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Abstract: The calculation of snow loads on roofs of buildings and structures with arbitrary geometry is a complex
problem, solving which requires simulating snow accumulation with acceptable engineering accuracy. Experiments in
wind tunnels, although widely used in recent years, do not allow to reproduce the real full-scale effects of all snow
transport subprocesses, since it is impossible to satisfy all the similarity conditions. This situation, coupled with the con-
tinuous improvement of mathematical models, numerical methods, computer technologies and related software, makes
the development and future implementation of numerical modelling in real construction practice and regulatory docu-
ments inevitable. This paper reviews currently existing mathematical models and numerical methods used to calculate
the forms of snow deposits. And, although the lack of significant progress in the field of modelling snow accumulation
still remains one of the major problems in CFD, use of existing models, supported by field observations and experi-
mental data, allows to reproduce reasonably accurate snow distributions. The importance of the “symbiosis” between
classical experimental methods and modern numerical models is specifically emphasized in the paper, as well as the
fact that only the joint use of approaches can comprehensively describe modelling of snow accumulation and snow
transport and provide better solutions to a wider range of problems.

Keywords: neural networks, numerical modelling, snow accumulation, snow transport, structure roofs,
numerical methods.

COBPEMEHHBIE METO/JIbI MATEMATHUYECKOI'O
(YUCJIIEHHOI'O) MOAEJIUPOBAHUA
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AHHoTanus: Pacuér cHeroBbIX Harpy30K Ha MOKPBITHS 3[aHUH M COOPYXKEHHH MPOM3BOJILHON (OPMBI SBISETCS KOM-
IUIEKCHOH 3a/1auell, /Ui peIieHust KOTOpod HeoOXOoAuMO C MPHEMIEMON HHKEHEPHOW TOYHOCTBIO MOJAEIMPOBAThH CHE-
TOHAKOIIIEHHE. DKCIIEPUMEHTHI B a9POJMHAMUYECKHUX TPyOax, XOTs ¥ MPUMEHSOTCS ITOCJICIHIE TO/Ibl TOBCEMECTHO, HEe
MO3BOJITIOT BOCTIPOM3BECTH peasbHBIC MOTHOMACIITaOHBIE S((EKTH BCEX IPOIECCOB CHETONEPEHOCA, IOCKOIBKY
BBITIOJIHEHNE BCEX YCIOBHHM MOAOOMS Ui HUX HEBO3MOXHO. Takas CHTyamus, BKyIE C ITOCTOSHHBIM pa3BHTHEM
MaTeMaTHYECKUX MOJIENeH, YMCICHHBIX METOA0B M COOTBETCTBYIOIIETO MIPOrPAMMHOT0 00SCTIeYCHNUS, BEIYHCIUTEIbHON
TEXHHKH JIeNIaeT Oe3alIbTepHAaTUBHBIM Pa3BUTHE U Oy ryliee BHEAPEHHE TEXHOJIOTHI MaTeMaTHIECKOTO MOACINPOBAHMS
B peajibHyI0 CTPOMTENIbHYIO NPAKTHKy W HOPMAaTHBHbIE JJOKYMEHTHI. B naHHOW paboTe paccMOTPEHBI CYLIECTBYOLINE
Ha CETOAHSMIHNI JIeHb MaTEMaTHUECKHE MOJICNIN U YUCIICHHBIE METO/Ibl, IPUMEHSIEMbIE JUTs pacuéra (hOpM CHETOOTIIO-
kKeHnd. M XOTs OTCYTCTBHE 3HAYMTEIBHOTO Mporpecca B 00JaCTH MOJECTHPOBAHUS CHETOHAKOIUICHHUS IO-TIPEKHEMY
ocTaéTcs OJHOM M3 MpoOIeM BBIYUCIUTEIBHON a3pOANHAMUKH, MCIONb30BAHUE YK€ CYIIECTBYIOIINX MOJENEH, Moa-
KPEIUIEHHOE HATYPHBIMH HaOJIOJICHUSIMU M 9KCIEPUMEHTAILHBIMU JaHHBIMHU, CIIOCOOHO BOCIIPOU3BOJHUTH JOCTATOYHO
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TOYHBIE KapTHHBI paclpeelieHu cHera. B paboTe oTAenbHO MOAYEPKHYTA BAKHOCTH «CHMOMO3a» MEXIY
KIIACCHUECKUMH HKCIIEPUMEHTAIBHBIMA METOJAMH M COBPEMEHHBIMH UYHCICHHBIMH MOJEISMH M TOTO, YTO TOJBKO
COBMECTHOE HCIOJIb30BaHUE MTOIX0/I0B CIIOCOOHO BCECTOPOHHE PACKPBITH MPOOIEMY MOJICITUPOBAHMS CHETOOTIOKEHNH
1 CHETOIlepeHoca U JaTh Hawlyyllee & peleHue A7l HIPOKOro CIIEKTpa 3aad.

KaroueBble ciioBa: HeﬁpOHHbIe CETHU, MAaTEMATUYECKOE MOACIINPOBAHUE, CHETOHAKOIUICHUE, CHETOIIEPEHOC,
IOKPBITHUA coopymeﬂnﬁ, YHUCJICHHBIC MCTO/IbI.

INTRODUCTION

Snow accumulation (the formation of snow de-
posits under the influence of air flow) is a com-
plex phenomenon due to the high nonlinearity
of its constituent subprocesses, which occur at
different scales and are strongly interconnected
[2, 3, 21]. One of those, snow transport, is the
subject of many years of theoretical, experi-
mental and numerical research [19, 27] because
of its involvement in the redistribution of snow
masses. The fact that the formation of fairly uni-
form snowdrifts occurs as a result of the gradual
deposition of snowflakes with sizes from tens of
microns to tens of millimeters [9] makes a seri-
ous computational problem, especially consider-
ing that in most industries, where it matters, it
must be considered on areas of tens and hun-
dreds of square meters [22].

The known disadvantages of experimental
methods for predicting the shape of snow depos-
its (the use of substitutes, such as sand [23],
sawdust [11] and others, loss of accuracy due to
scaling, etc.) and the natural randomness of
weather conditions that affect field observations
force researchers to use numerical methods,
which makes it possible to effectively model the
properties of real materials at required scales
and control all the calculation parameters.

One of the fields that certainly require a compu-
tational approach is the construction of unique
buildings and structures. Due to the dependence
of the snow accumulation process on the ge-
ometry of the structure, surrounding buildings,
landscape, and climatic conditions, it is neces-
sary to investigate snow loads for each unique
roof design. Regulatory documents describe the
shape of snow deposits only for basic, typical
roofs. Also note that foreign building codes
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(ISO 4355-2016 [46], Eurocode [5], ASCE
standards [24], JSCE [25]), in contrast to the
Russian Building Code [26], allow the use of
numerical modelling of snowdrifts both together
with the results of experimental modelling and
to verify the results of experiments, as well as
instead of experiments where it is impossible to
conduct studies in wind tunnels. E.g., in a sepa-
rate ASCE standard [42] there is a subsection
dedicated specifically to the study of methods
for modelling snow transport, their classifica-
tion and discussion of the limits of their ap-
plicability [52].

In connection with the growing tendency to re-
duce the costs of construction, which puts sig-
nificant restrictions on the design, the use of
numerical modelling could also upgrade the
building codes. For example, some researchers
believe [19] that the use of the Weibull and
Gumbel distributions, which is currently the ac-
cepted way to estimate the amount of precipita-
tion, leads to overestimation of the snow loads.
Predicting the movement of snow masses in the
mountains, formation of avalanches, as well as
other natural phenomena associated with snow
that threaten human lives, also remains an im-
portant and generally unsolved problem [13,
14].

Over the past decades, a standardized, verified
and effective numerical methodology for model-
ling snow accumulation and snow transport,
which could be integrated in the building codes,
has not been created, despite the increased de-
mand from industries [19]. Obviously, this is
due to the imperfection of existing models and
methods and lack of qualitative achievements in
their development. Since about 2014, there has
been an increase in the number of works on the
numerical modelling of snow accumulation and
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snow transport from China [23, 36, 37, 44, 45],
supported by government grants and aimed at
upgrading building codes, which will probably
lead to verified methodologies emerging soon.
Few Russian scientific works on the topic [47,
48, 49, 50, 51], on the contrary, are mostly de-
rivative in nature, despite the problem of calcu-
lating snow loads on the roofs of buildings and
structures with arbitrary geometry in our coun-
try being way more relevant due to the features
of the climate. E.g., one of the more well-known
articles [47] contains only a brief overview of
some (far from all) works on modelling snow
accumulation, does not provide any new results,
does not raise important issues of the develop-
ment and improvement of techniques, as well as
their introduction into construction practice,
while another example [51] is actually a literal
translation of the ASCE standard [42]. The lack
of critical reviews that clearly highlight the gap
between the regulations and industry demands
further aggravates the situation and delays the
necessary resolution of the issue.

The problem of numerical modelling of snow
accumulation has existed for at least 40 years
[19]. Over the time, a number of studies have
been carried out and numerical methods and ap-
proaches have been developed that, to one de-
gree or another, bring scientists closer to achiev-
ing more and more physically realistic forms of
snow deposits. Validation of numerical methods
was carried out mainly on model cases for
which there were data from field observations or
experiments in wind tunnels, e.g. for the flow
around a cube [12, 20, 32, 33] or a solid fence
[11, 20]. Some scientists have tried to apply the
models to real-life problems, such as the accu-
mulation of snow on the roofs of buildings [22,
34, 35, 36, 37, 44] or around buildings or land-
scape formations [16, 17, 38, 39, 40, 41, 45]. In
each case, it was necessary to calibrate the mod-
els for the specific conditions of the given prob-
lem and to individually select the parameters,
although even then minimizing the divergences
with observations was not sufficient to speak of
an “accurate” reproduction of “real” snow de-
posits [19]. One of the reasons for this is that to

adequately model snow transport for arbitrary
wind velocities, structural geometries and cli-
matic parameters, it is necessary to take into ac-
count all three subprocesses, but in practice it is
difficult to do because of scales at which they
occur. Of greatest interest is the modelling of
suspension and saltation, since it is they that
make the greatest contribution to the actual
transport of snow (especially saltation, due to
the large scatter of particle sizes and lengths up
to 5 m of which they are capable to move).

THE PHENOMENON OF SNOW
TRANSPORT

One of the fundamental works on the mechanics
of aeolian transport (that is, movement of solid
particles, or sediments, under the influence of
wind), which formed the basis of the vast major-
ity of theoretical developments on this issue, are
the works of R.A. Bagnold [2, 3]. He laid the
foundation for a scientific approach to describ-
ing the transport of sand by wind, the formation
of sand dunes and barchans. The experiments,
results of which are presented in the book, were
carried out in a wind tunnel built by the scientist
himself. When considering the problem of mod-
elling snow deposits, the information from this
book is also relevant, since snow, like sand, par-
ticipates in aeolian transport. However, sand
grains do not have the property of cohesion, un-
like snowflakes, due to which the snow
transport can be divided into three subprocesses,
namely creep, saltation and suspension (Fig. 1)
[3, 19].

1) Creep is a phenomenon in which coarse sed-
iments (500 pum in diameter) are rolling over the
surface due to their cohesion with it being
stronger than the wind force.

2) Saltation is a jumping movement of medium-
sized particles (70-500 pum) at a speed 2-3 times
lower than the flow speed. Particles up to 100
um in diameter are subject to modified saltation,
which occurs under the action of turbulent vor-
tices above the surface. The mass of material
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that the flow is able to transport in the saltation
layer is determined by the formula (1).

3) The suspended layer is formed from fine sed-
iments and is divided into short-term suspension
(20-70 um, particles return to the saltation layer)
and long-term suspension (<20 pum, the material
is completely carried away by the flow).

7 suspension

saltation

Figure 1. Mechanics of the aeolian transport.
Source: NASA (publicly available)

Note that the sediments participating in all three
subprocesses, colliding with each other, can ei-
ther stick together, or break up, or crush other
particles, correspondingly changing the charac-
teristics of both transport, while the macro-
objects that they form (for example, snowdrifts)
affect the entire flow. Complexity, a large num-
ber of degrees of freedom of such a system, the
natural randomness of the process are all just
some of the factors that force researchers to re-
sort to statistical and approximate calculation
methods.

Another important result obtained by Bagnold is
a formula describing the mass of material that
the wind is able to transport in the saltation lay-
er. It is written as:

d
q= Cg\/;uf, 1)

where ¢ is mass of material transported along a
unit length; C is dimensionless constant of the
order of one, p is air density; g is acceleration
due to gravity; d is reference grain size; D is
uniform grain size used by Bagnold in his ex-
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periments (250 um); u- is friction velocity,
which is written as:

w = | )
* T pa’

where t,, is local shear stress on the wall, p, is
air density. This value is especially important
when simulating snow transport and snow ac-
cumulation, its calculation underlies all numeri-
cal models of these processes.

The study of snow transport processes was con-
tinued by Mellor [9], Izyumov and Davenport
[28, 29], Kobayashi [30], Iversen [6, 7], Ander-
son and Huff [1], Gamble [31]. In particular, the
latter were engaged in finding out the average
path length of particles in the saltation layer:
Bagnold gave a value of 9 m [2], then Anderson
and Huff reduced it to a range of 4-8 m, and
Gamble expanded it to 5-10 m.

NUMERICAL MODELLING OF SUSPEN-
SION

Suspension is usually modeled using Eulerian
approach [19], although there is at least one work
where the Lagrangian approach was used [16].
Most likely, this is due to the greater homogenei-
ty of the flow due to the small particle sizes,
which allows formulating models in a more ap-
plicable way without large losses in accuracy.
Firstly, let us consider the application of the
snow density transport equation, exampled by
the work of Okaze et al. [12]. Using two equa-
tions in this paper made it possible to differenti-
ate the inputs from falling and drifting flows of
snow into the snowdrift forming around a cube.
To describe the distribution of snow density @,
defined as the mass of snow particles per unit
volume, the following differential equation is
used:

Os

6(¢>+6(¢)(ui)+6(fb)(Wf)_ a [Vt (3@))]’ 3)

at ax; dx;s  0x; ax;
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where wf is snowfall rate, v is turbulent viscosity,
os 1s turbulent Schmidt number. In this case, the
snow accumulation process is divided into addition
of the falling snow and transport of the already ac-
cumulated snow over the surface (angle brackets
mean averaging over spatial dimensions and time):

() = (q)sky) + (q)surf) (4)

Snow deposition per unit of time and unit of area
is expressed as (@), (wf), where the subscript “p”
means calculation within the control volume. The
deposition fluxes (kg/s) for the first and second
modes, respectively, are calculated as:

Dsky = _<q)sky)p<wfsky)AXAy (5)
Dsurf = _<q)surf)p<wf5urf)AXAy, (6)

where AxAy is horizontal platform of the control
volume. The erosion flux (kg/s) of snow on the
surface for u* > uf, caused by shear stress is
described by the expression:

(up)?

1174 .
Esurf = —?p(u )(1 - (u*)2>AxAy (7)

where ( is a dimensionless coefficient that
roughly equals 1073,

The net deposition rate on the bottom surface of
the control volume as a result of all processes is
given by:

a) Scalar normalized velocity at z = 0.025H

44

Miotar = Dsky + Dsurf + Esurf» (8)

and the variation of snow depth per unit of time
takes the form:

_ Mtotal

 psAxAy ®)

Zs

where ps is accumulated snow density.

Also, on the surface where snow deposit is
forming, a boundary condition is set, which
states that the change in snow density is deter-
mined by erosion:

&(a(q)surf)ﬂ _ Esurf
o\ 0x3 surf AxAy

The contribution to snow deposition by
transport fluxes on the surface is described by
the expression:

(10)

Dsurf + Esurf

Rsurf = D (11)

sky + Dsurf + Esurf

The following are illustrations of the results ob-
tained using this method (Fig. 2). The resulting
forms of snowdrifts are in agreement with those
obtained in the experiment or during field ob-
servation.

]

b) Horizontal distribution of normalized snow
depth
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Figure 2. Results obtained by Okaze et al. using the equation of snow density transport
to model the suspended layer

Secondly, let us consider the application of the
snow volume fraction transport equation, exam-
pled by the work of Sundsbg [17]. Snow volume
fraction f in a control volume can be obtained
from the expression for the density of the two-
phase flow pm:

0

where u and w are wind speeds in directions x
and z, respectively, vt is turbulent viscosity, ct is
diffusion constant, and wsus is drift velocity be-
tween air and snow in suspension, which is as-
sumed to be inversely proportional to turbulence
in an air flow:

U

Weys = 0.3 (14)

Here x and ut are laminar and turbulent dynamic
viscosities, respectively. It is implied that lami-
nar flow conditions give the highest snow set-
tling rate, which can be considered as the limit-
ing volumetric velocity for suspended snow par-
ticles (in the work under discussion, its value is
taken as 0.3 m/s).

The formulation of the equation for snow
transport in the saltation area is also given by:
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of of
t+_(f )+_(fW) (tvta)+

1- f)pair (12)

mzfpsnow‘l'(

To describe the suspension, the convection-
diffusion equation is used:
d ( af

d
) 13
aZ Ctvt aZ> aZ (fWSUS)I ( )

of 0
6t+_(f )+_(f) _E(fwsal): (15)

where, similarly to the equation (14), wsal is drift
velocity between air and snow in the saltation
layer. Two expressions are proposed to describe
its two “modes”, which are settling of snow and
accumulation of snow. The expressions for both
modes are given by:

p

Wsal = Wget = Cf(l - f)f_ (16)
Pm

Wsal = Waee = 0.5 (uf - uft)/uft (17)

where Vp is pressure gradient, cr is reciprocal drag
coefficient between air and snow, in this work
taken as 0.06 s/m on based on simulation tests.
Both expressions apply for u* > u;.
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Figure 3. Results obtained by Sundsbg using the
snow volume fraction trasport equation
to simulate the suspended layer

oC 0C(u;—Us) @
E-l_ axi

where C is average concentration of particles in
a control volume, Up, is snowfall speed in the i-

th direction, ¢, is mass flux between the sus-
pension and saltation layers. The equation for
the second process looks similar:

aC;s
ot

aC. 9Csu;
ax

= f (pg + @s)nidS  (19)

Here ¢, is mass flux between the air flow and
the surface, which will be discussed below.

NUMERICAL MODELLING OF SALTA-
TION

Among the methods for modelling snow in the
saltation layer, the most frequently used are the
mass transport models formulated by Iversen et
al., Pomeroy and Gray, and the erosion-
deposition model formulated by Naaim et al.
Let us consider them sequentially.

46

ax

The described model was used to study the
snow accumulation on the side of a building and
the use of a reflector to minimize snow for-
mation in this area. Its application made it pos-
sible to visualize the difference in the obtained
snow distributions.

Finally, let us consider the application of the
particles concentration transport equation used
in the works of Moore et al. [10] and Naaim et
al. [11]. In the latter work the snow transport
was both the saltation and the suspension were
modeled. The differential equation for the first
process is given by:

(18)

ve 9C + ff Ads
o, axl el psn

In the papers of Iversen et al. [6, 7], one of the
first numerical models for three-dimensional
calculation of snow transport was suggested,
with saltation and suspension both taken into
account. Later it was implemented by Uematsu
et al. [20]. In the proposed methodology, the
calculations are carried out in three stages. First,
the air flow field is calculated using the RANS
turbulence model, then the obtained data is used
to calculate the density of the snow flow, and,
finally, the snow transport rate is calculated by
counting the snow particles that were not trans-
ported by saltation. Creep is not taken into ac-
count in this model.

The mass transported by saltation is modeled by
the classical formula given by Pomeroy and
Gray [13]:

Wr

*t

q=C g u? (U, — ) (20)

where all quantities correspond to those in the
formula (1), and ws is average snowfall rate.
Saltation was modeled by the diffusion equa-
tion:
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ot 0x

where @ is snow transport density, us is particle
transport rate, Ks is vortex diffusion coefficient
of snow transport density.
The snow deposition rate is calculated using the
formula:

d = |wg|®y (22)
where @n is density of snow transport in the sal-

tation layer of thickness h.
The expression for the ablation rate has the form:

e = q|Wf| (23)
uhh

where un is particle transport rate in the saltation

layer.

Finally, the snow transport rate, defined as the

mass of snow accumulating on a unit area per

unit of time, is written as follows:

s=—(d+e) (24)

oc _aC ac
6_t+u6_x+ (1.7— |Wf|)@

where vt is turbulent viscosity coefficient, C is
particle concentration in density units, o is tur-
bulent Schmidt number. The concentration at
the bottom of the suspended layer is equal to the
average concentration in the saltation layer.

The change in the height of the snow cover h is
written as follows:

oh(x,t) 1 Q:(x,0) + Qs(x,0)\

m +—+a( Fw =0 (26)
where y is bulk density of snow, Q; is mass
transport flux in a suspended bed, Q, is mass
transport flux in the saltation layer.
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o= (522) + (6 2) + 2 (&
Us) = \Bs dy/)  ox

acp) _A(wre)

il 21
S0z 0z 1)

Formulas (20) - (24) were used in four calcula-
tions of snow transport: near a snow fence, around
a cube (Fig. 4), near a wind catcher, and around a
hill. The results obtained were consistent with ex-
periments and field observations. With this model,
though, only the snow transport rate can be calcu-
lated, but not the change in snow depth. The au-
thors point out that this problem should be consid-
ered in more detail

The work of Liston et al. [8] was aimed at improv-
ing the model used by Uematsu et al. The case was
considered in which the wind speed is low enough
to neglect the transport of particles from the salta-
tion layer to the turbulent flow layer described by
one part of the model, while the second part de-
scribes the process of transporting their mass into
the layer of accumulating snow. The flow is re-
solved through the time-averaged 2D Navier-
Stokes equations using the k-¢ turbulence model in
conjunction with the saltation model to compute
snow accumulation over time near the snow fence.
The two-dimensional equation of mass accumu-
lation in a turbulent layer has the form:

d (v,aC +6 v, 0C
d0x \ g; 0x dy \ o, dy

WIND :

SNOMDRIFT RATE

Figure 4. Results obtained by Uematsu et al. for
snow accumulation around a hut using the mass
transport model of Iversen et al. to model the
saltation layer
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Snow deposition is calculated on the assump-
tion that accumulation occurs when the shear
velocity of the flow falls below threshold fric-
tion velocity. The control volumes are filled
gradually, and the mesh is rebuilt as they are
accumulating. Since it is assumed that Qs re-
sponds instantly to changes in friction velocity,
the inertia of erosion and deposition is not tak-
en into account. The model makes it possible to
calculate the equilibrium snow deposition, but
does not make it possible to estimate the time
required for the formation of a snow layer of a
given thickness [11].

Let us move on to the mass transport equation
formulated by Pomeroy and Gray. In their
works [13, 14], the details of snow transport
(accumulation and redistribution), snow melt-
ing, interaction of melt water with frozen layers
and their influence on the descent of snow
masses in dangerous regions were investigated.
The authors developed physical models to de-
scribe these processes and applied them to the
description of snow formation in the Canadian
province of Saskatchewan. The obtained equa-
tion of mass transport indicates an almost linear
acceleration of this process with an increase in
the friction velocity, which is in agreement with
field observations. As with similar models, the
equation is sensitive to the cohesion of the snow
layer, which is determined by the boundary fric-
tion velocity. The authors also showed that gen-
erally the direction of the annual snow transport
in saltation layer does not always coincide with
the direction of the wind.

The flow of a mass of snow having an average
weight W, and saltating at an average speed u,,
is written as follows:

u, W,
_"p''p
Qsalt_

7 (27)

The authors propose the following expression
for W,:

W,=e(®—1,—1¢) (28)

where T is atmospheric shear stress, 7,, and 7,
are shear stress on non-destructible and de-
structible surfaces, respectively. The coefficient
e is dimensionless and means the “efficiency” of
saltation. It is inversely proportional to the Ki-
netic friction arising in the process of collision
and separation of particles against the surface.
Formula for u,, is given by:

Up = Clye (29)
where ¢ is a constant parameter and u,, is
threshold friction velocity that separates the
processes of erosion and deposition.

Substituting (28) and (29) into (27), we obtain a
general expression for the saltation layer:

cep 5

Qsaie = —— (U —uf, —uf) (30)

Determining the values of the coefficients from
the experimental data, the authors give the final
form of the expression:

0.68p
_u*t(uz - uzn - uft)

*

Qsait = (31)

It is shown that, in contrast to the result ob-
tained by Bagnold for sand, the snow flux is a
quadratic function of the friction velocity, not
a cubic one. The authors point out that this is
a consequence of the presence of an average
horizontal speed, which does not affect the
wind speed in general, and efficiency, which
grows reciprocally to the wind speed. It is also
noted that saltation models for sand are poorly
applicable to snow transport just because of
the materials they describe. Grains of sand are
separate, non-sticking particles, while snow-
flakes are crystals that can break up or stick
together.

Finally, let us consider the latest and most
commonly used way to describe the saltation
layer, the erosion-deposition model. It is
based on the work of Anderson and Huff [1],
who proposed a model of aeolian transport of
sand deposits for the case when particles of
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the size of sand grains are subject to salta-
tion. It consists of four parts that describe a)
aerodynamic entrainment; b) trajectories of
grains of sand; c) interaction of particles with
the surface; d) influence on the impulse from
the wind. Each submodel is responsible for a
specific part of the process and is supported
by experimental data to refine the values of
some constants. Together the parts make it
possible to calculate aeolian saltation from
the moment of sediment capture by aerody-
namic entrainment until the transition to a
stationary state. The authors show the im-
portant role of long, high-energy trajectories:
despite the predominance of short trajectories
with low energies in the saltation zone, it is
the collisions of sediments with the surface
that determine the response of the entire sys-
tem to changes in wind velocity due to
knocking new particles out of the surface. A
form of the “splash” function is proposed to
take such jumps into account, which can last
as long as a few seconds. An accurate calcu-
lation of fluctuations in wind velocity allows
establishing its relationship with the station-
ary mass flow in the form of a power func-
tion of the shear velocity. This model, in con-
trast to the previous one, takes into account
inertia, but the “splash” function is not suita-
ble for snow in the form given by the authors
and requires modification [11]. Using these
results, Naaim et al. [11] formulated a model
that has been used by researchers from dif-
ferent countries almost unchanged for about
quarter of a century. Pointing out the short-
comings in the models developed by Iversen
et al. and Liston et al., as well as the limita-
tions that do not allow direct use of the An-
derson and Huff model, the team of authors
proposed their own version of the erosion-
deposition model, in which they tried to level
out the failures of their colleagues. Omitting
the details of the derivation of the flow equa-
tions, described in detail in the article, let us
turn our attention to the modelling of snow
transport.
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For the mass exchange flux between air and
snow layer, the following expression is pro-
posed, similar to (24):

g =4+ — q- (32)
The erosion flow is written as:
q- = Apy(uZ — u%) (33)

where A is coefficient that depends on the de-
gree of cohesion in the surface layer and p, is
air density.

The deposition flow is given by:

_ u?
g+ = Cwy (1 Y ) (34)

*t

where all quantities correspond to those in the
previous formulae.

At each step of the simulation, expression (2) is
recalculated for the flow in each cell of the
boundary layer and then compared with the val-
ue ut. The snow deposition process is governed
by the following conditions:

u, <u Deposition: g4 = q
U, = U Unchanged: g, = 0
u, > u; Erosion: g, = —q_

The change in the height of the snow layer is
described by an expression similar to (26):

oh qq
T (35)
This model was applied to the problem of a
flow around a solid snow fence (see Fig. 5). In
their work, the authors note that the expres-
sion for the erosion flux must be revised and
improved despite the quality of results ob-
tained using the model, which are in agree-
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ment with the experiment. This will require
new field observations or development of a
“splash” function for snow with different
properties. They also neglected the movement
of particles due to creep and took into account
only those particles that were carried by aero-
dynamic forces.
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Figure 5. Comparison of the results of model-
ling a snowdrift behind a solid fence
with experimental data [43]

ALTERNATIVE METHODS

Among the most modern CFD methods is the
use of neural networks that do not directly
solve the Navier-Stokes equations, but simu-
late their solution, learning from a dataset of
flow behaviors. Such an approach allows ob-
taining sufficiently plausible results, spending
orders of magnitude less computing power
and physical time, since with classical CFD
each problem needs to be computed from the
scratch, but a neural network is only required
to be trained once.

Sanchez-Gonzalez et al. [15] developed a
framework, which they call “graph network-
based simulators” (GNS). Physical systems
are represented by sets of interacting particles,
the dynamics of which are described by
graphs. Fig. 6 shows how the algorithm
works. The simulator sy transforms the initial
state X'o into the state X'k by iteratively ap-
plying the trained dynamic model do (a) ac-
cording to the “encoder-processor-decoder”
scheme (b): first, the input state X is ex-
pressed by a graph G° (c), then M signal
transmissions between its nodes are per-
formed, generating graphs G!..G™ (d), and
finally dynamic information Y(e) is extracted
from the graph G".

This framework allows simulating many mate-
rials, from viscous substances (a) to water (b)
and sand (c), as well as their interaction with
solid obstacles (d). The model can also be
trained on several materials at once (e). A pre-
trained model can also handle some cases that
it wasn’t trained on, like high turbulence
flows (f), objects of unknown shape (g), and
much more complex design cases compared to
the samples (h). In Fig. 9, the top row shows
the initial states, the middle row shows the
model predictions, and the bottom row shows
the results of CFD calculations.
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Another promising “fast” alternative method is
replacing the Navier-Stokes equations with a
system of lattice Boltzmann equations (LBM).
In this case, the fluid flow is perceived as a col-
lection of particles on a spatial grid. The LBM
algorithm is characterized by a simpler imple-
mentation, higher efficiency in parallelization,
and it is better suited for more complex bounda-
ry conditions. The team [18] has developed a
model of snow transport, which does not yet
take into account the influence of snow on the
air, but already gives quite plausible distribu-
tions of snow.
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The numerical lattice Boltzmann equation is a
prognostic equation for the distribution function of
particles in the i-th direction, fi, which is given by:

fi(r+c; + At,t + At) = fi(r, t) + Q;At, (36)

where r is particle direction vector, ci is particle
velocity vector, At is time step, Qi is interparti-
cle interaction, which is described using the
Bhatnagar-Gross-Krook approximation, replac-
ing it with the relaxation of the equilibrium state
of the distribution function:
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37)

1 A
9 =——(fi - f)

where 7 is relaxation time as a function of kine-
matic viscosity v:

1 3v
T=5+

38
2 C%At (38)

and f; is equilibrium distribution function of
particles in the i-th direction.

The equation of motion of snow particles is giv-
en by:

du 3(p
_P_ _ a _
o 4<ppd>CQV§(up u) — gk, (39)

where u, is particle velocity vector, u is wind
speed vector, Vz = |u, —u|, g is acceleration
due to gravity, pa and pp are air density (1.34
kg/m®) and particle density (910 kg/m?®), respec-

tively, d is particle diameter (100 um), and Cq is
drag coefficient of a particle, equal to

24v, 6
Cd =
Ved ' 14 Ved/v,

+04,  (40)

where o is viscosity, equal to 10° m%s,
The results obtained by the authors are shown in
Fig. 8-9.
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CONCLUSIONS

This paper provides an overview of various
methods of numerical modelling of snow
accumulation, primarily based on foreign
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scientific ~ publications  and regulatory
documents. The methods themselves, as well as
the limits of their applicability, the experimental
data they were calibrated on and/or verified
with, are reviewed in detail. Both “classical”
methods and modern *“alternative” ones are
reviewed. Due to the fact that Russian
regulatory documents still do not allow the use
of numerical modelling of snow accumulation
(despite almost half a century of work in this
field by scientists from all over the world), it
was impossible to carry out a comparative
analysis of foreign methods with Russian ones,
since original, non-compilatory scientific works
in the field do not yet exist.

It is shown that, taking into account: a) the
experience of the worldwide scientific and
engineering communities and a variety of
approaches to numerical modelling of snow
accumulation on roofs of buildings and
structures; b) the complexity of the subject,
which itself dictates this variety; it is
impossible to cover the entire range of sample
cases and situations using only a limited set of
simple schemes from SP and experimental
methods. Further rejection of the methods of
numerical and physical modelling, which are
recognized and applied by the world
community, casts serious doubt on the
legitimacy of the recommendations being
developed and carries significant risks for the
mechanical safety of unique buildings and
structures with arbitrary geometry. The
inclusion of numerical modelling is necessary
to form a modern and flexible regulatory
framework, which could be used by engineers
to solve much more complex design problems
than it is possible now. This requires:

1) Modern research, both foreign and domestic,
with the latter taking into account specific
features of current construction practices and
focused on requests from the industry. Also,
possibly additional theoretical and practical
developments, new or refined methods for
modelling snow accumulation.

2) Development, verification and approbation of
numerical methods, carried out using

\Volume 17, Issue 4, 2021

appropriate experimental equipment and in the
field, that would allow using all the necessary
data (climatic, meteorological, etc.) in
numerical models for maximum efficiency.
Only a complex and comprehensive approach to
the implementation of technologies for
numerical modelling of snow accumulations in
modern construction practice will provide the
required level of technical support for unique
buildings and structures with arbitrary geometry
and guarantee the safety of their construction.
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