two-phase flow  

 

Résumé 
Ce travail est consacré à l’étude du givrage atmosphérique des structures par accrétion de neige 

collante qui peut conduire à des dommages sévères aux structures. Les particules à la base de ce 

type d’accrétions sont caractérisées par un mélange d’eau et glace quantifié dans cette étude par 

un paramètre sans dimension: la teneur en eau liquide: 𝑇   définie comme le ratio de la masse 

liquide sur la masse totale de la particule. La définition de la TEL considérée dans ce travail est 

différente de celle utilisée en aéronautique.  Dans cette étude, la neige collante a été reproduite 

avec une températures ambiante négative. L'approche expérimentale, mise en œuvre dans une 

soufflerie climatique, est consacrée à l'étude de l’effet de la 𝑇   sur l’accrétion de neige sur une 

structure de test. La 𝑇   est ajustée en modifiant la température ambiante. Les résultats sont 

synthétisés par le coefficient   definì comme le ratio entre le flux massique de l'accrétion, et le 

flux massique de neige incidente. Un premier modèle numérique évalue les conditions aux 

limites pour le modèle d’accrétion: c.à.d. la distribution en taille des particules à l'amont de la 

structure et la 𝑇   associée. La première partie du modèle numérique d’accrétion concerne 

l’analyse du comportement des particules à proximité de la structure expérimentale quantifié par 

le nombre de Stokes. La capacité des particules à impacter la structure est synthétisé par le 

coefficient de collision   . L'analyse du coefficient expérimental  , en fonction de    est 

développée. Ceci permet l'étude de la capacité des particules à s’accrocher à la surface en 

fonction de la 𝑇  . Le résultat est évalué par le coefficient de collage   . La seconde partie 

expose une approche pour modéliser la forme d’accrétion, par le coefficient de collage   , en 

s’appuyant sur l’angle d’impact entre la particule et la surface. Des perspectives sont proposées. 

 

Mots clefs: 𝑇  , givrage atmosphérique, particules en condition mixtes, soufflerie climatique, 

modélisation numérique, écoulement diphasique 

 


