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Abstract

Numerical modeling of snowdrifting is a useful tool for assessing the im-
pact of building design on operations and facility maintenance. Here we
outline the theory for the SAGE-PEDD snowdrift model that has applica-
tion for determining snowdrift accumulation around buildings. This model
uses the SAGE computational fluid dynamics code to determine the flow
field in the computational domain. A particle entrainment, dispersion, and
deposition (PEDD) model is coupled to SAGE to simulate the movement
and deposition of the snow within the computational domain. The report
also outlines areas of future development that upgrades to the SAGE-
PEDD model should address.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.2

1.3

Introduction

Background

This report details the underlying methods used for a computational
model for predicting snowdrift development around buildings and en-
campments. This is intended as a tool for building design and site plan-
ning to evaluate the effects of changes in building design and site layout on
drift location and volume.

Objectives

In this report we provide the theoretical basis (section 2) for the SAGE-
PEDD model used to simulate snowdrift deposition around buildings. In
section 3 we outline the limitations of the current model and future work
needed to address these shortcomings.

Approach

The starting point for the model uses the SAGE flow solver (Wenren,
Steinhoff, and Caradonna 2005; Steinhoff and Wenren 2006) coupled
with a particle entrainment and dispersion (PED) model (Haehnel et al.
2008). SAGE is a general-purpose flow solver developed by the University
of Tennessee Space Institute and Flow Analysis, Inc. We selected it due to
our extensive experience using SAGE for rotorcraft analysis applications
(Steinhoff and Wenren 2006; Wenren, Steinhoff, and Caradonna 2005) as
well as related prior work incorporating the PED model (Haehnel et al.
2008). An additional advantage of SAGE is its use of the Euler equations
over the more general Navier-Stokes equations, improving the computa-
tionally efficiency. Furthermore, SAGE employs the vorticity confinement
method, a computationally efficient method to preserve vorticial flow
structure over long times, preserving the complicated, time-varying flow
structures that drive particle entrainment and dispersion. The previous
work of Haehnel et al. (2008) did not consider deposition and accumula-
tion of the particles on the ground after they were lifted into the air. This
deposition aspect is necessary to model snowdrift accumulation. In this
work, we added to the PED model a deposition (D) component to simulate
the snowdrift deposition that occurs due to wind events; with this added
component, the result is what we call SAGE-PEDD. The next section de-
scribes the theoretical background for SAGE-PEDD.
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2.1

Theory

SAGE

The University of Tennessee Space Institute and Flow Analysis Inc. devel-
oped SAGE (Wenren et al. 2006) as an unsteady-flow solver of the Euler
equations on uniform structured grids. SAGE uses the vorticity confine-
ment (VC) method to efficiently capture over about two grid cells the vorti-
ces and the boundary-layer flow for objects immersed in the grid.

2.1.1 Vorticity confinement

The VC method solves the system of equations, representing the unsteady
inviscid, incompressible mass and momentum continuity equations:

Mass:
V-V =0. (1)
Momentum:
v = = 1 =
E+(V-V)V—;VP+‘P, (2)
where
V = the fluid velocity field,
p = the fluid density,
P = the pressure field, and
t = time.

¥ is a source term added to the momentum equation to affect VC:

Y =, V2V — A X &, (3)
where
@ = the local vorticity vector,
A = a unit vector defining the local direction of confinement

(discussed later),
Uy = the diffusion coefficient, and
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¢ = the confinement coefficient.

The first term of ¥ is a diffusive operator; the second is the VC operator.
The diffusive operator acts as a counterbalance to the confinement term so
that a local, thin equilibrium vortical structure results.

The flow field is adapted using a fractional-time-step approach as follows.
First, the terms in the momentum equation are individually inserted as the
right-hand side of an explicit time-stepping equation. Advancement from

t =ntot =n+ 1isaccomplished by applying the convection term to the
time derivative. In discretized form,

V' =V —at(V V)V (4)

The fractional step involves updating the flow field with the confinement
term:

V' =V — AtV (5)

To maintain mass conservation, the final term of the momentum equation
is applied, which contains the pressure gradient:

‘7n+1_‘711

1
At p

VP. (6)

The pressure field is computed by evaluating the divergence of Equation

(6):
pn+i1_g 1!
L —Zy.vp. (7)
At p
Mass conservation requires that
V.U = . (8)

The result is the Poisson equation:

vp? = —Lyp", (9)

At

The Poisson equation’s solution allows the advancement of the solution to
the new time step:
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pn+1 =y _Atyp, (10)
p

Since SAGE uses a uniform structured computational domain, grid met-
rics need not be computed, and efficient Poisson solvers using fast Fou-
rier transform algorithms can be used. SAGE is implemented using
parallel processing.

Complex geometries (i.e., a stereolithography, or STL, file that describes
the solid geometry) are accommodated by using immersive boundary
methods to insert the configuration in the Cartesian mesh. SAGE identifies
points inside the configuration and sets the velocities at these points to
zero. Grid points surrounding the surface of the geometry are assigned a
value corresponding to their normal distance to the surface, with points
inside the configuration being assigned a negative “distance.” A distance of
zero is the level surface corresponding to the configuration surface but is
not explicitly used. The strength of the surface confinement applied is pro-
portional to the distance function so that the flow solver interprets the
level surface, where the distance function equals zero, as a solid surface.
Using a conventional solver that does not use a distance function, immers-
ing the model geometry into a coarse structured grid, would give poor re-
sults since the resulting “staircase” effect would yield an unrealistically
thick viscous boundary layer. Surface confinement avoids that pitfall of the
staircase effect, giving a thin, smooth boundary layer. Allowing the use of
coarse, uniform structured grids and surface confinement SAGE allows in-
sertion of geometries and terrain into the computational grid without re-
quiring time-consuming body-fitted grid generation. This also makes it
well suited to simulating changes in terrain topology (e.g., from drifting
snow). The evolving surface contour can be automatically accounted for by
applying a distance function to the evolving “ground” surface that changes
as the simulation progresses.

2.1.2 Field and surface confinement

Field confinement helps to preserve the convecting vortical structures of
the flow field without resorting to computationally expensive high-order
numerical methods. In this approach, 7 is the normalized gradient of the
vorticity magnitude,

Viw|

ﬁ e
i@l

(11)
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2.2

and numerically transports vorticity toward the vortex core (Wenren et al.
2006). The continuity equation is satisfied for surface and field confine-
ment; however, the momentum equations are not explicitly satisfied. Yet,
due to flows where the vortex core strength is high, momentum is almost
exactly conserved with this formulation. Wenren et al. (2006) refer to this
version as VC1, and we use it in the model described here. If complete con-
servation of momentum is required (e.g., for flows where the vortices are
convected by a small external velocity), then VC2 confinement can be em-
ployed (Lynn and Steinhoff 2007).

Surface confinement is a simple boundary-layer model with 7 normal to
the body surface (i.e., where the distance function is zero). In this case the
vorticity is transported toward the surface, keeping the boundary layer
thin (contained within a few grid cells).

Particle entrainment, dispersion, and deposition (PEDD)

As Ryerson et al. (2005) explained, a two-phase flow model is necessary to
model the effects of particle drag and momentum. However, originally
SAGE was a single-phase model and therefore not capable of simulating
particle movement (Ryerson et al. 2005). Haehnel et al. (2008) coupled
the flow solver with a particle transport model to allow modeling of the
two-phase flow. This was a general model for predicting windblown partic-
ulates (i.e., dust, which can largely be treated as a passive scalar moving
with the flow) lifted into the air from a variety of ground cover types. In
this work, we incorporated enhancements into the original PED model (1)
to account for differential velocity between the particles and flow (effects
of fluid drag accelerating particle motion) and (2) to include particle depo-
sition and drift formation over time scales relevant to drifting snow. The
resulting model is the particle entrainment, dispersion, and deposition
(PEDD) model. Sections 2.2.1—2.2.5 detail how we have incorporated these
improvements into the code.

Haehnel et al. (2008) implemented a one-way coupling approach in
SAGE-PEDD; that is, it models the momentum exchange from the fluid to
the particles, but the effect of the particle drag on the flow is considered
negligible and is ignored. This assumption is generally acceptable for di-
lute two-phase flows (particle concentrations less than 10% by volume).
The PEDD model is integrated into SAGE through a series of sequential
subroutines. First the flow field for each time step is obtained, then the
particulate phase is convected based on the updated flow field.
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The PEDD is made up of two parts: (1) an entrainment and deposition
model that provides a source boundary condition for the particles leaving
or impinging on the ground and (2) a dispersion model to simulate the
convection of the particles throughout the domain. We assume the fluid
flow is predominantly parallel to the packed snow surface. In this case,
particles are removed from the surface due to aerodynamic lift or being
knocked loose by other particles impacting the bed, a process known as
saltation. Particles are then lifted up out of this saltation layer through tur-
bulent diffusion. The transport equation of interest is the convection-diffu-
sion equation:

0 u ov alw, —w
1N pV_I_(p f)Vz

Jt 0x dy 0z

62]/+62]/+62]/ YL 4 1,7 aﬁ
0x%2  0y? 0z2 ox ! P ayy Yo T 5,V Ve (12)

This accounts for convection and diffusion in three dimensions. The con-
centration, y, varies spatially and temporally. The particle velocities in the
three coordinate directions are u,, v,, and w,. Gravitational effects are ac-
counted for via the particle fall velocity, wy. The Reynold sediment fluxes
in the three directions are y'u,,, y'vy, and y'wy, where the bar denotes the
mean value. The entrainment or deposition of the snow is governed by

Qs =v'W'l,=¢, (13)

which is provided as a boundary condition via a suitable “entrainment
function” and where ¢ is the elevation of the snow surface. We apply

Y'uy, = y'v}, = 0 since at the bed surface these are negligible terms in com-
parison to Q,;. We assume the advection terms dominate since the wind ve-
locities, in general, are large, making the advection terms much larger than
the diffusion contribution. As such, we ignore the effects of diffusion (i.e.,
the diffusion coefficient, D = 0). These assumptions greatly simplify
Equation (12) so that the time-dependent change in concentration is a
function of the particle velocity-concentration gradients in the three coor-
dinate directions accompanied by an appropriate boundary flux condition,

Qs-

A key aspect of modeling entrainment and dispersion is the formulation of
the boundary condition, Q. Numerous works have considered particle



ERDC/CRREL TR-22-8

entrainment due to flow parallel to a packed bed (Etoh and Fukushima
2001; Garcia 1989; Pomeroy and Gray 1990; Cao 1997). The equation we
adopted for this work is

Qsi = VsiUe, (14)

where U, is the ejection velocity of the particle from the bed. Q; is deter-
mined by computing a uniform concentration for the grid nodes within the
saltation layer. The saltation layer concentration, y, is calculated accord-
ing to

= fmi E=D (Asi), P
Ysi = fimK = (Ao)ppAp, (15)
where

f; = the mass fraction of the ith particle class in the snowpack;
m = a factor accounting for soil moisture (m = 1 for dry soils);
K = 0.0045, a nondimensional constant;
T. = u,/u,;, the threshold friction velocity ratio;

Ay and Ag; = the reference and ith particle surface area per unit mass,

respectively;
pp, = the particle density; and
Ap = pp —p.

Equation (15) is a generalized model for a range of soil types that was de-
rived from observations of Haehnel, Buck, and Song (2014). For general-
ity, Equation (15) includes the effects of moisture on soil entrainment.
Presently the effects of moisture on snow entrainment have not been ade-
quately quantified to assess the way moisture effects for soils modeled in
Equation (15) apply to snow. For simplification, we assume the snow to be
dry (m = 1), which removes the effect of moisture from the calculation.

The final components needed for the snow-surface boundary condition are

estimates of u, and u,,. The equation used for u,, is based on the work of
Bagnold (1941) and later built upon by Iversen and White (1982) and Shao

and Lu (2020):
_ Ap B
Uy = A ’—p gd, + —dpp, (16)
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with 4 = 0.1109 and § = 3 X 10~* N/m.” To estimate the friction velocity,

the flow near the surface is assumed to follow a logarithmic velocity pro-
file:

U@ == (Z), (17)

K
where

U(2)

the vector magnitude of the fluid velocity parallel to the
ground plane (i.e., u and v velocity components) at height z;
0.4, the Von Karman’s constant; and

the aerodynamic roughness height of the snow surface.

K
Zy

Owing to flow turbulence and changes in the ground geometry as snow de-
posits, U is a spatially and temporally varying field. Knowing the time var-
ying U at a reference height z, the friction velocity can be readily
determined from Equation (17).

A time-accurate solution to the surface-friction velocity is required to cou-
ple SAGE to the PEDD model to define the surface boundary condition. As
mentioned above, SAGE both requires a uniform, structured grid and ne-
glects flow viscosity effects. The uniform grid is required to accurately cap-
ture the vortical structure of the flow. In practice, this makes the grid too
coarse near the surface to compute surface shear stress.

To estimate the surface-friction velocity, either the correct near-bed veloc-
ity profile needs to be generated by the solver or an approximation of the
velocity profile can be made. To have a uniform grid that accurately re-
solves the near-bed profile would require individual cells less than 2 cm
square. This fine resolution puts the solution out of reach for all but mas-
sively parallel high-performance computers. Thus, the latter method is
used, assuming a logarithmic velocity profile: Equation (17). The reference
height and velocity used to solve for the friction velocity are obtained from
the grid node immediately above the surface.

* For a full list of the spelled-out forms of the units of measure used in this document and their con-
versions, please refer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US
Government Publishing Office, 2016), 245-252, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-
2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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2.2.1 Snow depth

Equation (15) is solved using Equations (16) and (17) at each time step in
each grid cell adjacent to the ground or evolving snow surface. This gives
the airborne snow concentration resulting from the fluid shear stress act-
ing on the snow surface. The solution is then advanced to compute the vol-
ume of snow moved (advected) into and out of each grid cell. The resulting
change in concentration at the snow surface is then converted into a
change in snow volume, AV;:

AV, = —V“;fl”, (18)

where V,,;; = AxAyAz, the volume of the grid cell, and p; is the bulk density
of the snow on the ground. The snow volume on the left-hand side of
Equation (18) can be expressed as the horizontal area of the grid cell mul-
tiplied by the change in snow depth, A{. What remains is the equation for
the change in snow depth as a function of the change in concentration:

— Az8y

A =2, (19

where Az is the grid size in the z direction. Positive Ay indicates a surplus
of snow in the grid cell and results in deposition. Conversely, negative val-
ues of Ay will erode the snow surface, provided that there is snow to erode
(i.e., snow depth, { > 0).

2.2.2 Scaling time

The numerical time step for a simulation depends on the numerical solu-
tion scheme implemented in the flow solver. SAGE-PEDD uses an explicit
numerical method, and the time-step size is limited. For this work, the
maximum stable numerical time step, dt, needed to run the simulations is
the time within which the snow particles move a distance two-tenths of the
computational grid cell size. For example, for one case we considered
where the grid cell size was 4 ft (1.2 m) and the maximum wind speed was
52 ft/s (16 m/s), dt equaled 0.01538 s. The duration of a winter season for
this example was 222 days (15 February—15 October), hence the number of
time steps to do an entire simulation was over 1.2 billion. It took approxi-
mately 1723.4 compute seconds per time step (using 704 CPUs, that is
2.45 s of wall-clock time per time step). To do a full simulation of one win-
ter season without any adjustments for scaling time, it would take about
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93 years to simulate on the current US Army Engineer Research and De-
velopment Center’s Onyx high-performance computing system. To make
the run time for these cases reasonable, we implemented the following ad-
justment to scale time.

We introduced a snow-density scaling factor, psc, a nondimensional value

that is used to augment the snow depth for each computational time step

(or computational iteration). The increment in snow, A{, added to the ex-

isting snow surface in a grid cell adjacent to the ground at each time step is
AzAy

A = psc P (20)

When psc equals 1, the deposition depth is not augmented, and the depth of
snow deposited for each iteration is determined by the bulk density of the
snowdrift (i.e., the concentration of new suspended snow is compacted to
a density equal to the bulk density of the snow). We consider a psc equal to
1 a tight coupling between the flow field and the snow deposition rate. Be-
cause the computational time steps are small (order of 1/100 s or smaller),
the changes in concentration are small, and the changes in snow depth are
small for each iteration. We use the factor psc to loosen the coupling be-
tween the flow field and snowdrift evolution. psc greater than 1 allows the
amount of snow deposited to be larger for each computational iteration
than changes driven by the simulated flow field would dictate, thereby re-
ducing computation time.

The assumption is that amplifying the deposited snow depth by a factor of
10 or 100 will only increase the depth of the snow from around 0.1 mm per
time step to 1 to 10 mm per time step. This small increase in snow depth
does not depart significantly from the near-term trend that the drift will
take as the simulation progresses or have a gross effect on the flow field;
therefore, the flow can be loosely coupled to changes in the deposited drift
shape. However, the factor psc cannot be too large or the snowdrifts grow
too rapidly for changes in the flow field to stably respond (i.e., the coupling
would not be tight enough). Yet, if psc is very small, the simulation takes
months or years to complete. We have found that this approach is a work
in progress and that the level of coupling, therefore the value of ps, needs
to be adjusted based on computational grid characteristics (e.g., grid reso-
lution and domain size). At present, for accurate time scaling, calibration
of psc to validation data (e.g., snow survey data) gives the most accurate re-
sults. Despite the additional time needed for model calibration, this
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generally is a small price to pay compared to the overall savings in compu-
tation time.

2.2.3 Domain boundary conditions

In general, we applied outlet boundary conditions at the far field (top and
sides of the computational domain). However, if a crosswind or headwind
is imposed, inlet boundary conditions are applied at the appropriate sides
of the domain. A no-slip boundary condition is applied at the ground sur-
face. The inlet velocity varies with height above the snow surface according
to Equation (17), using U(z) as the specified inflow freestream velocity, V,,
specified at the reference height of 10 m. V,can be specified as a fixed
value for the duration of the simulation or specified by an external text file,
such as observed meteorological data, to give a time-varying flow field.

Another element in defining the inlet boundary condition is the formula-
tion of the snow-concentration profile. Initializing the concentration pro-
file allows for a smaller computational domain by reducing the upwind
extents that would be required if the concentration profile were to evolve
solely within the computational domain as a result of flow-induced particle
entrainment and dispersion into the flow. To address this, we used meas-
ured concentration data from Budd, Dingle, and Radok (1965) to create an
empirical expression for the concentration profile based on the values of
the input velocity V.. Figure 1 shows the concentration data plotted for
wind speeds varying from 38.4 to 72.5 ft/s (11.7 to 22.1 m/s). We explored
numerous forms for the concentration equation, including the expression
given by Beyers and Waechter (2008), which we found to underpredict the
observed measurements. The form adopted for our work follows the sim-
ple form:

y(z) =2 (21)

)
Z

where A is a fitting parameter. Figure 2 plots empirically determined val-
ues of A against wind speed.



ERDC/CRREL TR-22-8

12

Figure 1. Concentration profile measurements for varying wind
speeds. Dotted lines indicate fitted curves.

® 38.4 ft/s (exp) 43.3 ft/s (exp) ®  47.6 ft/s (exp) ® 55.1 ft/s (exp) ®  60.7 ft/s (exp) ® 725 ft/s (exp)
------ 38.4 ft/s (fit) 43.3 fi/s (fit) e 47,6 fifs (fit) -e--- 551 f/s (fit) - 60,7 ft/s (fit) e 72,5 ftfs (fit)

164

Height, ft

0

0.00000 0.00025 0.00050 0.00075 0.00100 0.00125 0.00150 0.00175 0.00200
Concentration, lbm/ft3

Figure 2. Plot of fitting parameter, A, versus wind speed.

i 4
0.0020 - g E_Xpenmental ;
---fit i
I
’I
0.00151 g
,I
'l
< 0.0010 1 y
4
4
y
4
0.0005 4 "
—’.“‘ﬂ.
0.0000 F==m——mmmmmmm———=="

0 10 20 30 40 50 60 70 80
Wind Speed, ft/s

The trend is described by

A(V) = BVl (22)

The constant B has a value of 5.244 x 10~1! Ibm/ft2 (2.566 x 1071° kg/m?)
for V,, in feet per second and y in pound mass per cubic feet. The results of
Equations (21) and (22) are combined to yield

4
¥ (Veo, 2) = B@, (23)

where z is the distance above the snow surface at the inlet. The simplicity
of this formulation leads to nonphysical high values of concentration when
z is very small. To remedy this, when the inlet concentration near the
ground—y (V,,, 0), computed using Equation (23)—is greater than that
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computed by Equation (15) at the inlet, y|;nic:, We set y( V., 0) equal to

Vs | inlet-

2.2.4 Particle drag effects

Effects of drag on particle motion can influence the rate and location of
deposition. The default configuration does not account for drag effects
(i.e., particles are treated as flow-following passive scalars with gravita-
tional effects included), resulting in faster run times. However, the SAGE-
PEDD includes an optional model to account for a differential velocity be-
tween the fluid and particles and the effects of fluid drag on particle accel-
eration. The acceleration of the particles, a; = (dU/dt),, due to drag can
be readily calculated from Newton’s second law, a = F/m, where F is the
drag force, a function of the drag coefficient, C;, which depends on the
particle shape and Reynolds number. Because generally the relative veloc-
ity between the fluid and particle, U,.;, is small, Cp can be computed as-
suming Stokes flow. Thus, the acceleration can be calculated by

au 3 CqU2
(_) —25d rel’ (24)
at/ g4 4 ppdp

where p, is the particle density and d,, is the particle diameter.

2.2.5 Snow aging/sintering

Proper, long-term characterization of the snowpack must account for
changes in snow density and strength, which influence the threshold fric-
tion velocity over time. Snow may begin to coalesce or sinter into a harder,
denser layer as soon as it is deposited. Liston et al. (2007) provide a
framework to model the rate and spatial distribution of snow hardening.
Liston et al.(2007) assume that snow strength, and therefore u,,, is solely
a function of bulk snow density on the ground. The snowpack is approxi-
mated using a two-layer model composed of a movable, soft snow layer
and an immovable, hard snow layer. Figure 3 outlines the decision process
for updating the bulk density, p;, of the soft snow layer.
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Figure 3. Flow chart detailing the snow-hardening decision tree, where A{/At is
the change in snow depth for the current time step, u,, is the wind speed at a
reference height of 10 m, and . ;4 is the maximum friction velocity generated
by naturally occurring winds (generally, . 4, = 1.7 m/s, corresponding to u,,
=40 m/s).

for each grid point in
horizontal plane

|
A O/A A
/t Atl ™ \
no density check 10 m density equal
change wind speed to new-snow
density
ug < 5.0 m/s uio > 5.0 m/s
no density check threshold friction
change velocity against max
value
y < Ust,max Ust 2> Uxt, max
snow added to

harden snow and

hard snow layer continue

The user defines the new snow bulk density, p,;. Values of 275-350 kg/ms3
are typically used in SAGE-PEDD. During periods of local inactivity (i.e.,
d{/dt = 0 for a given location in the grid) and wind speeds equal to or ex-
ceeding 5 m/s, the density of the snow increases according to the equation

%2 = CAHpyexp[—B(Ty — T,)|exp[—A4zp5], (25)

where Ty and T are the freezing and snow-surface temperatures, respec-
tively; A,, A,, and B are empirical constants equal to 0.00013 m-,

0.021 m3/kg, and 0.08 K-, respectively; and C equals 0.10, a nondimen-
sional constant that controls the simulated rate of change of the snow den-

sity. The wind-speed contribution for speeds greater than 5 m/s is given by
H as
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H=E,+E,| 1—exp (—E3 <%lr1 (ZZ—O) (u* - u*t,fresh)>> ) (26)

where ¢ ¢resn 1 the threshold friction velocity for fresh snow, and E;, E,,
and E; are additional empirical constants equal to 5.0 m/s, 15.0 m/s, and
0.2 m/s, respectively.

Snow density is related to strength using the uniaxial compression meas-
urements of Abele and Gow (1975). A curve Liston et al. (2007) fitted to
the data indicates that the snow hardness, o, varies according to

o = 1.36exp(0.013p,), (27)

where o is in kilopascals and py is in kilograms per cubic meter. Next, the
snow hardness is related to the threshold friction velocity, u,;, according to
data from Kotlyakov (1961). For snow densities of 300—450 kg/ms,

0 = 267U,y. (28)

Similar expressions can be derived for snow densities of 50-300 kg/ms3 as
is done for Equations (27) and (28). Combining Equations (27) and (28),
and similar equations for densities in the range of 50—300 kg/ms3, yields

0.010exp(0.003p5), 50 < p; < 300
Uy = { . (29)
0.005exp(0.013p5), 300 < ps < 450
Note Liston et al. (2007) assume that when p, exceeds 450 kg/ms3, the
snow transitions to the hard snow layer, which is immovable for all future
time steps. This model is used to capture the effects of natural snow sinter-
ing on inhibiting snow entrainment. New snow deposited on top of the
hard snow layer forms a new soft snow layer.
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3 Summary and future work

In this effort, we extended the capability of our previous work, SAGE-PED,
a two-phase computer code. SAGE-PED was developed to model particle
entrainment and dispersion (PED) for assessing the effects of suspended
particles on degraded visibility. In this new effort, we have added the abil-
ity to model particle deposition, with a particular application to simulating
snowdrift evolution surrounding buildings. The new code is called SAGE-
PEDD (particle entrainment, dispersion, and deposition).

This document outlined the theory applied in the new model. In addition
to considering deposition, we have added several new features needed to
completely and efficiently model snowdrift evolution. These include ap-
propriate particulate inflow conditions at the computational domain
boundaries, the ability to account for snow aging (or sintering) that hard-
ens the snow over time, and meteorological data as inflow conditions to
drive the simulation. Currently, the model considers varying inflow wind
speed. Updating the model to appropriately handle varying wind direction
is a future work.

We have introduced a novel approach in the model to speed up the compu-
tation where the snowdrift evolution can be loosely coupled to the compu-
tational time step and time-dependent flow field. We accomplished this by
augmenting the deposited snow at each time step via a density scaling fac-
tor. We have found this scaling factor is dependent on the resolution and
extents of the computational grid, and possibly other factors. Currently, to
accurately scale the time in the simulation this density scaling factor needs
to be calibrated to field data. Future work will address how to determine
the density scaling factor without the need for model calibration.

Overall, our new SAGE-PEDD model allows accurate and computationally
efficient simulation of snowdrift evolution around buildings. This model
can give insight into the effects of building design on snowdrift location
and depth and in turn can be used to design buildings that minimize the
impacts of snowdrifts on daily and seasonal operations, saving the US
Government organizations time and resources.
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