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A comparison of numerical simulations and full-scale
measurements of snowdrifts around buildings

Thomas K. Thiis'
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Abstract.  Snowdrifts around buildings can cause serious problems when formed on undesirable places.
The formation of snowdrifts is highly connected to the wind pattern around the building, and the wind
pattern is again dependent on the building design. The shear stress on the surface and snowdrifting aroun
different buildings are investigated through CFD analysis and compared to measurements. The computation:
of shear stress shows local minima in the same areas as snowdrifts are formed. The snowdrifting computation
utilises a drift-flux model where a fluid with snow properties is allowed to drift through a fluid with air
properties. An apparent dynamic viscosity of the snow/air mixture is defined and used as a threshold
criterion for snowdrifting. The results from the snowdrifting computations show increased snow density where
snowdrifts are expected, and are in agreement with previous large-scale snowdrift measurements. The resul
show that computational fluid dynamics can be a tool for planning building design in snowdrifting areas.
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1. Introduction

Snowdrift formation around buildings can be a major problem in snowy and windy areas. The
planning of buildings in suchr@as should therefore also consider the position of snowdrifts in
respect to outdoor facilities such as doors, roads and car sheds. The snowdrifts deposited around
building in a windy area are usually more a result of wind transported, itk snow patrticles,
and not so much a result of free falling precipitation. Thus the wind pattern around a building is of
high importance to both the spatial distribution of blowing snow particles and the deposition of the
particles around the building.

The transportation of snow can occur in three different modes; crellipg rparticles near the
ground, saltation - jumping particles some centimetres above the ground and suspension - free flying
particles ten folds of meters above the ground. The mode present depends on the ratio of particle
weight to wind force exerted on the particle, though saltation and creep must occur before suspensior
takes place, and saltation ististed first whencreep is occurring. The transport rate of creeping
particles is in this connection negligible. Since most of the depositing or eroding particles is near
the surface, it is mainly the physical mechanisms of saltation which is most interesting for the
formation of snowdrifts around obstacles. The transport rate of saltating snow, definedresathe
saltating mass crossing a lane of unit width at some mean velocity is expressed

Qs=wWo/g  [kg/m-s] (1)
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where u, is the mean particle velocityV, is the mean weight of saltating snow amds the
accleration due to gravity. The weight of the saltating sy, is related to the magnitude of the
flow shear stress applied to the particle by

Wo=e(t-)  [N/m?] 2

(Pomeroy and Gray 1990). Heeas the efficiency of saltation and has the range €4%.inversely

related to the kinetic energy resulting from particle impact, rebound, and ejection of scattered
crystals at the snow surfaceis the total atmospheric shear stress and the shear stress applied

to erodible surfaces:; is equivalent to the shear stress required to maintain particle ejection and is
also approximately the total atmospheric shear stress at which particle ejection is assumed to ceas
(Owen 1964). For this case,

n=pul  [N/m} (3)

where u. is the threshold friction velocity. The value wf is related to the physical properties of
the snow and is ranging from 0.07 to 0.25 m/s for fresh, dry snow and from 0.25 to 1 m/s for old,
wind hardened snow (Kind 1981). From this it can be assumed that if there are saltating particles
over a surface, and the atmospheric shear stress on a limiteslddealy drops below the threshold
shear stress for saltation, accumulation of snow particles is occurring on that area.

The concentration of blowing snow in the air has been studied by Mellor and Fellers (1986), and
based on multiple regression analysis on data collected in Antarctica, they found that over a uniform
surface, the mass concentration of snow can be expressed by

P = exp(4.86790.4220%,-34.36%,~0.13265¢ — 17.42 kx,—972.0K3
—0.007027%3+3.269X2X,+135.54;x3 +6430.%3 [g/m?] 4)

Herex; = Inz andx; = 1/uip, z is height andu is wind speed at 10 m height. The expression is valid
for z varying from 0.03 to 4 m and wind speed varying from 10 to 25 m/s.
The atmospheric shear stress is approximated by the Reynolds stress to be

TRe = pairvt d—U [N/mz] (5)
dz

wherev, is the eddy viscositys; is the density of air andU/dz is the vertical wind speed gradient
(Stull 1997).

The flow pattern around a cube has been subject to wind tunnel studies by Martinuzzi and Tropea
(1993). They describe a recirculation zone forming between the stagnation point on the upwind wall
and the ground. The recirculation zone is deflected down the sides of the cube, creating a horsesho
shaped system of vortices. Downwind the reattachment point of the wake, another recirculation zone
is formed. It is postulated that thdownwind wake region is entraining air from the horseshoe
vortex and pulling the sides of the vortex towards the axismfrsstry. Downwind the reattachment
point of the wake, the horseshoe opens up and the wake expands rapidly.

Snowdrifting around obstacles has previously been calculated with a drift flux model€Bahg
1994). The model, which is included in the flow solver Flow-3D, calculates the drift of one fluid
phase through another, and is based on low relative velocity between the two phases. The relative
velocity between the snow phase and the air is defined as
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—pyl
u = D; flfzfpz—plgﬁmp

0 o, [m/s] (6)

Here Up is the pressure gradieftis volume fraction,o is density and the subscripts 1 and 2
denotes the two different fluids. The total mixture densitp ¥sf,0, + f,0. . D¢ is a coefficient related
to the friction between the snow phase and the air.

Thiis and Gjessing (1999) showed the snowdrift pattern formed byirgglsmow around cubical
obstacles. On the basis of measurements of snowdrifts around 2.5 m cubes with different rooftops,
they assumed that the position of the upwind snowdrift of the cube is defined by the extension of
the upwind recirculation zone. They also assumed that the maximum deposition of snow at the sides
of the cubes is occurring where the wake expands, just downwind of the dowmattethment
point. They propose that accumulation of snow is a function of both the concentration of snow in
the air and the inverse of the surface shear strgss,The reason why there is little or no snow
accumulation in the downwind wake area when only saltation transport mode is present, is that the
snow particles are ploughed to the sides by the buildings and only small amounts of snow is
entrained in the downwind wake. The wind conditions in the experiment period is shown in Fig. 1
and the measured snowdrifts around the cubes is shown in Fig. 2.

2. Methods

The airflow and snowdrifting around three square obstacles with different rooftops is calculated
with a general purpose finite-volume CFD code (Flow 3D). The geometries are the same as Thiis
and Gjessing (1999) used in their large scale measurements, with an incidence angle on the upwint
wall equal to 25 degrees. The computational mesh s 8>< 15 m and consists of 2674< 25
cells with grid refinement near the cube.

The CFD code solves the incompressible, timerayed Naviert®kes equations, using las
turbulence model to close the equations. e model employs the eddy-viscosity concept,
determining the eddy-viscosity,, from
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Fig. 1 Wind speed and direction in Adventdalen 09.02 - 23.02 1998
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Fig. 2 (a) Measured wind direction and snowdrifts around a flat roofed building. (b) Measured wind direction
and snowdrifts around a single pitch roofed building with the highest wall away from the wind. (c)
Measured wind direction and snowdrifts around a single pitch roofed building with the highest wall
against the wind

K? 2
v = Cu; [m9s] (7)
whereC, is a constant equal to 0.08js turbulent kinetic energy angdis the turbulent dissipation
rate. Combining Eqs(5) and (7) gives the Reynolds stress, which in this case is approximating the

atmospheric shear stress.
The inlet vertical wind velocity profile to the computational area follows the logarithmic expression
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Us

u(z) = ;In%z—z% [mi/s] (8)
wherez is the height above the surfaag,is the roughness height, equal to 0.002«nis the von
karman constant equal to 0.4 amdis the friction velocity, equal to 0.6 m/s. This corresponds to a
wind velocity of approximately 12 m/s at a 10 m height. The turbulence intensity on the inlet
boundary is set to zero. This conserves the vertical wind profile through the computational area
which is not affected by the cube. The outlet boundary is continuative, meaning that the normal
derivatives of all quantities are set to zero. On the surface boundaries, a law-of-the wall velocity
profile is assumed. The lateral and top boundaries have symmetry conditions.

For the snowdrifting simulations, the inlet snow density profile follows the profile suggested by
Mellor and Fellers (1986) up to 0.5 m. The snow particle density is set to 408 kg/m

The friction coefficient in the drift flux modeDs, is in this case found by balancing the drag
force on a sphere with the buoyancy force, known as Stokes form of visoeusbbut a sphere
_ 213
D= 5y (9)
whererg is the mean radius of the snow particles and the kinematic viscosity of air. This is a
valid assumption because of the low relative velocity between air and snown&dre particle
diameter is set to 0.25 mm.

In the calculations, the density and the dynamic viscosity of ai2@C is set to 1.38 kg/fnand
1.63*10° N/n? respectively.

The apparent dynamic viscosity of the snow and air mixture is deduced from the threshold shear
stress value for snow. Accumulation will occur ireas where atmospheric shear force on the
surface is lower than the viscous forces of shew. Since the threshold friction velocity when
snowdrifting cease is known from measurements (Kind 1981), a threshold shear stress and an
apparent dynamic viscosity of the snow/air mixtugg, can be determined

du
T =
T Pair u*t l*lappd Z surface (10)

The vertical velocity gradient at the surface is found from the logarithmic expression for wind
velocity with the friction velocity substituted with the chosen threshold friction velocity. The value
for the threshold friction velocity used in the calculations is 0.25 m/s. This results in an apparent
dynamic viscosity of the snow and air mixture equaliig = 2.76*10* N/n.

3. Results

Fig. 3 shows a map of the atmospheric shear stress on the ground, deduced from Egs. (5) and (7
From this, it is evident that the cubes induces large low surface shear stress regions downwind of
the cubes. Just upwind of the cubes there are local shear stress minima. These minima corresponc
well to the border of the upwind recirculation zone, found from streamline visualisation, Fig 4.

The distance from the buildings to the upwind snowdrift, and the calculated distance from the
building to the upwind local shear stress minimum is given in Table 1. It can be seen that the
variation in distance between the buildings and the upwind snowdrift is reasonably well computed,
but that all the distances are somewhat ®tgnated. The reason for this might be that the
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Fig. 3 (a) case a) calculated shear stress on the surface around a flat roofed building. The downwind
reattachment point is indicated with a white dot, colour scale irf,Nfamtour line spacing is 7.7*f0
N/m?2. (b) case b) calculated shear stress around a single pitch roofed building with the highest wall
away from the wind. The downwind reattachment point is indicated with a white dot, colour scale in
N/m?, contour line spacing is 7.7*fON/m?. (c) case c) calculated shear stress around a single pitch
roofed building with the highest wall towards the wind. The downwind reattachment point is indicated
with a white dot, colour scale in Nfincontour line spacing is 7.7*EIN/m?

Fig. 4 Calculated streamlines and surface shear stress around a single pitch roofed building with the highest
wall away from the wind, colour scale in N/m

turbulence model overestimates the turbulence in the calculations. This problem is usuakfor the
turbulence model and is reported by Murakami (1993). The overestimation of the turbulence
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Table 1 Extension of upwind recirculation zone

Case A Case B Case C
Measured 1.6m 20m 25m
Computed 25m 28m 3.0m

intensity might also influence the downwind wake by calculating too le@gachment zones.

The computations show that there is a local shear stress minimum on each side of the low shea
stress zones downwind of the cubes. The downwind position of these minima are approximately
equal to the location of the downwind reattachment points. The location of the reattachment point is
found from a local pressure maximum, and is indicated with white dots in Fig. 3. These low surface
shear stress zones displaced from the wake seems to correlate ithebhev position of the
snowdrifts forming in the same area. Case a) has the zoniéisrmak closest to the building, with
the smallest distance between the zones, case b) further downwind, with a larger distance betwee
the zones, and case c) has the zones positioned furthest away from the building, with the largest ga
between them. The same variation is found in the large-scale measurementsnofnithefts.

The calculations of snowdrifting around the obstacles reveal that the fluttbrirasf the snow
phase increases in the low shear stress zones upwind and on the sidesbwifdihgs. The
increased fluid fraction of snow increases the viscosity and the relative velocity between the two
phases in these zones. This means that while the overall velocity of the air and snow is decrease
because of a higher viscosity, the relative velocity between the phases is increased because of
higher fluid fraction of the snow phase. A higher relative velocity correspondveervelocity of
the snow phase and an increase of the local density. Fig. 5 shows the height of thagsoe$uhie
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Fig. 5 (a) Calculated height of the iso-surface of fluid density1.396 kg/m around a flat roofed building.
(b) Calculated height of the iso-surface of fluid dengity 1.396 kg/m around a single pitch roofed
building with the highest wall away from the wind. (c) Calculated height of the iso-surface of fluid
density o= 1.396 kg/m around a single pitch roofed building with the highest wall towards the wind
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fluid density p; = 1.396 kg/mi.

It can be seen that the height of the iso-surfaces of the density is higher in the zones where
snowdrift formation is expected. The variation of the position of these computed heights follows the
pattern found from measurements. The upwind higlsitlereas are pdasoned at the edge of the
upwind recirculation zones, as the measurements expect. The maximum downwind snow density zone
are positioned just downwind the downwind reattachment point. Between the lateral high density
areas there is an area where the density is equal to the air density. This corresponds to observatior
of blowing snow being ploughed to the sides by the building. The relative size of the snowdrifts
around the cubes can be suggested if one accept that there is a direct relationship between th
height of the snowdrifts and the height of the iso-surfaces of the computed fluid density.

4. Conclusions

The computed results of surface shear stress and snowdrifting showeataexgent agreement
with the measurements. Both the downwindifgon and the asymetry around the reattachment
point have the same variations in the measured snowdrift pattern and the calculations. However, the
measurements are tds of seeral days of snowdrifting with slightly varying wind cotiohs, and
a perfect correlation can not be expected. A varying upwind vertical wind speed gradient will have
great effect on the size of the upwind recirculation zone |tigun a smaller zone caused by a
steeper gradient.

The accuracy of the wind pattern caldidas is essential to compute a reliable snowdrift pattern.

A lot of effort is put into this field of research, and more reliable turbulence models are being
developed. Future calculations of the wind pattern close to solid obstacles does therefore have the
potential to become more exact, thus making the computed snowdrift pattern more correct.

The method only determines the snowdrifting pattern around the buildings, and gives no new
surface where the speed of the snow phase is set to zero. The snow phase is slowed down, tht
increasing the density in the low shear stress regions arouhdittiegs. To calculate the influence
of the snowdrift geometry on the snow deposition, also a solidification model needs to be applied.
Such model will probably produce lateral snowdrifts with a larger bess than what is suggested
here, in that some of the blowing snow will be forced around the solidified snowdrifts and
accumulate at the side of the snowdrifts. Field data of time dependent mass transport together witt
snowdrift topography is required to calibrate such a solidification model and calculate the development
rate of the snowdrifts. The current method can therefor only be employecimitet the pason
and the relative size of the expected snowdrifts.

On the basis of numerical simulations of wind and snowdrifting around cubical obstacles it is
possible to reproduce measurements of the position of the snowdrifts forming around such obstacles
during saltation transport with reasonable accuracy. The relative size of the snowdrifts can be
estimated on the basis of the variation in height of an isacurbf the fluid desity. It is
reasonable to assume that the calculation method can be applied also on other geometries witl
limited complexity.
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