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Wind tunnel tests and CFD simulations for snow redistribution on
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Abstract. The accurate prediction of snow distributions under the wind action on roofs plays an important role in designing structures in
civil engineering in regions with heavy snowfall. Affected by some factors such as building shapes, sizes and layouts, the snow drifting on
roofs shows more three-dimensional characteristics. Thus, the research on three-dimensional snow distribution is needed. Firstly, four
groups of stepped flat roofs are designed, of which the width-height ratio is 3, 4, 5 and 6. Silica sand with average radius of 0.1 mm is used
to model the snow particles and then the wind tunnel test of snow drifting on stepped flat roofs is carried out. 3D scanning is used to obtain
the snow distribution after the test is finished and the mean mass transport rate is calculated. Next, the wind velocity and duration is
determined for numerical simulations based on similarity criteria. The adaptive-mesh method based on radial basis function (RBF)
interpolation is used to simulate the dynamic change of snow phase boundary on lower roofs and then a time-marching analysis of steady
snow drifting is conducted. The overall trend of numerical results are generally consistent with the wind tunnel tests and field
measurements, which validate the accuracy of the numerical simulation. The combination between the wind tunnel test and CFD simulation

for three-dimensional typical roofs can provide certain reference to the prediction of the distribution of snow loads on typical roofs.
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1. Introduction

For structural engineers, it is important to accurately
predict the snow distribution on roofs under the action of
wind in regions with heavy snowfall. The snow
distributions on roofs are always unevenly distributed due
to snow drifting, which should be taken into account in the
design of structures (Majowiecki 1998). Although there
exists two-dimensional structures in nature, the snow
drifting on typical roofs is affected by some factors such as
building shapes, sizes and layouts to show more three-
dimensional characteristics. Thus, research on three-
dimensional snow distribution caused by snow drifting on
roofs is needed. The techniques for prediction of snow
drifting usually include field observation, wind or water
tunnel tests and numerical simulations.

With the development of similarity criteria (Kind 1976,
1986, Iversen 1980, Kind and Murray 1982), Wind tunnel
test is an effective method to reproduce snow drifting
around buildings. Limited by the function of wind tunnels,
the substitute for natural snow particles is always used in
previous researches (lversen 1980, Kind and Murray 1982,
Anno 1985, Isyumov and Mikitiuk 1990, 1992, Schaelin et
al. 2004, Zhou et al. 2014), and high-density silica sand is
recommend to model the snow particle in recent years.
Aside from the studies on snow drifting around buildings
(Anno 1985, Kwok et al. 1992, Haehnel et al. 1993,
Semdley et al. 1993), researchers have also studied snow
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redistribution on roofs. Isyumov and Mikitiuk (1990)
carried out wind tunnel tests of snow drifting on the two-
level roof under different wind velocity and focused on the
mass transport rate and snow deposition pattern on the
lower level roof. O’Rourke et al. (2004) studied snow
patterns and snow mass transport rates on gable roofs, flat
roofs and stepped flat roofs through water tunnel tests.
Wang et al. (2014) studied the relationship of mass
transport rate for three-dimensional stepped flat roofs with
time in an open-circuit wind tunnel. Zhou et al. (2014)
simulated snow drifting on two-dimensional stepped roofs
with different spans using particles with different density.
Zhou et al. (2016a) carried out simulation of snow drifting
on flat roofs with different velocities and different span
using silica sand and mass transport rate and mass flux were
systematically studied.

Computational fluid dynamics (CFD) method has been
rapidly developed since 1990s and some interesting studies
have been presented in recent years. Uematsu et al. (1991)
used CFD simulation to predict the snow drifting and did
the pioneering work, which has been cited in most
numerical simulations. Liston et al. (1993) conducted the
numerical simulation of snow drifting around a two-
dimensional snow fence. Thereafter, many researchers (Sato
et al. 1993, Liston et al. 1994, Liston and Sturm 1998,
Naaim et al. 1998) began to use and improve the numerical
simulation method for snow drifting. Sundsbg (1998)
employed one-way coupling model between the air and
snow phase to simulate the wind deflection fins to control
snow accumulation around a stepped building. Beyers et al.
(2004) reproduced the transient snow drifting around a
three-dimensional cubic model and the results showed there
existed severe snow accumulation on the windward side of
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the cube. Tominaga et al. (2006, 2009, 2011) presented a
numerical simulation of three-dimensional snowdrift around
a cubic building. Beyers and Waechter (2008) analyzed the
transient snowdrift around complex three-dimensional
structures. Zhao et al. (2016) simulated a two-dimensional
snow drifting on the stepped flat roof using the combination
of Eulerian and Lagrangian method. Zhou et al. (2016b)
studied the snow drifting on a two-dimensional flat roof and
the simulation results were in good agreement with the
wind tunnel test. Zhu et al. (2017) conducted the numerical
simulation of snow drifting on both two-dimensional and
three-dimensional stepped flat roofs. Although numerical
simulation method are more popular than the other two
approaches in research, the validity of the numerical results
still need to be verified using field observation or wind
tunnel test (Liu et al. 2017).

Many studies aforementioned have been investigated
snow distribution around buildings through the existing
research methods. However, most of the studies have been
only concerned about the mechanism of snow drifting or the
effect of building shapes and layout on snow distribution
around simple models. Only a few of them concerned about
snow drifting on roofs, especially for two-dimensional roofs.
Previous researches about the snow drifting on two-
dimensional roofs have made some important achievements,
but it is worth noting that real buildings have complicated
geometric shapes and the snow drifting phenomena is
complex. Due to the action of wind, the snow on three-
dimensional roofs usually is affected by many factors to
unevenly distribute. The parameters of roof type, span-
height ratio, width-height ratio, and wind velocity, the
incidence angle of the wind and snow properties will
actually result in the change of characteristic of snow
distribution, for example, the peak/valley position of snow
and the position of deposition or erosion will change.
Although the analysis of two-dimensional snow drifting can
reveal some characteristic of snow distributions on the
typical section, the three-dimensional analysis can provide
certain reference to the prediction of the distribution of
snow loads in both longitudinal and transverse directions.
Tominaga (2017) summarized the research progress of
snow drifting and also pointed out the prediction of roof
snow loads is noteworthy in future research.

Field measurement is the most direct approach to obtain
the snow distribution, however, this method has
requirements on the environment of the test site and the
factors such as weather conditions and thermal conditions
of roofs, which will add uncertainties to the results of field
measurements, are neither controllable nor repeatable.
Therefore, the applicability of field data is limited for
systematic and parametric studies. Generally, the field
observations can only provide the pattern of snow
accumulation as a qualitative validation for the other
methods. In recent years, field measurements are rare and
useable measurement data are rarely reported (Tutsumi et al.
2012). Compared with the field observations, the wind
tunnel test of snow drifting can be carried out under
controllable conditions. Based on the similarity law theory,
the wind tunnel test is an effective and acceptable approach
to reproduce the phenomenon of snow drifting on roofs, and

the final snow distribution and mass transport rate are
usually obtained due to the limitation of test equipment in
wind tunnel test. The CFD technique can easily obtain the
dynamic changes of flow field and snow cover boundary
during the development of snow drifting, and provide some
additional information. Wind tunnel tests are used in the
literature (Naaim et al. 1998, Sekine et al. 1999, Okaze et al.
2015, Zhou et al. 2016b) as validations for numerical
simulations. However, few studies in the previous literature
have combined with numerical simulations with wind
tunnel test to simulate the snow drifting (Zhou et al. 2016b).

This paper attempts to investigate the snow
redistribution characteristics caused by wind action on
stepped flat roofs under controllable conditions through the
combination of wind tunnel tests and CFD simulations,
where the final snow distribution and mass transport rate
obtained from wind tunnel tests is used as validations for
CFD simulations. Firstly, four groups of stepped flat roofs
with width-height ratio w/H of 3, 4, 5 and 6 are designed,
where w is the windward width of lower roof and H is the
height of lower roof. Under the condition of a uniform
approaching flow with a nominal wind velocity of 6.0 m/s,
silica sand with the average radius of 0.1 mm is used to
simulate the snow drifting on four stepped flat roofs in the
wind tunnel. Three-dimensional snow distribution is
obtained by 3D scanning when the test is finished.
According to the reference (Zhu et al. 2017), adaptive-mesh
method based on RBF interpolation is used to simulate the
dynamic process of snow phase boundary on the stepped
flat roof. Based on the similarity criteria, the wind velocity
and wind duration are determined for CFD simulations. The
commercial CFD software FLUENT 16.1 coupled with user
C code is used in this study to model the transportation of
snow particles. The duration of snow drifting will be
divided into N stages and then a time-marching analysis of
steady snow drifting on stepped flat roofs is carried out. The
repose of angle of snow is taken into account in the initial
stage, and the two-phase flow is regarded as a steady state
in each stage (Zhou et al. 2016b, Zhu et al. 2017).The
changes of friction velocity, snow cover boundary and mass
transport rate can be obtained for each stage. Then, a
comparison is made among snhow distributions on lower
roofs obtained from the CFD simulation, wind tunnel test
and field observations (Tsuchiya et al. 2002) and the
accuracy of the numerical simulation is validated. Finally,
some effect of width-height ratio on snow drifting on lower
roofs is analyzed.

2. Wind tunnel test
2.1 Similarity criteria

Snow drifting is a complex two-phase flow, and a
number of similarity requirements must be satisfied
between the model and prototype in a wind tunnel test.
According to some related literature (Kind 1976, 1986,
Iversen 1980, Zhou et al. 2014), the main similarity
parameters include geometrical similarity, flow field
similarity, particle motion similarity, deposit patterns
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similarity and time similarity. According to Kind (1976,
1986), Iversen (1980) and Zhou et al. (2014), here a brief
introduction of the main similarity parameters is given
below, where subscript m and p represent the model and
prototype.

To ensure the flow filed in a wind tunnel test is a fully
rough flow and reduce the effect of viscosity, Eq. (1) should
be satisfied and expressed as

u3
(_*t j >30 (1)
29v )

where U., is the threshold friction velocity, g is the

acceleration of gravity, and v is the kinematic viscosity,
which in the present study is taken as 1.45x10°m?-s?.
However, if the Eq. (1) is satisfied, the minimum value of

U., is about 0.2 m/s. Dvorak (1969) and Kind (1976)

pointed that the values of uf‘t /2gv would be below 30

and the effect of viscosity are still fairly small in this
condition. Therefore, the Eqg. (1) could be relaxed (Kind,
1976, 1986, Kind and Murray 1982).

Iversen (1979, 1980) held the view that correctly
simulating of the aerodynamic roughness height under
saltation conditions between the model and prototype was
necessary, which can be expressed as below
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where p, is the particle density, p is the air density

which is taken as 1.225 kg-m™ in most studies, H is the
characteristic height of models, u is the friction velocity.
Particle motion similarity includes the similarity of
particle ejection process and trajectory between the model
and prototype, which means the densimetric Froude number
is the same. However, lversen (1980) believed that the
Froude number is not applicable in the wind tunnel test, and
Anno (1984) pointed out that Froude number had a minimal
influence on the final pattern of redistribution of snow. Thus,
the densimetric Froude number could be relaxed. Kind
(1976, 1986), Kind and Murray (1982) reported that a
similar ejection process of particles must satisfy Eqgs. (3)

and (4)
[&] > 600 (3)
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where U(H) is the velocity of approaching flow at the
height of lower roof. Kind and Murray (1982), Kind (1986)
and Zhou et al. (2014, 2016a) believed that a large density
ratio results in relatively correct snow erosion/deposition
patterns and transport rates in a wind tunnel test. Eq. (4)
guarantees that the shear stress on snow surface is similar
with respect to the threshold velocity of particles (Zhou et
al. 2016b).

The following equation must be also satisfied to

maintain the ratio of drag force to inertial force (Kind 1986),
which can be expressed as

(ti). (ot ©

where ws is the setting velocity of a particle.

A dimensionless parameter for duration ratio is defined
based on the dimensionless volume of a leeward snowdrift
between a model and its prototype (Anno 1984, Zhou et al.
2016b), which is expressed as

tQ [ Q
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where t is the duration of snow drifting, Q is the mean mass
transport rate which is calculated by the following equation

Q:%HAh(x, y) dxdy )

where w is the width of windward side, Ah(X,y) is the

change of snow depth at the position (X, y) on roofs.

In addition, to obtain similar deposit shapes, a similar
angle of repose is needed. However, this condition is
difficult to achieve when modeling particles are used in
wind tunnel test (lversen 1980, Kind and Murray 1982,
Anno 1984, Zhou et al. 2016a). The aforementioned similar
parameters can be directly calculated by the determined
scale ratio and particles property.

2.2 Particle selection and similar parameters

Kind et al. (1982) used low-density foam particles and
high-density silica sand particles to simulate snow particles
to carry out the wind tunnel test of snow distribution around
the snow fences, respectively. The results showed that the
snow distributions obtained by silica sand particles were in
good agreement with the measured results than foam
particles. Schaelin et al. (2004) used silica sand in water
tunnel to carry out simulation of snow distribution around
mountain cottage with scale ratio of 1/400, and the test
results were in conformity with the measured data. Zhou et
al. (2014) used the low-density saw wood ash, medium-
density polyfoam, and high-density silica sand to simulate
the snow distributions on stepped flat roofs in the wind
tunnel. Zhou further verified that high-density silica sand
could more accurately simulate the snow distribution on
roofs. Thereafter, Wang et al. (2014) and Zhou et al. (20164,
b) also carried out the wind tunnel test of snow drifting on
roofs using silica sand particles as snow particles.

Based on the previous research results, high-density
silica sand has a better performance to reproduce the snow
drifting phenomenon than low-density materials (Kind and
Murray 1982, Zhou et al. 2014). Thus this paper uses the
silica sand with the average radius of 0.1 mm in wind tunnel
test, which is the same with the related literature (Kind and
Murray 1982, Wang et al. 2014, Zhou et al. 2014, 20164, b).
In the beginning of the wind tunnel test, a thin layer of
particles are uniformly paved on the baseboard. The wind
velocity is increased until a number of particles begin to
move, and then the wind velocity is decreased slowly. When
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particles nearly cease to move, the wind velocity at the
reference height is recorded. The friction velocity
corresponding to this velocity is considered as the threshold
friction velocity. However, due to the limitation of test
instruments (cobra probe cannot be used in flow with fine
particles), the threshold friction velocity measured by Wang
et al. (2014) is used in this paper, and the value of w is
0.15 m/s which is consistent with the value recorded in the
literature (Kind and Murray 1982). The physical properties
of silica sand are listed in Table 1.

Table 2 shows the values of the major similarity
parameters of the CFD prototype and the scale model in
wind tunnel test. There exist some differences between
these values because the properties of snow particle are
used in CFD simulations.

The Reynold number of aerodynamic roughness is 30.7
for CFD prototype and 11.9 for wind tunnel test. The value
of 11.9 is close to the value of 13.0 recorded in the literature
(Kind and Murray 1982). When the Reynold number of
aerodynamic roughness is too small, it will lead to
insufficient development of flow in the wind tunnel, which
may affect the movement of particles. The similarity
pu?
PeHyg
the same order of prototype, however, it is larger than the
prototype. Zhou et al. (2016b) believed that the
aerodynamic roughness height caused by particle saltation
is not the major influence factor of flow field and the
requirement of similarity parameter of A% could be

PeHyg
relaxed. The densimetric Froude number of the wind tunnel
test is different from the prototype, however, researchers
(Anno 1984, Zhou et al. 2016b) pointed out that the

similarity parameter of P ”*721 and L@
pp—p 9d, pPp—p 9H

could be relaxed. High-density silica sand is used in wind

tunnel test, and the density ratio o, | pis larger than 600,

parameter of aerodynamic roughness height is in

satisfying the requirement proposed by Kind and Murray
(1982) and Kind (1986). However, using high density
material will alter inertia forces on the model snow particles
and makes them less susceptible to the effects of turbulence,
which has not be evaluated in present analysis. The inlet
condition of CFD and duration of wind are determined by
Egs. (4) and (6), respectively. Therefore, these two
similarity parameters of velocity and time are the same
between the model and the prototype. With reference to the
similarity of particle trajectory, the ratio of settling velocity
of silica sand and reference velocity is larger than that of
prototype. However, the settling velocity of snow is
between 0.2 m/s and 1.3 m/s (Satoh and Takahashi 2006,
Zhou et al. 2016b) considering the inhomogeneity of snow
Wi
U(H)
range of 0.024 to 0.156. Thus, w; of silica sand is
U(H)

particles. Thus, the value of for prototype is in the

within the range of the prototype.

Table 1 Physical properties of natural snow particle and
silica sand

Properties Snow particle Silica sand
Diameter d, (mm) 0.15 0.20
Particle density Py 250 2560
(kg-m™)

Bulk density p, (kg-m?) 150 1670
Threshold friction 0.20 015
velocity u« (m/s)

Setting velocity w; (m/s) 0.20 0.60
Angle of repose 6 (°) 50.0 345

Table 2 Similarity parameters of CFD prototype and tunnel
test scale model

Wind tunnel
Similarity parameters CFD . test
(snow particle) -
(silica sand)
u
— 30.7 11.9
2gv
2
pu;
1.17E-05 5.06E-5
ppHY
u?
£ 0.141 0.017
p,—pod,
U2(H
2o (H) 2.19 36.75
p,—p gH
Lo 204.1 2089.8
P
U(H)
41.6 41.6
Usg
Wf
U (H) 0.024 0.096
tQ 0.156; 0.158; 0.156; 0.158;
P H 2 0.160; 0.162 0.160; 0.162

2.3 Description of the test

The wind tunnel test is carried out in open-circuit wind
tunnel called XNJD-2 at Southwest Jiaotong University.
The test section is 10 m(x)x1.3 m(y)x1.5 m(z) and the
stable wind velocity is from 0 to 19 m/s in test section. Fig.
1 illustrates the wind tunnel test layout of snow drifting for
the stepped flat roof. Four groups of models which are
made of PVC are included in this wind tunnel test, where
the windward width w is 3H, 4H, 5H and 6H, respectively.
The characteristic height H is 0.1 m (Fig. 1(b)).
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Fig. 1 Diagram of wind tunnel test of stepped flat roofs

The geometrical scale ratio is 1:30. The blockage ranges
from 3% for the model width of 3H to 6% for the model
width of 6H. In order to avoid the outlet of wind tunnel
influencing on the internal flow field, the distance between
the model and the outlet is about 3.0 m.

In wind tunnel test, 20 mm silica sand particles are
uniformly paved on stepped flat roofs to simulate the initial
snowfall, where the lower roof is at windward side. A
simple silica sand collecting device is placed at the outlet of
the tunnel for reuse. The angle of the wind direction is 0°
(Fig. 1(a)), without consideration of the change of wind
direction.

Zhou et al. (2014) carried out wind tunnel tests of snow
drifting on two-dimensional stepped flat roofs, in which the
effects of wind duration on snow distribution were studied.
Wang et al. (2014) carried out three-dimensional wind
tunnel tests of snow drifting on typical roofs, and studied
the relationship between mass flux and time. The
determination of the wind duration in this paper is mainly
referred to these existing literature.

The results of Zhou and Wang's research show that the
choice of wind duration is related to the wind velocity.
When the wind velocity is larger, a shorter wind duration is
needed to form the stable snow cover. Under the condition
of the same wind velocity, the length of wind duration will
affect the depth of snow cover at the front region (windward
side) on the centerline. When the wind duration is short, the
coefficient of snow distribution is relatively large at the

front region. For other regions, the coefficient of snow
distribution at each time is relatively close. However, due to
the strong separation around the three-dimensional model,
the snow distribution in the roof edge region is significantly
different in different time. The Fig. 2 shows the relationship
of Mass flux over time obtained from the wind tunnel test.
As can be seen from Fig. 2, the mass flux firstly increases
with time, and then decreases with time when it reaches its
maximum value, and finally tends to be stable as time
increases. Considering that the wind tunnel equipment used
in this paper is the same with the literature (Wang et al.
2014), and to reduce the test cost, the wind duration is
chosen as 10 min. The wind duration 10 min for wind
tunnel test corresponds to several hours for numerical
simulation in Table 4. A real snow drifting phenomenon
may last from hours to several days, thus 10 min duration is
reasonable. When the wind duration is too short, the snow
distribution has not fully developed. When the wind
duration lasts too long, the erosion is serious, and more roof
area is exposed.

The flow field needs to be measured in the test. The
measuring positions are A and B in Fig. 1(a). The Position A
is at the inlet of the wind tunnel and the position B is at the
front of the model. Cobra probe is used to measure the wind
velocity and turbulence intensity in wind tunnel. Because
the cobra probe will be easily blocked and damaged by
small particles, the measurement position is located at the
front of models. When measuring, the cobra probe is fixed
on the bracket, and the probe plane needs to be
perpendicular to the flow direction. The cobra probe is
connected to data collection box, and the sampling
frequency and sampling time is 256 Hz and 60s,
respectively.

Fig. 3(a) shows the distribution of the average wind
velocity profile and the turbulence intensity at the nominal
velocity of 6.0 m/s at the position A. The mean velocity
profile is normalized by the wind velocity of the reference
point at the height of lower roof U(H). As one can see from
Fig. 3a, the turbulence intensity at the height of H is about
5% and the approaching flow is close to the uniform flow.
Wang et al. (2014) conducted a snow drifting test for typical
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— 0.04 1 ~ —o— 5.5 m/s Stepped flat roof |
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Fig. 2 The variation of Mass flux g with time (Wang et
al. 2014)
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Fig. 3 Profiles of mean wind and turbulence intensity

roofs in XNJD-2 wind tunnel, and silica sand with the
thickness of about 30 mm was uniformly paved on the
surface of test section, of which length is about 3 m, to
simulate the ground after snowfall. Wang measured the flow
velocity through the silica sand bed and reported that the
mean velocity was developed and well matched with the
logarithmic law (0<z/H <4.0), and he measured the
turbulence intensity below the relative position
0<z/H<4.0 (Fig. 3(b)). At the relative height
0<z/H <20, the mean wind velocity and turbulent
intensity at position B are smaller than position A, showing
the particles on the ground make the wind velocity and
turbulent intensity decrease (Bintanja 2000, Wang et al.
2014).

2.4 Parameter definition

When a test case is finished, the snow depth on
centerline (Fig. 1(b)) is measured by digital vernier caliper.
Before using the digital vernier caliper, a zeroing operation
is needed. Then, loosen the fastening screw and the depth
bar is gently and perpendicularly inserted in the snow
surface to the lower roof. And then, the length of depth bar
is adjusted to slightly touch the snow surface. At the same
time, the screw is tighten to fix the depth bar, and the

numbers on the screen of digital vernier caliper are recorded.

ﬁ Windward

Fig. 4 Typical 3D snowdrift on the stepped flat roof in
wind tunnel test

This number is the snow depth S at the measuring point.
Meanwhile, 3D scanning is used to obtain the three-
dimensional distribution of the snow depth on flat roofs.
The normalized snow depth Cs is given by

sT o (8)

where S is the snow depth on lower roof, for field
observations Sy is the snow depth on the ground, but for the
numerical simulation and wind tunnel test, S, is the initial
snow depth on the lower roof.

In order to describe the redistribution of snow on flat
roofs due to the motion of creep, saltation and suspension
caused by wind action (Fig. 4), n;and A are defined to

describe the characteristic of 3D snow distribution,
respectively.

7= BL x100% 9
A= A x100% (10)
w 1

where the subscript i is 1, 2 and 3, L; is the length of the
front erosion region, the length of the residual snow at the
rear region and the length of bare roof, respectively, B, is
the span of lower roof which equals to 3H, B, and B; are
both the width of the model which equal to w, A is the area
of bare roof.

3. Numerical simulation
3.1 Dynamic control of snow phase

According to the overview literature of numerical
simulation of snow drifting (Tominaga et al. 2011,
Tominaga 2017), RANS equations of motion and Realizable
k-¢ model with standard wall functions are employed to
model the turbulent air. These classical equations are not
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given in this paper due to easily obtained in the other
references. The equation that governs the snow phase
(Uematsu et al. 1991, Tominaga et al. 2011, Zhou et al.
2016b, Zhu et al. 2017) as follows

6(psf)+6(psfuj) ﬁ{Vtﬁpst P
J

ot OX. OX;

| o | (W f) an)

OX; 8

where p, is the density of snow, f is the snow volume

fraction, pf is the drifting snow concentration, u; is the

wind velocity calculated through the equations governing
the air phase, v; is the turbulent kinematic viscosity, w; is the
vertical setting velocity of snow particles in still air. When
steady state method is used in numerical simulations, the

unsteady term on the left-hand in Eq. (11) will be set as zero.

The additional convection term on the right-hand in Eq.
(11) represents the convection effect by gravitational
sedimentation. The erosive or accumulative snow fluxes on
the snow surface as boundary conditions are calculated
using the formula (Naaim et al. 1998, Beyers et al. 2004,
Zhou et al. 2016b) as follows

uf —u?
qdep = ¢Wf u—z, U. < U*t (12)
*t
Ooo =—Ap(Uf -U3), W >u, (13)

U =\zlp (14)

where ¢ is the snow concentration equal to p f, A is a
proportionality —coefficient representing the bonding
strength of snowpack, usually Ap:7><10_4 is employed
(Naaim et al. 1998, Beyers et al. 2004, Zhou et al. 2016b,
Zhu et al. 2017), p is the density of air, 7. is the flow
shear stress on the snow surface which can be obtained

from the numerical results of air field. Thus, the total mass
flux gyt ON the snow surface is given by

qtotal = qero + qdep (15)

Therefore, the change of snow depth is given by

Ah = ol At (16)
P,

where At is the possible physical time interval for a snow
drifting.

The commercial CFD software FLUENT is employed in
this paper, which stores flow field data in the cell and face
and space coordinates in the node. According to the
reference (Zhou et al. 2016b), a simple two-dimensional
mesh adjustment method is shown in Fig. 5, where the
subscript F represents the face centroid and subscript i
represents the face centroid numbering. When the number
of nodes is large, the boundary of snow surface would be
smooth enough. Applying this method to a three-

dimensional model, however, the point set {(Xr, Y&, new)i} iN
plane will be expanded to point cloud {(Xr, Ve, Zr, new)i} IN
space. It is complex to reconstruct surface using point cloud
and there may exist a continuity problem between the
reconstruction surface and the initial model (Zhu et al.
2017).

For the issues mentioned above, an adaptive mesh
method based on the radial basis function (RBF)
interpolation proposed by Zhu et al. (2017) is used to
simulate the dynamic change of snow phase boundary on
lower roofs in this study. Here is a brief introduction. Two
steps are included in this method: firstly RBF interpolation
is used to adapt the boundary and then a mesh law is
introduced to adjust the mesh. A typical multi-input and
single-output RBF topological structure includes the input,
basis function and output. Because of a good precision to
approximate a smooth mapping of input-output (Powell
1987), Multiquadric function is used as the basis function in
this paper. The schematic diagram of boundary adaption
based on RBF interpolation is shown in Fig. 6, where the
subscript j and N represent the node numbering and the
node, respectively.

Finally, a mesh law is introduced to solve the mesh
quality problems after boundary adaption (Fig. 7). The
mesh law Geometricl is used, which can be expressed as

R-1¢ i_2
S =g 2R (17)
=
o Node
|~ Cell
- |~ Face
Boundary —
\
T T T

o] 7 fom)

{(XF,yF new) } New boundary
" I

(a) Data structure

’ Snow face center {(><F.yF ), }‘

‘ Egs. (12)~(16)
The Change of snow depth {(AhF ), }‘

Keep coordinate X ‘ Ve new™ Ye +Ahg

New boundary is made of {(XF Y nen ), }
3

’ Remesh the flow domain ‘

(b) Adjustment process
Fig. 5 Adjustment method of 2D mesh
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Initial boundary

Y
o)

New boundary

Fig. 6 Method for boundary adaption based on RBF
interpolation (Zhu et al. 2017)

where S; is the distance from the start of edge to the node i,
R is the rate which is in the range of 0.25 to 4, N is the total
node number. When using the mesh law Geometricl, the
distance S; and N should be specified firstly and then the
nodes are generated on the edge of unit length (the length is
1). Finally all the nodes are mapped to the actual edge.
When the minimum grid size is specified as d, S; is a
determined value of d/L;, where L; is the length of edge i in
a certain stage of the mesh adjustment. When adjusting the
mesh, repeat the above process and then all nodes are
mapped to the new edge. Therefore, the minimum grid size
of snow surface can be precisely controlled as a specified
value in the subsequent mesh adjustments. The detailed
governing equations for this method can be found in the
reference (Zhu et al. 2017).

3.2 Time-marching method for stepped flat roofs

The time-marching method or quasi-steady method
based on steady-state algorithm for the simulation of snow
drifting has been developed recently and this method can
solve the problems of high time-consuming and the

!{_'—}\: _______ i‘ -
Distortion Initial boundary

(a) Distortion

H
+ wind

H___

X
Mesh law

(b) Mesh adjustment
Fig. 7 Mesh adaptation

correspondence between computational time and the real
time. This paper extends the steady calculation method
which was proposed in references (Zhou et al. 2016b, Zhu
et al. 2017) and develops it with RBF adaptive mesh
method for the snow drifting on stepped flat roofs. The
duration T is determined based on wind tunnel test data and
then divided into N stages. In each stage, the snow drifting
is regarded as a steady state and the one-way coupling and
adaptive mesh method aforementioned in Sections 3.1 is
used to calculate the snow drifting on roofs. Wind tunnel
test (Wang et al. 2014) and numerical simulation (Zhu et al.
2017) results show that the mean mass transport rate of
snow on roofs tends to be stable over time, so the mean
mass transport rate and its residual are used as the basis for
judging whether the calculation is convergent or not.
According to the reference (Zhu et al. 2017), the optimum
iteration method is used to determine the optimal value of N
to balance the computational accuracy and efficiency. The
relative residual ¢ of the mean mass transport rate of snow

phase is defined as follows

_ Qm,i+l B Qm,i
g_ Qm,i+l

where the subscript i represents the ith calculation, Qp.iand
Qm; are the mean mass transport rate of the (i+1)th

calculation and ith calculation, respectively, and ¢, is the
relative tolerance which is a small constant equal to 0.05.
The ith calculation is corresponding to N;. When ¢ <¢,

is met, iterative convergence is reached and Ni.; is the

optimal value. The specific processes are as follows:

(1) Base on wind tunnel test data, the duration T is
determined and divided into N; stages (i=1, 2, 3:).
Initialize N; = n, where usually N;=2.

(2) The steady flow field is obtained by solving RANS
equations. Friction velocity u. of stage k on snow
surface can be calculated with the steady flow field,
where Kk is a certain stage in the range of 1 to N.

(3) The governing equation of snow phase (Eq. (1)) is
solved according to flow field characteristics. And
then the change of snow depth Ah, can be calculated

based on Egs. (12) to (16). The snow depth of stage
k+1 is calculated by the following equation

<& (18)

h., =h +Ah +d, (19)

where hy and hy., are initial snow depth of stage k and
stage k+1, respectively, and dy represents the snow
depth as a result of snowfall, sublimation and repose
angle and so on.

(4) Adaptive mesh program using RBF interpolation is
applied to adjust snow boundaries at the end of stage k
and generates a new mesh for stage k+1. Steps 2-4 are
repeated until the final stage n. The average mass
transport rate of stage N; is calculated.

(5) Setn=n+1and i=i+1. Repeat steps 1-4. If the condition
§ <¢, is met, the iteration is convergent. Finally,

n+1 is taken into account as the most rational value of
N.
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Fig. 8 Flow chart of calculation

Fig. 8 shows the calculation processes of snow drifting
based on the time-marching method using RBF
interpolation. Therefore, this method can take into account
the effects of snow boundary changes in stage k on stage
k+1 and then predict the phase boundary changes between
the air and snow over time.

3.3 Numerical simulation parameters

Corresponding to wind tunnel test, the windward width
of the model w is 3H, 4H, 5H and 6H for numerical
simulation, respectively, where the characteristic height H is
0.1m as well. The results of numerical simulations (Wang et
al. 2013, Zhao et al. 2016, Zhu et al. 2017) and wind tunnel
tests (Zhou et al. 2014, Wang et al. 2014) with different H
show that the dimensionless snow depth is good consistent
with the field observations (Tsuchiya et al. 2002) in
centerline. Although the sizes of stepped flat roofs are
different, the dimensionless snow depth is similar to each
other under the condition that the wind velocity and
direction is kept the same in wind tunnel tests and
numerical simulations. Therefore, in order to combine with
the wind tunnel test aforementioned, characteristic length
H=0.1m is adopted in the numerical simulation.

According to the references (Kuroiwa et al.,1967, Zhou
et al. 2016b), this paper supposes that the temperature is
below 0 °C during snow drifting and repose angle of snow
is 50°. The partial calculation model considering the angle
of repose is shown in Fig. 9, of which the initial snow depth
is 0.02m on the lower roof. According to some related
literature (Beyers et al. 2004, Franke et al. 2007, Tominaga
et al. 2008, Blocken 2015), the computational domain is 90
H(x)x13 H(y)x15 H(z) and the distance from the stepped
flat roof to the inlet boundary is 30H. Structured
progressive mesh is used as mesh scheme for four models.
According to the references (Tominaga et al. 2015, Zhou et
al. 2016), the prediction results did not change significantly
with finer grids, so the minimum grid size near the snow
surface is set as H/30. The total number of grid cells in the
three-dimensional model is about 2.5 million. For the
convection terms of the equations, the second order scheme
is used.

Fig. 9 Diagram of calculation model

Corresponding to the wind tunnel test, the inlet velocity
profile is described by a uniform flow and expressed as

u(z) =U(H) (20)

where u(z) is the wind velocity at the height of z (m).
Realizable Kk —& model is employed to describe the
turbulent flow in this paper, and turbulent intensity and
viscosity ratio is used to determine the inlet profile of
turbulent kinetic energy and turbulent dissipation rate.

3. 1y
=2 (W) (21)

kZ
g=pC, —(H)* (22)
7R

where u,g is the mean flow velocity, | is the turbulent

intensity, Cﬂ is an empirical constant specified in the

turbulence model and C,=0.09, x is the air viscosity,

L:J—t is the turbulent viscosity ratio. According to FLUENT
User's Guide, the turbulent intensity and viscosity ratio is
specified as 5% and 10, respectively. To reduce the effect of
blockage, symmetry boundary is used in CFD simulations.
The boundary condition of snow phase is also needed.
In this paper, it is assumed that there is no snowfall when
snow drifting occurs and the initial snowpack on the lower
roof is taken into consideration. According to some related
literature (Beyers et al. 2004, Franke et al. 2007, Tominaga
et al. 2008, Zhao et al. 2016, Zhou et al. 2016b), the
boundary conditions for air and snow phase are summarized
in Table 3, in which i denotes all flow variables except

pressure.

Table 4 presents the major parameters of numerical
simulation. The inflow velocity, the threshold friction
velocity of silica sand particles in wind tunnel test is known,
and the threshold friction velocity of snow particles in
numerical simulations is also given. So the inflow velocity
in numerical simulations can be calculated by Eq. (4). Only
when the threshold friction velocities of silica sand particles
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and snow particles are the same, the inlet velocity in
numerical simulation will be equal to the wind tunnel test.
So U(H), the velocity of uniform flow in the inlet boundary,
is 8.32 m/s determined by Eq. (4). When the wind velocity
is different, the mean mass transport rate of particles is also
different. In order to ensure the similarity of snow
distribution between the wind tunnel test and numerical
simulation, the wind duration of the numerical simulation is
controlled by Eq. (6). It can be seen from Eq. (6) that
because the density and mean mass transport rate for both
of silica sand particles and snow particles are different, the
wind duration in the numerical simulation is also different
from that in the wind tunnel test. The wind duration of each
model in CFD simulations is calculated by the results from
wind tunnel test. When the wind duration of the model in
the wind tunnel test is fixed, the numerical simulated mean
mass transport and experimental results can be obtained by
Eq. (7). Therefore, the wind duration of numerical
simulations could be calculated by Eq. (6). Given that a
snowstorm may last from hours to several days, the wind
duration of numerical simulation is set as 4.0 hours, 5.1
hours, 6.7 hours and 8.2 hours for four models, respectively.
According to time allocation method used in the reference
(Zhu et al. 2017), the time interval of the first stage in this
paper is set as 1.0 hour, and the remaining hours are
uniformly divided into N-1 parts.

Table 3 Boundary conditions for numerical simulation of
wind-driven snow

Model
boundary Type Air phase Snow phase
name
u, = Eq.(20)
Velocity- _ _
Inlet inlet k =Eq.(21) f=0
& =Eq.(22)
Outlet Outflow oF/on=0 of Ion=0
Building _
walls (SWaI(; | f=0
Snow tandar _
surface wall =0 4= Eqs.[(lZ) - (13)]
Ground function) f=0
;’g;%ii Symmetry oulon=0 of Ion=0

Table 4 Parameters of the numerical simulation

Wind
Parameters CFD tunnel
test
Geometric scale ratio 1:30 1:30
Initial snow depth (mm) 20 20
Wind velocity at lower
roof height in the inlet 8.32 6.24
boundary (m/s)
Turbulence intensity at
lower roof height in the 5.0 5.0
inlet boundary (%)
w/H=3.0 4.0h
Wind w/H=4.0 5.1h 10min
duration w/H=5.0 6.7h
w/H=6.0 8.2h
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Fig. 10 gives the effect of N on the average mass
transport rate Qy, and the relative residual ¢ . As one can

see from Fig. 10, Q, and £ tend to be stable with the
increase of N. When N=4, the relative residual ¢ of four

models satisfies the Eq. (18). Therefore, the duration T for
the calculation of snow drifting on stepped flat roofs is
divided into four stages, which is the same with the
reference (Zhu et al. 2017).

Four stages are represented by 1, 2, 3 and 4. The
subscript S (Start) represents the initial time of a certain
stage and the subscript E (End) represents the end of a
certain stage in the following sections.

4, Results

4.1 Results of wind tunnel test and numerical
simulation

Fig. 11 presents the photographs of the snow
distribution on the lower roofs at the end of the wind tunnel
test. In general, three regional distribution of snowpack on
lower roofs is obvious (Fig. 11(a)). There exists a distinct
arc-shaped interface region 1 and region 2, while the
exposed roof, caused by severe erosion, at left and right
corners at region 3 are basically symmetrical. The
normalized distribution of snow depth on lower roofs for
the wind tunnel test and numerical simulation are shown in
Figs. 12-15. It can be seen that the snow on the lower roof
of four models mainly present as erosion and the erosion of

snow concentrates on the edge and corner of the lower roofs.

The deposition mainly occurs in the middle region due to
the relatively low friction velocity (Fig. 17), while the
deposition amount is low and the region of deposition is
small.

@wH=30_ (b) w/H=4.0

(c) W/H=5.0

Fig. 11 Photograph of four models in wind tunnel test

(d) w/H=6.0

However, the deposition amount of wind tunnel test is
larger than that in numerical simulation, and the position
where deposition occurs is closer to the rear region of the
lower roof. The maximum normalized snow depth is about
1.1 for wind tunnel tests. As one can see from the figures,
the snow depth distribution presents hill-shaped.

(b) CFD simulation

Fig. 12 Snow depth distribution on the lower roof for
w/H=3.0

>

p=
(a) wind tunnel test (b) CFD simulation

Fig. 13 Snow depth distribution on the lower roof for
w/H=4.0

NG

-25%0

(b) CFD simulation

Fig. 14 Snow depth distribution on the lower roof for
w/H=5.0

(b) CFD simulation

Fig. 15 Snow depth distribution on the lower roof for
w/H=6.0
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For the models with the same width-height ratio, the
snow depth of the rear region (near x/H=3.0) in wind tunnel
tests is smaller than that in numerical simulations. The snow
surface will be steep with the development of erosion and
the snow particles on the surface layers will be slipping
along the steep surface due to the effect of angle of repose.
Thus, the snow depth of this region will decrease. However,
the effect of angle of repose in the process of snow drifting
is not yet considered in the numerical simulation for the
present study, which is probably the main reason for the
differences between the numerical simulation and the wind
tunnel test at the rear region. In addition, the limitation of
k- £ model may be another reason. It is well known that the
turbulent kinetic energy may be underestimated at the rear
region of the lower roof (Murakami 1993, Murakami et al.
2003), which will also cause the erosion of numerical
simulation at the rear region less than that in the wind
tunnel test.

With the increase of the width-height ratio w/H, the
relative area of exposed roofs at the rear region decreases,
so that the distribution of snow depth on lower roofs looks
like more uniform in the transverse direction. When the
width-height ratio w/H gradually increases, the percentage
of snow erosion on lower roofs in wind tunnel tests is
31.29%, 30.14%, 29.29% and 28.83%, respectively, while it
is 31.86% 29.27%, 29.68% and 28.65%, respectively, in
numerical simulations. The results between wind tunnel
tests and numerical simulations are basically consistent.

4.2 Comparison of numerical simulation results with
the test and measured data

Fig. 16(a) shows the normalized snow depth distribution
of lower roof at the centerline (y/H=0) from both the
numerical simulation and the wind tunnel test. As plotted in
Fig. 16, three regions including the front region
(0<x/H<0.75), the middle region (0.75<x/H<2.25) and the
rear region (2.25<x/H<3.0) are classified to describe the
change of the redistribution of snow and friction velocity,
according to the change feature of friction velocity and
dimensionless snow depth. The results of the wind tunnel
test are first analyzed. The erosion and deposition status on
the lower roof are reflected in Fig. 16(a). The particles at
the front region of fours models are severely eroded during
the wind tunnel test. A few particles deposited at the middle
region and the normalized snow depth gradually increases
with the relative position x/H. Then, the maximum of snow
depth appears and the relative position x/H is about 2.6. As
one can see from Fig. 16a, the snow depth of four models in
the wind tunnel test coincides each other at the relative
position 1.0<x/H<2.5. The erosion is extreme non-uniform
due to the vortex at the rear region. The results of the
numerical simulation are then analyzed. The overall trend
of the numerical simulation is consistent with the wind
tunnel test. However, the relative position of the maximum
snow depth is of some differences with the wind tunnel test.
The relative position of the maximum snow depth for the
numerical simulation is in the range of 0.75 to 1.25, where
the upper limit is for the width-height ratio w/H=6.0 and the

lower limit is for the width-height ratio w/H=3.0.

Compared the results obtained from the numerical
simulation with the wind tunnel test, some consistent points
as well as differences can be concluded. With the increase
of width-height ratio w/H, the snow erosion decreases at the
front and rear regions for both the numerical simulation and
wind tunnel test. The snow depth of numerical simulation at
the relative position 1.0<x/H<2.5 is in good agreement with
the wind tunnel test.
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Fig. 16 Snow depth distribution on the lower roof at
y/H=0
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However, the dimensionless snow depth of numerical
simulation is larger than the wind tunnel test at the front
region of lower roofs (0<x/H<0.75). The main reason is
probably that the normal component of the erosion caused
by impinging flow is not considered in numerical
simulation and actually it exists in wind tunnel test
(Humphrey 1990, Beyers et al. 2004). At the rear region of
the lower roof, numerical simulation also predicts the non-
uniform erosion which is slightly smaller than the wind
tunnel test. The erosion position of numerical simulation is
closer to the windward side than the wind tunnel test and
the center of erosion position is about 2.6 and 2.8 for the
numerical simulation and wind tunnel test, respectively.
Meanwhile, there exists an obvious snow accumulation in
the front of the erosion pit for the wind tunnel test, which is
not observed in the numerical simulation.

Fig. 16(b) presents the comparison between the results
of the numerical simulation with field observations carried
by Tsuchiya et al. (2002) with w/H=6.0, while Fig. 16(c)
shows the comparison between the results of wind tunnel
tests with field observations with w/H=6.0 (Tsuchiya et al.,
2002). For the same width-height ratio w/H=6.0, the snow
depth at the relative position 0.5<x/H<1.5 for the numerical
simulation and at 0.75<x/H<1.5 for the wind tunnel test is
higher than three field measurements, while erosion
quantity at the rear region of both the numerical simulation
and the wind tunnel test is lower than field observations.
These differences may be caused by differences of wind
velocity, wind directions, measurement time, the location
for the model and the properties of snow particles. Although
there exist some differences, the overall trend of the
numerical simulation and the wind tunnel test results are
consistent with field observations in general.

5. Analysis and discussion

5.1 The influence of width height ratio on friction
velocity U

Fig. 17 shows the influence of width-height ratio w/H on
the friction velocity u- of centerline (y/H=0) on the lower
roof. The vertical axis denotes the dimensionless friction
velocity, which is the ratio of friction velocity u- at the start
of each stage on the lower roof to the threshold friction
velocity u.. In general, the distributions of friction velocity
for four models, which is simulated numerically, resemble
each other for a certain stage. It can be seen that the width-
height ratio has some impact on the distribution of friction
velocity from Stage 15 to Stage 4s. At Stage 1s, the friction
velocity of four models at the front region is larger than the
threshold friction velocity due to the strong separation and
the friction velocity of w/H=3.0 is slightly higher than the
others. It is noteworthy that the friction velocity
distributions of w/H=4.0 to 6.0 basically coincide at the
front and middle region at Stage 1s, and the valley points at
the middle region for these three models are close to the
relative position x/H=0.90. However, the distribution of
friction velocity distributions for w/H=3.0 has a relatively

large difference with the others at middle region, and the
valley point is about x/H=1.55. The peak values at the rear
region gradually decrease with the increase of width-height
ratio.
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Significant erosion of snow at the front region occurs
due to the large friction velocity, and this change of snow
cover profile also alters the flow field around the front
region. This condition explains why the friction velocity at
the front region changes drastically for Stage 25 to 4s. At
Stage 4s, the distribution of friction velocity on centerline is
more obviously related to width-height ratio. The friction
velocity at the front and rear region decreases with the
increase of width-height ratio. In the middle region of Stage
45, the relative position x/H of valley points are 1.55, 1.35,
1.16 and 0.87, respectively, with the increase of the width-
height ratio. Compared with the first stage, the relative
position x/H of valley points for w/H=3.0 and w/H=6.0 are
basically the same, while it is closer to the rear region for
w/H=4.0 and w/H=5.0. Therefore, it can be found that the
effect of width-height ratio on the distribution of friction
velocity on the centerline (y/H=0) is significant at the start
of the last stage, especially w/H is 4.0 and 5.0.

To further analyze the influence of the width-height
ratio on the friction velocity, Fig. 18 illustrates the
relationship between the mean friction velocity u«, on the
lower roof and the width-height ratio w/H. Dimensionless
friction velocity is the ratio of the mean friction velocity usp
to the threshold friction velocity us. The mean friction
velocity decreases with the increase of width-height ratio
for all of the stages, which can explains that the snow
erosion amount is large with relatively small width-height
ratio to some extent. With the development of snow drifting,
the mean friction velocity decreases gradually and are
basically in coincidence at Stage 3s and Stage 4s, which
means the snow mass transport rate would be stable.

5.2 The characteristic of snow distribution on lower
roofs

Fig. 19 presents the variation of the characteristic of
snow distribution on the lower roof with the width-height

ratio. The dimensionless length 77, of the erosion at the
front region decreases as the width-height ratio (Fig. 19(a)).
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When the width-height ratio increases, the effect of flow
around the model on the centerline section (y/H=0) begins
to weaken and the friction velocity decreases (Fig. 17)
which results in less erosion of snow. Thus, the 7; of

frontal region at the centerline section (y/H=0) is shorter
than the model with smaller width-height ratio. The

dimensionless length 77, is gradually getting to increase

with the increase of width-height ratio (Fig. 19(b)), which
indicates that the erosion of rear region is less for the larger

width-height ratio. However, the 7, and 7, in the

numerical simulation is larger than that in the wind tunnel
test, and especially the difference is more significant for the
model that has a relatively small width-height ratio

( w/H<40 ). The dimensionless length 7, and

dimensionless area A both decrease as the width-height
ratio increases, while the results in the numerical simulation
is smaller than that in the wind tunnel test.

The relative area of exposed roof caused by severe
erosion is smaller at the condition of larger width-height
ratio, which means the distribution of snow at the transverse
dimension at the rear region gets more uniform. As one can
see from Fig. 19, the erosion amount in the numerical
simulation is smaller than that in the wind tunnel test in
general. Although there exist some differences between the
results calculated by CFD simulations and the results
obtained from wind tunnel tests, the overall trend is
consistent. Therefore, the results obtained by numerical
simulations based on adaptive-mesh method with RBF
interpolation are acceptable.

5.3 Mass transport rate

Fig. 20 compares the volume of total erosion of snow
particles or silica sand on lower roofs between the
numerical simulation and wind tunnel test, where the

volume of total erosion is equal to ”Ah(x,y)dxdy in Eq.

(7). Both the numerical simulations and wind tunnel tests
show the total erosion linearly increases as the width-height
ratio increases. The total erosion obtained by the numerical
simulation accords with the wind tunnel test results, which
means that the numerical simulation method used in this
paper can effectively predict the snow drifting on stepped
flat roofs.
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Fig. 20 Total erosion for the numerical simulation and
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Fig. 21 Mean mass transport rate Q, for the numerical
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Fig. 21 shows the mean transport rate obtained from
both the numerical simulation and wind tunnel test using Eq.
(7). Although the order of magnitude of the mean mass
transport rate is different between the wind tunnel test and
the numerical simulation, the overall trend of both is
consistent which nonlinearly decreases as the width-height
ratio increases. The mean mass transport rate is mainly
affected by flow fields. Combined with Figs. 17 and 18, the
different building geometry has a different flow field so that
the mean mass transport rate is different.

To further analyze the effect of width-height ratio on the
mass transport rate during the process of snow drifting, the
relationship between the average mass transport rate and
stage n is shown in Fig. 22. The mean mass transport rate
gradually decreases for a single model and is getting to be
stable with the development of calculation stage. For
example, the mean transport rate at Stage 1g is 2.47x10°
kg-m*s?tand it is 1.76x10°kg-m™-s™, 1.39x10°kg-m™*-s™
and 1.24x10°kg-m™-s™ for Stage 2¢ to 4, respectively. The
mean mass transport rate of w/H=3.0 is significantly higher
than others at each stage and it is a direct explanation why
the overall erosion of the model with a relatively small
width-height ratio is larger.
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6. Conclusions

Scale stepped flat roof tests are conducted in wind
tunnel to analyze the effect of width-height ratio on the
snow drifting on lower roofs, in which silica sand is used to
model the snow particle. An adaptive-mesh method using
RBF interpolation for stepped flat roofs is used to simulate
the dynamic process of snow cover boundary and then a
time-marching analysis of steady snow drifting on stepped
flat roofs, which has the same width-height ratio with the
wind tunnel test, is conducted in detail. The comparison
between the results from the numerical simulation and wind
tunnel test validates the accuracy of the numerical method
to a certain degree. Some conclusions can be drawn from
the present study as follows:

(1) The snow erosion mainly concentrate on the front and
rear region on the lower roof, while the deposition of
snow occurs at the middle region with small quantity.
As the width-height ratio w/H increases, the erosion of
snow at the front and rear region decreases on the
centerline section (y/H=0) and the percentage of
erosion on lower roofs decreases systematically as
well. With the increase of the width-height ratio w/H,
the relative area of exposed roofs at the rear region
decreases, therefore the distribution of snow depth
looks like more uniform in the transverse direction on
lower roofs.

(2) The friction velocity u- gradually decreases at the front
region and increases at the rear region from Stage 15 to
Stage 45 for a certain model and the mean friction
velocity u«, decreases with the increase of width-
height ratio.

(3) The volume of total erosion linearly increases as
width-height ratio increases, however, the mean mass
transport rate of snow particles or silica sand
nonlinearly decreases with the increase of width-
height ratio. The mass transport rate is significantly
high in the process of snow drifting when the model
has a relatively small width-height ratio, which
directly results in large erosion of snow on lower roofs.

(4) The adaptive-mesh method based on RBF
interpolation is used to simulate the dynamic process
of snow boundary on the stepped flat roof in this paper,
and then a time-marching analysis of steady snow
drifting on lower roofs is conducted. In general, the
characteristic of snow distribution on lower roofs
obtained from the numerical simulation is basically
similar to the wind tunnel test results. The snow
distribution on the centerline section (y/H=0) from
both the numerical simulation and wind tunnel test are
compared with field observations, and the overall
trend is generally consistent. The numerical simulation
basically reproduces the phenomenon which occurs in
the wind tunnel test.

In the present study, the wind velocity and the incidence
angle of wind are kept the same in the wind tunnel test and
numerical simulation. However, the different wind velocity
and directions will affect the snow distribution on roofs in
nature. In the future, the different wind velocity and the
incidence angle of wind will be considered to further study

the relationship between them and snow distribution on
roofs.
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