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1. Introduction

The development of buildings and structures in
Antarctica benefits from studies of snowdrifting.
Field tests and observations are not only time co-

nsuming and expensive, but the necessary envi-

ronmental control cannot be readily achieved. Al-
though a perfect simulation of snowdrifting has
been regarded as extremely difficult to achieve,
model testing appears to be the most practical
and cost-effective method for investigating snow-
drifting problems.

This paper discusses the relevance and signifi-
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cance of various similitude parameters for snowd-
rift modeling. Comparison is made between model
and prototype snowdrifts. The results of a series
of wind tunnel tests carried out to investigate the
snowdrift profiles and volumes for a single buil-
ding and for groups of buildings, both on-ground

and above-ground, are presented.

2. Similarity Criteria for Model Study of
Snowdrifting

The similarity requirements for the study of
snowdrnifting around buildings and structures
have been extensively studied by Kind'? Iversen,
¥ Anno,” Isyumov and Mikitiuk” and others. It
is generally recognised that it is extremely diffi-
cult to fully simulate the behaviour of snow, and
at the same time satisfy all similitude criteria at
a reduced geometric scale. In particular, the si-
mulation of inter-particle forces, which are mainly
dependent on temperature and humidity, is diffi-
cult to achieve. To obtain representative results
of physical snowdrift modelling, it is required that
flow and geometric scale, snow particle cohesive-
ness and saltation length, snowdrift rate and time
scale, and other effects are adequately simulated
and properly accounted for when distortion in the

scaling proccss becomes necessary.

2.1 Flow Similarity

Since the physical process of snow particle mo-
vement is largely initiated and dominated by a
turbulent boundary layer wind, it is believed that
the flow characteristics should be properly scaled
in addition to other modelling requirements. In
the present study, it was necessary to use scales
of between 1/50 and 1/100 to produce building
models of reasonable size and detail, and to ob-
tain a reasonably sized snowdrifting accumulation.
A simulated turbulent boundary layer wind suita-

ble for model scales of 1/50 to 1/100 was genera-

ted in a purpose-built Snowdrift Wind Tunnel
(Kim et al®), essentially modelling a category 2
open country terrain(AS 1170.2—1989"). When
model snow was introduced, the modified flow
characteristics closely resembled those associated
with a category 1 exposed open country terrain
with a roughness height z, close to a prototype
value of 0.002m.
The other relevant atmospheric conditions are -
temperature = —22.7C for prototype
=337C for model
=1.324 kg/m® for prototype
=1.193 kg/m’ for model
viscosity v, =1.206X10 * m?/s for prototype
=152X10 * m?/s for model

density p,

2.2 Model Particie Selection and Particle
Properties

Twelve different particles were tested(Kim et
al”) for their ability to reproduce the correct
snowdrift shape. Commercial standard grade so-
dium bicarbonate, with a high angle of repose of
approximately 90 degrees, was found to produce
the most realistic snowdrifting shape. The bulk
density p, of sodium bicarbonate was approxima-
tely 1300 kg/m’® and the mean effective diameter
D, was approximately 50 um. Based on the limi-
ted prototype data, a prototype snow density of
700 kg/m* and a particle diameter of 150 um were
adopted in this study.

Bagnold® proposed the following dimensionless

threshold friction speed :

A=UY/ (o, g Dy/p)t e (1)

in which U is the particle threshold friction
speed and g is gravitational acceleration. Ba-
sed on Equation 1 and the semi-empirical re-
lationships proposed by Iversen et al” which
included cohesive forces between small parti-

cles, the threshold friction speeds were cal-
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culated. The terminal fall speed U, can then be
found from U, =26 UXFeasey,). Hence :

Us=0.14 m/s ;
Up=0.364 m/s ;

Un=019 m/s
Un=0.494 m/s

The estimated prototype threshold friction
speed matches well with the value of 0.15 m/s
suggested by Kind” for uncompacted dry snow.
The estimated prototype terminal fall velocity also
matches reasonably well with the field data pre-

sented by Mellor.""

2.3 Geometric Similarity

In addition to model and prototype length scale,
it is also necessary to examine the length scale
ratio of the model and prototype snow particle
size. This particulate geometric similarity can be

expressed in the simple form !

D,
'''''' —= constant
L

For a model length scale of 1 to 50 and the re-
spective particle diameters for model and protot-
ype snow, the particulate geometric similarity was
not attained. This is a common problem since the
ratio D,,/D,, is usually much larger than the ratio

L./L,.

2.4 Similarity of Surface Particle Motion

The behaviour of the particles close to the sur-
face is largely affected by the action of the sur-
face shear stress. A number of similarity require-
ments have been put forward :

the threshold densimetrical particulate Froude
number :

*2
t

D;g [pv

P = constant
= Pa]

the threshold densimetrical geometric Froude

number .
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*2

. Pa
————— ———— — :Constant ............... (4)
Lg [p—p.l
and,
U*

.............................. (5)

——-— = ¢gonstant
Ut
in which U* is the friction velocity.

2.5 Similarity of Airborne Particle Motion

Once the particle is airborne and suspended by
turbulent diffusion, the similarity of aerodynamic
or fluid resistance forces, gravity and inertial ef-
fects should be satisfied. A number of similarity
requirements have been proposed :

similarity of gravity and fluid forces :

U

—~— = constant
U

the conventional densimetrical particulate Fo-
rude number !

U

D.g M[pp - pnj

= constant

the conventional geometric Froude number !

U2
—— =constant
Lg

and similarity of particle and fluid inertia for-

ces .

P = constant

Pa

Kind; suggested that an improved similarity of
the saltation process is achieved with heavy mo-
del snow particles and recommended that (p,/p.)
»2600 which was easily satisfied in the present
study.

2.6 Time Scale

Time scaling of snowdrifting is an important si-

milarity requirements in relating experimental
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results to prototype conditions. The following di-

mensionless times have been used :

uT

it eieiteteei i ia e baaeeny 10
3 (10)
., UT

P e iiiiereteitiirseer i (11)
Pe L

1 , U U, UT

_ P —_ [1_ _;],* ......... (12)

2 p, gL U L

in which T is the duration of snowstorm.

Most researchers used a time scale based on
one or more or a variation of these dimensionless
time formulae. Anno” suggested the following
equation which was referred to as a dimension-

less volume

in which Q is the snow drift transport rate, and
n is the object’s collection coefficient of snow pa-
rticles which is the weight of accumulated snowd-
rift divided by the weight of snow particles which
pass the object.

3. Significance and Relevance of Snow-
drifting Similitude
Parameters

The significance and relevance of each parame-
ter was examined for wind tunnel model testing.
In particular, snowdrift shapes and volumes ob-
tained in wind tunnel tests were compared with
field measurements shown in Figure 1 taken by
Mitsuhashi® who measured the shapes and accu-
mulated volume of snowdrift around the Observa-
tion Hut of the Japanese Shyowa Station in Anta-
rctica. Since the present wind tunnel study was
simulating snowdrifting without melting, the data
was modified as shown in Fig. 1 to include only
those storms or portions of snowstorms which
have a positive growth rate. The duration of the

modified snowstorms was about 800 hours and

the volume of accumulated snowdrift was appro-

ximately 90 m°.

3.1 Experimental Arrangements

1/50 and 1/100 scale models of the Observa-
tion Hut were tested in the Snowdrift Wind Tun-
nel. Approximately 100 kg of sodium bicarbonate
was introduced into the wind tunnel. The internal
temperature of the wind tunnel ranged from 27C
to 37C and the relative humidity ranged from 48
% to 65%. The duration of each wind tunnel test
run was 4 hours. The wind velocity at a reference
height of 10 m in prototype (200 mm height at
1/50 model scale and 100 mm at 1/100 model
scale) at the centre of the working section was
maintained at approximately 6 m/s.

Contour images of the snowdrift shapes around
the model were generated by a grid projection
type Moire fringe camera with a focal length of
1.8 m. The size of the area photographed was 900
mm X 600 mm and the measuring sensitivity was
5 mm height. The image was monitored by a clo-
sed-circuit television camera. The contour image
was captured by a frame grabber, processed and
saved on a computer hard disk. The grabbed
images were then digitised and processed with
contour analysing software which produces three-
dimensional perspective or isometric surface rep-
resentations for output to the TV monitor, prin-
ter, or plotter. The program also determined the
volume of snowdrift by integration using a trape-

zoidal rule.

3.2 Comparison of Model and Prototype
Snowdrift

The wind tunnel snowdrift results presented in
Figure 2 show a good agreement with the modi-
fied prototype data of Mitsuhashi’” In order to
assess how accurately the similarity criteria outli-

ned in Section 2 are being met, the respective 1/
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50 scale model and prototype values were deter-

mined and are summarised in Table 1.
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Fig. 1 Original and modified data of Mitsuhashi’s!
prototype snowdrift growth pattern

The similitude requirement of the threshold
densimetrical geometric Froude number(Equation
4) shows the biggest mismatch. This mismatch
indicates that the model particle trajectorv near
the surface may be comparatively larger than the
prototype snow particle trajectory. Kind" sugges-
ted that the length of a typical saltation L, is rou-
ghly 10 times its height such that

The saltation length of the model snow partic-
les under the test conditions was estimated to be
approximately 40 mm which is smaller than the
smallest dimension of the building model and is
also considerably smaller than the size of the
snowdrift. This has been suggested by Kind" to
be a desirable feature particularly when proper
Froude number scaling was not achieved.

Kind"” also suggested that the similarity of pa-
rticle forces and particle ejection could be impro-
ved if the model roughness height Reynolds nu-
mber,

Ult.'i
e
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Table 1 Model and prototype values of simili-

tude parameters

Eon. Modelling Model Proto.
No. Parameter Value Value
Dy .
2 e 42X10 *{25X107°
M p:
3| =— —"—— |67X10°2|25X10?
Dg  [py—p.]
b Pa ] .
4 —_— 2.8X10 *163%X107
bg [p—p.]
u*
5 | - 147 5.7
U .
6 o 82X1072|2.1X10°?
8§ P .
7 | e e 7.3X10" |1.9X10°
Dig  [py—pal
8 | 306 49
LR
Po
9 | - 1090 529
px
uT
10 Y Ti=45 |T:=800
. UT
| Ti=93  T;=800
Py b
l p,—, U2 U* UT
12 | —= (1——1—|Ti=37 |T¢=8
I 2pgb U i P80
TQ
13 | " Ti=15 |TE=800
pyb

Note | b =width of the Observation Hut
=6m in prototype

# unit in hours

The value for the present study was 23 which

is of similar magnitude to the suggested value.

The similitude requirement of airborne partic-

les based on the conventional densimetrical parti-
culate Froude number (Equation 7) gave a smal-
ler mismatch than the one based on the threshold
speed. It appears that the airborne particle beha-

viour was more accurately simulated than the su-
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Fig. 2 Snowdrift profiles of prototype, 1/50 and 1/ 100 scale models

rface particle motion. Furhermore, it suggests that
turbulent diffusion is a more dominant mecha-
nism than saltation.

Based on a prototype snowstorm duration of
800 hours and an average prototype wind speed
of 17 m/s, the model snowstorm duration was es-
timated to be approximately 45 hours, 93 hours
and 37 hours respectively according to Equations
10, 11 and 12. Since a good agreement between
model and prototype snowdrift shape and volume
was achieved after a model test time of 4 hours,
time scaling according to Equations 10 and 12
and in particular Equation 11 will lead to conser-
vative snowdrift estimates.

In order to use Anno’s” dimensionless time
scale (Equation 13), the snow drift transport rate
has to be estimated for both model and prototype
conditions, For the prototype condition, the follo-
wing drift snow transport rate Q within the layer
from 1 mm to 300 m above the snow surface pro-

posed by Budd et al'¥ was used :
log Qs =1.1812X0.0887 Uyy ++++seveeer (16)

in which Q is in g/m.sec, and Uy is the mean
wind speed at 10 m height.

The snow drift rate within the 0.6 m high wor-
king section of the Snowdrift Wind Tunnel, dete-
rmined by using a vacuum trap system, was

found to be 0.19 kg/m sec. According to Anno,

the model snowstorm duration was estimated to
be 1.5 hours for a prototype duration of 800
hours. While Anno’s? time scale produced the
closest match between model and prototype time,
it will lead to an unconservative estimate.
Inversen’s” dimensionless time (Equation 12)
was used for a more detailed comparison between
the model and prototype snowdrift accumulation
rates around the Observation Hut. In particular,
the progressive snowdrift accumulation and the
corresponding wind speed for individual snowsto-
rms shown in the modified prototype data (see
Fig. 1) were used in the analysis. The progres-

sive snowdrift accumulation rate normalised by
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Fig. 3 Snowdrift growth patterns of prototype, 1/
50 and 1/100 scale models
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the building volume is expressed as a function of
dimensionless time in Figure 3. It can be seen
that there is a reasonably good agreement bet-
ween the results for the 1/100 scale model and
the prototype. For the 1/50 scale model, time sca-
ling according to Iversen’s dimensionless time
will produce a conservative estimate of snowdrift
volume. Nevertheless, a test model at 1/50 scale
is often necessary due to the relatively small size
of buildings and structures usually found in Anta-

rctica.

4. Snowdrifting Around Prismatic
Buildings

Models of prismatic buildings were tested in

the Snowdrift Wind Tunnel according to the ex- .

perimental procedure described in Section 3.1.
The building models used were based on the di-
mensions of a 56 mm high (h,) by 72 mm wide
(b} by 120 mm long (1,) rectangular prism which
represents a module similar to a shipping contai-
ner at 1/50 scale.

The first series of tests was carried out on a
single building, both on-ground and above-ground.
Three above-ground configurations were tested :
h,=18 mm (0.9 m in prototype), 24 mm (1.2 m)
and 30 mm (1.5 m) above ground which represe-
nted relative heights above ground h,/h, of 0.32,
0.43 and 0.54, respectively. The wind angle was
maintained at a right angle to the short axis (b,)
of the models as shown in Fig. 4(i).

The second series of tests was carried out on
a group of three identical buildings, both on-
ground and above-ground, with varying distance
(by) between them and for a wind angle at a ri-
ght angle to the long axis(l) of the model, as
shown in Fig. 4(ii). Three relative separations
were tested : by/b, above =0.33, 0.5 and 1. For

the above-ground configurations, a relative height

avove ground hy/h, of 0,32 was used.

4.1 Experimental Resuits

4.1.1 Snowdrift around Single On-ground
and Above-ground Buildings

The isometric views, and side and front views
of the snowdrift formations around the single on-
ground and above-ground buildings at the end of
four hours testing period are presented in Tables
2 and 3 respectively. The growth rates of the
snowdrifts are presented in Figure 5 in which the
snowdrift volume normalised by the single buil-
ding model volume is plotted against the dimen-
sionless time. It can be seen that the snowdrift
volumes for the on-ground building and for the
h./h1=0.32 elevated building are very similar. As
the building was elevated to a higher position, the
snowdrift volume was reduced considerably. It is
important to note that for the on-ground building,
the snowdrift was attached to the leeward side of
the building. This often creates problems in the
building’s design including the blockage of entra-
nces and windows and additional snow loading on
the leeward wall of the building. While the hy,/h;
=0.32 elevated building did not reduce the sno-
wdrift volume, the snowdrift was formed well

clear of the leeward wall. Although the other two

Table 2 Isometric views of snowdrift formations

around a single building

Height Snowdrift Shape
h Direction of wind
he
| On-ground
hz//hl = 032
hg/ h1 = 043
hz//h1 = 054
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more highly elevated buildings created considera-
bly smaller snowdrifts, the additional height will
increase the wind-induced loads on and reduce
the stiffness of the buildings which in combina-

Wind Direction

L, -

£

S 3

b, 2

£

h 2

1 &
p. &

(i) Single building

Wind Direction

by b,
a4
L
hl
h2 < 2> J: Lo b P-4

(i) A group of three buildings

Fig. 4 Experimental arrangements

Table 2 Side and front views of snowdrift formation

around a single building

[ Heignt

On-Ground

Side \iigw

Modc! Volume

Dong-Hyeok Kim

tion will increase building vibrations. This should
be taken into account in the structural design of
the building, in particular in the design of suppo-
rts for elevated buildings.

035 —r—v——— 71 -7 T r v ——— ‘——*—;’—
Key| hy/h

0.30 | / - L

] Jjolo

025 + | 032

020 } 4 o | 043
o 1 054
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.0.10 | 1

0.05 | 1
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0?2
Dimcnsionless Time % Fﬁ Ui 0“0)

‘l’ Sb

Fig. 5 Snowdrift growth patterns for a single building

4.1.2 Snowdrift around Grouped On-ground
and Above-ground Buildings
The side views of the snowdrift formations
around the grouped on-ground and above-ground
buildings at the end of the four hour testing pe-
riod are presented in Table 4. The growth rates
of the snowdrifts are presented in Fig. 6.

Front View

|

hz/h] =0.32
he/h;=0.43
> e T T
J ———-—-——= Direction of Wind

L
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Fig. 6 Snowdrift growth patterns for groups of
buildings

For the grouped on - ground buildings, the bulk
to the snowdrifts formed at the lee of the last
building in the group and the snowdrift was atta-
ched to the leeward wall. In addition, significant
snowdrifts formed between buildings and were
attached to neighbouring walls, with the largest
snowdrifts forming for a relative separation b./b
=0.5. A relative separation by/b,=0.5 also produ-
ced the largest total snowdrift volume. For a rela-
tive separation b:/b;=1, the amount of snowdrifts
forming between buildings was greatly reduced.
Both the attached leeward snowdrifts and the
snowdrifts between buildings will create the same
kind of design problems as those discussed ear-
lier.

For the grouped above - ground buildings, the

bulk of the snowdrifts were also formed at the
lee of the last building in the group, but the sno-
wdrifts were not attached to the leeward wall. In
sharp contrast to the grouped on - ground buildi-
ngs, there was virtually no snowdrift between and
underneath the buildings for a relative separation
be/b=0.33. However, such snowdrift formation
became more noticeable as the relative separation
b,/b,= increased, but the snowdrift remained too
small to come into contact with any part of the
buildings, up to a relative separation by/b,=1.
The total snowdrift volume decreased as the re-
lative separation b,/b,= increased. For the same
relative separation b,/b,, the total snowdrift volu-
mes for the above - ground configurations were
larger than for the corresponding on - ground
buildings.

It is noted that the snowdrift formations around
both the grouped on - ground and above - ground
buidings were dependent on the relative separa-
tion between buildings and there is expected to
be a separation limit above which the interaction
between buildings will disappear. At that point,
each building forming a group is expected to be-
have effectively as a single building and create its
own snowdrift accordingly.

Table 5 shows the top views of the reversed ri-
ming formation at the leeward side of the last
building of the group. the largest riming forma-
tion was observed for the grouped above - ground
buildings with a relative separation b,/b,=0.33. It
is interesting to observe the riming formation for
the grouped on - ground buildings displayed a si-
ngle peak in the middle and two horn - shaped
formations at the corners. For the grouped
above - ground configurations, there were two
peaks for relative separations b,/b,=0.33 and 0.5,
while there was no peak for a relative separation
b./bi=1 except for two horn - shaped formations
at the corners. The cause of these riming forma-

tions is unknown but is believed to be closely re-
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lated to the different flow characteristics associa-

ted with the different building configuration.

Table 4 Side views of snowdrift formations around groups of buildings

bz/b Side View
. . b, ~b,—
Direction of Wind
0.33 | ’
el
=
=
% | o5
q .
o
o
1
0.33
el
g
=3
2
s | 05
[0
-
=)
£
<
1 13137 :
PEEENEEnSbns
Table 5 Top views of riming formations
b,/b, = 0.33 b,/b, = 0.5 b,/b, =1
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(in mm model scale) of the riming formation.
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5. Conclusions

1) There were good agreements between mo-
del and prototype snowdrift shapes despite mis-
matches in both the threshold densimetric and
conventional Froude number scalings shown in
Table 1, Therefore, it confirm the general belief
that strict Froude number scaling can be relaxed
in simulating snowdrift phenomena. It also ap-
pears that turbulent diffusion could be a more
dominant mechanism than saltation.

2) Time scaling is an important similitude pa-
ramenters for the prediction of snowdrift accu-

mulation. Iversen’s® proposed dimensionless time

(Equation 12), which includes particle and -

fluid densities, Froude number, particle threshold
speed, mean wind speed, time and length, produ-
ced a reasonable correlation between model and
prototype snowdrift accumulation rates.

3) For a single on - ground building, the snow-
dirft was attached to the leeward side of the buil-
ding which often creates problems in the buil-
ding’s design. By elevating the building, snowd-
rift can be substantially reduced and forms well
clear of the building. The wind load and vibration
of elevated buildings should be taken into account
in the structural design of the building, in parti-
cular in the design of supports for elevated buili-
ngs.

4) For grouped on - ground buildings, a large
snowdrift formed at the lee of the last building
and was attached to the leeward wall. Significant
snowdrifts also formed between buildings and
were attached to the neighbouring walls. Although

grouped above — ground buildings created larger

snowdirfts compared to the corresponding grou-
ped on-ground buildings, the snowdrifts were
not attached to the leeward wall and there was
comparatively little snowdrift forming between

and underneath the buildings.
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