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Abstract:

Driving rain on building facades is on of the largest sources of moisture that impacts durability of enclosures.
Several approaches to predicting driving rain on buildings have been developed over the last 50 years. Field
measurements have been collected on more than a dozen butldings in several different countries. Based on this
research, and some CEFD modeling studies, simplified approaches have been standardized in a British Standard

and German guidelines.

This digest consolidates and summarizes this research to provide a practical method for predicting driving rain
deposition for a wide range of purposes, but particularly to aid in WUFI modelling and ASHRAE 160P

analysis.

Background

The amount of water deposited on the above-grade building envelope by driving rain is larger
than any other source of moisture in almost all building types and climates. Both the
deposited rain absorbed by the cladding and water penetration of the cladding can be a
significant source of moisture for many deterioration mechanisms. Despite the importance of
driving rain to building performance, relatively little is known about the magnitude, duration,

and frequency of driving rain and driving rain deposition on buildings.

Information about the magnitude and nature of the moisture load imposed by driving rain
would be very useful and of practical value to many groups. Building science practitioners
often require an in-depth understanding of driving rain load as inputs for computer models so
that they can predict wall behavior with more accuracy and confidence. The design of tests
for rain penetration resistance as part of quality control procedures, and the interpretation of

such tests is also aided by an estimate of driving rain deposition..
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Driving Rain

Driving rain is defined as the quantity of rain that passes through a vertical plane in the
atmosphere. Driving rain occurs because raindrops which are falling to the ground at their
terminal velocity are blown sideways at the speed of the wind at any given height above grade

(Figure 1).
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Figure 1

The amount of driving rain in unobstructed wind flow can be calculated with reasonable
accuracy. The speed at which raindrops fall is a function of the size of the drop.
Essentially, as the drop size increases the rain drop terminal speed increases at a decreasing
rate. The wind carries the drops along horizontally due to drag. The combination of
gravity and wind forces determines the trajectory of the drop, and simple geometry can
then be used to assess the amount of rain passing through a vertical plane. Complicating
this assessment is the fact that there is a range of raindrop sizes in any rainstorm.
Research by various meteorologists can be used to correlate the distribution of drop sizes
in a rainstorm with the intensity of the rainfall.

Subsequent theoretical work and a considerable amount of field measurement [Straube
1998] has allowed us to extend and generalize Equation 3 to

ryv = DRF -V(z) -1h “
whete V(z) is the wind speed at, z, #he height of interest (m/'s),

The proportionality constant in Equation (4), is the ratio of rain on a vertical plane (driving
rain) to rain on a horizontal plane (falling rain) and has been defined [Straube & Burnett
1997] as the driving rain factor (DRF). From simple geometry, it can be seen that the
Driving Rain Factor is equal to the inverse of the terminal drop velocity:

DRF =1/V., ®)
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Field studies at the University of Waterloo [Straube & Burnett 1997], in Germany
[Kuenzel 1994] and computer models [Choi 1994] have found that the value for the DRF
ranges between 0.20 to 0.25 for average conditions. This is the reason that the simple
semi-empirical Lacy equation was so successful. However, DRF does vary considerably
for different rainfall intensities and rain storm types. For example, it can range from more
than 0.5 for drizzle to as little as 0.15 for intense cloudbursts.

The cosine of the angle between the plane of interest and the direction of the wind can be
used to account for wind direction on a plane oriented in a specific direction.
ty = DRF *V(z) "thcos O (6)

where 9 is the angle between a line drawn perpendicular to the wall of interest
and the wind direction.

Experimental work [Straube 1998] has shown that the quantity of driving rain in an
unobstructed wind flow can be calculated with an accuracy of better than 10% using
Equations 2, 5 and 6, provided the median raindrop diameter predicted by Equation 1 is
used.

Building Shape and Aerodynamics

When wind encounters a building, streamlines and pressure gradients form around it.
While it is clear that driving rain is re-directed by these streams of air (since the droplets
are carried with the wind), accounting for this effect is difficult.

A simple and practical approach for estimating rain deposition on buildings is to divide
driving rain deposition into the effects of the undisturbed wind (the free wind driving rain,
a climate and site specific value) and the effect of the aerodynamics and geometry of the
local building. A linear factor, the rain deposition factor (RDF), can be used to transforms
the rate of driving rain in the free wind (i.e. outside of the region disturbed by a building)
to the rate of rain deposition on a particular building (Straube 1998). For a particular
orientation and spot on the building face, the free wind driving rain values can be modified
as:

o= RDF - DRF - V(z) - cos (0) -1, (7

where 1., is the rain deposition rate on a vertical building surface(l/m*/h),

RDF is the Rain Deposition Factor, the ratio of rain in the free wind to rain

deposition on a building, which accounts for the effect of building shape
and size on rain deposition.

DRF is the Driving Rain Factor, which accounts for interaction of the wind
and rain in the undisturbed wind,

0 is the angle between the normal to the wall and the wind direction, and

V(z) is the windspeed in m/s at z meters above grade.
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Wind Exposure Corrections

Given hourly wind speed, direction, and rainfall rate, Equation 6 can be used to predict
driving rain in the free wind, away from obstructions and buildings, at the height of the
wind gauge. These climatic and directionally specific results must then be modified by the
use of linear factors to account for building geometry/shape, height, upstream roughness,
and topographic features.

Building Shape

Building shape and overhang effects can be accommodated through the use of different
Rain Deposition Factors (RDF).

The RDF is a function of the building's shape, aerodynamics, the wind's angle of attack,
raindrop diameter, and wind speed. In general, since most rain events are of low intensity
and have a similar distribution of raindrop sizes, average values of RDF measured in the
field over a range of driving rain events have shown somewhat consistent results (Straube
1998) and have been shown to be capable of predicting a special case on a 15 minute basis
(Straube 1997). It is interesting to note that recent computer modeling backed by field
measurements (Blocken and Carmeliet 2004) have recently provided strong evidence that a
single RDF factor independent of rainfall intensity is a reasonable approximation over a
broad range of rainfall intensities. Again, this conclusion would need to be confirmed in
hurricane regions because of their different pattern of rain and wind. The most important
dependencies are with the building shape and aerodynamics, and hence these are
investigated below.

Other than Straube (1997, 1998) and Schwarz (1973) the literature contains few references
of simultaneous measurements of driving rain in the environment and the driving-rain
deposition on a building. However, when results from the literature of field measurements
(Schwarz 1973, Frank 1973, Sandin 1988, Flori 1992, Henriques 1992, Kuenzel 1994,
Straube 1998, Blocken and Carmeliet 2000), wind tunnel tests (Inculet 1994), and
computer modeling (Choi 1994, Karagiozis et al 1997, Blocken and Carmeliet 2000) are
evaluated in terms of calculated RDF there is a reasonable agreement of results. Until the
results of further research are available, the RDF values given in Figure 2 (compiled from
the references listed) are recommended. An RDF of 1.0 appears to be appropriate near the
upper corners of blunt-edged, rectangular buildings. Over small areas with unusual or
complex geometries (eg. notches in the elevation of a building), much higher RDF values
may be more realistic. An RDF of much less than one is likely over most areas of most
buildings, but the upper corners of high rise buildings could have limited areas of much
greater than one.

Peaked roofs and overhangs redirect airflow up and over the building at a distance further
from the facade (Figure 3) and can thereby have a significant effect on rain deposition
(regardless of the building size). This has been shown at the one-storey UW Beghut
(Straube 1998), unpublished measurements conducted for MEWS (on a 4 storey apartment)
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and in wind tunnel studies of a high-rise apartment building (Inculet and Surry 1995). For
example, adding a 1.5 m wide canopy to a multi-storey building will result in a lower RDF
value and can, in theory, be an effective and economical means of improving rain control.
Similarly, a peaked roof not only leaks less than a low-slope roof, it may also reduce the
amount of driving rain on walls by deflecting the wind (Straube 1998).

0.9-1.0+

<0.5
RDF

Low-rise Building H/W << 1 Tall Building (>10m) H/W >> 1
Max: About 0.5

<0.20
0.20-0.35
0.35-0.50
<0.35

Figure 2: Rain deposition factor (RDF)
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Figure 3: Influence of overhangs on wind around buildings

It is clear from Equation 7 that rain deposition will increase directly with wind speed.
Hence, building facades exposed to high wind speeds are also exposed to higher levels of
driving rain. Equation 7 is only accurate if the wind speed at the height of interest is
applied and the influence of terrain and site features are accounted for in the velocity used.
Weather data files almost always provide the unobstructed wind speed at 10 m (33 ft)
above grade. Wind speeds increase with height above grade and are accelerated close to
the ground on hilltops, and will be higher in exposed conditions (open country) than for
buildings protected by other houses, trees or by hills. To correct for height, the type of
upwind terrain roughness, and sharp terrain features, such as hills and escarpments, the
wind speed, used in driving rain calculations, must be modified.

Height and Upwind Roughness

The fact that wind speed increases rather rapidly with height means that the driving rain
exposure of tall buildings is much higher than for low-rise buildings. The standard
approach used to correct wind speed with height is provided in ASCE 7 and the National
Building Code of Canada (NBCC 1996). The wind speed at any height, V(z) can be found
from:

V@)=V - (10" @®)

Where V, is the standard wind speed 33 ft (10 m) above grade normally

reported by weather stations (m/s),
z is the height above grade (in meters) and

o is the exposure exponent, shown in Figure 5.
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Figure 4: Different upwind exposure types
Exposure Exponent o

A. Open country: level terrain or open water with few obstructions 1/7=0.14
and only scattered buildings, trees or other obstructions
B. Suburban: urban areas, wooded terrain, or centers of small V4= 0.25
towns
C. City center: large city centers, with heavy concentration of tall 3/8=10.36
buildings, at least half over 4 stories.

Figure 5: Exponent for different upwind exposure

The increase in velocity with height has been calculated for the three different exposure
classes and the results summarized in Figure 6 and plotted in Figure 7.

Height (m) | Open Country | Suburban | City Center
1 0.72 0.56 0.44
3 0.84 0.74 0.65
5 0.91 0.84 0.78
7 0.95 0.91 0.88
10 1.00 1.00 1.00
20 1.10 1.19 1.28
30 1.17 1.32 1.49
50 1.25 1.50 1.78

Figure 6: Wind velocity multipliers (EHF) for different heights and exposures
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This exposure and height factor (EHF) can be used directly to adjust the amount of driving
rain predicted by Equation 7.
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Exposure and Height Factor (EHF)

Recommended multiplication factors to apply to above:

Sheltered: 0.5 if buildings or obstruction of building height are within a distance
equal to twice the building height

Hilltop or Cliff top: See speed-up correction factor in text

Figure 7: Correction factors for different exposures and heights (EHF)

Hills and Escarpments

It is well known that wind speed increases as it is forced over hills and escarpments. The
higher wind speeds result in higher driving rain deposition and higher wind pressures on
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buildings, and experience suggests that more rain penetration problems occur. The speed-
up factor can be calculated with the aid of the NBCC as well. Figure 8. defines the
variables needed to use the following equation to find the wind speed corrected for
topography (NBCC 1996):

TF= {1+ Spa {1 -Ix|/(k-L)} ™" }* )

Where TF is the topography wind speed correction factor,

H and L are topographic geometric values defined in Figure 8. (m),

x is the distance from the crest (m),

z is the height above the crest (m)

k, Smax and a can be found in Figure 8.

"speed up"

ASV(z)

SN

Escarpment

Figure 8: Speed-up factor definitions (NBCC 1996)
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k
Hill Shape Smax a Windward x<0
Leeward x>0
Two dimensional ridges 2'2LH / 3 1.5 1.5
Two-dimensional escarpments 1.3 H/L 2.5 1.5 4
Three—dlmens;]?lTSal symmetrical 1.6 HIL 4 15 15

Figure 9a: Parameters for topography factor calculations (NBCC 1996)

To provide a sense of the size of the TOF , an example calculation has summarized in

Figure 9.
foralL=30m for L=30 m

Slope ridge Escarpment

(degrees) | height, z, above crest (m)

(H/2/L) 3 6 10 30 3 6 10 30
7 1.19 1.14 1.10 1.01 112 1.09 1.07 1.01
14 1.35 1.27 1.19 1.03 1.23 118 1.13 1.03
27 1.62 1.49 1.35 1.05 142 134 125 1.05
36 1.84 1.66 1.48 1.08 1.57 147 135 1.08
45 2.06 1.85 1.62 1.10 1.74 161 146 1.10
60 2.59 2.29 1.96 1.18 213 194 173 117
66 2.89 254 215 1.22 236 213 188 1.22
75 3.61 3.15 2.64 1.35 2.91 261 228 134

Figure 9b: Topography factor example calculations

The Building Research Establishment (BRE 1984) has also published a simplified method
of accounting for wind accelerating over different types of terrain and provides more
detailed information than the NBCC method.

Driving Rain Loads for Design
To apply all of the foregoing, a designer needs to

1. find the driving rain load on a building, 14, for the nearest climate region and
specific orientation (Equation 6),

2. assess the building geometry and select an appropriate RDF,
3. consider the upwind exposure and height of interest on the building (EHF), and
4. apply a topography (TOF) factor if needed.

Given these values the design load can be found from:
Design Driving Rain Load =1, - RDF - EHF - TOF (13)
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where the annual driving rain load is in kg/m* or I/m® or inch/yr or
gallons/sf/year.

The same factors are used to find the driving rain load from the worst direction, the annual
total, or other values.

Example

As an example of using the data and methods described, consider two different walls in
Toronto, one facing east and one west. Inspection of the Toronto driving rain graph in
Figure 10 shows a free wind driving rain quantity of 6.8 inch/yr (170 mm/yr) for the west
and 15.1 inch/year (380 mm/yr) for the east. If one considers a west-facing bungalow wall
9 ft (2.7 m) above grade, sheltered by closely spaced houses in a suburb, the 6.8 inch/yr
would be modifying by a factor of 0.7 (from Figure 7) and a further reduction factor of 0.5
(from the note on sheltering). If the bungalow had a peaked roof with a 12” (300 mm)
overhang, an RDF of 0.5 would capture the highest likely rain deposition values. The
result would be a driving rain total of 6.8*%0.7*0.5*%0.5= 1.2 inch/year or 30 mm per year,
which is equivalent to 30 liters per m” or 0.75 gallons/square foot per year.

For an east-facing wall on the top floor of a 50 m (175 ft) tall blunt edged (RDF=1.0)
condominium in a suburban exposure, Figure 6 provides a wind speed correction factor of
1.5. Using an RDF of 1.0 for the top corners, the driving rain deposition would be
predicted to be 15.1 * 1.5 * 1.0 * 1.0 = 22.6 inch/yr or 575 mm per year which is 575
I/m*/year or 14.1 gallon/sf/yr— almost 20 times as much rain as the sheltered low-rise
bungalow wall facing west.

This example demonstrates the very significant influence of exposure and orientation in a

specific climate. It should also be noted that the combination of high exposure and choice
of building shape (high RDF) in a low driving rain climate (such as Phoenix) can result in
much more rain deposition than a sheltered low rise building in a high driving rain climate
(such as Seattle).

Summary

These data and methodology, although partially validated through field measurements,
should be used with care and professional judgment. Many more field measurements of
tall and complex building shapes are needed, as are measurements in a range of exposure
conditions. Computational Fluid Dynamic approaches have been successful in intense
research programs where they could be calibrated to measured data on test buildings: their
accuracy and reliability are not likely any better than the simple methods presented here for
the prediction of rain loads of buildings without measurements.
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Figure 10: Driving Rain Rose for Toronto Canada (inch/year)
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