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ABSTRACT

For successful snowdrift modeling, measured drift
shapes should be geometrically similar to full-scale
ones and develop at rates that scale in a known man-
ner. Consensus exists on most modeling methods and
similitude requirements needed to meet these objec-
tives. A notable exception is the manner to scale drift
development rates. This paper presents our rationale
for rate scaling based on independent model and pro-
totype mass-transport measurements, as originally pro-
posed by Anno in 1984. We validate this approach by
comparing the rate of drift development for a model
Wyoming snow fence with corresponding field data.
Anno’s method yields excellent agreement, while
alternatives differ substantially.
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INTRODUCTION

The term snowdrifting usually refers to the wind-
driven erosion, transport and deposition of fallen snow.
Drifting snow can reduce visibility and impair move-
ment on roads and railways, cause building roofs to
fail, block air intakes, and render access-ways inopera-
ble. Reviews by Mellor (1965), Kind (1981) and Tab-
ler et al. (1990a) provide general descriptions of snow-
drifting physics and drift-control techniques.

We may consider two snow-transport mechanisms
to be relevant to snowdrifting around structures: salta-
tion and turbulent diffusion. In saltation, the wind lifts
loose particles and carries them a short distance down-
wind as gravity pulls them down to impact the snow
surface. Impacting particles rebound or knock loose
other particles, and the process continues provided the
wind speed or friction velocity is above a threshold
value. In diffusion, turbulent mixing holds particles
aloft against the pull of gravity, resulting in long,
irregular trajectories that generally do not contact the
snow surface. The saltation layer near the snow sur-

face acts as the source of particles for diffusion, which
becomes an incrzasingly important transport mechan-
ism as wind speed increases.

Physical modeling is one way to simulate snow-
drifting around structures to improve their perform-
ance. The main objectives of such modeling are to pre-
dict snowdrift patterns and their rates of development.
Papers by Strom et al. (1962), Odar (1965), Kind
(1976, 1986), Wuebben (1978), Iversen (1979, 1980),
Anno (1984), Isyumov et al. (1989), and Kwok et al.
(1992), among others, show considerable consensus on
appropriate modeling methods and similitude require-
ments. A notable exception is the manner to scale drift
development rates. This problem persists for two main
reasons: practical modeling necessitates distortion of
some important similitude parameters, making the cor-
rect choice of time scale unclear, and good field data to
validate model formulations are scarce.

We present here our formulation for snowdrift
modeling in a wind tunnel. In particular, we discuss
our rationale for time scaling based on independent
model and prototype mass-transport measurements, as
originally proposed by Anno (1984). We validate this
approach by comparing the rate of drift development
for a model Wyoming snow fence with corresponding
field data. We also discuss other time-scaling methods
and compare their predictions with our own.

SIMILITUDE REQUIREMENTS

In general, accurate snowdrift modeling requires
preservation of geometric, kinematic and dynamic si-
militude between model and prototype. Geometric si-
militude is easily achieved by constructing a model
with a uniform geometric scale factor,

L/l =M (1)

where L represents any characteristic length and sub-
scripts m and p refer to model and prototype, respec-
tively.
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Kinematic similitude requires that we simulate the
turbulent atmospheric flow that drives snowdrifting.
Here, we may follow standard wind-engineering prac-
tice (Cermak 1975, Simiu and Scanlan 1978, Isyumov
et al. 1989). The mean atmospheric wind-speed profile
follows the logarithmic relationship for fully rough
flow with neutral stability:
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where U is the mean wind speed at height z, 4, is the
friction velocity, and z, is the aerodynamic roughness
height. This expression also holds above a saltating
snow layer provided we use z(, the roughness mea-
sured during saltation (Budd et al. 1966, Oura et al.
1966, Tabler 1980a, Tabler and Schmidt 1986). Thus,
similarity of the mean wind profile requires
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Isyumov et al. (1989) also recommend that we pre-
serve the turbulence intensity of the atmospheric flow,

In=1, (4)

and the length scale of turbulence,
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Most researchers agree with the need to meet
requirements 1-3 and the desirability of meeting re-
quirements 4 and 5. These requirements can be met
in wind tunnel modeling, and hence flow-field simili-
tude can be attained.

Dynamic similitude requires that we preserve the
relative importance of all forces governing snowdrift-
ing. This is much more difficult to achieve. Several
authors have compiled lists of similitude parameters
based on force ratios (e.g., Strom et al. 1962, Odar
1965, Kind 1976, Iversen 1979). Kind (1986) care-
fully reviewed these similitude requirements and
discussed their relative importance for practical
modeling. Because snowdrifting is fundamentally an
interplay between fluid forces, particle inertia and
gravity, similitude parameters comprising these forces
are probably most important:
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where C4= particle drag coefficient
D = particle diameter
g = gravitational acceleration
p and pj, = fluid and particle densities, respectively.

Parameter 6 represents the ratio of fluid drag to parti-
cle inertia. Strom et al. (1962) and Kind (1986) sug-
gested that an alternative form is the ratio of particle
fall velocity, w, to flow velocity:
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Model particles exist that preserve requirement 9.
Parameter 7 is Froude number, the ratio of particle
inertia to particle weight, and 8 is termed densimetric
Froude number to account for fluid buoyancy. As we
will discuss in the next section, Froude number is dif-
ficult to preserve in a wind tunnel, and its role is quite
important.

In principle, we should also preserve snow material
properties such as angle of repose, cohesion and coef-
ficient of restitution. However, distortion in angle of
repose should primarily affect small-scale features
such as cornices and have little influence on overall
drift size or shape. Particle cohesion and coefficient of
restitution pertain to the dynamics of saltating parti-
cles as they splash into the snow surface. Work by
Schmidt (1980, 1986) and Pomeroy and Gray (1990)
suggests that these parameters are important if one
attempts to relate snow transport to wind speed. How-
ever, they may not significantly affect the distribution
of drifting snow around a structure, and we can direct-
ly measure mass transport in a wind tunnel rather than
predict it using wind speed.

DISTORTIONS FOR PRACTICAL
WIND TUNNEL MODELING

For model snowdrifts to be geometrically similar to
prototype ones, areas of erosion and deposition should
be similar throughout drift development. The model
incident flow field will be similar to the prototype one
by meeting requirements 1-5. Kind (1976), Anno
(1984) and others have argued that to preserve the
shape of erosional and depositional areas around a
structure, we must preserve the ratio of friction veloc-
ity to the threshold friction velocity where saltation
ceases:

s (10)



Around bluff bodies (i.e., most buildings and struc-
tures), flow fields in turbulent flow are largely inde-
pendent of Reynolds number. Furthermore, most ve-
locity gradients are quite steep, so that distortion of

u, /u*t

should not appreciably alter the shape of the

initial erosion and deposition areas. That is, both
Reynolds number and u, /u, can be distorted in the
model, provided the flow remains fully rough. Kind
(1976) proposed a minimum Reynolds number during
snowdrifting to ensure fully rough flow:
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Requirement 11 essentially places a lower limit on
the flow velocity for wind tunnel modeling of about
0.23 m/s. Kind (1976, 1986) has noted that it may be
possible to relax this requirement, although model-
particle threshold velocities are not far below it.
Most model studies are concerned with drifting
over large areas, to include upstream features and
long drift lengths. Thus, we generally use relatively
small-scale models (1:50 to 1:200). Minimum flow-
velocity requirements conflict with Froude number
similitude at these scales, yielding model Froude
numbers that are too large. This in turn results in
particle trajectories that are proportionately longer in
the model (relative to structural dimensions) com-
pared to the prototype. This distortion can cause
model particles to overshoot wake areas that field
particles would fall into, distorting model collection
efficiency. An example of this problem is snow drift-
ing behind a leeward-facing step, such as a stepped
roof. A lower model collection efficiency would lead
to underprediction of the drift development rate. We
must be aware of such problems, and should attempt

to calibrate model drift development rates against field
data for classes of structures such as leeward steps.
Some Froude distortion is acceptable for most
classes of structures where the predominant snow
transport is through or around the structure. Provided
model trajectories are much shorter than drift lengths,
particles will have many opportunities to interact with
the near-field flow around the structure and deposit ac-
cordingly. We may estimate an acceptable minimum
flow velocity based on the requirement that trajectories
be much less than typical drift lengths, which are
about 10 times structure heights, H (for two-dimen-
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sional or squat three-dimensional structures). Note that

trajectory lengths are about 10 times trajectory heights
h (Kobayashi 1972) and that saltation trajectory
heights may be approximated by (Owen 1964):
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This leads to the requirement:
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to ensure that model particle trajectories remain

small relative to drift lengths. It is fairly easy to meet
requirement 13 provided we operate close to minimum
velocities dictated by particle threshold speeds or min-
imum Reynolds number (eq 11).

TIME SCALING AND THE ROLE OF
MASS TRANSPORT

Froude distortion makes the choice of time or rate
scaling somewhat complicated, and researchers have
tried many formulations (see Table 1). Iversen (1979,

Table 1. Dimensionless time scales applied to snowdrifting model studies.

Eq no. Parameter Description References
(14) ﬂ dimensionless velocity Tobiasson & Reed (1966), Isyumov et al. (1989), Kwok et al. (1992)
L
(15) P % modified dimensionless velocity Kwok et al. (1992)
Pp
2
(16) _p_U_[ _ﬂ][—[’i transport rate parameter Iversen (1980), Kwok et al. (1992)
P, 8L UL
17 w .&L(} ﬂ]t_{i modified transport rate parameter  Iversen (1979)
U, Pp 8L U,)L
2
(18) ii[l —Z‘-}ﬂ modified transport rate parameter  Iversen & Wang (1991)
Py &L Uj)L
2, ,N\317
19 U 1__1{'_]& {_zi] transport-rate/roughness parameter Iversen (1980)
Pp 8L v)L/\H
(20) 4;12 dimensionless mass transport Anno (1984)
Py
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1980) and Anno (1984) have both argued in favor of
using dimensionless mass transport to scale time.
This has intuitive appeal: the greater the rate of mass
transport in proportion to structure volume or area,
the faster the drifts will develop. Implicit in both ap-
proaches is the assumption that model and prototype
collection efficiencies are identical (i.e., model distor-
tions are small) or that model collection efficiency
can be calibrated against field data for the class of
structure of interest. The essential difference between
these two methods is that Iversen explicitly includes
various functional forms of mass flux ¢ based on sal-
tation

mechanics, whereas Anno leaves the form of g unspe-
cified. Iversen’s time or rate parameters thus depend
explicitly on flow velocity and particle characteristics
such as threshold speed and density. Model and field
mass transport do not need to be measured using this
approach. However, Iversen’s method contains a fun-
damental, implicit assumption: the functionai form of
q used in time scaling must accurately describe both
model and field mass transport. Anno’s approach
allows for independent determination of model and
field mass transport: we may measure it directly in
the wind tunnel and estimate it in the field based on
the best available transport formulation.

Iversen et al. (1979, 1980, 1991) have modeled
snowdrifting in a wind tunnel using a variety of parti-
cles, and have used saltation-based formulations of
transport rate to derive time-scaling parameters 16—
19. Iversen (1980) obtained good collapse of model
mass-transport and drift-development rates using sal-
tation-based expressions 16 and 19. Iversen (in press)
also showed that Owen’s (1964) saltation expression
collapses well the measured transport rates of sand in
a wind tunnel:

3 2
g=P% 1" ll025+ 2.
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It is reasonable that saltation is the predominant
transport mechanism for wind tunnel models because
we generally operate near particle threshold speeds to
minimize Froude-number distortion. However, field
measurements indicate a more important role for dif-
fusion in seasonal snow transport.

Budd et al. (1966) made extensive measurements
of drifting snow mass flux in Antarctica over a broad
range of wind speeds and 8 measurement heights
from 0.03 m to 4.0 m. Tabler (1991) integrated these
results (via Mellor and Fellers 1986) and obtained the
following best-fit expression:

1)
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where the subscript 0-5 indicates the integration is
from the snow surface to 5 m.

Pomeroy et al. (1988, 1990, 1992) have developed
a comprehensive, process-based model of snowdrift
transport, termed the Prairie Blowing Snow Model
(PBSM). They calibrated this model using their own
mass-flux measurements, and found that diffusion pre-
dominates over saltation for wind speeds above about
8 m/s (Pomeroy and Male 1992, Tabler, Pomeroy and
Santana 1990a). Pomeroy et al. (1993) also applied the
PBSM to predict the seasonal snow transport for two
sites in Saskatchewan. They found that diffusion ac-
counted for roughly two-thirds of the predicted sea-
sonal transport.

Tabler et al. (1990b) developed a simple approxi-
mation to the transport rate predicted by the PBSM for
the case of unlimited snow supply:

4.0
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(23)

They found good agreement between this expression
and seasonal snow transport at Prudhoe Bay, Alaska,
measured using snow fences. Equation 23 also approx-
imates eq 22, the fit to the Antarctic snow transport
data. These results provide a degree of independent
confirmation of the PBSM.

Collectively, these field mass-transport results indi-
cate that a) diffusion predominates over saltation for
seasonal snow transport, and b) field mass-transport
rate does not have the functional dependence on flow
velocity given by saltation-based expressions. Thus,
the use of saltation-based time-scaling parameters 16—
19 can lead to inaccurate predictions for drift develop-
ment rates simply because saltation expressions do not
accurately predict mass transport in the field. Anno’s
approach to rate scaling (eq 20) avoids this problem by
providing for independent specification of model and
field transport rates.

VALIDATION OF ANNO’S TIME SCALING
FOR A WYOMING SNOW FENCE

Field data suitable for validating time-scaling ap-
proaches are rare (Haehnel and Lever, in press). For
this purpose, we require concurrent measurements of
drift geometry and snow transport during drift devel-
opment. The best field data exist for snow fences. In
this section, we compare drift development on a Wyo-
ming snow fence with corresponding model data ob-
tained in the CRREL snowdrifting wind tunnel.



Drift development based on ™ ™~ :nts
of capture efficiency

Tabler and Jairell (1993) measured the capture effi-
ciency, 1, defined as the change in drift mass, mgg,
with respect to the incident snow transport, Q = gt, for
2.4-3.8-m-high Wyoming snow fences. The three inde-
pendent methods used yielded comparable results: ini-
tial capture efficiency, 1g, when the fences were empty
averaged about 95%; 1) then dropped as the fence
filled. They fitted a functional form to these data that

gave a reasonable fit:

Y
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where Mg =0.95 and A, = 25H? (the selected fence ca-
pacity). If we approximate drift bulk density, pp, as a
constant, we may write capture efficiency as the

change in dimensionless drift area, A/H?, with respect
to dimensionless mass transport, gt/p,H2:

@4

d(A/H?)
d(gt/ppH?)
Inserting eq 24 into 25 and integrating yields a expres-

sion for drift development on a Wyoming snow fence
based on capture-efficiency field data:

at 7= 26 arc sin(—A—2}.
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Equation 26 predicts the dimensionless transport
required to fill a Wyoming snow fence to a given pro-
portion of its capacity. This is exactly the form that we
require to validate model drift development rate. How-
ever, it does contain some uncertainty. Tabler and
Jairell’s (1993) measured capture efficiencies show a
scatter of about +20% around eq 24. Numerical simu-
lations by Tabler and Jairell (1993) suggest that cap-
ture efficiency should be largely independent of fence
height but could decrease slightly with increasing wind
speed. Also, Tabler (1980b, 1985) has shown that drift
bulk density increases slightly with drift size due to
compression by the overlaying snow. Incorporating
these effects, we expect eq 26 to approximate the true
drift development curves for 2-4-m-high Wyoming
snow fences within an overall uncertainty of about
+30%.

A drift development field study

Tabler (1989) conducted a field study to document
drift development on a 1.8-m high Wyoming snow
fence. He measured five sets of drift profiles over a 32-
day period. He also recorded hourly wind speed, air
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temperature, the output of a blowing snow detector
(essentially a visibility meter), and observer notes per-
taining to snow conditions and the intensity of drifting,
if any. Tabler also provided hourly estimates of “poten-
tial” mass transport using the measured wind speed
and eq 23, and estimates of drift bulk density based on
earlier work (Tabler 1985).

Note that eq 23 applies to conditions of unlimited
snow supply; it therefore over estimates Q during sup-
ply-limited conditions (conditions commonly encoun-
tered during the 32-day test period). We applied a first-
order correction to account for this: we assumed that
the hourly mass transport equaled the calculated poten-
tial transport, eq 23, except when no drifting was spe-
cifically noted; in this latter case, we assumed that the
transport was zero. This method probably still over-
estimates mass transport for those hours just prior to
exhaustion of the snow supply, but it provides a rea-
sonable upper bound. Table 2 presents our compilation
of Tabler’s (1989) drift development data. The dimen-
sionless drift areas in Table 2 are slightly larger than
those reported by Haehnel and Lever (in prep.) be-
cause that earlier work mistakenly omitted the meas-
ured windward drift areas.

Table 2. Dimensionless drift area versus
dimensionless mass transport for a 1.8-m-
high Wyoming snow fence based on field
measurements by Tabler (1989).

Date
(1984) 27 Nov 28 Nov 3 Dec 17 Dec 22 Dec
AlH? 6.4400 9.0900 9.9000 14.290 18.530
OlppH? 58505 14256 16.548 26.087 52.226

Comparison with model drift development

We may compare drift development based on these
two sets of field data with corresponding model results
obtained in CRREL’s snowdrifting wind tunnel (Haeh-
nel et al. 1993). This facility consists of a 0.5-m x 0.5-
m closed-loop wind tunnel with fine glass beads as the
model snow material. The model Wyoming snow fence
is at 1:116 scale compared with the 1.8-m fence tested
by Tabler (1989). Table 3 compares the model and pro-
totype values of several similitude parameters. In par-
ticular, note that model Froude number is about an or-
der of magnitude too high, but that the model satisfies
requirement 13 that particle trajectories be much
smaller than drift lengths. Model densimetric Froude
number falls just within the range of field values.

Figure 1 compares the model drift development
data with eq 26, derived from Tabler and Jairell’s
(1993) measured capture efficiencies, and Tabler’s
(1989) drift development field study. The model data



Table 3. Values of model and field similitude
parameters for 1.8-m, 1:116-scale Wyoming
snow fence.

ample, the average time to saturate the drift. Rather
than provide a single result, however, we may assume
a form for g(U) to predict drift-development time ver-

Parameter Model Field sus flow velocity. This turns out to be an effective way
to compare the predictions from different time-scaling

Po/p 2,000 600 methods.

W/t 14-23 14-2.6 As noted earlier, Anno’s (1984) method allows in-

angle of repose (°) 19-32 40-45 dependent selection of g(U), and we may select the

U [ty L15 0.4-4.0 validated expression 23. The methods of Iversen
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ul 12gH 0.11 0.001-0.02 based expressions used to derive the rate-scaling pa-

i R o rameters 16—19. We may also produce a time-velocity

vren 90 2-30 curve using straight Froude scaling.

J’_Ez_ 5% 1072 0.3-5 x 1072 Figure 2 compares these four methods of scaling

pp gH model drift development against a curve derived from

6 x 10°3 0dx 102 Tabler and Jairell’s (1993) capture-efficiency field
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agree well with the capture-efficiency based curve.
The discrete measurements by Tabler (1989) fall to the
right of this curve, consistent with the expected over-
prediction of mass transport using eq 23 when snow
supply was nearly exhausted.

COMPARISON OF
DEVELOPMENT TIME PREDICTIONS
FOR A WYOMING SNOW FENCE

The main purpose of a time-scaling method is to
predict the time expected for drifts to develop on a
structure to a certain size having measured the model
drift-development rate. Figure 1 shows this as a
dimensionless plot, with the form of the prototype g
unspecified. If we knew the average snow flux at our
field site, we could use these results to predict, for ex-

data. Shown is the time required to develop a drift on a
1.8-m Wyoming snow fence to a size of A/H? = 18.5
(slightly below the expected saturation size) as a func-
tion of wind speed. The following details pertain to the
application of the methods compared in Figure 2:

1) Field data. Equation 26, based on Tabler and
Jairell’s (1993) capture-efficiency field data, pre-
dicts gt/p,H? = 22 for A/H? = 18.5. We may then
insert eq 23 to produce a time-velocity curve
based on field data.

2) Anno’s (1984) method. Our model results sug-
gest gt/p,H? ~ 25 for A/H? = 18.5. This small
difference from the field data could reflect ran-
dom error or model distortion. We apply Anno’s
method exactly as for the field data, by inserting
eq 23 for q(U).

3) Froude scaling. To obtain a drift size of A/H? =
18.5, the model would run at 3.8 m/s for 2.39 hr.
Froude scaling normally dictates fixed time and

25 1 T
: X - 10000 + ! : :
model data © _ capture efficiency E —e—field data
i field data (equation 26) = Anno (1984)

20 T 7 . J =— Froude scaling
g Tablef (1989) 1000 44N\ —¢— mass-transport parameter (16) |
3 j —=—mass-transport/roughness (19)
S 5 4+
o 15
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© £
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1723
2
c
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Dimensionless mass transport (q/H2pp) Wind speed (m/s)

Figure 1. Comparison of model and prototype drift develop-
ment on a Wyoming snow fence.

Figure 2. Comparison of predictions for drive-development
time vs. wind speed for a 1.8-m-high Wyoming snow fence
(AJH? = 18.5).
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velocity ratios, f/fm = Uy/Up, = (Ly/Ly)"? =

10.8. This would yield a single prediction of 26

hrs at 41 m/s for drift development. We may

produce a time-velocity curve by assuming that

drift-development rate scales with Froude num-

ber. This leads to a rate-scaling parameter:
vt w

2
¢H H' @7)

We obtain the Froude-scaling curve on Figure 2
by equating model and prototype values of this
parameter.

4) Transport-rate parameter. Iversen (1980)
showed a good collapse of model drift-develop-
ment data using a saltation-based transport-rate
parameter (16). We obtain the corresponding
curve on Figure 2 by equating model and proto-
type values of this parameter.

5) Transport-rate/roughness parameter. Iversen
(1980) improved the collapse of model drift-
development data by incorporating aerodynam-
ic roughness in parameter 16 to yield parameter
19. We obtain the corresponding curve on Fig-
ure 2 by equating model and prototype values
of this parameter. We used the measured value
of z{ for the model and Tabler and Schmidt’s
(1986) empirical expression for the prototype
as recommended by Tabler (1989):

4 (ms)

28
312 @8

z5(m)

DISCUSSION

Figure 2 shows very good agreement between
model data scaled using Anno’s (1984) method and a
time-velocity curve derived from field data. Because
we used eq 23 for g(U) for both the field-based eq 26
and the model data, the difference between these two
curves reflects only the difference between measured
model and prototype drift-development data, Figure
1. As noted, this difference could be due to model
distortion, random experimental error, or the overall
uncertainty associated with eq 26. Nevertheless, this
comparison highlights the key advantage of Anno’s
method: we may specify prototype mass transport in-
dependently of model transport using the best means
available (e.g., direct mass flux measurements, a so-
phisticated process-based model such as the PBSM,
or a simple empirical expression such as eq 23).

Iversen’s (1979, 1980, 1991) rate-parameter meth-
ods do not contain this advantage. Although also
based on dimensionless mass transport, these meth-
ods specify g(U) explicitly in a transport-rate parame-
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ter that applies to both model and prototype. Thus,
we introduce error associated with any differences in
the functions that best describe model and prototype
transport. Figure 2 illustrates that these differences
can overwhelm effects of model distortions and ex-
perimental uncertainty, leading to incorrect prediction
of drift-development time by as much as a factor of 5.

Use of simple Froude scaling provides the poorest
agreement with field results. This is not surprising
given that wind tunnel modeling significantly distorts
Froude number.

Work by Kwok et al. (1992) and Smedley et al.

(1993) supports these findings. They applied several

time-scaling methods to models studies of elevated
buildings and compared the results to field data by
Mitsuhashi (1982) obtained on these buildings in
Antarctica. Kwok et al. used the transport expression
of Budd et al. (1966) to estimate field mass transport
based on reported wind-speed ranges between sets of
drift profiles. Anno’s (1984) method yielded good
agreement between field data and model data at two
scales (Smedley et al. 1993); application of eq 16
yielded poorer agreement (Kwok et al. 1992). Simil-
arly, Anno’s method produced the closest prediction
to the actual drift-development time (Kwok et al.
1992).

Use of Anno’s dimensionless mass-transport para-
meter 20 also provides a convenient, intuitive way to
present model and prototype drift-development data.
For example, if we divide both axes of Figure 1 by
25, we find that the total mass transport required to
fill the fence is roughly 1.6 times the fence capacity.
The format of Figure 1 also allow easy comparison of
drift-development rates for different structures or
structural variations to assess their relative perfor-
mance.

Note that the format of Figure 1 provides a clear
assessment whether model or prototype snowdrifts
have reached equilibrium. The model data on Figure
1 derive from several repeated tests. We stopped these
tests when the drifts visually appeared to saturate
(i.e., reach equilibrium). However, Figure 1 suggests
that the drifts had not saturated, and in the future we
plan to plot dimensionless drift area versus dimen-
sionless mass transport during the tests themselves.
Interestingly, model data presented in this same for-
mat by Smedley et al. (1993) also don’t appear to sat-
urate, again suggesting that visual assessment of
equilibrium can be misleading.

Anno’s (1984) time-scaling method is not without
its drawbacks. Implicit is the assumption that mass
transport correctly scales drift development indepen-
dent of flow velocity (i.e., Reynolds and Froude num-
bers). While distortion of Reynolds and Froude num-



bers appears to be acceptable within the limits dis-
cussed earlier (fully rough flow, trajectory lengths
much smaller than drift lengths), we must continue to
seek high-quality field data to verify this assumption
(Haehnel and Lever, in press).

CONCLUSIONS

Wind tunnel modeling of snowdrifting can fairly
easily meet wind-field similitude requirements. How-
ever, it cannot achieve dynamic similitude for practi-
cal scale factors. In particular, Froude number is sub-
stantially too large. This Froude distortion results in
model particle trajectories longer in proportion to
structural dimensions than prototype ones, but we
may minimize its effects by operating near minimum
velocities established by roughness requirements or
threshold speeds.

Froude distortion also directs the choice of a
time-scaling method towards one based on dimen-
sionless mass transport. Iversen’s (1979, 1980, 1991)
approaches explicitly include saltation-based trans-
port expressions that therefore must apply to both
model and prototype. Alternatively, Anno’s (1984)
method allows independent selection of the best
approach to determine model and prototype transport.
Because field measurements and process-based
modeling indicate that diffusion predominates over
saltation for seasonal snow transport, this advantage
of Anno’s method appears decisive. Nevertheless, to
validate either method we must compare model pre-
dictions of drift development with corresponding
field data. The capture-efficiency-based field data by
Tabler and Jairell (1993) for Wyoming snow fences
are the best available for this purpose.

Model results for a Wyoming snow fence obtained
in the CRREL snowdrifting wind tunnel show quite
good agreement with capture-efficiency-based field
data. The model appears to underpredict slightly the
rate of drift development, but we require more data to
verify this given the scatter in the results. Drift—devel-
opment field data by Tabler (1989) are reasonably
consistent with these results if we accept that mass
transport based on wind speed probably over esti-
mates actual transport during the periods just prior
to exhaustion of the snow supply.

Using our model data, we applied several time-
scaling methods to predict the time-velocity curves to
develop a nearly saturated drift on a Wyoming snow

fence. Anno’s approach yielded very good agreement
with the curve derived from Tabler and Jairell’s field
data. Conversely, saltation-based time scales can lead
to quite large discrepancies with these field results.
These large discrepancies are due to differences in
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the functional forms that best describe model and pro-
totype mass transport, and they confirm the advantage
of Anno’s method.
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NOMENCLATURE

A snowdrift cross-sectional area

A.  equilibrium snowdrift cross-sectional area

Cyq particle drag coefficient

D particle diameter

g gravitational acceleration

H  structure height

) turbulence intensity

L characteristic length

Ly, turbulence length scale

Myrife Mmass of snowdrift

q snow mass flux (kg/s/m-width)

o snow mass transport (kg/m-width)

t time

U  free-stream flow velocity

wind speed at 10-m height

friction velocity

u, ~ saltation threshold friction velocity
particle fall velocity

zy  snowdrifting aerodynamic roughness

il capture efficiency

To initial capture efficiency

v kinemetic viscosity

p air density

Pp  snowdrift bulk density

pp  particle density

subscripts
m  model values
P prototype (field) values
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