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The main purpose of this paper is to identify basic regularities of snow bank formation when using milling and rotary
snow blowers. The study of the mechanism of snow bank formation was based on experimental investigations of the
throwing machine rotor of the low-powered milling and rotary snow blower. Moistened sawdust was used as artificial
snow. As the result of the conducted investigations, the nature of the snow bank formation has been determined and
the regression equations for the distribution of the number of particles, total mass and average mass of individual
particles of the material simulating one specific type of snow along the length of the snow bank have been obtained.
The relative amount of the material transported by the rotor in relation to the total amount of material loaded into the
rotor for the specified geometric and kinematic parameters of the rotor of the throwing machine has been found. The
dependencies obtained make it possible to carry out simulation and visualization of snow bank formation during snow
clearing operations, to choose the most rational parameters of the throwing machine of the milling and rotary snow
blower, as well as to specify the strategy of snow clearing operations with the application of milling and rotary snow

blowers.
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INTRODUCTION

Winter maintenance of transport network and territories
for industrial and social needs is of great practical impor-
tance, both from the security point of view, as has been
demonstrated in papers [1, 2] and from the economic
point of view, as is proven in papers [3, 4]. Efficient re-
moval of snow cover from hard surfaces comprises sev-
eral problems, which should include issues related to the
operational efficiency of area clearing and how to do it,
because there are hidden costs (sedimentation, subse-
quent spring clearing and disposal), according to paper
[3]. One of the most common types of snow clearing
equipment used for snow clearing operations is milling
and rotary snow blowers.

The issue of the selection of the type of snow plow equip-
ment used was reflected in papers [5-7]. In the survey [7]
the mechanism of intensification of the clearing process
at the expense of optimization of traffic route of snow
clearing equipment is investigated. The choice of opti-
mum quantity of equipment, in particular for operations
of spreading and plowing is investigated in the paper [8].
Several works [9-11] have been devoted to the investi-
gation of the mechanism of snow drift formation and the
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factors influencing its formation, as well as the paper [12]
has been devoted to the possibility of applying the Com-
putational Fluid Dynamics (CFD) method and numerical
solutions to the Navier-Stokes equations for these inves-
tigations. The earlier studies [13] have been devoted to
the assessment of such parameters as the computational
grid resolution, snowfall velocity, turbulent Schmidt num-
ber, threshold snow friction velocity and impact of CFD
turbulence models on the computational accuracy. Fur-
ther investigations have been carried out to assess the
impact of a uniformly rough surface, according to paper
[14] as well as various structural elements, such as snow
barriers, which are usually installed on or outside the ex-
cess right-of-way in order to exclude blowing and snow
drifting onto roads and thus improve road traffic safety,
as described in the paper [15]. Some investigations have
been carried out to assess the influence of forms that
simulate a simple cab structure described in the paper
[16], stepped flat roofs demonstrated in the paper [17]
on snow transportation and the formation of snow drifts.
At the same time, investigations aimed at complicating
the mathematical model by taking into account the accu-
mulation and erosion of snow, as well as time variations
of the snow surface were conducted according to paper
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[18]. As for computer modeling of the snow particle struc-
ture, the work [19] has attracted the interest. In this work,
the frequency function of particles collision was defined
through the connection of discrete element method with
computational hydrodynamics for investigation of gran-
ule growth and destruction mechanisms during granu-
lation in the air-fluidized bed, while the function of one
particle collision frequency was defined with the Froude
number application. In order to simplify the dispersed
phase, snow particles were considered in the work [20]
as spheres with the identical diameter of 0.15 mm and
density of 250 kg/m3, according to paper [21]. The im-
provement of the 3D DEM-FEM contact detection algo-
rithm for the simulation of the interaction between parti-
cles and structures is presented in the paper [22]. The
paper [23] demonstrates an algorithm for modeling an
arbitrary particle. However, there are no both theoretical
and experimental data on the geometric dimensions of
the particles at the outlet of the working bodies of snow
blowers.

To ensure the adequacy and accuracy of mathematical
models of such complex phenomena as snow, along with
computer modeling, extensive experimental investiga-
tions to determine its physical and mechanical properties
are conducted, as can be seen from the paper [24]. In or-
der to compile a physically-based model and predict the
amount of snow run into the air intake opening of a car,
measurements of snow particle sizes in a climatic wind
tunnel were carried out, as demonstrated in the paper
[25]. Works [26, 27] describe the phenomenon of snow
clustering and point to its degree distribution in size, frac-
tal shape, vertical elongation and high fall velocity, which
increases with the cluster size. In the paper [27], the de-
pendencies of the size distribution on the masses in the
snow drift are presented. Experiments have been carried
out in a wind tunnel for the investigation of snow mass
flow and snow transport rate as a function of friction and
particle diameter presented in papers [28, 29].

The influence of the morphology of snow on such char-
acteristics as the angle of rest has been studied experi-
mentally in the work [30]. In papers [31, 32] the process of
snow drift formation on roofs of buildings for various func-
tional purposes has been investigated experimentally. Of
practical interest is the study [33] which demonstrates,
that when the number of particles in agglomerate increas-
es, the velocity increases and the agglomerate is more
likely to adhere to the surface. It should be noted that in
the paper [32] investigations on sedimentation and redis-
tribution of snow were conducted using powder polysty-
rene foam in the function of artificial snow. The structure
of snow in studying the mechanism of origin of avalanch-
es is especially intensively considered. In the paper [34] a
model of snow based on its microstructure has been de-
veloped and used to study the destruction of snow under
combined load conditions. Also in the paper [35], the au-
thors determined the critical length of the crack required
for rapid propagation of shear fracture in the snow, which
was considered as a quasi-brittle material.
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As can be seen from the above, a number of papers [10,
12, 16, 17] are devoted to the investigation of formation
of snow banks and change in time of their main param-
eters in different conditions. However, they investigate
the behavior of snow banks of natural origin. Also, it is
a matter of fact that there is a need to clear snow mass-
es and increase the efficiency of this process, which is
the subject of the large number of investigations [3, 4, 7,
8] but they emphasize on the optimization of the clear-
ing process algorithm. However, the application of snow
blowers usually results in the formation of snow banks
with characteristics different from those produced by nat-
ural processes. The authors of the paper [36] solve the
problem of finding the shortest path of a snow blower in
the process of clearing the territory covered with snow
of the identical thickness while limiting the height of the
snow bank.

The work [37] describes the approach to determining the
parameters of snow banks during the milling and rotary
snow blower operation depending on its structural and
technological parameters. However, the works [36] and
[37] do not take into account the features of the formed
structure, which does not make it possible to judge about
their further impact on the cleared areas. As for experi-
mental investigations of the system "snow blower — snow
mass", in this case, the main emphasis is placed on the
investigation of characteristics of the structural compo-
nents of the milling and rotary snow blowers. According-
ly, in the investigation [38] the loads that the feeder of
the small-sized rotary-auger snowplow experiences are
studied experimentally, and in the investigation [39] aero-
dynamic characteristics of air flow formed by the feeder
of the milling and rotary snow blower are investigated.

It is important to know the regularities of snow bank for-
mation produced in the result of the operation of snow
blowers because this will make the techniques more ad-
vanced and will develop the most effective ways to mini-
mize the negative impact of snow banks on the transport
infrastructure, industrial zones and residential areas.
The main purpose of this work is to determine the main
characteristics of the snow banks formed during oper-
ation of the throwing machine of the milling and rotary
snow blower. The following tasks were solved in order to
achieve this objective:

+ Obtaining experimental values of the basic parame-
ters of the snow banks during operation of the throw-
ing machine of the milling and rotary snow blower;

* Recording and describing the results of the experi-
ment.

MATERIALS AND METHODS

The experimental plant represents an assemblable plat-
form on which a physical model of the throwing machine
is installed, which is geometrically similar to the throwing
machines of low-powered milling and rotary snow blow-
ers, and video recording system of the throwing machine
rotor operation process. The design parameters of the

10



ot

Denis Sergeevich Aleshkov, et al. - Experimental investigations of snow bank formation

during milling and rotary snow blower operation

Figure 1: Geometric parameters of the throwing ma-
chine rotor (all measurements are in mm)

rotor of the throwing machine are presented in the figure
(Figure 1). The video registration system represents vid-
eo cameras with the possibility of obtaining photographs
with 96 dpi resolution, which are installed in two mutual-
ly perpendicular planes. Figure 2 represents a general
view of the plant for experimental investigations of snow
bank formation during operation of the throwing machine
of the milling and rotary snow blower.

An active single-factor experiment was carried out, in which
the variable parameter was the angle of inclination of the guide
spray nozzle relative to the horizontal surface. The angle of
inclination varied from 200 to 600. The angular position was
measured using a protractor with a measuring error of £0.50.

The material to be transported represented compressed
sawdust, which was moistened with water just before
the experimental investigations (Figure 3). A part of the
moistened sawdust was marked out in black color.

To register the mass of material loaded into the rotor and
separate pieces of the mass, we used a scale with a rel-

Figure 2: General view of the plant for experimental
investigations of snow bank formation during the oper-
ation of the throwing machine of the milling and rotary
snow blower: 1 is the laser rangefinder, 2 is the video

camera, 3 is the assemblable platform

11

a)

Figure 3: Fragment of the material to be transposed:
(a)initial view (before moistening);
(b)prepared (after moistening)

ative measurement error of £ 0.01 gr. and a measuring
range from 0 to 500 gr.

The order of the experiment was as follows: a portion of
material was loaded into the rotor of the throwing ma-
chine, where it was randomly distributed in the interlobe
space (Figure 4).

As the result of the rotor's operation, it was unloaded.
The specified amount of material was thrown off towards
the side. At the same time, the angular speed of the ro-
tor of the throwing machine was recorded, and the video
recording of the material flow was performed. To deter-
mine the angular rotor speed of the throwing machine,
the SS49E analogue Hall sensor and Arduino hardware-
in-the-loop platform were used. The angular rotor speed
of the throwing machine was 77.6 rad/s during exper-
imental investigations. This value is average of values
range of the angular speeds of the rotation of the rotor of
the throwing machine real models, presented in the mar-
ket of snow plows. The dispersion spot was then pho-
tographed using the camera mounted in the horizontal
plane at a height of 0.916 m from the platform (Figure 5).

Figure 4: Filling of the interlobe rotor space of the mill-
ing and rotor snow blower with the transported material

Figure 5: Fragment of the dispersion spot on the
assemblable platform
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Figure 6: Coordinate system associated with the rotor of
the throwing machine

Photographic materials of the dispersion spot were sub-
jected to computer processing. As the result of this pro-
cessing, the coordinates of the particle's positions in the
adopted coordinate system were determined (Figure 6),
and point-to-point calculation of their number in the dis-
persion spot was carried out.

A special image processing program was created to pro-
cess the results. The image processing consisted of the
calculation of particles and their position determination
in the adopted coordinate system. The identification of
the particles was based on the colour contrast between
the background (the assemblable platform of the exper-
imental plant) and the particles simulating the snow. C#
programming language and VisualStudio development
environment were used. Figure 7 illustrates a fragment
of the running of the program.

After automated calculation of the number of particles

N, and determination of their total masses M, the aver-
age mass of one particle in the group was determined by
the formula:

(1)
RESULTS

All results obtained were statistically estimated and their
statistical characteristics were determined. The basic
statistical characteristics are presented in Table 1.

The most preferable option for describing the density of
the particle number distribution over the width of the snow
bank N, was the gamma distribution function (Figure 8).

Distribution of the total masses over the collection areas is also
satisfactory; it is described by the gamma distribution (Figure 9).
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Figure 7: Fragment of the program for the quantitative
treatment of the dispersion spot
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Figure 8: Histogram of particle number distribution on
selected sections of the assemblable platform, N,
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Figure 9: Distribution histogram of the total masses
of particles on separate sections of the assemblable
platform, M.

Table 1: Basic characteristics of the number of particles and their masses distribution over selected sections of the
dispersion spot length

Characteristics Observation number | Average | Minimum | Maximum | Statistical deviation
Number of particles artaadr)gular rotor speed 77.6 193 142135 1.00 974.00 214.79
Total masses of particles at angular rotor speed 193 3646 0.01 17 68 343
77.6 rad/s
Average mass of one particle in a group M, at 193 0.195 0.0016 276 0.38
angular rotor speed 77.6 rad/s
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Distribution of average masses of one particle in the
group M, over the collection areas is described by the x?
distribution (Figure 10).

The values of the validation criteria of the accepted hy-
potheses are presented in Table 2.

Table 3 presents the statistical characteristics of the rel-
ative amount of material thrown off in relation to the total
mass of the initially loaded material.

The next stage was the determination of regression equa-
tions to describe the process of snow bank formation.

Figures 11 and 12 represent the observed experimental dis-
tribution of the number of particles N, total masses M, and
average masses of individual particles M, along the length
of the dispersion spot L, and diagrams of the fitted functions.
The regression equation describing the dependence of
the number of particles N, on distance L, has the following

form:

L.

‘/0,25
N -—_¢" " 7
Y 0,0033-025%%2

This function is presented in Figure 11. The value of de-
termination coefficient was R=0.883.

-0,75 (2)
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Figure 10: Distribution histogram of average masses of
one patrticle in the group over the collection areas

The regression equation describing the dependence of
the total masses M, on distance has a similar form:

iy
0,69
A
M .

©0,078-0,60%2
The value of determination coefficient was R=0.747. The
graph of the regression equation is presented in Figure 12.

-0,31 (3)

Table 2: Values of the validation criteria of the accepted hypotheses

Characteristics Distribution law | Chi-square | df p
Number of particles on separate sections of the assemblable Gamma 715374 | 4 | 0.12798
platform, N,
Total masses of particles on separate sections of the assemblable Gamma 6.6054 41015827
platform, M,
The average mass of one pzlr‘telzlse |Ir\1”the group over the collection % 13.79380 | 4 | 0.00798
’ Oi

Table 3: Statistical characteristics of the relative amount of material thrown off in relation to the loaded material

Characteristic

Observation number

Average | Minimum | Maximum | Statistical deviation

Relative amount of material thrown off 9

0.361709|0.161135| 0.539278 0.123899

Mogens:vi=(1/(b2"b1**b0))*exp(-v2/b1)*v2**(b0-1)
y=(1/((,003263)*(,253013)**(2,51947)))"exp(-x/(,253013)) x**((2,51947)-1)

1200

1000

0.0 05 1.0 15 20 25 3.0 35 40

Figure 11: Dependence of the number of particles on
distance obtained as the result of the experiments, as
well as the graph of the estimated regression equation

13

Mogens:v3=(1/(b2"b1**b0))*exp(-v2/b1)*v2**(b0-1)
y=(1/((,078381)*(,691595)**(1,52184)))"exp(-x/(,691595))"x**((1,52184)-1)

Mi, gr

Figure 12: Dependence of total masses M, along the
length of the dispersion spot L, as well as the graph of
the estimated regression equation
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Table 4: Parameters of piecewise linear regression with a discontinuity point of average masses of separate
particles M, along the length of the dispersion spot L,

Coefficient of the first : Coefficient of the second . . - .
. . Li . . Li Discontinuity point
straight line straight line
Estimation 0.017109 0.022265 -0.072845 0.314241 0.195052
To describe the dependence of average masses of in- REFERENCES

dividual particles M, along the length of the dispersion
spot L, a piecewise linear regression with a discontinuity
point was applied. The model parameters are presented
in Table 4.

DISCUSSION

It has been found that the formation of the snow bank
during snow removal has certain regularities that differ
significantly from those that underlie naturally formed
snow drifts. Accordingly, it is necessary to take this as-
pect into account when assessing changes in the char-
acteristics of snow formations in time and the degree of
sedimentation of cleared out areas in the future.

The nature of particle distribution over the width of the
snow bank has the following character: the larger the
particle, the farther it from the place of the throw-off.
This may be explained by the fact that they acquire more
kinetic energy in the process of unloading the rotor of
the throwing machine, and in the process of free-flying
operation, they experience less aerodynamic resistance
forces. This phenomenon is consistent with the natural
behavior of snow particles according to papers [26, 27].
The described tendency of particle distribution remains
at different values of the angle of inclination guide spray
nozzle relative to the horizontal surface.

Thus, with the application of the obtained regression
equations, it is possible to perform simulation of the
snow bank formation during operation of the milling and
rotor snow blower, as well as its visualization. However,
these dependencies do not cover the whole variety of
possible snow structures and can be applied to one spe-
cific type of snow.

Besides, additional information may be achieved about
the process of unloading snow mass from the rotor blade
of the throwing machine. For this purpose, it is necessary
to consider the inverse problem of mechanics of particle
movement in the air environment.

Conducted experimental investigations have made it
possible to get an insight about the nature of the distribu-
tion of the main characteristics of snow banks: the num-
ber of particles and their distribution over the width of
the snow bank, the total mass of particles over the width
of the bank, and the distribution of masses of individual
particles over the width of the bank.

Regression equations based on the results of experi-
mental investigations have been obtained.
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