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ABSTRACT 

This paper presents both experimental and numerical 
work on wind-driven rain research. Different 
phenomena are dealt with, including transport of 
wind driven rain in the environment onto building 
facades, droplet impact, spreading, bouncing, 
splashing, absorption, evaporation but also water film 
forming and runoff. By accounting for these 
phenomena at different scales, from a single droplet 
to a group of buildings, a more integrated insight into 
wind-driven rain is obtained. A more accurate 
estimation of the wind-driven rain intensity on 
buildings within urban environments will lead to a 
better understanding of water distribution in urban 
settings. 

INTRODUCTION 
Wind-driven rain (WDR) is the type of rain that has a 
horizontal velocity vector due to the effect of wind 
flow occurring at the same time. WDR is one of the 
main moisture sources with potential negative effects 
on the hygrothermal performance and durability of 
building facades. It can lead to several undesired 
phenomena in building physics such as frost damage 
at exterior surfaces, erosion of building materials, 
moisture induced salt migration, discoloration by 
efflorescence, surface soiling and mould growth at 
interior wall surfaces (Blocken and Carmeliet, 2004). 
Deterioration of building materials due to WDR 
becomes an important issue when retrofitting old or 
historical buildings by adding insulation, planning 
energy efficient cities, performing assessment of 
soiling of facades and leaching of harmful biocides 
and nanoparticles from buildings. 

WDR is usually quantified by the catch ratio, η, 
which is defined by the ratio of WDR intensity, Rwdr, 
to the horizontal rainfall intensity, Rh. The 
distribution of catch ratio on buildings is influenced 
by parameters such as the geometry of the building or 
the group of buildings, the surrounding environment, 
wind profile, wind speed, wind direction and rainfall 
intensity (Blocken and Carmeliet, 2004). It is 
observed that raindrops with smaller size are 
influenced more by the local wind-flow pattern. 
Thus, the gradient of WDR intensity on building 
facades is more pronounced for rain events with 
lower rainfall intensities, where the portion of 

raindrops with smaller size is higher. Furthermore, 
the complex wind-flow patterns in urban 
environments have an impact on the distribution of 
the WDR intensity (Figure 1(a)). Simpler methods, 
such as semi-empirical models, often assume the 
WDR intensity to be uniform across large parts of the 
facade. Furthermore, they are only reliable for a 
narrow set of building configurations and, for the 
remaining geometries, the results can have 
discrepancies up to 88% (Kubilay et al., 2014a). 
Higher accuracy with CFD methods would improve 
the accuracy of subsequent models where WDR is 
used, e.g. urban microclimate models or 
hygrothermal models on building facades. 
Furthermore, an accurate estimation of the WDR 
exposure allows for the study of more complex 
phenomena on buildings, such as droplet spreading, 
splashing, bouncing, absorption, evaporation, film 
forming and run-off. This paper presents an 
integrated methodology to model and take into 
account appropriately rain loads on buildings and city 
surface.  

PREDICTION OF WIND-DRIVEN RAIN 
INTENSITY ON SURFACES 
WDR intensity is used as a boundary condition in 
several studies, such as for moisture transport in the 
building envelope, film runoff and cooling provided 
due to evaporation. In such studies, WDR intensity is 
often considered uniform across large parts of the 
facade. This may lead to discrepancies with reality as 
the WDR intensity is far from uniform across 
building facades, even in simplest cases. Therefore, 
an accurate and detailed estimation of the distribution 
of WDR on building surfaces is necessary. 

The studies by Blocken and Carmeliet (2004) and 
Blocken and Carmeliet (2010) provide extensive 
reviews of different methods used in WDR research 
in building physics. Computational fluid dynamics 
(CFD) is a valuable tool to obtain detailed and 
accurate distribution of WDR intensity. A steady-
state numerical simulation technique for WDR was 
developed (Choi, 1991) by combining the 3D steady 
Reynolds-averaged Navier-Stokes (RANS) equations 
and a Lagrangian particle tracking (LPT) model. 
Blocken and Carmeliet (2002) extended Choi’s 
simulation technique by adding the temporal 
component, allowing the determination of both the 
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spatial and temporal distribution of WDR for 
transient rain events. Huang and Li (2010) used an 
Eulerian Multiphase (EM) model with RANS and 
showed that it can give accurate results for WDR on 
the windward facade of an isolated low-rise building. 
The EM model allows for less computational 
complexity (Huang and Li, 2010), a simpler 
quantification of the influence of turbulent dispersion 
of raindrops compared to the LPT models (Kubilay et 
al., 2015), as well as the ability to estimate WDR on 
all surfaces in a complex geometry (Kubilay et al., 
2014b), e.g. facade details, roofs, street. 

For detailed validation of numerical models, datasets 
of WDR measurements with high spatial resolution, 
with high number of WDR gauges and with high 
time resolution are necessary. The number of existing 
WDR measurement datasets is limited. Furthermore, 
to the knowledge of the authors, field experiments of 
WDR, up to now, focused on either stand-alone 
buildings or on a particular building in a 
geometrically complex environment (van Mook, 
2002; Tang et al., 2004; Blocken and Carmeliet, 
2005; Nore et al., 2007; Briggen et al., 2009). 
Therefore, there is also a need for high-resolution 
measurements in more generic and idealized multi-
building configurations. 

Field measurements of WDR are performed on 
multiple buildings in different urban geometries built 
in Dübendorf, Switzerland. The data obtained from 
field measurements are used to validate the EM 
model including the turbulent dispersion of 
raindrops. We summarise  the result on an 
arrangement of cubic buildings models, the field 
study, the numerical model and the validation study 
by comparing the numerical results with data 
obtained from field measurements. 

Field experiments 

The field experiments of WDR are performed in 
different generic and idealized urban configurations 
with simplified buildings, which allow for a more 
controllable environment compared to field 
experiments on real buildings. In order to obtain a 
flexible field measurement setup that can be 
rearranged to represent various common urban 
geometries, nine low-rise cubic building models are 
manufactured. Each cube has dimensions of 
2×2×2 m3. They are made of wood panels of 27 mm 
thickness fixed on a wooden inner structure. Field 
measurements of WDR are performed in a geometry 
with equidistantly positioned low-rise cubic buildings 
(Figure 1(b)). The cubic building models are spaced 
2 m apart from each other, namely the same size as 
the edge length of each cube.  

The field measurement setup is located at the Swiss 
Federal Laboratories for Materials Science and 
Technology (Empa) in Dübendorf in a suburban area 
located east of the city of Zurich, Switzerland 
(Kubilay et al., 2014a). The wind speed, the wind 

direction, i.e. the azimuth angle from north, the wind 
elevation, i.e. the angle of the wind velocity vector 
with the horizontal plane, the air temperature and the 
horizontal rainfall intensity as well as the WDR on 
building facades are monitored. Wind direction, wind 
elevation and the wind-speed profile are measured at 
a meteorological mast which is positioned west of the 
array of cubes at a distance of 3H = 6 m away. The 
horizontal rainfall intensity is measured 0.4 m above 
the ground by a rain gauge positioned near the 
weather mast. The rain gauge has a horizontal orifice 
and a tipping bucket mechanism.  

From measurements, both the most frequent wind 
direction and the highest wind speed during rain 
events are northwest to southwest directions. The test 
facades of the buildings are facing west. The 
measurement site has a field with short grass at the 
west-southwest of the setup. The measurements of 
WDR are performed with WDR gauges. The 
collectors of the WDR gauges are connected via 
tubing to the tipping bucket mechanisms, which are 
placed inside the building models. The collection 
area of the WDR gauges is 0.2×0.2 m2. There are 18 
WDR gauges in total, 9 on the upstream cube and 9 
on the downstream cube. 

Measurements of the approach-flow wind direction, 
wind speed as well as the horizontal rainfall intensity 
are performed to be used as inputs to the numerical 
simulations. The measurements of WDR are 
performed for a duration of about 6 months. In WDR 
measurements, the largest sources of errors are stated 
to be due to adhesion water on the WDR collection 
area and the rest-water in the tipping bucket (Blocken 
and Carmeliet, 2006; Nore et al., 2007). In order to 
keep the measurement errors due to evaporation of 
adhered droplets as small as possible, rain events 
with large amounts of WDR must be selected. This 
ensures that the loss of water due to evaporation of 
the adhered droplets is kept at a relatively limited 
proportion. Furthermore, rain events with less dry 
periods in between the rain showers are expected to 
limit the errors due to evaporation of adhered 
droplets, as well as the rest-water error (Blocken and 
Carmeliet, 2006). Further measurement errors related 
to splashing and condensation on the collector as 
well as wind errors due to collector are not easy to 
estimate. Therefore, the selection of rain events 
should ensure that the related errors are small 
(Blocken and Carmeliet, 2006). 

Figure 2(a) shows the meteorological data for a 
selected rain event on September 16-19, 2013. The 
total rainfall amount is 36 mm. The mean air 
temperature is 12.4 °C. The rain showers consist of 
high peaks in rainfall intensity for short periods. The 
total rain event duration is more than 48 hours. The 
wind direction is mostly between southwest and west 
except for some short periods when it switches to 
south-southeast.  
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Figure 1. a) Numerical simulations and b) field measurements of wind-driven rain intensity in a geometry 

composed of low-rise cubic buildings (Kubilay et al., 2014). 
 

 
Figure 2. a) Meteorological data and b) comparison of numerical (solid lines) and experimental (dots) 

cumulative WDR amounts at three positions on two cubes during the rain event on September 16-19, 2013. 
Reference wind speed is measured at 2.4 m height from the ground. 

 
Figure 3. Catch ratio distribution on the building surfaces and part of the ground for a reference wind speed of 
3 m/s and reference rainfall intensity of 1 mm/h for the array of cubes for wind from a) west and b) northwest. 
 

 
Figure 4.  (a) Qualitative outcome of observations of water droplet impact on porous stones (D0 = 2.03 mm), (b) 
High-speed camera images of water droplets on three natural porous stones at different times (impact velocity, 

Vi = 0.87 m/s, and D0 = 2.03 mm). 
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Numerical modelling 

In the Eulerian multiphase (EM) model, the rain 
phase is regarded a continuum, as is the wind phase. 
Each class of raindrop size is treated as a different 
phase, as each group of raindrops with similar size 
will interact with the wind-flow field in a similar 
way. Rain phase calculations are one-way coupled 
with the air phase, where the effect of raindrops on 
the wind flow ignored. This is a valid assumption as 
the volumetric ratio of rain in air is below 1x10-3 for 
rainfall intensities up to 20 mm/h and below 1x10-2 
for even the most severe cases according to the study 
by de Wolf (de Wolf, 2001). 

Modelling of wind phase 

In the present study, the wind-flow equations are 
solved using 3D steady Reynolds-averaged Navier-
Stokes (RANS) with the renormalization group 
(RNG) k-ε model (Yakhot et al., 1992). The CFD 
simulations use the same building configurations as 
in the field experiments. The distances of buildings 
from domain boundaries satisfy the guidelines stated 
in Franke et al. (2011). In order to limit unintended 
streamwise gradients in the vertical flow profiles, i.e. 
horizontal inhomogeneity, remedial measures 
suggested by Blocken et al. (2007) are taken into 
account. Based on grid-sensitivity studies, the 
computational grid consists of 1 341 662 hexahedral 
cells.  

The inlet profile of mean wind speed is defined with 
the typical log-law expression (Equation (1)), where 
U(y) denotes the horizontal wind speed at height y, 
u*ABL the atmospheric-boundary-layer friction 
velocity, y0 the aerodynamic roughness length and  
the von Karman constant. The inlet mean wind speed 
profiles are characterized by, for wind from west and 
southwest, u*ABL/U = 0.24 and y0 = 0.49 m and, for 
wind from northwest, u*ABL/U = 0.34 and y0 = 1.02 m 
following the measurement data. The inlet profiles of 
the turbulent quantities k and ε are defined by 
Equations (2) and (3), where Iu denotes the 
streamwise turbulence intensity. The turbulence 
intensity is taken to be 30% at y = 2 m height, 8% at 
y = 200 m height for southwest and west wind and 
40% at y = 2 m height, 10% at y = 200 m height for 
northwest wind.  
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For ground-surface wall treatment, the standard wall 
functions by Launder and Spalding (Launder and 
Spalding, 1974) with sand-grain roughness 
modification (Cebeci and Bradshaw, 1977) are used. 

The equivalent sand-grain roughness height, ks, is 
taken to be 0.005 m and the roughness constant, Cs, 
is set as 9.793. Building surfaces are assumed to be 
smooth. 

Modelling of rain phases 

For each rain phase, the continuity and momentum 
equations for rain phases are solved. Turbulent 
dispersion of droplets due to the turbulent motions in 
the airflow is taken into account. Turbulent 
dispersion of raindrops was neglected in many earlier 
WDR modelling efforts (Blocken and Carmeliet, 
2002; Briggen et al., 2009; Huang and Li, 2010) and 
discrepancies of the numerical results at lower wind 
speed regions were mainly attributed to the 
neglection of turbulent dispersion. For a more 
detailed description of the numerical modelling of 
WDR and the turbulent dispersion of raindrops, the 
reader is referred to Kubilay et al. (2015).  

The EM model requires the definition of the values 
of rain-phase fraction, αd, and the rain-phase velocity, 
ud,j, at the inlet and top boundaries for each rain 
phase d. The phase fraction can be defined as: 

( , )

( )
h h h

d
t

R f R d

V d
   

(4) 

where αd represents the phase fraction of the rain 
phase d, which represents a specific class of raindrop 
size, Vt(d) the terminal velocity of a raindrop with 
diameter d, Rh the horizontal rain intensity through 
the horizontal plane and fh(Rh,d) the raindrop-size 
distribution through the horizontal plane (Blocken 
and Carmeliet, 2004). In the present study, the 
raindrop-size distribution by Best (1950) and the 
terminal velocities by Gunn and Kinzer (1949) have 
been used. 

The vertical inlet rain phase velocity component is 
set equal to the terminal velocity for that phase. The 
horizontal component of rain-phase velocity is set 
such that there is a local force equilibrium between 
rain and wind phases so that the droplets neither 
accelerate nor decelerate in an unobstructed 
computational domain.  

The boundary conditions for the rain phases at the 
building walls, on the ground and at the outlet are set 
in such a way that the normal gradient of the 
volumetric ratio, ∂αd/∂n, equals zero when the normal 
wind velocity vector is pointing out of the domain, 
and the values of the volumetric ratio, αd, are equal to 
zero when the normal wind velocity vector is 
pointing into the domain. With these boundary 
conditions, the interaction between the raindrops and 
the walls are not modeled and the raindrops leave the 
domain as soon as they hit a wall boundary, avoiding 
any inflow of rain phase into the domain due to 
possible recirculation regions. 

OpenFOAM® 2.2 is used as the CFD code. The 
pressure-velocity coupling for the wind flow field 
solution is taken care of with the Semi-Implicit 
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Method for Pressure Linked Equations (SIMPLE) 
algorithm. The solver for the governing equations of 
the rain phases are implemented by the authors. 
Second order discretization schemes are used for 
both the convection terms and the viscous terms of 
the governing equations. The simulations are 
terminated when all the scaled residuals reach 10-6. 

Validation study 

The numerical model is validated by comparing the 
calculated cumulative WDR amounts as well as the 
catch ratio values at the end of the rain event with 
data from field experiments (Kubilay et al., 2014b). 
The deviations of numerical catch ratio from 
experimental data are found to be up to 9.9% at the 
top and up to 15.6% at the bottom of the upstream 
cube. The average discrepancy is 6.5%. The 
downstream cube shows discrepancies of up to 6.8% 
at the top and up to 34.9% at the bottom of the 
facade. The average discrepancy is 12.0%. Figure 
2(b) compares the measured and the numerical 
cumulative WDR amounts for the WDR gauges 
along the central axis of the facades during the rain 
event. The numerical values follow the experimental 
data accurately until the last part of the rain event, 
where there are many short durations of rain with 
spikes of high rainfall intensity. 

Strengths of the proposed EM model 

Lagrangian particle tracking (LPT) model is the most 
commonly used method to estimate WDR intensity in 
the literature (Blocken and Carmeliet, 2004; Blocken 
and Carmeliet, 2010). The LPT model requires 
particle tracking for thousands of raindrops on a fine 
computational grid to achieve accurate results 
(Blocken and Carmeliet, 2007). The user has to 
carefully define the raindrop injection positions, for 
every single raindrop diameter, in such a way that 
they cover the entire facade. This has to be repeated 
for different values of reference wind speed and 
reference wind direction. In addition, the trajectories 
need to be calculated with very small time or length 
steps for accurate results in regions of large flow 
gradients. As a result, all steps of LPT, i.e. pre-
processing, solving and post-processing, are very 
time consuming. This holds primarily for (valuable) 
user time, and only to a lesser extent for the actual 
calculation time. By using Eulerian multiphase (EM) 
model, a time gain factor of about 10 is reached for 
an analysis involving a single building facade 
(Kubilay et al., 2013). For studies involving more 
than one facade and/or building, e.g. an urban 
geometry, the time gain will be even more. This is 
especially significant as the calculations of WDR are 
mostly coupled with other studies, e.g. heat-air-
moisture (HAM) transport in building facades, film 
runoff on building facades, urban microclimate 
models in the built environment. 

The EM model provides the catch ratio distribution 
as well as the raindrop impact parameters, such as 
impact speed and impact angle, on all surfaces of a 

complex domain. Figure 3 shows the distribution of 
the catch ratio on the building surfaces and part of 
the ground for a reference wind speed of 3 m/s and a 
reference rainfall intensity of 1 mm/h for both 
geometries for two wind directions, i.e. wind from 
west and northwest. The catch ratio values on the 
building facades show that an oblique wind direction 
to the facade leads to a lower maximum catch ratio 
and smaller gradients, but also larger wetting on the 
whole building (Kubilay et al., 2014b). Different 
raindrop sizes interact with the wind-flow field in a 
different way and the resulting surface wetting is a 
complex combination of the influences of wind-
recirculation regions, sheltering, wind-blocking 
effect and acceleration of wind around the building 
edges. 

The influence of turbulent dispersion on the catch 
ratio is quantified by solving the rain phase equations 
also once by neglecting the turbulent term in the rain-
phase governing equations. For the rain event that is 
presented, the influence of turbulent dispersion is 
found to be lower than 3% for the cube array case in 
this particular study. The results also show that the 
influence of the turbulent dispersion of raindrops is 
more pronounced for low reference rainfall 
intensities, especially in the regions with high 
turbulence intensity (Kubilay et al., 2015). 
Furthermore, the influence of turbulent dispersion is 
enhanced as the building size increases, especially at 
the lower parts of the building. It was shown that 
taking turbulent dispersion into account reduces the 
deviation between CFD simulations and field 
measurements at lower parts of a high-rise building 
by up to 65% (Kubilay et al., 2015).  

RAIN WATER DROPLET DEPOSITION 
Once in contact with the building surface, the fate of 
the droplet is studied, at the scale of one droplet on a 
porous medium, with high speed imaging to capture 
the physics of deposition. The aim is to combine later 
on the knowledge on the WDR intensity and the 
droplet behaviour at impact to study the impingement 
of discrete droplets on a single building facade. 

From Figure 4(a), it is observed that the impact 
velocity changes the droplet impact behaviour onto a 
horizontal porous substrate. Here, the Weber number, 
We = ρVi

2D0/γ, indicates the relative importance of 
droplet inertia compared to its surface tension, and 
includes the size of the droplet. From Figure 4(a), 
droplets with smaller size have more chance to be 
deposited on a wall without splashing but the 
droplets with bigger size can loose drop volume by 
splashing during impact. 

An impinging droplet on a wall generally has three 
modes: the impact, spreading, and receding mode. 
From Figure 4(b), it was found that the maximum 
spreading diameter determined the final wetting area 
of the deposited droplet, prior to the absorption 
phase. For the case of droplet impact on a porous 
material, the contact line of the droplet remained  
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Figure 5. Simulation for droplet spreading on rough sandpaper (Ra = 2.66 μm, θadv = 114º); (a): high-speed 

camera image at t = 1.0 ms, (b): similar results of simulation at t = 1.0 ms, and (c): validation with spreading 
diameter D(t) by comparison of experiments and simulation.  

 

 
Figure 6. a) Time evolution of moisture mass distribution images within Savonnières limestones with different 
impact velocities from neutron imaging. b) Moisture content distribution in porous material from numerical 

simulations at 7 seconds after contact with a deposited droplet for three different thickness: 5 mm,1 mm and  0.1 
mm. 

 
Figure 7. (a) Water film experimental set-up from Ambrosini et al. (2002), (b) Time-averaged film thickness as 

a function of Reynolds number for a water film at 50°C on a vertical plate at 1.70 m downstream from the inlet 
from (Martin et al., 2015). The magenta line is a fit of the model results. 
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fixed after the spreading phase at the maximum 
spreading diameter. Therefore, the maximum 
spreading diameter provides us with an accurate 
estimate of the actual moisture source area for 
droplet absorption. Note that the maximum spreading 
diameter is a function of impact velocity and the 
properties of the porous material. 

In addition to the experiments, we used an 
axisymmetric volume-of-fluid (VOF) code to 
simulate the impact of a droplet on rough surfaces, to 
obtain a better understanding of spreading of an 
impinging droplet on a porous material (Figure 5). 
The numerical simulations were validated by 
experiments. From the simulations, it was found that 
the spreading is affected by the roughness 
morphology of the porous substrate. The maximum 
spreading diameter typically decreases with 
increasing roughness. 

ABSORPTION 
Once deposited, the absorption of droplets in a 
porous medium is documented with neutron imaging 
(Figure 6a), at the Neutra beamline of the SINQ 
neutron spallation source of the Paul Scherrer 
Institute in Switzerland. The neutron beam 
attenuation is a function of the amount of moisture 
inside the material, as neutrons attenuate strongly for 
hydrogen. Thereby, the water content can be directly 
quantified from the radiographs. As such, the droplet 
absorption process can be clearly distinguished in 
Figure 6(a). However, note that the initial wetting 
area is related to the maximum spreading of the 
impinging droplet, which is a function of the impact 
velocity. Droplets with higher impact velocity will 
result in a smaller penetration depth and a wider 
wetting area. 

In addition, a finite element based model is setup to 
study capillary uptake of a droplet. This model is 
used to look at the influence of thickness of the 
material on the absorption behaviour and is evaluated 
for Savonnieres limestone. The droplet is represented 
as a moisture reservoir at the surface of the dry 
porous material. Numerical results for the moisture 
content distribution show a similar pattern as in the 
neutron experiments. The simulations cleary unveil 
the impact of the sample thickness on the moisture 
absorption (Figure 6b): more moisture migration in 
lateral directions occurs for thinner samples. 

 

FILM FORMING AND RUN-OFF 
To analyse the physics underlying gravity-driven 
runoff of thin wavy films, a film flow model, which 
can be efficiently applied for large computational 
domains, was developed. It was solved with 
computational fluid dynamics (Martin et al., 2015). 
This model is based on the lubrication theory, and 
takes into account the gravitational, wall shear and 
surface tension forces. A key characteristic of the 

model is that it assumes only one computational cell 
over the film height, which enables studying film 
flow on larger computational domains. Detailed 
validation of the numerical model was performed 
against several experiments of gravity-driven, thin 
fluid films on smooth surfaces (Ambrosini et al., 
2002; Moran et al., 2002). The time-averaged film 
thickness and the fluid speed profiles predicted by 
the model show very good agreement with 
experimental results, as shown in Figure 7. Similarly, 
the film flow model is able to predict the wave 
speeds with sufficient accuracy. The model performs 
better than the Nusselt equation for film flows, which 
under-predicts the time-averaged film thickness and 
over-predicts the time-averaged fluid speeds, even 
for flows at low Reynolds numbers. This model also 
allows to investigate film flows on large surfaces, 
which can be rough, curved and of a complex 
geometrical shape. 

CONCLUSION 
An accurate estimation of the WDR intensity on 
buildings within urban environments, where 
phenomena such as droplet spreading, splashing, 
bouncing, absorption, evaporation, film forming and 
run-off are taken into account, will also improve the 
accuracy of numerical models that use WDR 
intensity as input at different scales in urban settings. 
This paper highlights novel developments in several 
of these aspects.  
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