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Résumé

On a mis au point des régles de mise & échelle pour concevoir des expériences et
choisir des particules en vue de la modélisation, dans une soufflerie aérodynamique
a couche limite, des amoncellements de neige sur les batiments. Plusieurs
maquettes de bitiments 2 toit plat & deux niveaux ont été étudiées dans la soufflerie.
Le rapport longueur-hauteur des bitiments variait entre 1,0 et 10,0, et la longueur
des niveaux inférieurs variait entre 1,3 et 5 fois leur hauteur aux niveaux
supérieurs. Pour évaluer les hauteurs de simili-neige aprés chaque essai, on a utilisé
un appareil de mesure tridimensionnelle a course transversale muni d’un
indicateur de hauteur. Deux batiments a toit plat situés a Ottawa (Canada) ont été
choisis aux fins de comparaison des mesures en soufflerie et de celles en vraie
grandeur. L'écart entre les résultats des essais en vraie grandeur et ceux des essais
sur maquettes tient en partie & des conditions de réalisation différentes : les
changements de direction du vent n'ont pu étre pris en compte parce que les
maquettes étaient trop longues pour effectuer une rotation compléte dans la
soufflerie. Les similarités entre les hauteurs de neige a 1'échelle réduite et a 1'échelle
réelle sont assez nomh=~---~= === 2omtifam don waloacbhaa mlue nauggées dans une
soufflerie plus grans
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SNOW DRIFTS ON FLAT ROOFS: WIND TUNNEL TESTS AND
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Summary

Scaling rules are developed for the design of experiments and choice of appropriate particles to
model snow drifting on buildings in a boundary-layer wind tunnel. Several model buildings with
two-level flat roofs were studied in the tunnel. The length-to-height ratios of the buildings varied
from 1.0 to 10.0 and the lengths of lower roofs varied from 1.3 to 5 times the heights to the upper
levels. A three-dimensional traversing mechanism holding a depth-marker was used for collecting
“snow” depths after each test. Two flat-roofed buildings in Ottawa, Canada, were selected for
comparison of wind tunnel with full-scale measurements. The discrepancy between results of full-
scale and model-scale testing is due in part to dissimilar running conditions: the changes in wind
directions could not be followed because the model buildings were too long to be rotated fully in
the wind tunnel. There are enough similarities between model and full-scale snow depths to in-
dicate that further investigation with a larger wind tunnel would be worthwhile.

1. Introduction

In 1982 research on modelling the formation of snow drifts on roofs was
started at the Institute for Research in Construction, National Research Coun-
cil of Canada. The aim was to simulate depths of snow drifts on roofs using
models in a wind tunnel.

(1) Scaling relations were developed for simulating snow drifting on build-
ings in a thick boundary-layer wind tunnel. These allowed the selection of
particles to model the snow.

(2) A water tunnel was used for visualizing flow behaviour around two-level
flat roofs as an aid to understanding the drifting process.

(3) Wind tunnel tests were done and the results compared with field mea-
surements of snow drifts on two two-level flat roofs obtained during a 15 year
survey.

*Present address: 1785-F Lamoureux Drive, Orleans, Ont., K1E 2H3, Canada.
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2. Particle and time scaling

2.1. Introduction

For modelling of snow transported by saltation, particles are scaled to achieve
geometric, kinematic, and dynamic similarity. Scaling requirements can be de-
rived from a particle trajectory (Fig. 1) to give the following relation between
velocities and forces [1]

K, . K
5C'+M0x=ﬁoK1y (1)
and

K, .
V4 — = 2
y+My+g 0 (2)

Ineqn. (1), xis the horizontal distance in the direction of particle movement
and y is the distance above the floor of the tunnel; the drag force D is equal to
K,u,, where u, is the velocity of the particle relative to the fluid and K, is a
constant of proportionality related to “d”, the particle diameter. The vertical
velocity component of the fluid is assumed to be zero; therefore the second
term in eqn. (2) will be zero. Further, the velocity profile is assumed to be
linear within the thick, turbulent, boundary-layer where y is less than the
roughness length, z,. Thus V=K,y where V is the local fluid velocity at the
particle; g is the gravitational acceleration.

In addition, the following is assumed.

(1) The thickness d of the boundary layer is not a relevant parameter because

he <<H<6 (3)

Y
A

Mg

Fig. 1. Trajectory of a particle of mass M.




225

where h, is the height of the roughness elements in the upstream boundary
layer and H is the height of the model building. Further, the model building is
sharp edged causing a well defined separation bubble downstream.

(2) The model height H is the only length scale imposed on the flow.

(3) Flow is independent of viscosity if

Reyy>1 4)

River silt and, in moving air, sand, dust and snow rise from the surface as
“clouds” of particles [2-6]. The clouds are thrown up by surface eddies and
may penetrate into the mean flow [7-9]. The authors observed such clouds
over models of flat-roofed buildings in water tunnel experiments which they
performed prior to using the wind tunnel (Figs. 2 and 3). Such experiments
show approximate mean flow patterns over flat-roofed buildings due to flow
separation.

From observations of flow over models in the water tunnel (Figs. 2(a),(b))
it appears that the separation bubble collapses periodically and that vortices
from the collapsing bubble become a downstream-moving vortex system (lo-
cation N in Fig. 2(b) ). This vortex system moves the “cloud” of particles until

-

1>

=

(b)

Fig. 2. Flow behaviour around a two-dimensional bluff body (building with two-level flat roof) in
a water tunnel, showing collapsing and rolling bubble, L/H=3.74 and Rey=10%. (b) Sketch of
mean flow patterns over long building, indicating fully developed bubble at leading edge. The
formation region is shown rolling up as vortex system N.
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Fig. 3. (a) Approximate mean flow pattern over a building. Arrows show reverse flow and growing
bubble. (b) Flow behaviour around a two-dimensional bluff body (building with a two-level flat

roof) in a water tunnel, showing collapsing bubble exhausting into the near-wake. L/H=3.74 and
Rey =10%

the system breaks down and casts up particles into the near wake (W in Fig.
2(b)).

The dimension [ of the “clouds” depends on the variation of the flow field
near the model, the structure of the turbulence, and the velocity gradient in
the shear layer. [ is related to the turbulent convection process of the particles,
lis chosen as a reference length of the micro scale of the motion of the solid
particle [10]; thus the following non-dimensional parameters are obtained:

- - - dy P
! j d p (5)

where [ is as defined above, d is a characteristic dimension of a particle, and p
is the characteristic density for a particle of mass M. The subscript m repre-
sents model scale conditions.

In addition, there is an approximate relationship assumed between ! and
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roughness length, z, which depends on the density of the roughness elements
[8]:
lOC 20 (6 )

From eqns. 1 and 2 one can deduce the motion of a model scale particle
(subscript m) of mass M,

KOm - KOm
and
.0 Om - 8
Im 3 +£=0 (8)

As explained in Appendix A, non-dimensional parameters introduced in eqns.
7 and 8 give:

U* K, U. K, KI

T8 5= 0 g Y ®
U? K, U
Ty+ﬁpd2y+g 0 (10)

Strom et al. [1] obtained similar equations for trajectories of particles in the
model tests in a wind tunnel.

2.2. Scaling requirements
Geometric similarity. The macro scale of the model building was assumed to
be

%»1 (11)

From eqn. (11) one can obtain:

(1), (), &)

where m and p represent respectively model and prototype.
The micro scale of the motion of the solid particle

b

‘m (13)
b

is chosen for particle geometric similarity [11] and thus

l

‘m _ Zom (14)

lp Zop
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Dynamic similarity. From comparison of eqns. (9) and (10) and egns. (1)
and (2), the basic requirement for dynamic similarity,
UZ
7= 1 (15)

may be obtained. In another form

N2
ko) _lm _(2om
(lp> _lp_(ZOp) (16)

and finally from eqn. (5)

1/2
ﬂz= (zo_m> (17)
2op

Density scaling requirements. The relation between physical characteristics
of model and prototype can be obtained, as before, from eqns. (9) and (10)
and eqns. (1) and (2). Thus

U

ﬁ?=1 (18)
or

fn _pu (d)

p  Pp \dy

and

2 1/2
Pm (d_m) 2(7‘0_“’) (19)
pp dp z(}p

where z,,, is obtained from the boundary-layer wind tunnel, and z,, is an ap-
propriate roughness length for local topography.
Kinematic similarity. The kinetic similarity is expressed in the form [6,12]

(UTER> _<UTER) (20)
u* )\ ut )

where Urgg is the mean terminal velocity of the particle and u* the mean shear
velocity.

It appears (Figs. 2 and 3) that the shear flow over the building causes an
acceleration of the particles, while particles trapped in the reattachment bub-
ble are decelerated. The mean velocity U, at the separation point and the mean
shear stress u}; at the model height are influential parameters. Thus the flow-
ing relations apply for kinematic scaling:
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U\ (U Urgr \ _ [ Uzer
@)=(G), = (B~ ) -

These relations imply that the corresponding angles between the stream-
lines and paths (or waves) remain the same over model and full-scale buildings.

2.3. Time scaling

All stages of deposition in full and model scales are similar if the time scale
is chosen properly. Newton’s second law in non-dimensional form provides an
adequate time scale for fully rough flow, with air as the medium in model and
prototype (Appendix B):

1/2
tﬂ=p_md_m(ﬂ’2) (22)
tp Po dp 20p

The factor of d,,/d, in eqn. (22) implies that drift profiles will be identical
in model and field studies.

The micro scale of the solid particle (eqn. (14)), the physical relationship
described in eqn. (19) and the time law (eqn. (22)) were all used as described
in the following section, to choose the modelling particles and time scaling.
Time scaling is required to predict final profile dimensions of drifts and pro-
vides information on drift evolution. Indeed the wind tunnel experiments in
the following section are solely concerned with simulating drift geometry.

3. Wind tunnel measurements

3.1. Choice of modelling particles

Three types of particles — Ottawa sand, ground foam and sawdust — were
examined for simulating snow drifting in the wind tunnel. Of these, sawdust
passing a 0.297 mm mesh sieve and collected on a 0.250 mm sieve (average
0.274 mm characteristic dimension) was used in the model studies.

The ratio of sawdust to snow density p,,/p, was taken to be 0.8 for the Ottawa
area, (although snow density can vary enormously), and the ratio of charac-
teristic dimension of the sawdust particles to snow particles was d,,,/d,=0.274/
0.8. Further, the characteristic length ratio, equal to the roughness ratio, is [,/
lo="20m/20,=15/750=1/50. Substitution in eqn. (19) gives:

2 2
P {(en 0.274)
o) —0.8 —— | =0.
Po <dp> (0-8 0

while

1/2 1 1/2
20m
- =|—] =0.141
<20p> (5())
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Equation (19) is thus not fully satisfied.

Because of the considerable variability of real snow and the assumptions
made in the development of the equations, the sawdust was nevertheless con-
sidered acceptable. Sawdust with a larger particle size should probably have
been used. The time scaling was (eqn. (22)):

tﬂ—080'274<i 1
t, 081\50/

Using the sawdust as described, a run time of 5 min in the wind tunnel is
equivalent to just over 2 h of wind at full scale.

3.2. Experimental set-up

3.2.1. Environmental wind tunnel

The experiments reported here were performed in a 10 m long, 0.914 m X 0.914
m open-circuit wind tunnel (Fig. 4). The width of the working section re-
stricted testing of a full range of wind directions f for long models. The free-
stream turbulence level was approximately 0.6% in the empty working section.

To establish mean velocity profiles and turbulence characteristics in good
agreement with those of urban areas, surface roughness elements and a tur-
bulence grid [13] were used. The power-law exponent ¢ of the velocity profile
obtained was 0.38; the roughness length z, was 15 mm, and the mean shear
velocity u* was 0.26 m s~ 1. Variation of the longitudinal turbulence intensity
based on the local mean velocity is illustrated in Fig. 5. The thickness of the
boundary layer was 430 mm.

3.2.2. Traversing mechanism
A traversing mechanism capable of moving in three directions was mounted
inside the low-speed test section after each experiment (see Fig. 6). All three

VARIABLE PITCH VANE SCREEN

(OPEN - NOT USED) \ i HONEYCOMB | SCREENS
- FLOW REDUCTION e 000 -
FAN
VARIABLE SPEED fANy GRID | TURBULENCE GRID, /|
T r'] + 7
. [ PITOT TUBE— H
AIR OUTLET = F oo g
i 7| Mooer | ROUGHNESS ELENENTS 1
~— [ (6 mm HiGH) | /(25 mm HIGH) !
I — I
‘914 mm fr==| l
{SQUARE SECTION) = 700 — e N
10 000 — e

All dimensions in mm
Not to scale

Fig. 4. Side view of the wind tunnel.
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Fig. 6. Traversing mechanism with depth marker.
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directions of motion are controlled manually to obtain depths of sawdust to
within 0.05 mm at predetermined locations on the roofs after each test.

3.3. Testing procedure

Definition of some terms is required. “First fall” applies to snowfall accom-
panied by winds of about 0.60 m s—! at the model height (or 4.25 m s~' in full
scale). “First drifting” applies to wind at 2.4 m s~ (17 m s~ full scale) with-
out snowfall. Snowstorm effects are therefore identified by “first drifting, first
fall” and “second drifting, first fall” etc. The ratio between model and full scale
velocities are obtained from eqns. (16) and (17). Thus

1/2
U, (zZom - 1
U _(zop) =(0.02) T 17.07

p

In earlier experiments, particles were distributed to a uniform depth on the
upper roof before the wind tunnel was turned on. This effectively increased
the height of the building. Moreover the particles “smoothed” the leading edge
and modified the characteristics of the reattachment bubble. As a result, this
approach was abandoned and a two-step approach to testing was adopted. Dur-
ing the first step the particles were fed slowly through a slot in the roof of the
tunnel 0.65 m upstream of the model while a light wind was blowing. This
continued for 15 min, equivalent to a snowstorm of about 6.5 h. The free stream
dynamic pressure at a height of 0.650 m above the tunnel floor and 1.0 m up-
stream of the model location was maintained at a constant value indicating a
velocity of 0.91 m s ~'. The corresponding velocity at the model height mea-
sured by a hot wire anemometer was 0.60 m s, equivalent to 4.25 m s~' in
full scale. During the second step a stronger wind of 2.4 m s~! at the model
height blew for about 5 min, simulating a windstorm of approximately 2 h. It
redistributed the particles from the upper (windward) to the lower (leeward)
roof in drifts like those formed in a real storm [6,7,14].

3.4. Wind tunnel results

The results of the experiments using sawdust as described in section 3.1 are
presented in Figs. 7-13. h,/AH and l,/AH are plotted against the aspect ratio
L/H (Fig. 11) and building separation ratio S/H (Fig. 13). The drift on the
lower of a two-level flat roof is seen to vary with the wind direction and the
aspect ratio L/H of the upper building (Figs. 9 and 10), and with the difference
in elevation AH between the upper and lower roofs. H and L are the height and
length of the building, and h, and [, are the height and length of the drift on
the lower roof (Figs. 7-13).

3.4.1. Estimate of the drift height h,
Case I: AH/H=1/2.




233

1.6 T T T T
1.4+ SAWDUST =
= i S =
1.2 |- §ooaH — .
- 7 T
e L —hq—flJ
1.0 - rﬂ=B=0° —3
A o :8=15°
_ v:B
z AH,"H—U?{lO:B=3OO
\"’08_ {ID:B=45O—
K Y,
B : WIND DIRECTION
b
0.6 7 -
Q A o———
0.4+ < ;—~—— —
z.\/
0.2 _
0 1 | | | | |
0 2 4 f 8 10 12 14
L/H

Fig. 7. Drift height as a function of wind direction £ and aspect ratio of the upper roof, when
AH/H=0.5.

Figure 7 shows that the drift height varied with wind direction and aspect
ratio of the main building. The maximum height (h,=0.94 AH) was observed
at L/H=3 with #=30°. A change in the wind direction strongly affected the
drift shape in the near-wake of the model in which L/H=3 (Fig. 7). However,
the effect of wind direction was less spectacular for other models. From Fig. 7
it appears that h, was not a function of the angle of incidence when L/H=5
and f>15°. This may indicate that the nature of flow in the recirculation
region is stationary at angles of incidence between 15° and 45°. When L/H =35,
the length of roof beyond the reattachment point is sufficient to start the re-
development of a new boundary layer. For values of L/H > 5, the new boundary
layer grows thicker with distance downstream. At the “step” the greater thick-
ness allows a greater depth of snow to accumulate. This depends to some extent
on fi.

For buildings with L/H > 5, Fig. 7 shows that the sawdust accumulation has
not reached the height of the upper roof - its maximum depth was only 0.54
AH. As noted previously, the width of the wind tunnel did not allow the use of
models longer than L/H="7 at angles of attack f§ greater than 30°.
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Fig. 8. Drift height as a function of wind direction 8 and aspect ratio of the upper roof, when
AH/H=0.25.

Case II: AH/H=1/4.

Figure 8 shows that for long roofs (L/H>=5) with low values of AH there
was no difference between the drift profiles obtained for all wind directions
except f=0°. With a decrease in AH/2 to H/4, the vortex formation moved
vertically upwards and the space between the upper and lower roofs was more
rapidly filled with particles. The critical L/H ratio was 3 and the maximum h,
was observed at f=0°. In water tunnel tests, the size of this vortex formation
appeared to be greater than AH and could therefore result in h, being higher
than AH as shown in Fig. 8.

3.4.2. Estimate of the drift length [,

The reattachment length of the lower roof, which is the horizontal distance
between the trailing edge of the upper roof and the point of reattachment on
the lower roof, can be obtained by analysis of shear stress profiles [15].

The maximum length of a drift on the lower roof is probably directly related
to the reattachment length, as snow deposited downstream of the reattach-
ment point would be carried away by the increasing speed of the shear layer.
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Fig. 9. Length of drift on lower roof as a function of wind direction # and aspect ratio of the upper
roof when AH/H=0.5

CaseI: AH/H=1/2.

The length of drift on the lower roof is plotted in Fig. 9 against the aspect
ratio L/ H of the upper building. At $=0° and L/H=2, L, is 6.4 AH but changes
quite rapidly as the angle of incidence changes. As the aspect ratio L/H of the
upper building is increased, [, tends to reach a constant value of about 5 AH
when f=0°, but drops to approximately 2 AH as shown in Fig. 9 for values of
Bequal to 15°, 30° and 45°. Also the flow behaviour behind the upper building
is only weakly affected by an increase in the angle of incidence for values of
L/H=5. For most design situations the National Building Code of Canada
recommends that [, be 2 AH, which is in good agreement only with tunnel
results for = 15° and L/H >5. O’Rourke et al. [16] found from field data for
many types of buildings and many AH/H ratios that [./AH was often greater
than 2 AH. Their paper does not give enough information to allow actual drift
lengths to be determined. Taylor’s [14] data indicated, however, that 2 AH
was adequate for long buildings with AH/H of about 0.5 and lower roofs less
than 5 AH in length.

Case II. AH/H=1/4.

For L/H=5 a change in ff from 15° to 45° resulted in an increase of [, from
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Fig. 10. Length of drift on lower roof as a function of wind direction 8 and aspect ratio of the upper
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Fig. 13. Effect on drift height h, of a gap between the upper and lower buildings. The effect is the
same for AH/H=0.25 and 0.50.
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3.3AH to 4.7AH (Fig. 10). For short models, L/H=3, with f=30° and
L/H>5, the drift length tends asymptotically to 4.7 AH. In terms of loads this
could be a significant difference from the results obtained when AH/H=0.5
(Fig.9).

The drift lengths obtained during the testing were in good agreement with
most of the observations summarized by Eaton and Johnston [15] for condi-
tions when 8 was 0° and when the free-stream turbulence was less than 1%.

Figures 9 and 10 reveal that, for models with L/H>3 and f=30° and 45°,
the nature of the recirculation in the near-wake is independent of the aspect
ratio L/H. When L/H < 3, the free stream turbulence will cause an earlier reat-
tachment of the flow and will move the centre of the reattachment bubble
upstream towards the leading edge [17].

3.4.3. Effect of lower roof length on the length of drift for a long model (L/
H=10)

The length of the lower roof is [;. Figure 11 shows that for /;/H between 2
and 5, the drift length [, decreases with an increase in AH/H. For a long lower
roof (I,/H=5), the drift length is independent of /; as shown in Fig. 11, prob-
ably because the maximum shear stress within the shear layer decreases rap-
idly downstream of the reattachment point [18]. For a short lower roof on the
other hand (({,/H=0.7) as shown in Fig. 12), the contact between the trailing
edge of the lower roof and the shear layer from the trailing edge of the upper
roof forces the vortices to form very close to the back face of the upper building.

The depth profile on the lower roof in Fig. 12 when f=0° is strong evidence
of the large change in turbulence structure which occurs when the shear layer
encounters the trailing edge of a short lower roof.

3.4.4. Effect of a gap between high and low buildings

When a gap S is introduced between a windward and leeward building, the
height of the drift on the lower roof is reduced (Fig. 13). Figure 13 also shows
that the non-dimensional gap width S/H strongly affects the drift height h, on
the lower roof. The kinetic energy of flow in the passage is increased due to the
additional energy from flow along the sides of the building and the strength of
the vortex system in the near-wake is reduced.

This results in an increased flow velocity near the lower roof and conse-
quently a reduction in the deposition of particles there.

For gaps ranging from 0.25H to 0.50H (Fig. 13), the height of drifts is in-
dependent of the gap width. This suggests that the structure of the flow in the
passage is stable and remains the same for this range of gap widths. The oc-
currence of a stationary vortex is probably the dominant phenomenon [19].

For S/H=>5, an increase in the gap width was accompanied by a large de-
crease in the drift size. Indeed, no drift was formed on the lower roof when
S/H was greater than 0.75.




239

3.4.5. Effects of wind velocities and snowfall on drift formation

Figure 14 (a) presents profiles of sawdust accumulation on a model building
with L/H="17.0 and $=30°. The aspect ratio of the lower roof was [,/ H=3.25.
The effects of strong perturbations in the flow resulted in the leeward half of
the upper roof being almost bare. As a result the maximum drift height A, ..,
is about 0.5AH in the near-wake of the upper building.

The effect of more than one snowstorm is shown in Fig. 14(b). After the
“second fall” the drift behind the upper building had a maximum height of
about 0.5AH. With increased wind speed, this height increased to AH. The
profile of the sawdust accumulation on the upper roof indicates that when
£=30°, the flow is split into two vortex streets which scour away the snow.

The next section compares experimental results with full-scale measure-
ments on two buildings in Ottawa, Canada.

4. Comparison with field data

4.1. Introduction

The two buildings modelled, PWC and Ottawa Sufferance, are shown in Fig.
15 with their correct orientations and dimensions [14]. A heavy drift on Ot-
tawa Sufferance is illustrated in Fig. 16. The roofs are in an industrial area of
similar buildings of about the same height. The space between buildings is
generally 45 m or more on each long side although there is a large warehouse
parallel to the long side of the PWC building and 15 m away on the north side.
To the south-west of the PWC building there are houses 400 m away while
buildings to the ENE of Ottawa Sufferance are more than 500 m distant. The
terrain is flat with the occasional tree no higher than the buildings. This is
unusually open terrain upstream which satisfies the conditions in eqn. (3) and
Section 3.2.1.

Figure 17 illustrates the variation of the maximum drift load from year to
year and shows that during short surveys major peaks could be missed entirely.
For example, for a period of four years from 1974 to 1977 the maximum drift
load on Ottawa Sufferance was less than 55% of the maximum measured dur-
ing a period of 10 years. Thus field surveys should be conducted over long
periods (usually at least ten years). As such surveys are expensive, it is clear
that an effective modelling technique would save a lot of time and money if it
reduced the need for such surveys.

4.2. Comparison of drifts on full-size and model buildings

Because the models were too long to be rotated fully in the tunnel, it was
important to search the meteorological records for snowstorms with winds
blowing in the same direction as those modelled in the wind tunnel. Further
snowstorms that occurred early in Ottawa winters and deposited large drifts
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Fig. 14. Effect of wind velocity and snowfall on drift formation: (a) first fall, (b) second fall.




241

53.0 6.

1 4.9
o : 34,7
' 5 = LH =5.2
——— Pwe — —15[323 - s 5| OTTAWA SUFFERANCE |15.2———
H=7.01 m & 3 Hog.70 m
~1.5

Fig. 15. Plan view of buildings showing sizes and orientations to true north. It should be noted
that the scales are different from building to building. AH is the difference in elevation between
the upper and lower flat roofs.

Fig. 16. Large “triangular” drift in the lee of the upper roof of Ottawa Sufferance, mid-January
1978 (AH/H=0.48).

on roofs completely bare prior to the storms would have been ideal. This sel-
dom occurred.

Ottawa Sufferance Warehouse (L/H=5.2, AH/H=0.48).
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Fig. 17. Variation of the annual maximum drift load on two two-level flat roofs in Ottawa.

The model of this building was tested at an angle of attack f=0°. On the full-
size building this corresponded to winds from the ENE. On four occasions large
drifts were deposited but the conditions did not correspond to the ideal situa-
tion. Indeed the measurements (Fig. 18) and photograph taken on 23 January
1978 (Fig. 16) followed a succession of snowfalls almost daily from mid-No-
vember with winds from all directions, although a good number were from the
ENE. In December 1977 there were four major snowfalls: 18.0 cm on the 6th
with average ENE winds at 27.6 km h~; 21.6 cm on the 9th with east winds at
28.2 km h~'; 12.8 cm on the 14th with ENE winds at 16.1 km h~"; 30.4 cm on
the 21st with ENE winds averaging 21.3 km h~'. Temperatures were below
zero throughout this period. The last two events were on 8 January when 10.0




243

OTTAWA SUFFERANCE

1.0 T T T T T T T
———— WIND TUNNEL MODEL
z 0.3 FIELD MEASUREMENTS —
-CV\
- 0.6 N
—
T
2
T 0.4 .
I . L e -
L_L
< 0.2 23 JAN 1979-G ° -
7 FEB 1972-G—" END OF LOWER ROOF_|
| | | | | | |
0

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
DISTANCE FROM WALL, X/L

Fig. 18. Non-dimensional profiles of heights and lengths of drifts measured on the centre-line Cy,
of the lower roof.

cm fell at temperatures between + 2.0 and —11.0°C with average winds of 14.1
km h~! East, and on 18 January when 10.2 cm fell at temperatures between
—5.7and —15.4°C with average winds of 19.8 km h~! NNE.

The other three profiles in Fig. 18 were observed: (1) after a snowstorm of
30 cm on 23 February 1971 (highest temperature —3.9°C) with the readings
taken on the 25th (temperature between —10°C and 0°C); (2) following a
snowstorm on 3 and 4 February 1972 (highest temperature —3.3°C) with
readings on 7 February (temperature between — 3.3 and — 23.3°C overall); (3)
after a snowstorm on 21 January 1979 (highest temperature —4.4°C) with
readings taken on the 23rd (temperature between —4.4 and —14.4°C overall ).

The dashed line in Fig. 18, presenting the model results, is similar to the
profiles of depths measured along the building centre-line during the four
storms, although the depth would increase or decrease depending on the com-
binations of snowfall and winds used during testing. It is important to note
that these depth measurements were occasionally exceeded by profiles at other
locations after storms in which f#0°.

The PWC building (L/H=7.6, AH/H=0.30).
The direction of winds blowing down the centreline of this building is WSW.
As the model was small enough to rotate 15° in the tunnel, the influence of a
15° shift in wind direction could be studied. It is clear from the dashed lines in
Fig. 19 that varying # from 0° to 15° makes a significant difference in the depth
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Fig. 19. Non-dimensional profiles of the heights and lengths of drifts measured on the centre-line
Cy, and at the side of the lower roof.

profiles at the centreline of the model. At the full-size building the natural wind
would not cooperate. § varied enormously during storms. As there was a large
flat-roofed building about 5 m higher and 15 m to the north and parallel to the
PWC building, winds blowing from the north-west passed over some portion
of it before arriving over the PWC building. The buildings were too large for
both to be modelled together in the tunnel.

The snowfall in the winter of 1970-1971 was very heavy with 111 cm falling
in December, 76.5 cm in January and 157.5 cm in February up to the 25th. On
13 February 1971, 32 cm of snow fell accompanied by winds averaging 26 km
h~! from the NNW. On the 14th, winds at 22-40 km h~! blew from the west
for 13 h and on the 15th at 5~18 km h~! from the west, south-west and WSW
for 11 h. The resulting snow load profile at the side of the roof compares fa-
vourably with that for f=15° at the side of the model except near the wall
where strong axial vortices are likely to affect the drifting.

A profile of snow depths recorded at the centre-line of the roof on 13 January
1977 is also plotted in Fig. 19. On 10 January, 23.2 cm of snow fell accompanied
by strong wind averaging 27.8 km h~! (ENE) and gusting to 46.3 km h™!
(ENE). This wind blew in a direction 180° from that expected to give the
maximum drift on the roof. During 11 and 12 January, however, another 2.4
cm fell with winds from the west averaging 11-20 km h~'. Although the re-
sulting snowdrift was deep at the wall, it dropped away very steeply, its slope
more resembling the model prediction for f=15° than for f=0°.

In 1981, results were recorded on 9 January, three days after a fall of 12.6
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cm of snow. Although the wind was mostly from the south while the snow fell,
on the 7th and 8th the wind was largely from the west (f=22.5°) averaging
about 19 km h™?, and on the 9th it came from the east and south at only 8.5
km h~'. The depth profile recorded at the centre-line of the roof is also shown
in Fig. 19. The snow depths exceed those recorded on the model by a large
amount near the wall but farther away, snow depths are considerably less than
those indicated by the model.

It is apparent that although some of the drifts measured on the PWC build-
ing resemble in shape some of those obtained in the tunnel, the time variability
of wind direction resulting in high drifts was too complex to be modelled in the
tunnel used.

5. Summary and conclusions

Modelling criteria were developed to select a suitable particle to simulate the
heights and lengths of snow drifts on roofs. Visualization of the flow process
in a water tunnel led to the observation that the vortex system on the roof
surface throws up the modelling particles in clouds. Comparison of wind tunnel
measurements with field observations leads to the following conclusions.

1. Turbulent transport of snow along an upper roof is the main mechanism
for drift formation in its near-wake. Such transport is strongly affected by
changes in the after-body length. Results from the wind indicate that the maxi-
mum drift occurs when the length of the upper roof is about three times its
height.

2. The wind tunnel testing also indicates that the height and length of drifts
depend primarily on the behaviour of the separated flow over the upper roof.
The maximum height could be as much as 40% greater than the difference in
elevation, AH between the upper and lower roofs when this difference is rela-
tively low (AH/H ~0.25) and when the angle of attack f is constant at 0°.

3. The introduction of a gap between a windward and leeward building re-
sults in a reduction in the deposition of particles on the lower roof due to in-
creased flow velocity near the lower roof. Model tests indicate that for a gap
greater than 75% of the upper roof height, no drift forms on the lower roof.
There are no field data to confirm this.

4. There are similarities between the geometry of snowdrifts on roofs mo-
delled in the wind tunnel and those on full-size buildings. Some of the differ-
ences in drift height and shape were due to the time variations in wind direc-
tion outdoors, variations that could not be simulated in the tunnel.

5. Some discrepancies between model and full scale arise because a wind
tunnel can only model aerodynamic effects and also because the upstream ge-
ometry was not modelled exactly in the wind tunnel. It cannot account for the
influence of heat loss, solar radiation, changes in humidity, air temperatures
and rainfall. These all affect snow density, scouring and drifting.
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Appendix A: Derivation of equations 9 and 10

The governing equations of motion for a particle are:

" K m - K m

Kom .
B m — A2
ym+Mmym+g 0 (A2)

where subscript m represents the model scale. Equations (A1) and (A2) are
identical with egns. 7 and 8.

For similarity conditions, eqn. 5 gives:
Ym =1y Y =Uy X =Ux (A3)

In addition, acceleration of the particle in non-dimensional terms can be
derived as follows

. di, dl, oL, . (9l

lm?a?@ﬁ—’m(@) £
from eqn. 5:

l.=Uli (A6)
i

(=0 2e) )

The term in brackets is also expressed as a function of non-dimensional
parameters
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0l 9, 0l a1
oL, = 4l alal, e
The right terms are products of three quantities and eqn. 5 gives

a1 d
a1 = 3l
Then

ol ~-14i

=UTa (A9)

From eqn. (A5),

=U

[ =005~ (A10)

l;n=U2 (z’ 59—1) (A11)

The term i 9i /01 has the same units as [, and it is assumed that this term is
equivalent to . Thus

2
z;,,=%z' (A12)
Similarly,
T2 72
%o =%5c Vm =%y (A13)

The various non-dimensional parameters are introduced in eqns. (A1) and
(A2) to obtain:

02, K U _K KT

U K, U.
Ty+ﬁ0p‘_d:2’y+g=0 (A15)

Appendix B: Derivation of time scaling

Governing equations use Newton’s second law:
IF...=Ma (B1)
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or
Ma=F+Mg (B2)
Equation (B2) in terms of x and y is:

dx dy
—M dt_D" and —M—&E_-Dy+Mg (B3)

where D, and D, are, respectively, drag along the x and y directions. The ver-
tical velocity component of the fluid is zero (i.e. D,=0), thus

dy
v_ B4
o 0 (B4)
Now

M=p§ 11:7‘3 r=

and drag

N R

Dx = %CD,; nrzpfiz

where p is the particle density, d is the particle characteristic diameter, p; is
the fluid density, and C,_ represents the drag coefficient along the x direction.
The governing equation of particle movement is:
dx
—M—=D, B5
it (B5)
Then

_3p 8 dt_2 D T 4pfx

2

or

%pd%+CDIpfi:2=O (BG)

Equation (B6) is a simple form of the general form of particle movement in
air. Similarly for a model particle,

4 dx,, -

3pmdma't:+ (CDx)mpfm xm—0 (B7)
Various non-dimensional parameters have been defined in Appendix A:

P =pPP d,=dd X = UX (B8)

and similarly:
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Pm=Ppc  tm=ft  (Cp)uw=Cp,Ch, (B9)
From eqn. (B7):

4 U\ dx - )
gpd (p-?) aE+CDx (CDxﬁfUz)pfx2=O (Bl())

From comparison of eqns. (B6) and (B10) one can write:

pzd=1 (B11)

Cp, p:U%=1 (B12)
Time scaling will be given by eqn. (B11). Then,

Pan Gin Yn _ b (B13)

If p, d, % and ¢ are associated with the prototype particle (in full-scale), then:
1/2
b _Pm Ira (l_,,l) (B14)
to Pp dp \b
with
. l 1/2
x
== (see eqn. (15))
Xp (lp )
In terms of z,, and z,, (roughness length)
1/2
tn _Pm O (%_m> (B15)
tb P dp Zop

This equation is identical with eqn. 22.
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