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Abstract
Wind-driven rain (WDR) is the type of rain, which 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 hygrothermal performance and durability of building facades. Deterioration of building
materials due to WDR becomes an important issue when retrofitting old or historical buildings by
adding insulation, planning energy efficient cities, doing assessment of soiling of facades and leaching
of harmful biocides and nanoparticles from buildings. An accurate estimation of WDR intensity on
buildings within urban environments can lead to better understanding of phenomena, such as droplet
spreading, splashing, bouncing, absorption, evaporation, film forming and run-off on building facades.
In this study, field measurements and computational fluid dynamics (CFD) calculations of WDR
intensity are performed in order to improve the current understanding of physics involved in surface
wetting on building facades due to WDR. Field measurements of WDR are performed on multiple
buildings in two different urban geometries built in Dübendorf, Switzerland. The field measurement
data are used to validate the Eulerian multiphase (EM) model with the turbulent dispersion modeling of
raindrops as proposed in this thesis. The EM model allows for less computational complexity, a simpler
quantification of the influence of turbulent dispersion of raindrops and ability to estimate WDR on all
surfaces in a complex geometry compared to other models used in literature. WDR calculations are
conducted together with Reynolds-averaged Navier-Stokes (RANS) simulations as well as large eddy
simulation (LES) in order to estimate the sensitivity of WDR to deficiencies of RANS simulations in
the wake of buildings. The influence of local wind-flow patterns such as recirculation regions between
buildings is enhanced for larger building groups, affecting the resulting WDR intensity on the facade as
well as the droplet impact speed and impact angle. Similar to the influence of recirculation regions, the
influence of turbulent dispersion is found to be higher for larger size buildings. It is also shown that the
correct estimation of turbulent dispersion depends on the accuracy of the turbulence kinetic energy field,
especially for high-rise buildings. WDR calculations with LES are used to study the unsteady behavior
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of WDR and the variation of WDR intensity on building facades compared to mean WDR. The running
averages of the transient catch ratio values are found to converge to stable values within 100-200 s. This
confirms that the common assumption in numerical simulations, which considers 10-min experimental
time steps as steady state, is valid. Furthermore, the influence of facade details on WDR deposition is
studied in various configurations. With a more detailed understanding of WDR, this work may lead to
improvements of engineering and industrial applications e.g. modifications of surface properties of
building materials, the improvement of coating materials.
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Zusammenfassung
Schlagregen ist eine Art von Regen, welcher aufgrund von gleichzeitigen Windströmungen einen
horizontalen Geschwindigkeitsvektor hat. Der Schlagregen ist eine der Hauptfeuchtequellen an
Gebäudefassaden mit möglichen negativen Auswirkungen auf die hygrothermische Leistung und die
Alterungsbeständigkeit von Gebäudefassaden. Durchfeuchtung von Baustoffen aufgrund von
Schlagregen kann zu Beschädigungen führen. Deswegen ist der Schlagregen ein wichtiges Thema bei
der Isolierung von alten oder historischen Gebäuden, bei der Planung von energieeffizienten Städten,
bei der Abschätzung von Verschmutzung von Gebäudefassaden und Auswaschung von schädlichen
Bioziden und Nanopartikeln aus Gebäuden. Eine genaue Abschätzung der Schlagregenbelastungen an
Gebäuden im städtischen Umfeld kann zu einem besseren Verständnis von Phänomenen wie z.B.
Tröpfchenausbreitung,
sowie
Absorption,
Verdampfung,
Filmbildung
und
Regenwasseroberflächenabfluss an Gebäudefassaden, führen. In dieser Studie werden Feldmessungen
und numerische Strömungsberechnungen (CFD) von Schlagregen durchgeführt, um das derzeitige
Wissen über die Fassadenbenetzung aufgrund von Schlagregen zu verbessern. Die Feldmessungen des
Schlagregens werden an mehreren Gebäuden mit zwei verschiedenen Gebäudekonfigurationen, welche
in Dübendorf in der Schweiz gebaut wurden, durchgeführt. Die Daten der Feldmessungen werden dann
verwendet, um ein Euler-Mehrphasen (EM) Modell mit turbulenter Dispersionsmodellierung von
Regentropfen zu validieren. Im Vergleich zu anderen Modellen in der Literatur ermöglicht das EM
Modell, welches in dieser Arbeit eingeführt wird, einfachere numerische Berechnungen von
Schlagregen und eine einfachere Quantifizierung des Einflusses der turbulenten Dispersion von
Regentropfen. Außerdem ermöglicht das EM Modell, die Schlagregenbelastung auf allen Oberflächen
in einer komplexen Gebäudekonfiguration zu berechnen. In dieser Studie werden numerische
Berechnungen von Schlagregen zusammen mit Reynolds-gemittelten Navier-Stokes (RANS)
Simulationen durchgeführt. Weiter werden Large Eddy Simulation (LES) verwendet, um die
Sensitivität der Schlagregenberechnungen auf die Vereinfachungen von den RANS Simulationen ab zu
iii

schätzen. Die Berechnungen von Schlagregen mit LES werden auch verwendet, um das instationäre
Verhalten des Schlagregens zu analysieren und die Abweichung der Schlagregenbelastung auf
Gebäudefassaden mit der Belastung durch stationären Schlagregen zu quantifizieren. Weiter wird der
Einfluss von Fassadendetails auf die Schlagregenbelastung für verschiedenen Gebäudekonfigurationen
untersucht. Mit einem detaillierteren Wissen über den Schlagregen kann diese Studie zu
Verbesserungen in ingenieurwissenschaftlichen und industriellen Anwendungen führen, z.B. durch
Modifikationen der Fassadenmaterialien oder Verbesserungen in der Beschichtungsmaterialien.
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List of symbols
This list of symbols is not exhaustive. Symbols that only appear locally in the text, or are selfexplanatory, are not included.

Roman symbols
C

Courant number

-

Cd

drag coefficient

-

CR
Cs

roughness coefficient
roughness constant

-

Cs
Ct

Smagorinsky coefficient
response coefficient

-
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Cμ, C1ε,

topography coefficient
constants in k-ε turbulent models
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Dk

raindrop diameter
viscous transport

mm
m2/s3

E
EAW

empirical constant for wall roughness in wall functions
error due to evaporation of adhesion water

mm
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ETOT

rest-water error
relative total error

mm
-
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probability density of raindrop size through a horizontal

1/m

F(d)

plane
fraction of liquid water in air with raindrops of diameter <
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FD

d
rain deposition factor
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FE

rain exposure factor

-

C1ε,RNG, C2ε
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gravitational constant
LES filter function

m/s2
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height

m

Iu
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streamwise turbulence intensity
turbulence kinetic energy

m2/s2

ks
kr

equivalent sand-grain roughness height
residual kinetic energy

m
m2/s2

KR
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terrain factor
Smagorinsky length scale

m

L

length

m

Ma
n

Mach number
normal vector

m

O
p

obstruction factor
pressure

Pa

Pk
r

production of turbulence kinetic energy
position vector of the droplet

m2/s3
m

Re

Reynolds number

-

Rer
Rh

relative Reynolds number
horizontal rainfall intensity

mm/h

Rwdr
S

wind-driven rain intensity
modulus of mean rate of strain tensor

mm/h
1/s

SCV
Sh

surface enclosing the control volume
horizontal rainfall amount

m2
mm

Swdr

wind-driven rain amount

mm

sij
St

rate of strain tensor
Stokes number

1/s
-

t
tfl

time
Lagrangian fluid time scale

s
s

tp
Tk

particle relaxation time
turbulent transport

s
m2/s3

u

fluid velocity

m/s

u, v, w
u*ABL

x, y, z components of velocity vector
ABL friction velocity

m/s
m/s

u+
uτ

non-dimensional velocity
friction velocity

m/s

U2, U10

reference wind speed at 2 and 10 m height

m/s
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Vn
Vt

velocity of rain normal to surface
terminal velocity of rain

m/s
m/s

W

wall factor

-

W
x, y, z

width
Cartesian coordinates

m
m

y
y0

height
aerodynamic roughness length

m
m

yp
y+

normal distance of the wall-adjacent cell center from wall
non-dimensional wall distance

m
-

Greek symbols
WDR coefficient

phase fraction of rain phase d
d

s/m
-

δij

Kronecker delta

-

Δ
ε

LES filter width
turbulence dissipation rate

m
m2/s3

ηd
η

specific catch ratio for raindrop size d
catch ratio

-

θ

angle between velocity/streamline and the normal to the
surface

°



von Karman constant

-

μ
μt

dynamic viscosity
dynamic turbulent viscosity

kg/ms
kg/ms

ν
νr

kinematic viscosity
kinematic residual viscosity

m2/s
m2/s

νt

kinematic turbulent viscosity

m2/s

ρ
σε

density
turbulent Prandtl number for ε

kg/m3
-

σk
τij

turbulent Prandtl number for k
viscous stress tensor

kg/ms2

τw
φ

wall shear stress
wind direction (from north)

kg/ms2
°

χd

phase indicator function

-

ΩCV

volume of the control volume

m3
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Subscripts
a
d

air
droplet / rain phase

w

liquid water

Acronyms
ABL
ASHRAE

atmospheric boundary layer
American Society of Heating, Refrigerating and Air

ASL

Conditioning Engineers
atmospheric surface layer

BE-HAM

building envelope heat-air moisture

CFD
CV

computational fluid dynamics
control volume

DES
DNS

detached eddy simulation
direct numerical simulation

FDM
FEM

finite difference method
finite element method

FVM

finite volume method

EM
ISO

Eulerian multiphase
International Organization for Standardization

LES
LPT

large eddy simulation
Lagrangian particle tracking

LRNM
PDE

low-Reynolds number modeling
partial differential equation

PISO

pressure implicit with splitting of operators

PIV
RANS

particle image velocimetry
Reynolds-averaged Navier-Stokes

RMS
RNG

root mean square
renormalization group

RSM
SIMPLE

Reynolds stress model
semi-implicit method for pressure linked equations

WDR

wind-driven rain

x

Others
f

Reynolds-averaged part of variable f

f'

fluctuating part of variable f

f

filtered/resolved part of variable f

f ''

residual/sub-grid scale part of variable f
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Introduction
Problem statement
Wind driven rain (WDR) is the type of rain, which is carried by wind and is characterized by a horizontal
velocity vector due to the effect of wind flow occurring at the same time. The horizontal component of
rain velocity leads to various important phenomena in terms of building physics. WDR is one of the
most important surface wetting and moisture sources on the building facade [1]. Deterioration of
building structures due to moisture usually occurs first on the regions where WDR impingement is the
highest. WDR can lead to several undesired phenomena in building physics such as frost damage on
exterior wall surfaces [2-4], erosion of building materials [5, 6], moisture induced salt migration [3, 7],
discoloration by efflorescence [3], surface soiling [8, 9] and mold growth at interior wall surfaces [10].
Correct prediction of WDR is crucial for the assessment of environmental risks of leaching of harmful
biocides and nanoparticles from buildings. Moreover, the conservation of historic buildings, the design
of new buildings and the development of new building materials rely on correct prediction of moisture
loads, and thus of the surface wetting distributions. Finally, WDR also plays a role in hygrothermal
performance and, therefore, energy efficiency of buildings. WDR is an important boundary condition
in building envelope heat-air-moisture (BE-HAM) transport models, which analyze the hygrothermal
performance of buildings.
The works of various researchers in the past have fundamentally contributed to a better understanding
and modeling of WDR wetting of facades of stand-alone buildings, i.e. see the reviews of Blocken and
Carmeliet [1, 11], Blocken et al. [12] and Blocken [13]. Given the densities of our cities and the worldwide urbanization trends, it becomes necessary to extend the research activities to predicting WDR
intensity on building facades in the urban context. Recently, several researchers have shown that the
1
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urban heat island effect has a direct link to heavier rain events surrounding the urban areas [14]. With
the forecasted climatic changes, more severe WDR exposure and increased maintenance requirements
of buildings are expected.
The impact of WDR on building envelopes can be understood in a better way when the WDR intensity
distribution can be accurately predicted in the urban environment. However, first, the number of existing
field-experiment datasets of WDR, which are suitable for model development and validation, are limited
[15, 16]. Furthermore, the available ones tend to focus on either stand-alone buildings or on single
buildings in complex environments [6, 15-19]. For detailed validation of numerical models in urban
environment, there is a need for high-resolution measurements in generic and idealized configurations.
Second, accurate numerical simulations of WDR intensity on building facades require improvements to
the common methods to estimate WDR, both in the calculation of the wind flow and of the rain. Most
numerical studies of WDR in literature use Reynolds-averaged Navier-Stokes (RANS) modeling to
calculate the wind-flow field around buildings. Reported deficiencies of RANS modeling [20-23],
especially in the wake of the buildings, may decrease the accuracy of numerical WDR studies done for
urban environments. Moreover, the sensitivity of WDR intensity results to certain characteristics of
building geometry and numerical modeling assumptions, which were neglected in most WDR studies
before, are unknown. Similarly, most studies neglect the turbulent dispersion of raindrops [1, 19] and
how much this assumption is justified for urban areas is unknown.

Aim and methodology
The aim of this research is to improve the understanding of the physics involved in wetting of building
facades due to deposition of wind-driven rain (WDR) in urban environment by using experimental and
numerical methods. The experimental part of this research focuses on field experiments of WDR on
multiple geometries of simple representative urban configurations. In this thesis, WDR measurement
datasets from two geometries are presented:
a)

a regular array of 9 low-rise cubic buildings,

b) a wide low-rise and a wide high-rise buildings positioned parallel to each other.
For this, a flexible field-experiment setup composed of 9 identical low-rise cubic building models are
built. The cubic building models can be relocated to form different measurement configurations.

2

Introduction

The numerical part of this research aims to improve the state-of-the-art numerical methods to estimate
WDR intensity by validation with field experiments. In the present thesis, first, a steady-state modeling
approach is proposed to include the turbulent dispersion of raindrops in WDR calculations. WDR
calculations are performed with the mean wind-flow field and an Eulerian multiphase model (EM) using
steady-state governing equations including the turbulent dispersion of raindrops. This approach is
verified with existing numerical WDR calculations from literature and validated with field experiment
data on the two urban configurations. Second, the present study estimates how sensitive the WDR
intensity values are to the local wind-flow around buildings and to the deficiencies in RANS modeling
in an urban configuration. And finally, third, an unsteady WDR calculation is conducted to compare the
unsteady WDR intensity to the mean WDR intensity results.
The methodology developed in the thesis is then applied to estimate the WDR intensity distribution on
a high-rise stand-alone building with tower, namely the St. Hubertus hunting lodge, a mid-rise
residential building with various architectural features and an urban train station with complex
geometry.

Outline
This dissertation consists of 11 chapters. Chapter 2 provides an introduction to the basics of wind flow,
rain and wind-driven rain (WDR). In that chapter, state-of-the-art methods to quantify the wind velocity
around buildings and the WDR intensity on facades are explained and discussed. Chapter 3 focuses on
the theory and the governing equations for wind flow are introduced. The most common existing
modeling approaches of computational fluid dynamics (CFD) methods in wind engineering studies are
discussed.
Chapter 4 presents the approach developed in this thesis for wind-driven rain calculations. First, the
most common model in literature, i.e. the Lagrangian particle tracking (LPT) model, is described.
Second, an Eulerian multiphase (EM) model is introduced in OpenFOAM software. Finally, for the EM
model, a steady-state approach is proposed that quantifies the effect of turbulent dispersion of raindrops
on the WDR intensity
In chapter 5, the field experiment setups for two different urban geometries are described. The
surrounding of the experimental site, the measuring equipment and the measurement accuracy are
discussed. The WDR intensity results with high spatial and temporal resolution on multiple buildings
are presented in both measurement geometries during various rain events.
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Chapter 6 focuses on the results of the EM numerical model and verifies the model by comparing the
numerical results on simple geometries to existing numerical data in literature obtained with the LPT
model. In this chapter, the turbulent dispersion of raindrops is neglected for the sake of comparison with
the results using the LPT model.
Chapter 7 presents the WDR intensity results on a generic wide high-rise building as a numerical
example using the new EM model with the turbulent dispersion of raindrops. Afterwards, EM numerical
results of WDR intensity, with and without turbulent dispersion, calculated for the urban geometries
introduced in chapter 5, are presented and validated with field experiments data from several rain events
with different characteristics.
Chapter 8 focuses on the unsteady wind flow and WDR simulations on an array of cubic buildings. The
large eddy simulation (LES) data is validated with wind-tunnel-scale measurements. WDR calculations
with LES have the potential to give more insight in the transient behavior of WDR. Therefore,
afterwards, full-scale LES results with unsteady WDR calculations are presented.
In chapter 9, the WDR intensity results with turbulent dispersion of raindrops are presented on a standalone high-rise building, namely the St. Hubertus hunting lodge, and catch ratio values are compared
with available experimental data.
Chapter 10 is devoted to WDR analysis with an aim to show the practicality of the EM model and its
ability as a design tool on two case studies: a stand-alone mid-rise residential building with various
facade features and details and an existing train station with a complex geometry.
In chapter 11, the main outcomes of the present study are summarized and further outlook is discussed.
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Background and state of the art
Introduction
This chapter provides the background and basis for research on wind-driven rain (WDR) presented in
this thesis. It includes the state of the art and literature review on WDR research in building physics.
Section 2.2 provides background on wind flow, turbulence, atmospheric boundary layer (ABL) flows,
building aerodynamics and a literature review on experimental and numerical methods for wind
engineering research. Section 2.3 presents overview on rain and measuring equipment. Section 2.4
provides overview on WDR research in building physics, measuring equipment and literature review.

Wind
Wind is the movement of air from high pressure to low pressure regions in the Earth’s atmosphere as a
result of the pressure-gradient force. Most air flows, including atmospheric boundary layer flow and
many other naturally occurring flows, are turbulent due to relatively high wind speed values and the
relatively large length scales involved. In turbulent flows, the exchange processes of mass, momentum
and heat are mainly governed by convection. The following subsections explain the main characteristics
of turbulent flows, atmospheric boundary layer (ABL) flows, wind flow around buildings and different
methods that are used to study ABL flows.
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2.2.1. Turbulence
Turbulence is a fundamental problem of fluid dynamics. However, the accurate prediction and
calculation of turbulent flows are often extremely difficult to attain due to their chaotic behavior.
Turbulence was already recognized as a distinct fluid behavior at least 500 years ago. In a sketch book
of Leonardo da Vinci [24], the drawing of fluid motion referred to as “turbolenza”, as shown in Fig.
2.1, was accompanied with the following notes that describe different scales of turbulent flows:
“... the smallest eddies are almost numberless, and large
things are rotated only by large eddies and not by small ones,
and small things are turned by small eddies and large.”.

Fig. 2.1. Leonardo da Vinci's sketch of turbulent flow showing water passing obstacles [24].

Richardson [25] made a similar description of turbulence, highlighting the cascade process of turbulent
flows, where energy is transferred to successively smaller scales until it is finally dissipated (converted
to thermal energy) at the molecular scales:
“Big whorls have little whorls
which feed on their velocity,
little whorls have lesser whorls
and so on to viscosity
(in the molecular sense).”.
The Navier–Stokes equations, which embody the physics of all fluid flows within the confines of the
continuum hypothesis, including turbulent flows, were introduced in the first half of the 19th century.
6

Background and state of the art

These equations are nonlinear and difficult to solve. Few exact solutions are known, and all of these
have been obtained at the expense of simplifying, often physically unrealistic, assumptions.
Reynolds (circa 1880) was the first to systematically investigate the transition from laminar to turbulent
flow by injecting a dye streak in fluids flowing through a pipe having smooth transparent walls. His
observations led to the identification of a non-dimensional parameter, the Reynolds number, Re, which
is defined as:

Re 

U ref Lref



(2.1)

where Uref denotes a reference velocity, Lref a reference length and ν the kinematic viscosity. A large
Reynolds number indicates that viscous effects are relatively weaker and inertial effects are dominant.
In general, turbulent flow is present at high Re. The critical Re, where the laminar to turbulent flow
transition occurs, is case dependent and in many cases can only be determined empirically. Laminar
flows have layered and ordered flow patterns. The streamlines and path lines are smooth curves. As the
Reynolds number increases, the flow becomes unstable and initiation of turbulence occurs. Fig. 2.2
shows a flow variable f(x,t) at a point in intermittent flow, with turbulent or laminar flow conditions at
different instants. Turbulent flows are always unsteady, three-dimensional and rotational. Turbulent
flows have increased amount of mixing of mass, momentum and heat, especially perpendicular to main
flow direction. The physical mechanisms of turbulent mixing is different than the mechanisms of
diffusive mixing. In fact, turbulence arises when molecular diffusion effects are quite small compared
with those of macroscopic transport.

Fig. 2.2. Intermittent turbulent signal of a flow variable f(x,t) at a point x with respect to time (from Jenny [26]).
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Through experimental work, Reynolds concluded that turbulence was far too complicated ever to permit
a detailed understanding [27]. In response to this, he proposed the Reynolds decomposition, which
separates a flow variable into mean and fluctuating parts. Following this work, the prevailing view has
been that turbulence is a random phenomenon and, as a consequence, there is little to be gained by
studying its details, especially in the context of engineering analyses. Poincaré [28], on the other hand,
found that random-in-appearance behavior in nonlinear dynamical systems are in fact completely
deterministic. The works of Prandtl [29], Taylor [30], von Karman [31, 32], Kolmogorov [33-35],
Townsend [36], Batchelor [37], Yaglom [38] and Obukhov [39] provided additional understanding and
theory of turbulent flows. Lorenz [40] proposed possible links between “deterministic chaos” and
turbulence. Even though the governing equations of turbulence are deterministic, turbulent flows have
a random nature. This is because, in any turbulent flow, there are unavoidable perturbations in initial
conditions, boundary conditions and material properties. Furthermore, turbulent flows are very sensitive
to such perturbations. Therefore, it is considered that the turbulent flows are chaotic: irregular,
apparently random and unpredictable. The turbulent flows are random only apparently because the
fluctuations in the flow are due to coherent structures of turbulence, which interact with each other
across a wide range of spatial scales.

2.2.2. Atmospheric boundary layer (ABL) flows
The atmospheric boundary layer (ABL) corresponds to the region that is closest to the surface of the
Earth, where the frictional force stemming from the surface roughness influences the air movement.
The thickness of the ABL is influenced by the surface roughness of the ground and the thermal
conditions in the atmosphere. In this thesis, the main focus is on WDR and hence on cloudy conditions.
In cloudy conditions and in presence of strong winds, the thermal effects are negligible compared to the
production of turbulence due to surface friction and the ABL is called neutrally stable [41]. In such
situations, the ABL height is in the order of 1000 m during both day and night [41]. ABL is generally
divided vertically into two regions [42]:
a)

A surface layer, which is the lowest 10-20% of the ABL, with approximately constant shear
stress in the vertical direction. This region is called atmospheric surface layer (ASL) and the
wind flow is insensitive to the force due to Earth’s rotation, i.e. the Coriolis force. The wind
structure is determined primarily by surface friction and the vertical gradient of temperature.

b) A region above the ASL, where the shear stress is variable and the wind flow is influenced by
both temperature gradient and surface friction, as well as the Coriolis force.
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Fig. 2.3. Logarithmic law for mean horizontal wind speed as a function of height for different aerodynamic
roughness length values.

For detailed information on ABL flows, the reader is referred to Panofsky and Dutton [43], Bottema
[41] and Kaimal and Finnigan [44]. In neutrally stable ABL conditions, the simplest case would be a
horizontally homogeneous wind flow over an infinite flat surface of uniform roughness. Horizontal
homogeneity suggests that statistical properties of the flow are independent of the horizontal position
and they vary only with height and time. The vertical profile of the mean horizontal wind speed, U, can
be described by a logarithmic law [45]:

U ( y) 

 y  y0 
ln 


 y0 

u ABL

(2.2)

where uABL is the ABL friction velocity, y0 the aerodynamic roughness length and  the von Karman
constant. Eq. (2.2) is generally used as inlet boundary condition for numerical simulations to take into
account the roughness conditions upstream of the model. In various studies, the von Karman constant
has values ranging from 0.35 to 0.43. In the remainder of the thesis, a value of 0.42 will be used.
Laboratory measurements indicate y0 to be approximately 1/30 of the height of the roughness elements,
but, over natural flat terrain, the factor is often observed to be larger [46]. For wind engineering
purposes, a roughness classification has been developed by Davenport. The value of y0 can also be
estimated by means of the roughness classification by Davenport, updated by Wieringa [47]. Table 2.1
provides the aerodynamic roughness length values by Davenport classification that approximates the
equivalent effect of the roughness elements on the flow for various landscape types. According to this
9
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classification, the surface roughness needs at least 5 km of upstream length to adapt. Fig. 2.3 shows the
logarithmic law for the different roughness classes for a reference wind speed of 10 m/s at a height of
10 m.
Table 2.1. Davenport classification of surface roughness as updated by Wieringa [47].
y0 [m]

Landscape description

1

0.0002
Sea

2

0.005
Smooth

Open sea or lake (irrespective of the wave size), tidal flat, snow-covered
flat plain, featureless desert, tarmac, concrete, with a free fetch of several
kilometers.
Featureless land surface without any noticeable obstacles and with
negligible vegetation; e.g. beaches, pack ice without large ridges, morass,

3

0.03
Open

4

0.10
Roughly open

5

0.25
Rough

6

0.50
Very rough

7

1.0
Closed

8

≥ 2.0
Chaotic

and snow-covered or fallow open country.
Level country with low vegetation (e.g. grass) and isolated obstacles with
separations of at least 50 obstacle heights; e.g. grazing land without
windbreaks, heather, moor and tundra, runway area of airports.
Cultivated area with regular cover of low crops, or moderately open country
with occasional obstacles (e.g. low hedges, single rows of trees, isolated
farms) at relative horizontal distances of at least 20 obstacle heights.
Recently-developed “young” landscape with high crops or crops of varying
height, and scattered obstacles (e.g. dense shelterbelts, vineyards) at relative
distances of about 15 obstacle heights.
“Old” cultivated landscape with many rather large obstacle groups (large
farms, clumps of forest) separated by open spaces of about 10 obstacle
heights. Also low large vegetation with small interspaces such as bush land,
orchards, young densely-planted forest.
Landscape totally and quite regularly covered with similar-size large
obstacles, with open spaces comparable to the obstacle heights; e.g. mature
regular forests, homogeneous cities or villages.
Centers of large towns with mixture of low-rise and high-rise buildings.
Also irregular large forests with many clearings.

2.2.3. Building aerodynamics
The spatial scales of atmospheric motions are divided into three categories [13]: macroscale, mesoscale
and microscale. In the remainder of the thesis, the focus will be on the microscale, where the spatial
scale is 2 km or less according to the definition of the American Meteorological Society [48]. At the
microscale, the actual shapes of the buildings are taken into account instead of being simplified and
10
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hence the wind-flow features around buildings are studied in detail. Air flow around buildings can
typically be considered as high-Reynolds number flow (Re = 105-107) around sharp-edged bluff bodies
which are located on a rough surface and which are deeply immersed in a turbulent boundary layer, i.e.
δ/H >> 1, where δ is the boundary layer thickness and H the building height. For such buildings, the
separation points are at the edges. Note that, for aerodynamically-shaped buildings, the separation points
cannot be predefined in such a simple way. The specific flow pattern around a building is mainly
determined by the building geometry and the ABL approach flow conditions. This subsection will
explain the general flow features for sharp-edged bluff-body buildings.
The general mean wind flow pattern near a rectangular building is shown in Fig. 2.4. At some distance
upstream of the building, the flow starts to slow down due to the presence of the building. Air flow is
either deviated downwards or accelerated over and around the cube. There exists a frontal vortex region
in front of the building, standing vortex or horseshoe vortex. It is formed by the air that is directed
downwards by the building. Hence, its size is mainly dependent on the building height, H, and the
building width, W. A separation of flow starts at the top and side edges. Reattachment may or may not
occur on the building surfaces. Separated flow leads to recirculation regions with low wind speeds.
These regions are characterized by turbulent and very unsteady flow.

Fig. 2.4. Airflow pattern around a rectangular building (from Beranek [49]).

Note that Fig. 2.4 shows the flow pattern around a stand-alone building with an approach flow in
perpendicular direction to the building orientation. For cases with oblique wind directions and with
more than one building, the flow patterns are more complex. For example, Fig. 2.5 shows numerical
results for the 2-dimensional flow patterns in different building configurations by Bottema [41]. The
interaction of flow patterns are different for couples of various street canyon height, h, and street canyon
length, Sx. The complex wind-flow pattern is the driving force for the distribution of WDR on building
facades. It must be noted that there are important differences between the instantaneous wind flow and
the time-averaged wind flow around a building.
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Fig. 2.5. Computed 2-dimensional flow patterns for different building groups: a) skimming flow, b) wake
interference flow and c) isolated roughness flow (from Bottema [41]).

2.2.4. Experimental methods

2.2.4.1. Field measurements
Field measurements of parameters such as wind speed and wind direction are performed in various
research areas, such as wind comfort, air pollution and meteorology. The measuring equipment for
surface boundary layer wind data are generally in-situ sensors, i.e. sensors that can be mounted on the
ground, and on masts and towers.
In order to study the mean wind values, commonly used in-situ sensors are cup anemometers, propeller
anemometers and wind vanes. They are relatively less expensive and depend on moving parts. Cup
anemometers usually consist of three or four hemispherical cups that are mounted on a vertical shaft.
The wind speed is measured by counting the number of rotations of the shaft over a time period.
Propeller anemometers work with a similar principle but they are mounted on a horizontal shaft,
therefore they operate dependably only when pointing directly into the wind. That is why they are
usually being used together with wind vanes. The vane keeps the propeller anemometer oriented into
the wind. The direction of the horizontal wind vector can be measured by a wind vane. The advantage
of cup anemometer is that it accepts wind from any direction contrary to the propeller anemometer.
However, it has been reported that cup anemometers tend to overspeed. Overspeeding is a bias in the
measured mean wind speed due to nonlinear response of cup anemometers to wind speed and due to the
sensitivity of cup anemometers to the vertical component of wind velocity. Kaimal and Finnigan [44]
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states that the error range for overspeeding is from 5% to 10%. On the other hand, Kristensen [50] states
that the bias due to overspeeding exceeds about 2% only in extreme cases. However, Kristensen [50]
also shows that the positive bias in the mean wind speed due to wind-direction fluctuations is much
larger than the overspeeding and can be as much as 18%. The accuracies of propeller anemometer-wind
vane couples are comparable to the ones of lightweight cup anemometers [44]. In order to study the
velocity fluctuations in field measurements, ultrasonic anemometers are the preferred equipment. Sonic
anemometers measure wind velocity by sensing the effect of the wind on transit times of acoustic pulses
traveling in opposite directions across a known path. Their main advantages over cup anemometers,
propeller anemometers and wind vanes are their high accuracy, the absence of moving mechanical parts
and the very short time constant. Their main drawback is their cost.
In WDR research, field measurements of wind flow are performed in order to have data on the local
conditions during rain events. For this purpose, in order to measure the wind direction and wind velocity,
measurement devices are usually placed on a meteorological mast. The position of the measurement
devices is chosen close enough to the building such that they will measure the incident wind profiles.
On the other hand, the devices should be placed out of the region where the building causes upstream
disturbance.

2.2.4.2. Wind tunnel measurements
Wind-tunnel measurements have originally been developed and used in the aeronautical field for aircraft
studies. These wind tunnels were operated with a uniform wind speed across the tunnel section and with
low turbulence. Initially, the wind-tunnel measurements in building physics studies were also conducted
in this type of tunnels. However, for a good wind tunnel measurement for buildings, the first requirement
is a correct generation of the atmospheric boundary layer (ABL) [41]. Indeed several researchers
showed that a uniform wind speed across the tunnel section led to unrealistic results [51-58]. Later,
boundary-layer wind tunnels, in which the wind speed increases with height, were used to study wind
flow around buildings [59-67]. Generally, the requirement for the Reynolds number similarity, i.e. the
real-scale Reynolds number should equal the wind-tunnel-scale Reynolds number, cannot be satisfied
in a wind tunnel. For bluff-body objects, the requirement can be relaxed that to Re > 10 5 [68]. Windtunnel measurements provide valuable information on wind-flow field in the study of building physics.
On the other hand, wind-tunnel measurements are usually time consuming, expensive and their results
are very sensitive to the configuration and details of the wind tunnel itself [69].
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Most widely used methods for measuring wind speed in wind tunnels in building aerodynamics are the
sand-erosion technique, the oil-streak technique, hot-wire anemometry (HWA), pulsed-wire
anemometry (PWA), laser-Doppler anemometry (LDA) and particle image velocimetry (PIV). For
sand-erosion and oil-streak techniques, the accuracy is of the order of 30% [70] and, therefore, they are
not good for validation of a numerical model. Errors in HWA are primarily caused by the fact that
cooling of the wire is dependent on the wind speed perpendicular to the wire. Alternating positive and
negative velocities are measured as only positive, leading to an overestimation of the mean wind speed
and an underestimation of the turbulence intensity for high turbulence intensity flows [41]. PWA, LDA
and PIV are not sensitive to fluctuations in temperature as HWA is. However, PWA is considered not
suitable for comparison with numerical data as its frequency response is limited to only 35 Hz [41].

2.2.5. Numerical methods
Computational fluid dynamics (CFD) is using numerical methods to solve the governing equations that
represent fluid flow, i.e. the Navier-Stokes equations or an approximate form of these equations (in
RANS or LES). Since these equations cannot be solved analytically, a spatial discretization method is
used, for which often the finite volume method (FVM) is chosen. Thereby the equations can be solved
numerically in discrete points in space, namely in the control volumes (CV), which are also called
computational cells. For turbulent flows, often a part of the turbulence is not solved but is modeled for
reasons of computational economy. The governing equations of wind flow and modeling approaches
are explained in detail in chapter 3.
Overview studies of CFD methods in computational wind engineering for built environment have been
done by Ferziger [71], Murakami [72], Stathopoulos [73] and Blocken [13]. Blocken [13] mentions two
main categories of CFD studies: (1) fundamental studies, which focus on simple generic building
configurations to obtain insight in the flow behavior and (2) applied studies, which provide knowledge
of the wind environmental conditions in specific and often much more complex case studies. Former
group of studies aim for parametric studies and for validation of CFD simulations, while the latter group
usually focuses in the planning stage of real life problems. The building configurations used in the
fundamental studies depend on the aim of the CFD simulations. The simplest of fundamental studies
can be defined as CFD simulations which analyze the velocity and pressure fields around stand-alone
cubic buildings. Among studies focusing on stand-alone buildings, we note the ones by Summers et al.
[74], Murakami and Mochida [75], Murakami [20, 21], Murakami et al. [76], Tominaga et al. [22],
Tominaga and Stathopoulos [77, 78], Gousseau et al. [79]. CFD simulations around arrangements of
multiple buildings were performed by Stathopoulos and Storms [66], Baskaran and Kashef [80],
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Stathopoulos and Baskaran [81], Zhang et al. [82], Blocken et al. [83]. There have been studies that
focus on simulations of wind flow around more complex geometries by Murakami and Mochida [75],
Yoshie et al. [84], van Hooff et al. [85].

Rain
Rain can be defined as particles of liquid water that are formed by condensation of vapor within a cloud
and that fall towards the ground. The characteristics of a rain event, such as the duration and the
intensity, depend on the type of cloud from which it originates. The clouds can appear in a large variety
of forms [86]. However, it is possible to define two broad types of clouds: stratiform clouds and
cumuliform clouds (Fig. 2.6). Stratiform clouds are formed in a stable atmosphere when a large air mass
cools at the same time. These clouds commonly occur as a single, grey and fairly uniform layer with
wide horizontal dimensions and limited vertical depth. The rain events produced by stratiform clouds
are quite steady with small number of dry periods, often last for many hours and are generally of small
intensity [15]. Cumuliform clouds are formed in an unstable atmosphere when isolated air currents rise
and cool down. The rain events produced by cumuliform clouds start and stop suddenly with large
rainfall intensities, last for a short duration and are generally of large intensity [15].

Fig. 2.6. Photographs showing examples of a) stratiform and b) cumuliform type clouds [86].

The raindrops evaporate partly or completely before they reach the ground depending on their size, on
the air condition below the cloud and on height of the cloud in which they are formed. Mason [87] states
that, in an atmosphere of 90% relative humidity, raindrops of 0.2 mm and 2 mm diameter will fall 150 m
and 40 km, respectively, before completely evaporating. According to Mason [87], 0.2 mm diameter is
the lower limit for the drop size, whereas rain with smaller size droplets is called drizzle and is produced
by low layer clouds. Furthermore, Pruppacher and Klett [88] state that, only raindrops with diameters
smaller than 0.3 mm are nearly perfect spheres. Therefore, for a larger raindrop, the diameter value is
indeed an equivalent value to the diameter of a sphere with the same volume as the raindrop. In fact,
the raindrops with diameters of 0.3 to 1.0 mm have slight deformation and resemble oblate spheroids
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[88]. Between diameters of 1.0 mm and 6.0 mm, the base of the droplets become increasingly flattened.
The upper limit for the diameter is about 6.0 mm. Larger drops tend to break up during their fall.
A falling raindrop reaches its maximum vertical velocity, or terminal velocity, when the gravity force
is balanced by the drag force. Gunn and Kinzer [89] measured the terminal velocity of droplets in still
air as shown in Fig. 2.7. The drag coefficients of the droplets are calculated from the measured terminal
velocity values and are shown in Fig. 2.8. Note that the measurement data by Gunn and Kinzer [89]
take into account the shape changes of the raindrops. Several other studies that estimate raindrop
terminal velocities are mentioned in Valette et al. [90]. The data on terminal velocity of raindrops
generally provide good approximation for the undisturbed wind flow far from obstacles. However,
strictly speaking, the flow field around buildings could also influence the terminal velocity of raindrops
because it can further deform the shape of a raindrop.
The size distribution of raindrops during rainfall has been studied by several researchers [91-97]. In
earlier studies, measurement methods using filter paper [98] were performed to obtain the raindrop size
distribution. Recently, instruments such as optical disdrometers [99] are more common to obtain size
distribution at a plane. Additionally, devices such as Doppler radars [100] and droplet camera [101]
obtain the distribution of raindrops present in a sample volume. Furthermore, research on the droplet
physics related to the size distribution of raindrops is still on-going using advanced high-speed imaging
techniques [102, 103]. The probability density distribution of raindrops as a function of rainfall intensity
by Best [93] will be used in the remainder of the thesis and is described as:

  d m 
F (d )  1  exp     
 b 



(2.3)

b  MRh q

(2.4)

where F(d) denotes the fraction of liquid water in the air with a droplet diameter smaller than d and Rh
the rainfall intensity. M, m and q are experimentally determined parameters with values of 1.30, 2.25
and 0.232, respectively. The derivative of Eq. (2.3) with respect to d gives the probability density
function for the raindrop sizes (Eq. (2.5)).

f (d ) 
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Fig. 2.7. Terminal velocities measured for different water droplet sizes (adapted from Gunn and Kinzer [89]).

Fig. 2.8. Drag coefficient of droplets as a function of relative Reynolds number (adapted from Gunn and Kinzer
[89]).

The motivation of our choice of Best’s study [93] is the fact that this study was based on a wide
bibliographical survey and on measurements for a large number of rain events at various locations.
Furthermore, the distribution by Best was already used in several wind-driven rain validation studies
[19, 104, 105]. Eqs. (2.3)-(2.5) give the raindrop probability density in a volume of air. The raindrop
size distribution through undisturbed horizontal plane, fh(d), is different from the raindrop size
distribution in air, f(d), because of the different terminal velocity of each raindrop size. The size
distribution through a horizontal plane can be obtained by:
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f h (d ) 



f (d )Vt (d )

(2.6)

f (d )Vt (d )dd

d

where Vt(d) denotes the terminal velocity for the raindrop diameter d. Fig. 2.9 shows the raindrop size
distribution through a horizontal plane based on the raindrop size distribution in the air by Best [93].
For lower rainfall intensities, the probability distribution curve has a sharp shape and raindrops are of
smaller size. As the rainfall intensity increases, larger raindrops tend to get more frequent and the
probability distribution curve gets broader. Note that, apart from their complex formation in clouds and
their complex shapes during their fall, the raindrops also have complex interaction with each other, e.g.
collision, breakup, and with their environment, e.g. evaporation. Even though the measurements by Best
[93] are conducted on the ground level, in other words not right after the raindrops are formed, it can
still be argued how much they take into account the possible changes in size distribution due to
interaction of raindrops.

Fig. 2.9. Raindrop size distribution through a horizontal plane with the rainfall intensity as a parameter - calculated
from the raindrop size distribution in the air according to Best [93].

The rainfall intensity is measured by rain gauges with horizontal opening. The placement of the rain
gauge should be outside of disturbance zone due to the building. Rain gauges with different measuring
principles have been used by several researchers in literature. Tipping bucket rain gauges, which gives
a signal when the bucket is full, are the most common ones. Measurements of horizontal rain intensity
with tipping bucket rain gauges are conducted by van Mook [17], Tang et al. [6], Nore et al. [16],
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Briggen et al. [19]. A less common type of rain gauges is the self-siphoning capacitance rain gauge,
which is used in the study by Blocken and Carmeliet [15].

Wind-driven rain (WDR)
Wind-driven rain (WDR) is rain that is carried by wind. An oblique rain intensity vector R, as shown in
Fig. 2.10, is the result of the joint occurrence of wind and rain. The vertical component, Rh, is the
horizontal rainfall intensity that causes rain flux through a horizontal plane. As mentioned above, Rh is
the unobstructed amount of rainfall through a horizontal plane, i.e. through a horizontal plane that is
situated outside the wind-flow pattern that is disturbed by the building. The horizontal component, Rwdr,
is the WDR intensity that causes rain flux through a vertical plane. Those velocity quantities generally
have the units of mm/h in the meteorological context, specifying the height of accumulated rain per unit
area per hour.

Fig. 2.10. Rain intensity vector and its components.

The dimensionless quantities of specific catch ratio, d, and of catch ratio, , relate the driving rain
intensity to the unobstructed horizontal rainfall intensity as follows:

d (t ) 

 (t ) 

Rwdr (d , t )
Rh (d , t )

Rwdr (t )
Rh (t )

(2.7)

(2.8)
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The specific catch ratio is related to the raindrop diameter, d, and the catch ratio is related to the entire
range of raindrop diameters. Determining the amount of wind-driven rain intensity can be performed
with three different methods: experimental, semi-empirical and numerical methods. A review on various
methods can be found in Blocken and Carmeliet [1]. In the following subsections, these methods are
explained and discussed.

2.4.1. Experimental methods

2.4.1.1. Field measurements
Field measurements of the WDR intensity are conducted by using WDR gauges with vertical openings.
The earliest field measurements of WDR in building physics focused on the unobstructed WDR
intensity away from the buildings, trees and other objects, i.e. the free-field WDR intensity. The freefield WDR measurements by Beckett [106, 107] and Holmgren [108, 109] aimed to obtain information
on the direction and intensity of WDR as an indication of the amount falling on building facades. Later,
various in-situ WDR measurement campaigns focused on wall-mounted WDR measurements by many
researchers in various countries. Comprehensive review studies of field measurements of WDR have
been done by Blocken [110] and Blocken and Carmeliet [1].
Blocken and Carmeliet [15] state that an adequate experimental WDR dataset should comprise and/or
be accompanied with the following information: (1) detailed descriptions of the building site,
(2) building geometry, (3) measurement equipment and setup, (4) measurements of the reference wind
speed, reference wind direction and horizontal rainfall intensity conducted near the building site and in
free-field conditions, i.e. at a position that is not significantly influenced by the presence of the building,
(5) WDR measurements at the facades with a sufficiently high resolution in space and time and (6) error
estimates for the WDR measurements. Field measurements studies of WDR by van Mook [17], Tang et
al. [6], Blocken and Carmeliet [15], Nore et al. [16], Ge and Krpan [111] and Briggen et al. [19] satisfy
these criteria. van Mook [17] presented WDR measurements on the main building of Eindhoven
University of Technology in the Netherlands, a wide high-rise building surrounded by several other
similar size buildings in a complex urban environment. Tang et al. [112] presented WDR measurements
on the Cathedral of Learning on the University of Pittsburgh campus, a rather complex high-rise
building surrounded by several lower buildings. Blocken and Carmeliet [15] performed WDR
measurements on the south-west facade of the VLIET test building in Leuven, Belgium, which is a
stand-alone low-rise building composed of three sections: sloped-roof section, flat-roof section with
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roof overhang and flat-roof section without roof overhang. Nore et al. [16] presented WDR
measurements on a low-rise test building located near two other similar size buildings in Trondheim,
Norway. Ge and Krpan [111] presented measurements on a wide low-rise building with roof overhang
in British Columbia. Finally, Briggen et al. [19] performed WDR measurements on the tower of a
historical building, St. Hubertus Hunting Lodge, located in the Netherlands.

Fig. 2.11. Design of a basic wall-mounted WDR gauge (adapted from Blocken [110]).

WDR gauges are not manufactured industrially and there exists no standard on their design [1, 15, 113].
Thus, there are many different types of WDR gauges developed by many researchers. WDR gauges
may differ in the shape and size of their collection areas, materials used in their parts and the way WDR
is registered. The WDR gauges mostly have a similar basic design, which is shown in Fig. 2.11, even
though they sometimes have radical changes in design. The studies by Hendry [114] and Lacy [115]
presented early comparative studies between different WDR gauges. Högberg et al. [116] reported
differences up to 100% in measured WDR amount by different gauges. Kragh [117] developed a WDR
gauge, which is suspended from a load cell and stainless steel collector. van Mook [17, 118] designed
a WDR gauge with a PTFE (polytetrafluoroethylene) coated collector with a wiper and a balance.
Högberg [119] designed a WDR gauge with special collector to limit splashing losses. Blocken and
Carmeliet [15] used WDR gauges with PMMA (polymethyl-methacrylate) collection surfaces and
reservoirs equipped with pressure sensors.
The study by Blocken and Carmeliet [113] indicates the following possible error sources that should be
taken into account when measuring WDR on building facades: (1) evaporation of droplets adhered to
the collection area of the WDR gauge, (2) error due to the rest-water that remains in the tipping bucket,
(3) splashing of drops from the collection area, (4) condensation on the collection area and (5) wind
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errors due to the disturbances of the wind field and the raindrop trajectories near the WDR gauge by the
presence of the gauge itself. In Blocken and Carmeliet [15, 113], the most important cause of
measurement errors is stated to be evaporation of adhesion water on the gauge collection area and this
was confirmed in Nore et al. [16], where evaporation of adhesion water, EAW, and the rest-water error,
ERW, in the tipping bucket were found to be the largest error sources. During and after a rain event,
there is always a certain amount of water adhered to the collection area, which is not measured by the
gauge. A numerical study by Blocken and Carmeliet [113] shows that impinged droplets adhere to the
surface until a certain threshold of impinged amount of WDR is reached. After the threshold value, the
total volume of adhered droplets remains constant. Therefore, 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 represents
a relatively low fraction of the total WDR. Furthermore, rain events with a small number of dry periods
in between the rain showers are expected to limit the errors due to evaporation of adhered droplets, as
well as due to the rest-water error. Using a tipping bucket with a smaller bucket volume also decreases
the rest-water error by increasing the measurement resolution.
The error due to splashing and the wind error are not as easy to estimate. Hence, the selection of the
rain events should ensure that the related errors are small. The influence of the splash error is expected
to be high only for rain events with larger raindrop sizes and high wind speed values. It is argued that
the selected rain events should have reference wind speed values (at y = 10 m) lower than 10 m/s and
horizontal rainfall intensities lower than 20 mm/h in order to keep splashing error small [113]. Blocken
and Carmeliet [113] and Nore et al. [16] argue that the error associated with condensation on the
collector surface is quite limited during rain events due to limited radiation losses to the sky. Finally, to
minimize the wind error, the protrusion of the WDR gauge out of the plane of the facade should be
small, the wind speed values should not be high and the wind direction during the rain event must be
approximately perpendicular to the building facade.
The time interval for which the experimental data are provided should be 10 minutes following the
guidelines of van der Hoven [120], Sumner [121] and Blocken and Carmeliet [122, 123] in order to
minimize the errors related to the time resolution of meteorological datasets. The measured wind
velocity during rain events are also presented as 10-min averaged values. Similarly, the horizontal
rainfall amount and the WDR amount are in terms of 10-min summed values.

22

Background and state of the art

2.4.1.2. Wind tunnel measurements
To the knowledge of the author, the attempts of wind-tunnel experiments of WDR are very scarce. One
of them was performed in a boundary-layer wind tunnel by installing nozzle arrays to generate droplets
[124-126]. WDR intensity on the building models were measured by placing pieces of water-sensitive
papers [125], on which droplets leave a stain. The quantification of WDR intensity on the building
models was performed by counting and sizing of individual stains on the papers. However, several
drawbacks of this method have been reported [125]. Firstly, even though the observed stains agree with
the typical wetting pattern of WDR on buildings (see section 2.4.4), the quantification of the WDR
intensity is very labor-intensive and therefore not possible for all locations and for a large number of
tests. Secondly, the fact that individual drops must remain distinguishable one from the other on the
paper imposes a short duration of the tests (5 to 10 seconds), which may lead to a considerable variability
from test to test. Recently, Baheru et al. [127] performed experiments of WDR deposition by mounting
buckets on wall and roof surfaces of various low-rise building models. They reported differences in
free-field WDR values in lateral directions by up to 16%, possible due to the cumulative effect of nonhomogeneity in simulated wind speed, turbulent intensity and droplet-size distribution. Providing a
homogeneous distribution of rain that covers the wind-tunnel floor is not easy. In fact, depending on
how accurate the nozzles are and the water pressure at each nozzle, the size of droplets may differ from
nozzle to nozzle, leading to problems at achieving the intended raindrop size distribution. Furthermore,
in WDR experiments in wind-tunnels, raindrop size distribution will hardly be similar to real-life
conditions, as the raindrop size should also be scaled according to the building size, creating further
complications.

2.4.2. Semi-empirical methods
Semi-empirical methods are used to establish a link between the climatic parameters such as wind speed,
wind direction and horizontal rainfall and the quantity of WDR on building facades. These methods are
particularly interesting as they provide fast and easy to use WDR data. Experimental observations show
that WDR intensity increases approximately proportionally with wind speed and horizontal rainfall
intensity. Several studies have provided driving rain indices, which are an indication of the severity of
exposure to WDR calculated from hourly, daily or monthly reference wind speed and reference rainfall
intensity [128-131]. In some cases, these indices have been presented as driving rain maps [132-136].
Driving rain indices and driving rain maps can be useful to compare the severity of exposure to WDR
at different geographical locations but they do not provide detailed spatial and temporal information on
the WDR intensity impinging on building facades. In addition to driving rain indices, semi-empirical
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models have been established, which can provide information on the temporal variation of WDR and
which can take into account several influencing effects on WDR intensity. Some of these models are
reported and compared by several authors [15, 109, 137-141]. As examples, the semi-empirical models
by ISO 15927-3 [142] and ASHRAE [143] are presented here.
In the ISO model, the WDR intensity is defined as:

2
Rwdr  CRCT OWU10 Rh 0.88 cos 
9

(2.9)

where CR is the roughness coefficient, CT the topography coefficient, O the obstruction factor, W the
wall factor, U10 the hourly reference wind speed at 10 m height and Rh the hourly rainfall intensity. θ is
the angle, in the horizontal plane, between the wind direction and the normal to the facade. CR takes
into account the change of mean wind speed at the site due to the height above the ground and the
upstream roughness of the terrain. It is given by:
 y 
CR ( y )  K R ln  
 y0 
CR ( y )  CR (ymin )

for y  ymin

(2.10)

for y  ymin

where y is the height above ground, KR the terrain factor, y0 the aerodynamic roughness length. ymin
denotes a minimum height, given in the model for each aerodynamics roughness length.
In the ASHRAE model, the WDR intensity is defined as:

Rwdr  0.2FE FDU10 Rh cos

(2.11)

where FE denotes the rain exposure factor and FD the rain deposition factor. The other parameters have
the same definition as in the ISO model.
The simplicity of the semi-empirical methods, as shown above, make their application rapid and simple,
but the results are only approximations of the WDR intensity and they cannot provide detailed
information. As a result, the moisture source due to WDR is often considered uniform across large parts
of the facade. This in turn may lead to large errors in moisture transport simulations, as in reality, WDR
loading is far from uniform across the facade. In fact, the WDR intensity is governed by several
parameters, such as building geometry, environment topography, position on the building facade, wind
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speed, wind direction, rainfall intensity and raindrop-size distribution [144]. The semi-empirical
methods do not reliably take all of these effects into account [4, 15, 145]. For example, in the ISO
Standard for WDR [142, 146], the mutual influence of buildings on WDR intensity is taken into account
by a simplified reduction factor, called the obstruction factor. Blocken et. al. [145] showed that there
may be cases where particular parts of the building are actually exposed to a higher amount of WDR
due to the influence of another building, contrary to what the obstruction factor would estimate. Further,
Blocken et al. [139] compared two different semi-empirical models with CFD simulations for two case
studies, for which full-scale measurements were available. The agreement between measurements and
CFD was found to be quite good with an average discrepancy of 20-25%. On the other hand, the results
predicted by semi-empirical models provided discrepancies up to a factor of 2 to 5. de Freitas et al. [140]
shows that various semi-empirical models can show differences of up to 300%. Therefore, semiempirical methods are generally suitable only for stand-alone buildings in simple configurations, or for
preliminary analysis. These methods should be used with care as they will not give accurate results in
cases where complex flows around buildings due to the influence of the surrounding buildings are
observed.

2.4.3. Numerical methods
Numerical methods, especially CFD simulations, can provide a valuable alternative to field experiments
and semi-empirical models. Although CFD simulations are often complex and time consuming, they
can be used to obtain accurate spatial and temporal information on WDR. To the knowledge of the
author, the earliest numerical study on WDR was performed by Sandberg [147] on a 2D building model.
The wind-flow field around the building was obtained by wind tunnel measurements. The equation of
motion for raindrops was solved using a Lagrangian particle tracking (LPT) model. Similar calculations
were performed by Rodgers et al. [148], Beijer [149] and Hilaire and Savina [150]. Souster [151] studied
raindrop trajectories based on computed wind-flow field around 2D buildings, introducing CFD in the
area. Later, a steady-state numerical simulation technique for WDR was developed by Choi [152-155]
by combining the 3D calculations of Reynolds-Averaged Navier-Stokes (RANS) equations and LPT.
Choi's numerical simulation technique allows for the determination of the spatial distribution of WDR
on buildings under steady-state conditions of wind and rain, i.e. for a fixed, static value of wind speed,
wind direction and horizontal rainfall intensity. Several researchers applied similar LPT models [9, 17,
19, 85, 104, 105, 144, 156-159] on isolated buildings or on particular buildings in a geometrically
complex environment. Blocken and Carmeliet [144] extended Choi’s simulation technique by adding
the temporal component, allowing the determination of both the spatial and temporal distribution of
WDR for transient rain events.
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Huang and Li [160] applied an Eulerian multiphase (EM) model with RANS on the windward facade
of an isolated low-rise building. This study showed that the calculated catch ratio values by the EM
model agree well with the existing experimental and numerical results on the same building. In the EM
model, the rain phase is regarded as a continuum as is the air phase. Huang and Li [160] mentions
several potential advantages of the EM model: (1) the calculation of specific catch ratio can be done
directly by integration over the interested region on the building, (2) inlet boundary conditions for the
rain phase are more straightforward than LPT model, as there is no need to define specific injection
locations, (3) it is easier to deal with unsteady simulations. However, this study also neglected the
turbulent dispersion of raindrops, as well as most of the studies with the LPT model. The neglect of
turbulent dispersion is a valid assumption only for the non-oblique flows on the windward facades of
low-rise isolated buildings [11, 144]. That is why the validation studies on WDR have mostly focused
on the rain events with wind directions perpendicular to the windward facade of simple isolated
buildings [17, 19, 105, 144, 158].
Abuku et al. [104] demonstrated the CFD simulation results for WDR intensity on a building under
oblique wind angles. CFD simulations included four reference wind angles: 0, 22.5, 45, and 67.5.
For a given position on the building, catch ratio charts are formed for each wind angle. Afterwards, the
simulation results have been compared with three different rain events. CFD simulations were able to
successfully reproduce WDR exposure, except for oblique wind angles, which result in larger impact
angles between the raindrop trajectory and the facade normal. Abuku et al. [104] mentioned two possible
causes of this result. First is the problems with accurate determination of the intersection point of
raindrop trajectories. Specific catch ratio is determined based on the intersection of raindrop trajectories
with the plane of building facade. At oblique wind angles, some raindrop trajectories follow an almost
parallel way to the building facade. An inaccuracy in determining the intersection point may result in
numerical errors. The second cause might be the fact that turbulent dispersion is neglected. Turbulent
dispersion takes the turbulent fluctuations into account. For wind velocities perpendicular to the
building wall, turbulent dispersion may not have a large effect, indeed. However, as the raindrops travel
almost parallel to the building wall, even a small perturbation may result in raindrops hitting the building
facade. CFD simulations, in which the turbulent dispersion is not included in the model, do not take
those perturbations into account. A similar result was obtained by Briggen et al. [19] where, at the lower
parts of the monumental tower building, the raindrop trajectories were almost parallel to the facade. At
this region, catch ratios were underestimated by more than 50% by the numerical simulations. Briggen
et al. [19] argued that turbulent dispersion is an important factor increasing wind-driven rain on vertical
walls in cases, which are characterized by a combination of low wind speed and smaller raindrops. This
can also be the case in street canyons, where weak upstream flows can be observed.
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To the knowledge of the author, there are not many studies that tried to quantify the effects of turbulent
dispersion on WDR intensities. Lakehal et al. [161] used a Markov chain to model the velocity
fluctuations and found that turbulent dispersion is an important factor increasing WDR on vertical walls
in cases with weak upstream wind flow, such as in a street canyon. This work shows that the effect of
turbulent dispersion can be large and, in some cases, as important as the mean flow. Choi [162] modeled
the effect of gusts on WDR intensities on the windward facade of a cubic building using LPT model.
The work followed a stochastic approach to model the fluctuations and superimposed them on the mean
wind velocity. This approach required a large number of runs as the fluctuations were random. Hangan
[156] used a random walk model for turbulent dispersion of droplets on two geometries and compared
the results with wind tunnel measurements. The WDR distribution showed large discrepancies
compared to experimental data. Furthermore, the study did not report the WDR intensities without
turbulent dispersion modeling. Etyemezian [9] discussed that the effect of turbulence is not negligible
for trajectories of individual drops but small when large surface areas of the building are considered.
However, the study only focused on three raindrop sizes (1.25 mm, 2.5 mm and 5 mm). van Mook [17]
applied a similar model for a high-rise building and found that, with turbulent dispersion, smaller
raindrops are more easily driven onto the facade, leading to higher catch ratio values than in the case
without turbulent dispersion. However, this study showed large differences of WDR across the facade,
possibly due to random processes involved in the model and smaller number of runs than required.
Recently, Huang and Li [163] presented transient WDR calculations using large eddy simulation (LES).
This study showed the capabilities of the EM model with LES by comparing with existing experimental
results on a stand-alone low-rise building. However, it mentioned that WDR simulation with LES is
computationally very expensive, which may not be suitable when dealing with a rain event of quite long
duration such as one that lasts over several days. Hence, in Huang and Li [163], the LES calculation
was run for a duration of 1 hour of rainfall instead of the actual rain event duration of 72 hours. It should
be mentioned that even the calculation of 1-hour rainfall is a relatively long duration considering the
small time scales of the flow and the requirement of a grid with a high number of cells for the LES
calculation. However, due to this reason, the numerical catch ratio values were only compared with the
experimental data for a small portion of the actual rain event.

2.4.4. Typical WDR wetting patterns on building facades
WDR can lead to several undesired phenomena in building physics, such as surface soiling due to runoff,
weathering, algae formation, salt damage and frost damage at exterior wall surfaces, and can be a source
of moisture leading to mold growth at inside wall surfaces [1, 11]. Several observations on these
phenomena are made in the past and reported in literature. Etyemezian et al. [9] shows the influence of
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WDR on the soiling of the walls of a high-rise limestone building. On the parts of the building that are
exposed to high amounts of WDR, the soiling can be washed off due to surface erosion. Fig. 2.12 shows
the soiling patterns on one of the facades of the building in this study. White areas on the facade
correspond to sections with high WDR intensity. On the contrary, black (soiled) areas correspond to
sections receiving less rain. A similar pattern is also visible in Fig. 2.13, where discoloration is shown
on a brick facade due to salt efflorescence. The discoloration is most pronounced at the top and side
edges of the facade, the parts that are most exposed to WDR.

Fig. 2.12. a) Photograph of the soiling on a facade of the Cathedral of Learning (from Davidson et al. [8]) and b)
soiling patterns on the same facade illustrated by Etyemezian et al. [9].

The real life examples of deterioration on building facades in Fig. 2.12 and Fig. 2.13 have similarities
with the characteristics numerical WDR intensity distribution on building facades. The contours of catch
ratio on stand-alone building facades show some common characteristics as mentioned in Blocken and
Carmeliet [1, 158]. These characteristics are:
a) Catch ratio values increase from bottom to top and from middle of the facade to the sides.
b) The highest values are found at the top edge and at the top corners of the facade.
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c)

The wetting gradient is highest near the top edge (in the vertical direction) and near the top
corners.

Fig. 2.14 shows the catch ratio distribution on the windward facade of a cubic building with height
H = 10 m for wind speed at cube height U10 = 10 m/s and for rainfall intensity Rh = 1, 10 and 30 mm/h.
For all rainfall intensity values, the highest values are at the top corners. This is due to the higher wind
speed values at higher altitudes along with the acceleration of wind flow around the edges of the
building. As rainfall intensity increases, the wetting gradient gets smaller, so that the maximum catch
ratio on the facade decreases and the minimum catch ratio increases. At higher rainfall intensity values,
there are more of larger raindrops, as shown in Fig. 2.9, and the larger raindrops are influenced less by
the local wind-flow features, e.g. acceleration around the edges of the building.
In addition to the influence of the raindrop size, the influence of geometry on the WDR intensity is also
studied in literature. The numerical study by Blocken et al. [158] shows that the wind-blocking effect
strongly influences the WDR intensity distribution on building facades. The wind-blocking effect is the
disturbance of the wind-flow pattern by the presence of the building. Blocken et al. [158] studies the
influence of wind-blocking effect by stand-alone buildings with different sizes on WDR intensity on
their windward facades. The WDR exposure results on a low-rise cubic building, a medium-rise wide
building slab, a high-rise building slab and a tower building are compared to free-field wind-driven rain
values. Free-field wind-driven values are calculated by using WDR coefficient by Lacy [115] and refer
to the wind-flow pattern without the buildings. The study shows that a higher wind-blocking effect of a
building may result in less WDR. A larger obstruction to the upstream wind flow field will lead to a
wind speed slow-down and therefore that building will receive less WDR. This is caused by the fact
that decrease in streamwise horizontal wind speed causes a decrease in the horizontal raindrop speed
and, hence, leads to lower WDR intensity. Of all the buildings that were simulated, all had smaller catch
ratio values when compared to the free field values. Only for the low-rise cubic building and for heavy
rainfall intensities, both values were almost the same. That is because of less wind-blocking ratio of the
low-rise cubic building and the fact that larger raindrops at heavy rainfall intensities tend to not get
influenced very much by the local wind flow. Therefore, some wind-driven rain exposure results are in
contrast with general first expectations. One such example is the fact that at the same conditions, winddriven rain exposure of low-rise cubic building is higher than that of a high-rise building slab or even a
high tower building. Furthermore, Blocken et al. [145] studied the influence of nearby buildings on the
WDR intensity distribution on the building facades. Fig. 2.15(a) shows the catch ratio values on the
windward facade of a high-rise building for wind speed of 10 m/s and rainfall intensity of 5 mm/h. Fig.
2.15(b) shows the catch ratio distribution for the same meteorological conditions when a low-rise
building is positioned in the upstream direction. It is observed that the low-rise building does not shield
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the high-rise building from WDR, but instead, it provides higher WDR exposure by increasing the
strength of the standing vortex.

Fig. 2.13. Salt efflorescence on the facade of a renovated brick wall due to wind-driven rain (from Blocken [110]).

Fig. 2.14. Catch ratio values on the windward facade of a cubic building with height H = 10 m for wind speed at
cube height U10 = 10 m/s and rainfall intensity a) Rh = 1 mm/h, b) Rh = 10 mm/h and c) Rh = 30 mm/h.

Another parameter related to building geometry that influences the WDR intensity values is the details
on the building facade. Blocken and Carmeliet [123] mentions three categories of catch-ratio charts on
building windward facades based experimental and numerical studies of the VLIET building. Catch
ratio charts allow for comparing the catch ratio values at different reference wind speed and reference
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horizontal rainfall intensity values. These chart types are shown in Fig. 2.16. The charts of type 1 show
linear dependence of the catch ratio on the wind speed and pronounced curvature at light to moderate
rainfall intensities. This chart type is representative for the most part of building facade, except for the
roof edge and regions sheltered from rain, such as below roof overhangs. The charts of type 2 show
approximately linear surfaces, with a low dependence on catch ratio and on rainfall intensity, also for
the lower rainfall intensities. They are representative for the top edge of building facades. The charts of
type 3 show a cut-off for a certain range of wind speed values. They are representative for regions that
are sheltered by a horizontal projection on building facades.

Fig. 2.15. Catch ratio distribution on the windward facade of a high-rise building for wind speed of 10 m/s and
rainfall intensity of 5 mm/h a) when it is isolated and b) when a low-rise building is present in the upstream direction
(from Blocken et al. [145]).
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Fig. 2.16. Classification of catch ratio charts into three characteristic types. (a-c) Chart type 1, 2 and 3. (d) Indication
of the positions on windward facades of three different building types (with and without roof overhang), where a
certain type of catch ratio chart is valid (from Blocken and Carmeliet [123]).

Conclusion
This chapter focused on the basic information on wind flow, rain and wind driven rain (WDR). Common
characteristics of atmospheric boundary layer (ABL) flows and wind flow around buildings are
explained. Main methods to quantify the wind flow, i.e. field experiments, physical modeling in wind
tunnels and numerical simulations, are introduced. Basic information and literature review on rain and
WDR research are given. State of the art methods on WDR research are discussed. Some typical results
on the surface wetting patterns on building facades based on the findings in the literature are presented.
The examples presented in section 2.4.4 show the complexity of physics of WDR even for simple
building configurations and allow for further development of efficient methods for estimation of WDR
intensity. Therefore, in the present thesis, the turbulent dispersion of raindrops is implemented in the
numerical simulations of WDR and the numerical Eulerian multiphase model is validated in urban
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environment by comparing the numerical results with field experiment data from two new campaigns
of WDR measurements.
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Introduction
The first step in an accurate wind-driven rain (WDR) simulation is the accurate calculation of the windflow field around building(s). This chapter focuses on the numerical modeling approaches and
governing equations for the wind flow. Section 3.2 provides background information on the basic
concepts of fluid flows and explains the governing equations, i.e. Navier-Stokes equations. Section 3.3
briefly gives information on the characteristics of turbulent flows. Sections 3.4 and 3.5 focus on the
details of commonly used turbulence models, i.e. Reynolds-averaged Navier-Stokes (RANS) and large
eddy simulation (LES), respectively. Section 3.6 explains the wall treatment approaches used in
turbulence modeling. Section 3.7 focuses on the equation discretization approaches used in finite
volume method (FVM). Section 3.8 explains the main sources of error in computational fluid dynamics
(CFD). Section 3.9 briefly discusses OpenFOAM, which is the CFD code used in this thesis. Sections
3.10 and 3.11 provide discussion and conclusion.

Basic concepts of fluid flow
Fluids are substances whose molecular structures offer no resistance to external shear forces. Fluid flow
is caused by the action of externally applied forces. These forces can be surface forces such as pressure
and viscous forces, body forces such as gravity, rotation and Coriolis force. A fluid can be regarded as
a continuum in most cases of interest. Both liquids and gases obey the same laws of motion. The
conservation laws for fluids are usually derived by considering a certain spatial region in a fluid as a
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control volume (CV). The relation between the conservation laws and the CV concept can be established
by the following equation:



dB d 

 bd    bu  ndS

dt dt 
 CV
 SCV





(3.1)

where Ω is a volume element, ΩCV the CV volume, S an area element, SCV the surface enclosing the CV,
n the unit vector normal to SCV, u the fluid velocity vector. B is an extensive property and b is an
intensive property related to B. For example, if B is the momentum (mu), then b is velocity (u) or if B
is mass (m), then b = 1, i.e. mass per unit mass. Eq. (3.1) is the general form of the Reynolds transport
theorem for a fixed, non-deforming CV. The first term on the right side of Eq. (3.1) represents the rate
of change of B within the CV as the fluid flows through it. The second term on the right side represents
the net flow rate of B across the entire surface of the CV. The net flow is out of the CV when u∙n > 0
and it enters otherwise.
The surface integral in the second term on the right side of Eq. (3.1) can be transformed into a volume
integral by the Gauss’ divergence theorem. For a sufficiently small CV with infinitesimal size, the
general mass conservation or continuity equation can be defined as (using Einstein notation):
  ui

0
t
xi

(3.2)

where ρ denotes the fluid density and ui the component of fluid velocity in the direction of the Cartesian
coordinate xi (i = 1, 2, 3). Eq. (3.2) states that the rate of change of mass in the CV is equal to the net
rate of flow of mass into the CV. The first term on the left hand side is the rate of change of density in
time and the second term is the net flow of mass out of the CV. Similarly, the conservation of momentum
states that the rate of change of momentum in the CV is equal to the sum of forces acting on the CV.
The equation of the conservation of momentum can be defined as:

 ui  ui u j
p  ij



 Fi
t
x j
xi xi

(3.3)

where τij denotes the viscous stress tensor, p pressure and Fi the sum of body forces if any are considered.
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For a Newtonian fluid, the viscous stresses are proportional to the rates of deformation and Eq. (3.3)
becomes the so-called Navier-Stokes equation:

 ui  ui u j
p
  u j




t
x j
xi xi  xi


  Fi


(3.4)

where μ denotes the dynamic viscosity. The first term on the left side represents the rate of change of
momentum and the second term represents the transport of momentum due to convection. The first term
on the right side is the pressure gradient, the second term represents the molecular diffusion of
momentum and the third term is the gravity.
In the remaining of the thesis, the fluids are assumed to be incompressible, as the considered flows have
small Mach numbers, Ma < 0.3. In incompressible flows, the fluid density is assumed to be constant. In
such flows, there is no linkage between the energy equation and the mass conservation and momentum
equations. Therefore, the energy equation is not included in this section. The conservation equation for
energy can also be derived in a similar fashion. Furthermore, the fluid flows in this thesis are assumed
to be isothermal, which leads to a constant viscosity. In these cases, the mass and momentum
conservation equations, Eqs. (3.2) and (3.4) reduce to the incompressible isothermal Navier-Stokes
equations:
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xi

(3.5)
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where ν denotes the kinematic viscosity. Navier-Stokes equations involve four unknowns (ui, p) with
four equations.

Turbulence modeling
Navier-Stokes equations are non-linear partial differential equations (PDE). They describe all flow
structures at all length and time scales. A turbulent flow field consists of turbulent structure or eddies
of different length and time scales. Fig. 3.1 shows eddies with various sizes. Several approaches have
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been developed to model turbulence, the most common ones being as listed in Table 3.1. In direct
numerical simulation (DNS), all the length and time scales in the flow are resolved. DNS is the most
accurate way to model turbulent flow numerically [72] and, when carried out properly, its results are
comparable to experimental data [71]. On the other hand, DNS results in a very high computational
cost. Such simulations are done only for very simple flows and, usually, only for scientific purposes
such as verifying and revising turbulence models.

Fig. 3.1. Turbulent eddies of different sizes (from Jenny [26]).

In Reynolds-averaged Navier-Stokes (RANS), the simulations are run to determine the mean flow
fields. All the turbulent scales in the flow are modeled. In RANS eddy viscosity models, the turbulent
momentum transport is modeled with a – typically linear – eddy viscosity relation and additional
transport equations are solved to match the number of equations to the number of unknowns. In RANS
Reynolds stress models, there is no need for an eddy viscosity relation, however, six additional transport
equations for turbulent stresses are solved. RANS modeling requires lower computational power
compared to DNS and it is the most commonly used approach – mostly eddy viscosity models – both
in academia and industry. Thus, there is a large number of subcategories in this modeling approach.
Large eddy simulations (LES) can be interpreted as an intermediate approach between DNS and RANS
modeling in terms of its computational cost. In LES, equations are solved for a filtered flow field, which
represents the larger scales of the turbulence. Smaller scale turbulence and its influence on the larger
scale motions are modeled. As computing power increases, LES is used for more and more complex
flows, such as flows over bluff-bodies, hills, etc.
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Table 3.1. Classifications of turbulence modeling.
Modeling approach

Examples

Reynolds-averaged Navier-Stokes (RANS)
Linear eddy viscosity models
Zero-equation (algebraic) models Cebeci-Smith model [164], Baldwind-Lomax model
[165]
One-equation models
Prandtl’s mixing length model [166], SpalartAllmaras model [167]
Two-equation models
Standard k-ε model [168], RNG k-ε model [169],
realizable k-ε model [170], Standard k-ω model [171]
Reynolds stress model
Large eddy simulation (LES)

Smagorinsky model [172], Germano dynamic model
[173], Transport equation models [174, 175]

Direct numerical simulation (DNS)

Turbulence models each have different levels of description, completeness, cost and ease of use, range
of applicability and accuracy. In this thesis, the wind flow simulations are performed with RANS and
LES approaches and their performances are analyzed from the point of wind-driven rain calculations.

Reynolds-averaged Navier-Stokes (RANS)
The Reynolds decomposition separates a flow variable, f, into mean and fluctuating parts:
f  ff'

(3.7)

where the overbar denotes the Reynolds averaging and prime the fluctuating component. Hinze [176]
summarizes three different averaging methods for turbulent flows: a) time averaging for a fixed point
in space in the case of stationary turbulence, b) space averaging for a fixed moment in time in the case
of homogeneous turbulence and c) ensemble averaging for a series of identical experiments with large
enough number. All these methods can be used for Reynolds averaging but ensemble averaging is the
most general one. Note that the average of the fluctuating part is equal to zero.
Applying Reynolds decomposition on the conservation of mass equation (Eq. (3.5)) and taking the mean
of both sides leads to Eq. (3.8).
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Note that Eq. (3.8), together with Eq. (3.5), implies that the divergence of velocity fluctuations is also
equal to zero.
Applying Reynolds decomposition on the conservation of momentum equation (Eq. (3.6)) and taking
the mean of both sides leads to Eq. (3.9).
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Reynolds-averaged momentum equation is very similar to Eq. (3.6) except for the third term on the left
side. The term within the differential is called the Reynolds stress tensor and represents the momentum
transport due to turbulence. The Reynolds stresses come from averaging of the nonlinear convective
term.
The symmetric Reynolds stress tensor introduces 6 new unknowns. Therefore, Reynolds-averaged
Navier-Stokes (RANS) equations (Eqs. (3.8) and (3.9)) are said to be unclosed with a total number of
ten unknowns (ui, p, uiuj) and total number of four equations. Turbulence modeling is required in order
to solve the system of equations.
In eddy viscosity models, the Reynolds stresses are modeled by the Boussinesq approximation [177]:

2
ui ' u j '  kij  2 t sij
3
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where δij denotes the Kronecker delta and νt the turbulent or eddy viscosity. k and sij denote the
turbulence kinetic energy and the mean strain rate, which are defined in Eq. (3.11) and Eq. (3.12),
respectively.

1
k  ui ' ui '
2

(3.11)

1  u u j 
sij   i 

2  x j xi 

(3.12)

The Boussinesq approximation is based on the assumption that the anisotropic part of the Reynolds
stress tensor (left side of Eq. (3.10)) is linearly related to the mean velocity gradients. The hypothesis
implies that viscous and Reynolds stresses have similar effects on the mean flow. In general, the
Boussinesq approximation is found to give reasonable results for flows where the turbulence
characteristics and mean velocity gradients change relatively slowly, for example, for simple shear
flows such as channel flow or boundary layer flow. On the other hand, the Boussinesq approximation
gives results with significant errors in cases of flows with boundary layer separation, strong swirls and
significant streamline curvature.
Note that νt is a scalar in Eq. (3.10) and hence the turbulence is assumed to be isotropic. In reality, this
is rarely the case as the large turbulent structures of a flow often have a preferred direction dictated by
the mean flow. Note also that turbulent viscosity, νt, is not a fluid property like the kinematic viscosity,
ν. Rather, it is a flow variable that needs to be modeled. Zero-equation models solve no additional PDE
to determine νt. As their names suggest, one-equation models solve one additional transport equation
and two-equation models solve two additional transport equations to determine νt. The modeling of νt
requires the definition of a length scale and a velocity scale. Zero-equation models require both as an
input and therefore they are not complete. One-equation models either require the definition of a length
scale (typically mixing length, lm) as an external input and hence they are not complete, or in the case
of the Spalart-Allmaras model, they are complete but not valid for general flows. On the other hand,
two-equation models solve two additional transport equations, which are enough to determine νt and
require no external input, other than the initial and/or boundary conditions.
The k-ε models are the most widely used of all turbulence models and has been verified and validated
for a variety of flows. It has relatively less computational cost and is numerically more stable than the
more complex turbulence models. In the following subsections three types of k-ε models will be
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discussed, namely the standard k-ε model, the renormalization group k-ε model and the realizable k-ε
model as they are commonly used in wind engineering. Note that, in addition to these three models,
there are numerous other two-equation linear eddy viscosity models.
In k-ε models, the turbulent viscosity, νt, is defined as:

 t  C

k2

(3.13)



where ε denotes the dissipation of turbulence kinetic energy and Cμ is a constant.

3.4.1. Standard k-ε model
The standard k-ε model was developed originally by Launder and Spalding [168]. The exact transport
equation for turbulence kinetic energy, k, is obtained by subtracting the averaged momentum equation
(Eq. (3.9)) from the non-averaged momentum equation (Eq. (3.6)), multiplying the obtained equation
with fluctuating velocity, ui, and averaging both sides:

k
k
uj
 Tk  Dk  Pk  
t
x j

(3.14)

where Tk denotes the turbulent transport and is modeled as shown in Eq. (3.15), where σk is the turbulent
Prandtl number. Dk denotes the viscous transport and given in Eq. (3.16). Pk denotes the production of
turbulence kinetic energy and is modeled using the Boussinesq approximation as shown in Eq. (3.17).
ε is the viscous dissipation of turbulence kinetic energy and is given in Eq. (3.18).
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(3.18)

The exact transport equation for the dissipation of turbulence kinetic energy contains various double
and triple correlations that need to be modeled. Instead, an empirical equation, which has a quite similar
structure to Eq. (3.14), is used for ε:
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where σε, Cε1 and Cε2 are constants. Model constants are usually determined empirically. Note that these
constants are tuned for certain flow types and their general applicability can be questioned. The
commonly used model constants for the standard k-ε model are: Cμ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1,
σε = 1.3 [178, 179].
The standard k-ε model generally gives good results for high Re flows away from the walls and for
attached flows. On the other hand, for swirling flows or for flows with recirculation regions, it does not
work very well. Numerous modifications were made to the standard k-ε model to adapt the model for
particular flow types. The following subsections will focus on two of them.

3.4.2. Renormalization group (RNG) k-ε model
The renormalization group (RNG) k-ε model is proposed by Yakhot and Orszag [169]. The transport
equations for turbulence kinetic energy and dissipation rate are the same as those for the standard k-ε
model, but the model constants differ and the constant Cε1 is combined with the function Cε1, RNG. The
transport equation for the dissipation of turbulence kinetic energy is given in Eq. (3.20):
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where

C 1,RNG

 
 1  
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1   3

(3.21)

where η is a function of the time scale ratio of the turbulence to the mean strain and β and η0 are
constants. The extra term in Eq. (3.20) improves the performance of the model for separating flow and
recirculation regions.

3.4.3. Realizable k-ε model
The realizable k-ε model is developed by Shih et al. [170]. The model is mathematically and physically
consistent (realizable) as it satisfies the mathematical constraints on turbulent stresses, i.e. the normal
stresses are positive and the shear stresses satisfy the Schwarz inequality. Furthermore, like the RNG
k-model, the realizable model also attenuates the stagnation point anomaly, where the standard
k-model overestimates the production of turbulence kinetic energy at the stagnation regions [170]. In
the realizable k-ε model, the transport equation for turbulence kinetic energy is identical to the one in
the standard k-ε model, given in Eq. (3.14). The transport equation for the dissipation of turbulence
kinetic energy is given as:
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where S denotes the modulus of the mean rate of strain tensor. Cμ in Eq. (3.13) is not a constant as in
the standard and RNG k-ε models, but it is a function that depends on the mean strain and rotation rates,
the angular velocity of the system rotation and the turbulence fields (k and ε). The overbar denotes
Reynolds averaging. The following model constants are: Cε2 = 1.92, σk = 1.0, σε = 1.2. Furthermore,

 
C 1  max 0.43,
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where η is a function of the time scale ratio of the turbulence to the mean strain.
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Large eddy simulation (LES)
In LES, the Navier-Stokes equations are filtered instead of averaged in such a way that large scales of
turbulent motions are resolved and small scales are modeled. Resolving the large-scale motions while
modeling the small-scale ones is logical because the large-scale motions are generally more energetic.
On the other hand, the small-scale motions provide little transport and they are mostly homogeneous
and isotropic according to the theory of Kolmogorov [33]. The main role of the modeling in LES is to
extract energy from the resolved scales. LES is computationally more expensive than RANS models
but it is expected to be more reliable if large-scale unsteadiness is significant, e.g. bluff-body flows.
A low-pass filtering operation separates a flow variable, f, into a filtered, or resolved, and a residual, or
sub-grid scale (SGS), part:
f  f  f ''

(3.24)

where double overbar denotes the filtering and double prime the residual component. Note that the
average of the residual part is not necessarily equal to zero, unlike Reynolds averaging.
The filtering operation in LES is defined by:

ui ( x, t )

G( x ', x )ui ( x

x ', t )dx '

(3.25)

where G(x,x) denotes the filter function, which is centered about the point x. Some of the filters used
in LES are Gaussian, box and cutoff filters as shown in Fig. 3.2. With the box filter, the filtered value
is simply the average value of the variable over the interval (x-Δ/2, x+Δ/2) where Δ denotes the filter
width. The common practice in CFD applications is to choose the filter width equal to the grid spacing
leading to turbulent scales smaller than the numerical grid spacing to be unresolved.
The filtered continuity and momentum equations are as shown in Eqs. (3.26) and (3.27). Their structures
are very similar to the ones obtained by Reynolds averaging (see Eqs. (3.8) and (3.9)) even though they
correspond to different physics.
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(3.26)
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In Eq. (3.27), the third term on the left side is called the residual stress tensor and it should be modeled.
Note that this term approaches zero in the limit of small grid spacing and a DNS solution is obtained.
Sub-grid scale modeling approaches have common features with Reynolds stress modeling. But the
smaller contribution by modeling in LES leads to smaller error potential, even in cases when the LES
models are comparatively simpler than RANS models.

Fig. 3.2. Various filters G(x) used in low-pass filtering operations in large eddy simulation (LES) (adapted from
Pope [180]).

The residual stress tensor is modeled as:
2
3

 ijR  krij  2 r sij

(3.28)

based on the Boussinesq approximation in a similar way to Eq. (3.10). In Eq. (3.28), kr denotes the
residual kinetic energy and νr the residual viscosity. The residual viscosity, νr, should be modeled. In
the following subsections, two of the common approaches to model νr are explained, i.e. the
Smagorinsky model and transport equation models.
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3.5.1. Smagorinsky model
The Smagorinsky model [172] was derived from the simplifying assumption that the small scales are in
equilibrium and dissipate entirely and instantaneously all the energy received from the resolved scales.
In the Smagorinsky model, νr is defined as:

 r  ls2 S  (Cs )2 S

(3.29)

where ls denotes the Smagorinsky length scale, Cs the Smagorinsky coefficient and S the rate of strain
tensor. The major drawback of the Smagorinsky model is its excessive dissipation in laminar or high
shear regions. A non-zero value of Cs in these regions would incorrectly lead to residual stresses on the
order of Δ2. Therefore, the value of Cs must be decreased in these situations. This has been accomplished
with some success for near-wall flows by using the van Driest damping function [181], which reduces
the residual viscosity as a function of wall-normal distance.

3.5.2. Transport equation models
The assumption of equilibrium results in the Smagorinsky model to become correspondingly less
accurate the further from equilibrium the flow strays. Unfortunately, non-equilibrium conditions
commonly occur in free shear layers, separating and reattaching flows, boundary layers and wall
dominated domains like pipes and channels, and are thus too common to be dismissed. The problem
can be addressed by adding a history effect, such as transport equations for one or more of the sub-grid
turbulence characteristics to the model. The simplest such approach is a one-equation model. Such
models solve an additional transport equation for a quantity, usually for the residual kinetic energy, on
which the residual viscosity, νr, depends. The first successful implementation of a one-equation
transport model is described by Deardorff [174] in an atmospheric boundary layer application. A more
recent version of such a model is derived by Fureby et al. [175]. The transport equation for residual
kinetic energy, kr, is obtained by subtracting the filtered momentum equation (Eq. (3.27)) from the nonfiltered momentum equation (Eq. (3.6)), multiplying the obtained equation with residual velocity, ui,
and filtering both sides:
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where the residual viscosity, νr, and the dissipation, ε, can be defined as shown in Eqs. (3.31) and (3.32):

 r  Ck kr1/2 

(3.31)

  C kr3/2 

(3.32)

where Ck and Cε are model constants. The main deficiency of the one-equation models is the assumption
of isotropy in the unresolved scales. This is the same problem that the Smagorinsky model has and one
that is common to most eddy-viscosity approaches. In fact, under ideal equilibrium circumstances, oneequation models perform not better than the Smagorinsky model. They do, however, have the advantage
of providing a more accurate time scale through the independent definition of the velocity scale and
have shown advantages when used to model transitional flows or flows with large-scale unsteadiness.

Wall treatment
Near a wall boundary, the flow behavior and turbulence structure are quite different compared to free
turbulent flows. Away from the wall, the local Reynolds number is very large and hence the inertial
forces dominate the flow. On the other hand, close to the wall, the local Reynolds number is in the order
of 1 and hence viscous forces dominate. Fig. 3.3 shows the velocity distribution near a wall. In the
boundary layer, two principal layers can be observed, namely the inner layer and the outer layer. These
two principal layers are roughly similar to the two-layer concept of atmospheric boundary layer flows
explained in section 2.2.2 [44]. Velocity fluctuations scale with distance from the surface in the inner
layer and with the thickness of the whole boundary layer in the outer layer. Above these two layers is
the free atmosphere, where the flow is in near-geostrophic balance and no longer influenced by surface
friction.
The inner layer can be subdivided into three layers. In the viscous sublayer, i.e. the fluid layer in contact
with a wall, there is a linear relationship between the non-dimensional velocity, u+, and wall distance,
y+, values as given in Eq. (3.33).

u  y 
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Fig. 3.3. Velocity distribution in different layers of turbulent boundary layer near a wall. Circles denote the
experimental values from Hussain and Reynolds [182].

The non-dimensional velocity, u+, and wall distance, y+ are defined as:
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where y is the normal distance from wall and ν the kinematic viscosity. uτ is the friction velocity at the
wall and defined as:
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(3.36)

where τw denotes the wall shear stress and ρ the density. The viscous sublayer typically corresponds to
y+ < 5. Outside the viscous sublayer, where 30 < y+ < 500, there is the logarithmic layer. This is the
turbulent region close to a wall, where viscous and inertial effects are both important. The logarithmic
law can be defined as:
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where  denotes the von Karman’s constant, B (= 5.5) and E (= 9.8) are universal empirical constants
for all high Reynolds number turbulent flows near smooth walls.
Note that most RANS turbulence models (e.g. k-ε model) were developed for the fully turbulent core
region of the flow. They usually cannot account for the influence of walls on turbulence in boundarylayer flows. Therefore, these turbulence models require wall functions or additional low-Reynolds
number corrections to account for the near-wall region, which can be done by low-Reynolds number
modeling (LRNM). Note that both modeling approaches can also be used with LES.

3.6.1. Wall functions
At high Reynolds number flows, wall functions can be used to model the universal behavior of near
wall flows. Wall functions are a set of semi-empirical functions that are used to model the flow
quantities in the lower part of the inner region of the boundary layer, i.e. the viscous sublayer, buffer
layer and a part of the logarithmic layer, instead of resolving this region explicitly. The wall functions
provide the boundary conditions for the governing equations at the wall-adjacent grid cell. The mean
velocity at the wall-adjacent cell yp with 30 < yp+ < 500 satisfies the log-law, where yp is the normal
distance and yp+ is the non-dimensional normal distance of the wall-adjacent cell center from the wall.
Furthermore, the local-equilibrium hypothesis indicates that the rate of turbulence production equals
the rate of dissipation [179]. The standard wall functions by Launder and Spalding [168] are given in
Eq. (3.38).
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U 1
 ln( Ey p )
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(3.38)

The wall functions for k and ε can be defined as in Eqs. (3.39) and (3.40).
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3.6.2. Low-Reynolds number modeling
At low Reynolds numbers, the log-law is not valid and the boundary conditions mentioned in section
3.6.1 cannot be used. Wall damping needs to be applied so that viscous stresses dominate the Reynolds
stresses in the viscous sublayer. With LRNM, the boundary layer is resolved entirely all the way down
to the wall and the influence of the wall on turbulence is modeled with a LRNM model, which accounts
for damping of turbulence adjacent to the walls. In order to resolve the boundary layer appropriately,
LRNM grids require a high cell density in the wall-normal direction. Modifications in the governing
equations are made so that the constants Cμ, C1ε and C2ε in the standard k-ε are multiplied by walldamping functions.

Equation discretization
Numerical methods solve the governing equations to obtain the values of the flow variables at a finite
number of locations, which are called the grid points, in the calculation domain. With the grid points,
the continuous information from the governing equations are replaced with discrete values. The main
methods for discretization are the finite difference method (FDM), the finite element method (FEM)
and the finite volume method (FVM). The main difference between these three lies in the way the flow
variables are approximated and with the discretization processes. FVM is the most common numerical
discretization method used in CFD. Therefore, in section 3.7.1, basic information on FVM is given.
Section 3.7.2 focuses on the solution procedures applied to the algebraic equations obtained with
discretization.

3.7.1. Finite volume method (FVM)
Making a model of the building and meshing the flow domain is one of the most important steps in CFD
studies that determine the accuracy, stability and overall cost of the simulation. The FVM was developed
specifically to solve the equations of heat transfer and fluid flow and is described in detail by Patankar
[183]. In FVM, the grid points are arranged so that they can be grouped into a set of control volumes,
or grid cells, and the partial differential equations can be solved by equating various flux terms through
the faces of the volumes.
The expected variation of the flow can have an effect on the way in which the grid is built. In critical
regions, where the flow varies rapidly in space, there needs to be a large number of points within the
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grid. The critical areas are generally along boundary layers on solid surfaces where there is a flow
gradient normal to the surface. Large flow gradients can also exist in regions away from solid surfaces,
e.g. in the wake of an object. For steady RANS, several guidelines can be followed and the structure of
the grid is relatively easy to determine. On the other hand, for LES, creating a suitable grid in these
areas is more difficult as the exact location of the critical areas can be difficult to determine. One way
of proceeding is to assume the position of the critical areas and build a grid taking this into account.
Then, once the simulation starts, the preliminary results of the simulation may help determine the
positions of the regions of high flow gradients. Furthermore, since the filter size is related to the grid
size, usually cubic-shaped cells are preferred so that the filter size is the same in all directions. The
amount of grid refinement is quite ambiguous for LES since, with each finer grid, smaller eddies are
resolved. Pope [180] classifies the following cases: LES if the filter is sufficiently fine to resolve at least
80% of the turbulent energy everywhere in the computational domain, or VLES, very large eddy
simulation, if the filter is too coarse to resolve at least 80% of the turbulent energy.

Fig. 3.4. Some common grid-cell types used in spatial discretization of computational domain in finite volume
method (FVM) (adapted from Shaw [184]).

The structure of the grid has also a direct influence on the numerical solution. Fig. 3.4 shows some of
the commonly used 3D grid cells in CFD codes. Structured grids are composed of hexahedral cells in
3D. Unstructured grids are composed of tetrahedral, prism, pyramid or hexahedral cells (or
combinations of these) in 3D. The advantage of an unstructured grid is its flexibility to fit on any
arbitrary computational domain as the grid cells may be composed of any type [178]. On the other hand,
in terms of accuracy and better convergence, structured hexahedral grids perform better compared to
tetrahedral ones as hexahedral grids introduce smaller truncation errors and display better convergence
[185]. Furthermore, on the walls, non-orthogonal cells should be avoided, i.e. the grid lines should be
perpendicular to the wall [186, 187].
The discretization of the governing equations follow the pre-processing step, i.e. the generation of the
computational grid. In FVM, the governing equations are integrated for each grid cell to obtain
discretized algebraic equations. Integrating the governing equations for each grid cell introduces two
types of terms: 1) surface integrals (over the surfaces of the cell) and 2) volume integrals (over the
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volume of the cell) that have to be calculated. OpenFOAM [188] employs a collocated scheme, which
means that all main dependent variables, e.g. u and p, are calculated and stored at the grid cell centers
(black dots in Fig. 3.5). Therefore, for the terms with volume integrals, simply the cell-center value is
taken as the average value in the cell. The volume integrals in the transport equations are usually
approximated by the product of the cell-center value and the volume of the grid cell as:

 fd  f

P

(3.41)



where fP is the value of variable f at the cell center and Ω the volume of the cell.

Fig. 3.5. A typical grid cell and its neighboring cells in a 2D Cartesian grid. Black dot P denotes the cell-center
position and white dots S1, S2, S3 and S4 denote the face-center positions of the selected cell (adapted from
Patankar [183]).

Similarly, the surface integral of a variable f through the boundaries of a grid cell is approximated as:

 fdS    f dS
S

S

(3.42)

k Sk

where fS denotes the value of variable f at the cell-face center, S the surface enclosing the grid cell and
k the number of grid-cell face. The cell face values are usually assumed to be constant along the face.
However, since only the cell-center values are calculated during the numerical simulation,
approximations have to be made by interpolation of the cell center values in order to find the face center
values, i.e. white dots in Fig. 3.5 for the cell with the cell center point P.
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There are various options in order to obtain the cell-face values from the cell-centered values. The most
commons are the upwind differencing scheme (UDS) and the linear, or central differencing, scheme
(CDS). In the first-order variant of UDS, face-center value is approximated by the value of the cellcenter value located in its upstream direction. However, the Navier-Stokes equations are second-order
equations due to the diffusion term with a second derivative. Therefore, to obtain a good accuracy, the
order of discretization should be equal (second order) or higher than the equation. Unfortunately, even
second-order variations of UDS tend to introduce numerical diffusion into the system. The advantage
of UDS is that this scheme never results in oscillatory solutions. In CDS, face-center value is
approximated by the cell-center values located in two (or more) neighboring grid cells. This scheme has
been shown to be second-order accurate even on unstructured meshes [178]. However, CDS may
produce oscillatory solutions due to its unboundedness. Boundedness in this context refers to the
solution at a particular computational point being bounded by the solution values at surrounding points
which influence it. For increasing convection dominance the solution will become increasingly nonphysical and may diverge. For a detailed analysis of discretization schemes, the reader is referred to
Ferziger and Peric [178].

3.7.2. Solution
Pressure and velocity quantities depend on each other. However, the continuity equation does not
include a pressure term. Furthermore, the continuity equation for incompressible flows does not have a
dominant variable – whereas the continuity equation for compressible flows includes a density term,
which later can be used to determine pressure by an equation of state [178]. In incompressible flows, a
pressure equation is used to couple velocity and pressure quantities. The pressure equation is based on
a semi-discretized formulation of the momentum equation. The pressure-velocity coupling is achieved
by SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm [183] for steady RANS
simulations and by PISO (Pressure-Implicit with Splitting of Operators) algorithm [189] for LES
simulations. These two algorithms solve the discretized equations successively.

Errors in CFD
The source of errors in CFD simulations can be divided into two broad categories [190]: physical
modeling errors and numerical errors. Recommendations to keep the errors and uncertainties small in
CFD simulations are summarized in Blocken [110] and Franke et al. [191].
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3.8.1. Physical modeling errors
Physical modeling errors are related to uncertainties in the formulation of the problem and to deliberate
simplifications in the model. In general, such simplifications are due to necessary assumptions in order
to be able to solve the equations. Physical modeling errors can be due to the choice of turbulence model,
e.g. RANS, LES, due to the use of wall functions, due to simplifications in the geometrical complexity
and due to choice of the type and location of physical boundary conditions. Similarly, uncertainties due
to the assumptions related to physical quantities, e.g. constant temperature, constant density, constant
viscosity, can be mentioned under the same category.

3.8.2. Numerical errors
Numerical errors are related to the numerical solution of the mathematical model. The sources of
numerical errors can be computer round-off, iteration-convergence, discretization, or computer
programing. Iteration-convergence errors are related to the difference between the solution obtained at
the end of the iterations and the exact solution of the algebraic system of equations. The convergence
of a CFD simulation is checked based on the residuals, which indicate how far the present solution is
away from the exact solution. Another way to check the convergence is to monitor the flow variables at
critical positions to see how much they change. Discretization errors are related to how accurate the
continuous information from the governing equations are represented with discrete values in the
computational grid. The spatial discretisation error is usually estimated by means of a grid sensitivity
analysis together with generalised Richardson extrapolation [191, 192], where the flow fields of
different grids are compared. Similarly, for unsteady calculations, time discretization also causes
discretization errors. Computer round-off errors are related to the finite representation of numbers by
the computer. They are not generally considered significant when compared with other errors. This type
of errors can be estimated by running the code at a higher precision. Computer-programming errors are
related to the mistakes made within the computer code. This type of errors can be estimated by
comparing the results of the code with those of another code.

OpenFOAM
OpenFOAM® (Open Field Operation and Manipulation) [188] is used in this study as the CFD code. It
is an open-source, implicit, segregated and double precision solver. OpenFOAM is supplied with
various pre-configured solvers, utilities and libraries addressing different fluid flow problems. With
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these, it can be used like any other CFD code. The fact that it is open-source allows users to see what
exactly the solvers do during the simulation. Furthermore, OpenFOAM is written in C++ and uses an
object oriented approach which makes the code understandable and permits the users to implement their
own solvers and utilities.
OpenFOAM uses finite volume method (FVM) (see section 3.7.1) to solve systems of partial differential
equations on any 3D mesh of polyhedral cells. The fluid flow solvers are developed within a robust,
implicit, pressure-velocity, iterative solution framework, although alternative techniques are applied to
other continuum mechanics solvers. Domain decomposition parallelism is fundamental to the design of
OpenFOAM and integrated at a low level so that solvers can generally be developed without the need
for any parallel-specific coding. Although these advantages of OpenFOAM seems to be very promising,
it is still a relatively new CFD code. Program errors are still possible and often reported in the
community. Therefore, more verification and validation is required and advisable.

Discussion
The turbulence models discussed in this chapter are only a portion of the available models. Nevertheless,
they constitute the most common approaches used in the wind engineering and the WDR research. More
complex turbulence models, in RANS, LES or other approaches, do not necessarily mean a more
accurate WDR simulation, as larger raindrops are mostly unresponsive to very small changes in the
wind field. Furthermore, more complex turbulence models generally mean increased cost of
computation.
The vast majority of CFD simulations of WDR impingement in the past was based on the steady RANS
equations, often with a k- model. However, certain deficiencies of RANS k-ε modeling around the
windward facade edges and in the wake of the buildings have been reported [20-23], such as the size of
the wake and the location of reattachment. Blocken et al. [145] compared the standard k-ε model, the
Renormalisation Group (RNG) k-ε model, the realizable k-ε model, and the Reynolds stress model
(RSM) with wind-tunnel measurements using three different building geometries. The comparison
indicated that RSM provided accurate results compared to the other models, however, it still lacked the
desired accuracy due to the deficiencies of RANS modeling. Thus, LES is suggested in order to achieve
more accurate results in more complex geometries, such as street canyons and actual urban
environments. Similarly, Tominaga et al. [22] showed that reattachment length behind a single building
is reproduced in a much better way by LES computations compared to various k-ε models. Yoshi et al.
[84] performed a numerical study with steady RANS using the standard k-ε, RNG k-ε and Launder-Kato
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k-ε models and compared the results with wind tunnel measurements. The RNG k-ε model showed
improved results in high wind speed regions compared to the standard k-ε model. However, in low wind
speed regions, especially in the wake region due to the fact that RANS is not capable of reproducing
the vortex shedding [22, 84].
In terms of RANS approach, the RNG k-ε and realizable k-ε models will be used throughout the thesis.
Even though the k-ε models in general have the problem with separation zones and wake regions in
bluff-body flows, how much it affects the accuracy of WDR simulations is still unknown. Therefore, in
chapter 7, validation studies using RANS are performed by comparing the numerical results with field
measurements in two geometries: an array of low-rise cubic buildings and a geometry with two parallel
wide buildings. Furthermore, a validation study by LES is performed in chapter 8 by comparing the
numerical results with wind-tunnel measurements. LES is expected to be more accurate in low wind
speed wake regions compared to RANS approaches. In terms of LES approach, a one-equation model
will be used. One-equation models provide a distinct benefit when compared to zero-equation models
(e.g. the Smagorinsky model), since they account for non-equilibrium effects and provide an
independent SGS velocity scale at a small increase in cost. This translates into increased accuracy,
particularly in more complex flow arrangements. Note that the studies of WDR intensity and the
unsteady behavior of raindrops in combination with LES are still very limited. Therefore, in chapter 8,
results of WDR intensity with LES-WDR in a geometry with low-rise cubic buildings are also
presented.

Conclusion
In this chapter, the basic concepts and governing equations of fluid flow are discussed. The turbulence
modeling approaches are introduced and two most common approaches in wind engineering, i.e. RANS
and LES, are presented in detail. The chapter focuses on the RANS eddy-viscosity and LES sub-grid
scale models that are used in the remainder of the thesis. The advantages and disadvantages of various
modeling approaches are discussed and the reasoning for the model choices are presented.
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Introduction
In this chapter, we present the advancements in numerical modeling methods for wind-driven rain
(WDR) on building facades. The vast majority of computational fluid dynamics (CFD) simulations of
WDR impingement in the past was based on the Lagrangian particle tracking (LPT) model. We develop
the WDR modeling further by using an Eulerian approach to provide the capabilities of predicting WDR
intensity on all surfaces of a domain and by proposing a modeling approach that takes into account the
turbulent dispersion of raindrops.
The steady-state numerical solution technique for WDR, developed by Choi [152-154, 193], is based
on a combined application of the 3D steady Reynolds-Averaged Navier-Stokes (RANS) equations
(often with a k- model) and the LPT model. Blocken and Carmeliet [122, 144] extended Choi’s
simulation technique by adding the temporal component, allowing the determination of both the spatial
and temporal distribution of WDR for transient rain events. This approach was further validated with
full-scale measurements on the windward facade of isolated buildings [17, 19, 104, 105, 144, 157, 158].
This extended method consists of the following steps:
a) The wind-flow pattern around the building is calculated.
b) Raindrop trajectories are obtained by injecting raindrops of different sizes in the calculated
wind-flow pattern and by solving their equations of motion.
c)

The specific catch ratio for each raindrop size is determined based on the calculated raindrop
trajectories.
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d) The catch ratio is calculated from the specific catch ratio and the horizontal raindrop size
distributions.
e)

Experimental data records for wind speed, wind direction, and horizontal rainfall intensity
during a certain rain event are combined with catch ratio charts to obtain the spatial and
temporal distribution of WDR on the building facade.

Step (a) generally involves the calculation of steady-state wind-flow pattern based on RANS equations
with a turbulence model for closure, often a k- model. However, any other type of turbulence modeling
approach can be used instead of RANS k- modeling. Chapter 3 summarized some of the available
numerical approaches to model the wind flow and discussed their advantages and disadvantages.
Steps (b) and (c) involve the LPT model in the traditional numerical WDR modeling. In LPT model,
the individual raindrops are injected from numerous positions so that they cover the entire facade
surface. The equation of motion for raindrops and the calculation method for the specific catch ratio
with the LPT model are explained in section 4.2. In the Eulerian multiphase (EM) model used in this
thesis, the rain phase is regarded a continuum and the governing equations for each rain phase, each
corresponding to a different ‘classes’ of raindrop sizes, are solved. A class of raindrop size is a range of
droplet diameters, which show similar WDR behavior. The continuity equation, the conservation of
momentum equation, the calculation of the specific catch ratio with the EM model and the modeling of
turbulent dispersion are explained in section 4.3.
Step (d) involves the calculation of catch ratio for a reference wind speed, a reference wind direction
and a reference rainfall intensity using a raindrop size distribution. The calculation of catch ratio is
common for both models and is explained in section 4.4.
In step (e), the calculated catch ratio values at each position on the facade for various meteorological
conditions are interpolated at each experimental timestep during the rain event. This step is included in
the validation studies in chapters 6, 7 and 8.

Lagrangian particle tracking model
Once the wind-flow pattern around building/s is solved and velocity vectors are obtained, raindrop
trajectories can be calculated. The equations of motion for the raindrop trajectories are obtained by
applying Newton’s second law on a single raindrop. The acting forces are shown in Fig. 4.1, where Fb
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denotes buoyancy force, G the gravity force on raindrop and FD the drag force. The equation of motion
of a raindrop in a wind-flow field is shown in Eq. (4.1):

Fig. 4.1. Forces acting on a raindrop in a wind-flow field.

  w  a 
3a Cd Re R

g 
4
 wd 2
 w 

2

dr  d r

V   2
dt  dt


(4.1)

where w is the density of liquid water, a the density of air, g the gravitational acceleration, a the
dynamic air viscosity, d the raindrop diameter, Cd the raindrop drag coefficient, ReR the relative
Reynolds number (Eq. (4.2)), V the wind velocity vector and r the position vector of the raindrop in 3D
space.

Re R 

a d
dr
V
a
dt

(4.2)

The first term on the left side in Eq. (4.1) is the resultant force of gravity and buoyancy. The second
term on the left side is the drag force on the spherical raindrop. In order to get raindrop trajectories,
Eq. (4.1) is integrated piecewise analytically. The drag coefficient, Cd, of a falling water droplet has
been measured by Gunn and Kinzer [89] and shown in section 2.3.
The calculation of specific catch ratio for specific regions on building surface can be done once the
raindrop trajectories are calculated. First, the building surface is divided into several zones. The number
of zones can be only a few, or thousands, depending on the necessary resolution on the facade. For each
zone on the facade, the raindrop trajectories hitting the corners of the zone are found and traced back
until they intersect a horizontal plane, Ah, which is located in undisturbed wind-flow, as shown in Fig.
4.2.
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Fig. 4.2. Raindrop trajectories that form a horizontal plane, Ah, in undisturbed wind-flow and a vertical plane , Af,
on building facade (adapted from Blocken [110]).

Fig. 4.3. a) Trajectory end points for raindrop size of 1.0 mm and b) the corresponding specific catch ratio on the
windward facade of a cubic building for a reference wind speed of 10 m/s.

The location of Ah must be chosen such that the vertical components of the velocity of raindrops injected
at that position have reached their terminal velocity. Fig. 4.3(a) shows the trajectory end points for the
droplets of droplets of size of 1.0 mm that hit the windward facade of a cubic building with size
10×10×10 m3 for a reference wind speed of 10 m/s. The end points that coincide with the corners of
each zone are selected to form the vertical planes, Af. The raindrop trajectories between the horizontal
plane Ah and the vertical plane Af form a stream-tube. Steady state simulation allows for writing a
conservation of mass equation within the stream tube because, for steady flows, the fluid that is inside
a stream-tube remains within the same stream tube. Thus, by equalizing the surface integrals over Ah
and Af will give the relation shown in Eq. (4.3) between the specific catch ratio and areas. Fig. 4.3(b)
shows the resulting specific catch ratio distribution on the windward facade of the cubic building.
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d (d ) 

Rwdr (d ) Ah (d )

Rh (d )
Af

(4.3)

Eulerian multiphase model
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. Using the EM model, a boundary condition is
imposed for each rain phase along the inlet boundaries of the computational domain, thus there is no
need of positioning an injection plane into the correct position.
We propose that, in order to derive governing equations valid throughout the flow domain for each rain
phase, individual phases are distinguished by conditioning, which is provided by multiplying each
conservation equation by a phase indicator function, Χd, defined as follows [194]:
1
0

 d ( x, t )  

phase d present at (x,t )
otherwise

(4.4)

The conditional-averaged phase quantities, or the average quantities relating to one particular phase
only, are defined after Reynolds averaging as:



d
d

(4.5)

where αd is the phase fraction of rain phase d, which represents a specific class of raindrop size, and ϕ
is the quantity under consideration. By using conditional-averaging, the continuity equation for the
incompressible rain phase becomes [160, 195, 196]:

d d ud , j

0
t
x j

(no summation over d )

(4.6)

where ud,j denotes the velocity component of rain phase d. Similarly, the momentum equation becomes:
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(no summation over d )

where d is the raindrop diameter, ui the velocity component of wind in direction i, ρw the density of the
liquid water, μa is the dynamic air viscosity, gi the gravitational acceleration and Cd the drag coefficient.
ReR denotes the relative Reynolds number and is calculated as follows:

Re R 

a d
u  ud
a

(4.8)

where ρa is the density of air, u the air phase velocity vector and ud the rain phase velocity vector. For
each rain phase, the continuity and momentum equations are solved separately. In the present study, the
molecular mass flux is assumed negligible in comparison to the convective and turbulent mass fluxes
[79, 197]. The second term on the left-hand side in Eq. (4.7) corresponds to the mean convective mass
flux. The third term on the left-hand side is the turbulent mass flux, which is the transport of mass due
to turbulent motions in the flow. Turbulent dispersion of droplets is due to these turbulent motions.
Turbulent dispersion was neglected in many earlier WDR modeling efforts [19, 104, 144, 145, 153, 154,
160], in which case the rain phase momentum equation becomes equivalent to Eq. (4.1). The modeling
of this term is discussed in section 4.3.1 in detail. The forces on the right-hand side correspond to the
gravity and the drag.
The WDR intensity is related to the unobstructed horizontal rainfall intensity by the specific catch ratio,
ηd(d), and the catch ratio, η. The specific catch ratio is related to the rain phase d. The catch ratio is
related to the entire spectrum of raindrop diameters. The quantities of the WDR parameters can be
obtained after solving the governing equations in Eqs. (4.6) and (4.7) by using the following relations:

d (d ) 

 V (d )
Rwdr (d )
 d n
Rh (d )
Rh f h ( Rh , d )

(4.9)

where Rwdr denotes the WDR intensity, Rh the horizontal rain intensity through the horizontal plane,
fh(Rh,d) the raindrop-size distribution through the horizontal plane [1] and |Vn(d)| the velocity magnitude
of the rain phase in the direction normal to the building facade. With these definitions, the volumetric
ratio of rain phase d can be calculated as:
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d 

Rh f h ( Rh , d )
Vt (d )

(4.10)

where Vt(d) represents the terminal velocity of fall of a raindrop with diameter d. An additional solver
has been implemented into the OpenFOAM® code in order to solve the governing equations of the rain
phases. This solver gives the rain phase velocity, volumetric ratio and specific catch ratio distributions
throughout the computational domain.

4.3.1. Turbulent dispersion of raindrops
The EM model can provide a more direct approach to include turbulent dispersion in WDR calculations.
Reynolds stresses in Eq. (4.7) can be modeled according to the Boussinesq eddy viscosity
approximation [177]:
 u
ud , j 2 ud ,k  2
u 'd ,i u 'd , j   t ,d  d ,i 

 ij   kd ij
 x j
 3
xi
3 xk



(4.11)

where t,d is the turbulent kinematic viscosity of the rain phase, kd is the turbulence kinetic energy of
the rain phase and δij is the Kronecker delta. Here, the Reynolds stresses are related to the mean shear
rate by the turbulent viscosity, which is calculated as shown in Eq. (3.13) for the air phase. In the present
study, as the transport equations for k and ε are not solved for the rain phases, the fluctuations of the
rain phase velocity should be modeled in a different way.
Issa and Oliveira [198], Shirolkar et al. [199], Hill [194] and Rusche [196] provided a list of various
approaches to relate the eddy viscosities of both phases to each other, including both solid-liquid and
gas-liquid flows. Politis [200] originally defined the response coefficient, Ct, which relates the dispersed
phase velocity fluctuations to the continuous phase velocity fluctuations. Hill [194] argued that the
definition of Ct by Politis [200] includes many implied assumptions and generalized its definition by
using the relation:

Ct 

u 'd ,RMS
u 'a ,RMS

(4.12)
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where u’d,RMS and u’a,RMS are the root mean square of the velocity fluctuations of the rain phase and the
air phase, respectively. The response of the raindrops to the wind phase fluctuations is assumed to be
isotropic, hence Ct is a scalar. Using the definitions in Eqs. (4.11) and (4.12), the response coefficient,
Ct, can be related to the turbulence kinetic energy and the turbulent viscosity of the rain phases as shown
in Eqs. (4.13) and (4.14), respectively [196, 198].

kd  Ct2ka

(4.13)

 t ,d  Ct2 t ,a

(4.14)

Although the concept of Ct is easy to grasp, Ct values need to be modeled. Chen and Wood [201]
modeled the relation between the continuous and the disperse phase turbulent viscosities for dilute gassolid flows. However, their work assumed that the mean velocities of the continuous and dispersed
phases are the same, neglecting the effect of drag.
Politis [200] modeled the response coefficient, which is applicable to solid-liquid flows, by working
with a linearized form of the Lagrangian equation of motion for a particle. The response coefficient is
modeled by a relationship between two time scales, namely the mean eddy lifetime and the particle
response time, similar to the work of Chen and Wood [201]. As a result, the model gives Ct values
between 0 and 1, where Ct  1 indicates that the particle will follow the continuous phase velocity
fluctuations exactly.
By using a similar model, Issa [202] proposed a relation applicable to bubbly flows, where the liquid
phase is considered as the continuous phase and the gaseous phase is considered as the dispersed phase.
Issa’s model gives Ct values between 1 and 3, in conditions where ρd/ρc < 1, where ρd and ρc denote the
dispersed phase and the continuous phase densities, respectively. When the density ratio is chosen as
ρd/ρc > 1, as in the case of air and rain, Ct values get smaller than 1, in agreement with the Politis-model.
Melville and Bray [203] related the turbulent viscosity of the dispersed phase and the continuous phase
in a solid-liquid flow. The turbulent viscosity values are related to each other using Eq. (4.15) where tp
denotes the particle relaxation time and tfl denotes the Lagrangian fluid time scale. The particle
relaxation time is defined as the rate of response of particle acceleration to the relative velocity between
the particle and the carrier fluid and is shown in Eq. (4.16). The Lagrangian fluid time scale can be
viewed as the characteristic large eddy lifetime and is defined in Eq. (4.17) [199].
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In the present study, the relations in Eqs. (4.15)-(4.17) are used since, in the model by Melville and Bray
[203], the volume fraction of the dispersed phase is much smaller than one, as is the case for rain. This
approach allows, for the first time, to properly integrate turbulent dispersion modeling into the
governing equations of WDR. The term tp/tfl in Eq. (4.15) and, hence, the response coefficient, Ct, is
related to the Stokes number (St), which is the ratio of the particle kinematic response time to the local
fluid time scale. In Eq. (4.15), the local fluid time scale is defined as the characteristic large eddy
lifetime, tfl. According to the model applied, in the limit of very small raindrops (tp/tfl  0), the droplets
will totally follow the fluid motion and the turbulent viscosity of the rain phase becomes t,d  t,a. On
the other hand, larger raindrops are only weakly influenced by the fluctuations in the wind flow.

4.3.2. Interaction between phases
In the present study, the multiphase flow of air and rain is considered to be a dilute flow. The volumetric
ratio of rain in air is usually below 1×10-4 even for strong rainfall intensities [160]. The study by de
Wolf [97] estimates the number of raindrops per unit volume which leads to a volumetric ratio of 1×10-6
for a rainfall intensity of 10 mm/h and 1×10-4 for 100 mm/h. The assumption of dilute flow is significant
in terms of interactions between air and rain phases as well as between different rain phases. It is
assumed that there is no mass transfer between air and rain phases, as well as between different rain
phases, i.e. no splitting or coalescence of droplets. Furthermore, any change in the raindrop size
distribution due to mass transfer between phases is assumed to be taken into account as the raindrop
size distribution is based on measurements performed at the ground level.
Generally, the inter-phase momentum transfer between phases is composed of components due to drag,
lift, virtual mass and other forces like the Basset force. Drag and gravity are the predominant forces
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expected in most two-phase flow systems [204], and other forces than those two are neglected. In a
dilute dispersed phase flow, the average time between particle-particle collisions is much larger than
the time needed by particles to adjust to a change in velocity. Therefore, the particle motion is governed
by forces such as gravity and drag instead of particle collisions. The momentum coupling between air
and rain phases can be performed in one-way or two-way. In two-way coupling, the transfer of
momentum due to drag forces is significant for both air and rain phases. On the other hand, in one-way
coupling, the effect of raindrops on the wind flow is ignored. In the present study, the rain phase
calculations are one-way coupled with the air phase.

Calculation of catch ratio
The calculation of specific catch ratio values for both models, i.e. LPT and EM, are given in Eqs. (4.3)
and (4.9), respectively. Once these values are obtained by either of the models, the catch ratio for the
whole spectrum of raindrops for a reference wind speed, a reference wind direction and a reference
rainfall intensity can be calculated. Calculation of catch ratio for both models are very similar.
Catch ratio for each area, Af, for the LPT model and for each grid cell for the EM model on the building
facade is calculated by multiplying the specific catch ratio, ηd, with raindrop size distribution through
undisturbed horizontal plane, fh(d), and integrating over all raindrop diameters, as shown in Eq. (4.18).



 f (d ) (d )dd
h

d

(4.18)

d

The size distribution of raindrops through a horizontal plane is given in Eq. (2.6). Numerous studies
have been conducted to estimate the raindrop size distribution as summarized in section 2.3. The size
distribution of raindrops by Best [93] and the terminal velocities by Gunn and Kinzer [89] have been
used in various WDR studies in the literature and their results have been validated with field
measurements. In this study, for the sake of continuity, the same raindrop-size distribution and terminal
velocity values are used.
Catch ratio charts can be formed for a given position on the building facade and wind direction. The
charts are formed in such a way that the catch ratio is a function of wind speed and rainfall intensity.
Once the simulations are done for several reference wind speed and rainfall intensity values, a catch
ratio chart similar to the one shown in Fig. 4.4 can be obtained. They allow for creating a database for
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different rain event conditions, which can be coupled with other numerical models, e.g. BE-HAM
(Building envelope heat-air-moisture) models [205].

Fig. 4.4. Catch ratio chart for a point on a building envelope showing catch ratio with respect reference wind
speed and horizontal rainfall intensity values.

Discussion
The LPT model requires particle tracking for thousands of raindrops on a fine computational grid to
achieve accurate results [105, 158]. The user has to go through the time consuming iterative “trial and
error” procedure in order to find appropriate injection positions for the raindrops so that they cover the
entire facade surface. It is important to note that this procedure needs to be repeated for every single
combination of: (1) raindrop size, (2) reference wind speed, and (3) reference wind direction in order to
establish a complete catch ratio chart for every position at the facade [144]. As an illustration,
considering 17 classes of raindrop diameters (0.3 mm – 6 mm), 10 values of reference wind speed
(1-15 m/s) and 12 wind directions yields 1800 separate trial and error procedures, which is very timeconsuming. This explains why previous studies based on the LPT model have mostly considered only
a limited number of raindrop diameters, reference wind speed values and only a few wind directions.
Indeed, many studies have only focused on one wind direction, i.e. the one perpendicular to the main
facade [19, 105, 144, 158]. 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. preprocessing, 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.
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As long as the calculated wind-flow pattern is in steady-state, the pathlines of raindrops will not intersect
each other. This is the necessary condition for the LPT model to calculate the catch ratios by
conservation of mass through the stream-tube (see Fig. 4.2). However, this assumption is not generally
valid and Eq. (4.3) cannot be used if the LPT model includes turbulent dispersion of raindrops through
stochastic approaches to model the fluctuations by superimposing them on the mean wind velocity, as
in the studies of Choi [162] and van Mook [17]. In these cases, accurate calculation of catch ratios on
the facade requires even larger number of droplet trajectories and counting the number of droplets that
hit the facade. Furthermore, as the fluctuations superimposed on the mean wind velocity are random,
this approach requires a large number of runs to get the correct WDR intensity distribution on the facade.
Similarly, the streamtube approach is also not valid if the LPT model is combined with transient
calculation of wind-flow field, i.e. LES instead of RANS. As a consequence, a transient study of the
rain phase with LES modeling would require a very high number of raindrop injections. Furthermore,
LPT model would have serious drawbacks as LES is already computationally expensive.
WDR calculation studies that are based on LPT method in the literature usually neglect turbulent
dispersion, which becomes important in regions or rain events where wind velocity is low and/or
flowing parallel to the facade. This is why validation studies have mostly focused only on the windward
facade of simple isolated buildings and mainly on the rain events where turbulent dispersion is less
important. In fact, the neglect of turbulent dispersion is a valid assumption only for the non-oblique
flows on the windward facade of an isolated building with a small wind-blocking effect [11, 144, 162].
In complex geometries such as urban environments, the wind flow will be influenced by other buildings
or objects in the vicinity, leading to recirculation regions between buildings where the wind speed values
are low. In such cases, the raindrop trajectories can be almost parallel to the facade. Turbulent dispersion
in the streamwise direction can then cause these raindrops to deviate from their mean trajectory and to
hit the facade. Therefore, as the geometry and the air flow get more complex, neglecting turbulent
dispersion might lead to erroneous results.
The EM model has several potential advantages that may help overcome the drawbacks of the LPT
model. Especially in an urban geometry, where the WDR intensity distributions on more than one
building are to be studied, the time consuming characteristics of the LPT model are overcome. First,
inlet boundary conditions for the rain phases are more straightforward as there is no need to define
specific injection locations, decreasing time consumption in the pre-processing step. Second, the
calculation of specific catch ratio on all surfaces of a complex domain can be done directly using Eq.
(4.9), decreasing time consumption in the post-processing step. For example, Fig. 4.5 shows the catch
ratio distribution calculated with the EM model on all facades on an array of cubic buildings and a highrise tower building. These two cases will be discussed in more detail in chapters 7 and 9, respectively.
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Fig. 4.5. The catch ratio distribution calculated with the EM model on all facades on a) an array of cubic buildings
and b) a high-rise tower building.

Furthermore, by integration of a turbulent transport term as in Eq. (4.7), the EM model can easily deal
with turbulent dispersion in steady WDR simulations. Compared to the solutions offered for taking into
account the turbulent dispersion within the LPT models, this additional term in the EM model does not
necessarily increase the time consumption during the solution. Moreover, the EM model offers a more
straightforward approach to take into account the turbulent transport of rain by modeling it in a similar
way the turbulent transport is modeled in RANS equations. Additionally, the EM model allows for a
simpler way to deal with unsteady simulations of WDR in cases where the unsteady characteristics of
WDR are important. For example, the combination of LES approach with the LPT model might lead to
a very high computational cost. In the EM model, both air and rain phases are modeled as continuum.
Therefore, the calculation method for WDR intensity on building facades in the computational domain
does not change.
The EM model, as presented in this chapter, aims to obtain information on the amount of WDR intensity
on a surface. It provides the WDR intensity at different meteorological conditions as well as the
impinging parameters of different size raindrops, i.e. impact angle and impact speed. The raindrops are
assumed to leave the computational domain as soon as they reach a wall boundary, i.e. building surfaces
and ground. Therefore, it does not model the fate of the raindrops once they hit the facade, e.g.
phenomena such as film forming, bouncing, and splashing. The outcome of the raindrop impact requires
further information on surface tension, surface roughness and the contact angle between the liquid and
the substrate in addition to the raindrop size, impact speed and impact angle.
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In light of the wind-flow modeling approaches discussed in chapter 3 and the WDR modeling
approaches presented in this chapter, the following three solution strategies for WDR are studied in this
thesis:
a)

The wind-flow field is first solved with steady state calculations. The WDR calculations are
performed with the mean wind-flow field and an Eulerian multiphase model (EM) using steady
state governing equations including turbulent dispersion modeling. This approach is verified
with existing numerical WDR calculations from literature and validated with field experiment
data.

b) The wind-flow field is solved with transient, i.e. large eddy simulation (LES), calculations and
then averaged over time to obtain mean wind-flow field. The WDR calculations are then
performed with the mean wind-flow field and an EM model using the steady state governing
equations including turbulent dispersion modeling. This approach focuses on the estimation of
the sensitivity of WDR intensity results on the accuracy of the calculated local mean windc)

flow field between buildings in urban environment.
The wind-flow field is solved with transient, i.e. LES, calculations. The WDR calculations are
performed with unsteady wind-flow field and an EM model using the unsteady governing
equations. This approach focuses on to determine how accurate the turbulent dispersion
modeling in approaches a) and b) is.

The approach (a) has the lowest computational cost compared to the latter two approaches, as it uses
RANS modeling to calculate the wind-flow field. On the other hand, as discussed in chapter 3,
disadvantage of the approach (a) is the inability of RANS models to accurately predict the separated
flows and the wake flows, which are common wind-flow features in ABL flows in urban areas.
Approach (b) aims to calculate the mean wind-flow field more accurately and to estimate how much the
discrepancies in approach (a) due to RANS modeling affects the WDR results. Approach (c) aims to
verify the turbulent dispersion model used in approaches (a) and (b) by unsteady WDR calculations.
As, in this case, most of the turbulent energy will be resolved instead of modeled, the errors related to
the deficiencies of the turbulent dispersion model due the assumption of an isotropic turbulent viscosity
will be much lower.

Conclusion
In this chapter, the numerical methods to model WDR on building facades and how they are coupled
with the wind-flow calculations are discussed. The two main models, i.e. the Lagrangian particle
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tracking model and the Eulerian multiphase model, are explained. Methods for turbulent dispersion
modeling in the literature are discussed and a new approach to model turbulent dispersion with Eulerian
multiphase model is introduced. The advantages and disadvantages of various modeling approaches are
explained and the three different approaches to model WDR in the remainder of the thesis are listed.
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Introduction
Datasets of wind-driven rain (WDR) measurement results with high spatial resolution, high number of
WDR gauges and high time resolution are necessary for model development and validation. Most field
experiments of WDR reported in the literature focused on either stand-alone buildings or on buildings
in geometrically complex environments [6, 15-17, 19, 111, 115, 206]. There is a need for high-resolution
measurements in more generic and idealized multi-building configurations. This chapter focuses on
field measurements of WDR intensity on the facades of different buildings in two different urban
configurations. Section 5.2 presents the cubic building models, the surrounding site and the measuring
equipment. Section 5.3 provides the error estimation and analysis. Section 5.4 presents the arrangement
of cubic building models and the WDR gauges in two different urban geometries, i.e. an array of lowrise cubic buildings and a configuration with two parallel buildings. Section 5.5 presents the
measurement data of carefully selected rain events for both measurement geometries. Section 5.6
provides a discussion on the experimental WDR results. Finally, section 5.7 provides the conclusion.

*

This chapter is party based on the following publications:

Kubilay A, Derome D, Blocken B, Carmeliet J. (2014). High-resolution field measurements of winddriven rain on an array of low-rise cubic buildings. Building and Environment; 78:1-13.
Kubilay A, Derome D, Blocken B, Carmeliet J. Wind-driven rain on two parallel wide buildings: field
measurements and CFD simulations. Manuscript submitted for publication.
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Field measurement setup

5.2.1. Measurement cubes
A large scale experimental setup allows to fully document rain events in the urban environment. The
experimental setup is planned to be composed of 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 were
manufactured in the first quarter of 2012. 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. Fig. 5.1(a) shows the inner structure
of the cubes during the manufacturing stage. In Fig. 5.1(b), one of the manufactured cubes is shown.
Each cube has a door to be oriented leeward to allow access for installation of equipment inside. The
outer surfaces of the cubes are finished with 2 coating layers of protective paint and the top surfaces are
covered additionally with a water resistant polymeric membrane as roofing. Fig. 5.2 shows the final
state of the cubes before their positioning in the field into a set configuration.

Fig. 5.1. Photographs of a) inner structures that support the cubes and b) a finished cube.
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Fig. 5.2. Photograph of the finished measurement cubes, with protective paint and roofing membrane.

5.2.2. Surrounding site
The measurement setup is located on the campus of the Swiss Federal Laboratories for Materials
Science and Technology (Empa) in Dübendorf, in a suburban area located east of the city of Zurich,
Switzerland, latitude 47°24′9″ and longitude 8°36′50″. Fig. 5.3 shows a plan view of the measurement
site. The measurement site is on an asphalt-paved parking lot. It has an open field with short grass at
the southwest of the setup. In west direction, the field is about 35H long, where H denotes the edge
length of the cubes, i.e. 2 m. Further upstream, high trees and buildings are present. In south direction,
the field is about 65H long and, further upstream, mid-rise buildings and a motorway are present. From
northwest to east, there are several nearby low-rise and mid-rise buildings. The closest buildings are
located at about 10H distance from the experimental setup in the northwest and northeast directions.
The surroundings of the measurement location within a radius of 10 km and the related aerodynamic
roughness lengths by the Davenport-Wieringa roughness classification [47] are shown in Fig. 5.4.
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Fig. 5.3. Plan of the experimental site and its surroundings.

5.2.3. Measuring equipment
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 the building facades facing west are monitored. The datasets allow
analysis of the WDR intensity with respect to the governing meteorological data and provide
representative validation data for numerical simulations.

5.2.3.1.

Wind measurements

In order to measure the approach-flow wind direction, wind elevation and the wind-speed profile, a
meteorological mast is positioned west of the measurement site (see Fig. 5.3). The measurement site is
located within an internal boundary layer where the approach-flow profile is still developing. Thus, the
position of the mast has to be chosen as close as possible to the setup to catch the most representative
approach-flow boundary layer profile. However, at the same time, its location should be outside the
region influenced by the cubes themselves in order to measure the unobstructed free-field wind profile.
The position of the mast is chosen to be at 3H = 6 m away from the array of cubes, as determined by
preliminary CFD simulations. Note that, for other wind directions such as southeast, east and northeast,
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the cubes influence the wind-flow pattern at the meteorological mast; therefore, for these wind
directions, the actual approach-flow profile will not be obtained.

Fig. 5.4. Aerodynamic roughness length of the surroundings of the measurement site within a radius of 10 km
according to the Davenport-Wieringa roughness classification [47]. White contour lines show the locations of two
hills that are 150-250 m higher than their surroundings.

The photograph of the meteorological mast facing west is shown in Fig. 5.5. The meteorological mast
is equipped with a 3D ultrasonic anemometer at 8.4 m height, which provides information on wind
speed, wind direction and wind elevation. Additionally, two cup anemometers are installed at 2.4 and
5.4 m heights to measure the wind speed, thus the approach wind-flow profile is documented at three
heights. The sampling rate by the anemometers is 1 Hz. The technical specifications of the anemometers
are described in Appendix A. Fig. 5.6 shows the measured wind profiles for wind flow perpendicular to
the test facades (from west) and in 45° oblique directions (from northwest and southwest), where U
denotes the mean streamwise wind speed and Uref denotes the reference mean streamwise wind speed
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at 2.4 m height above the ground plane. In Fig. 5.6, the markers show the measured values, whereas the
lines show the fitted curves using the neutrally stratified logarithmic atmospheric boundary layer profile,
as defined in Eq. (2.2). For wind from west and southwest, the normalized atmospheric boundary layer
(ABL) friction velocity, u*ABL/U, is found to be 0.24 and the aerodynamic roughness length, y0, is found
to be 0.49 m. For wind from northwest, u*ABL/U = 0.34 and y0 = 1.02 m. Note that, as the approach flow
is in reality in an internal boundary layer, the log-law assumption (Eq. (2.2)) is a simplification. As
shown in Fig. 5.4, surface roughness to the northwest of the measurement site is 1 m. Such surface
roughness needs at least 5 km of upstream length to adapt [47]. The measured wind profile from
northwest indeed has the characteristics predicted by the Davenport-Wieringa specifications. West and
southwest profiles have, on the other hand, a lower roughness than one would expect.
Fig. 5.7 shows the 10-min averaged wind speed data from the anemometers on the meteorological mast
for a duration of one week. Note that the cup anemometers have a threshold sensitivity of 0.2 m/s,
explaining the constant value at lower wind speeds. From the measured data, the diurnal cycle of wind
speed values is clear, with values lower during night time compared to day time. Fig. 5.8 shows the
wind rose based on 10-min averaged data recorded at 2.4 m height during rain events between May –
October, 2013. Both the most frequent wind direction and the highest wind speed during rain events are
found to be the northwest to southwest directions. Note also that the wind speed values are lower for
northwest compared to west and southwest, probably due to the nearby buildings in that direction.

Fig. 5.5. Positions of the cup anemometers (C.U.1 and C.U.2) and the ultrasonic anemometer (U.A.) on the
meteorological mast. Photograph is taken facing west.
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Fig. 5.6. Measurements and a log-law fit for the scaled approach-flow wind speed profiles for wind direction from
southwest, west and northwest.

Fig. 5.7. Wind speed measurement data using 10-min averaged values from the anemometers on meteorological
mast.

5.2.3.2.

Rain measurements

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. The sampling
rate by the rain gauge is 1 Hz. Technical specifications of the rain gauge are described in Appendix A.
The effective volume of the tipping bucket is 2.15 ml and the rain gauge orifice is 0.02 m2, which results
in a resolution of about 0.11 mm/tip. Note that for rainfall intensities lower than 0.65 mm/h, the tipping
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bucket data will not be accurate, as 10-min rainfall amounts, on average, will then be smaller than the
rain gauge resolution. As a result, the bucket may not tip during a 10-min period even though the rain
event goes on, but actually may tip during a subsequent 10-min period.

Fig. 5.8. Wind rose using 10-min averaged wind speed values at 2.4 m height between May 2013 and October 2013
during rain events only.

5.2.3.3.

WDR measurements

The WDR gauge collectors in the present study were designed and manufactured in summer 2012 at
Empa following the guidelines of Blocken and Carmeliet [113]. As shown in Fig. 5.9, they are made of
aluminum with catch surfaces of ordinary glass sheets to promote runoff [113]. The collector area is 0.2
x 0.2 m2. The collectors are connected via tubing to the tipping bucket mechanisms, which are placed
inside the building models. The tipping buckets of the WDR gauges are identical to the one used in the
horizontal rain gauge. Fig. 5.10(b) shows one of the tipping buckets installed inside a cubic building
model. By placing the tipping bucket mechanisms inside the cubes, frost problems for the buckets are
avoided and the evaporation from the bucket is less variable during the rain event. The tipping buckets
each have an effective tipping bucket volume of about 1 ml. The collector area and effective bucket
volume lead to a resolution that is about 4 times higher than the one of horizontal rain gauge, or about
0.025 mm/tip. Sampling rate by the WDR gauges is 1 Hz. The tipping bucket resolutions are dependent
on the effective bucket volumes, which can be modified by lowering or raising calibration screws under
the bucket. Since it is a mechanical system, the effective bucket volumes are not exactly the same for
each gauge. The WDR gauges were calibrated in February 2013, prior to the start of the measurements.
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Calibration for each tipping bucket was done by supplying relatively large volume of water, i.e. 25 mL,
while counting the number of tippings and by taking the average of 5 separate tests.

Fig. 5.9. a) View of the wind-driven rain gauge collector. b-c) Dimensions (in mm) of the wind-driven rain gauge
collector and the glass surface from the front and side. Dimensions (in mm) of the glass surface.

Fig. 5.10. Photographs showing the installed a) WDR gauge collector and b) tipping bucket mechanism.
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Measurement accuracy
The measurements were conducted capitalizing from the knowledge gained in previous experiments on
various low-rise and high-rise buildings [1, 15, 19, 144, 158]. The study by Blocken and Carmeliet
[113] indicates the following possible error sources that should be taken into account when measuring
WDR on building facades: (1) evaporation of droplets adhered to the collection area of the WDR gauge,
(2) error due to the rest-water that remains in the tipping bucket, (3) splashing of drops from the
collection area, (4) condensation on the collection area, and (5) wind errors due to the disturbances of
the wind field and the raindrop trajectories near the WDR gauge caused by the presence of the gauge
itself.
In Blocken and Carmeliet [15, 113], the most important cause of measurement errors is stated to be
evaporation of adhesion water on the gauge collection area and this was confirmed in Nore et al. [16],
where evaporation of adhesion water, EAW, and the rest-water error, ERW, in the tipping bucket were
found to be the largest error sources. During and after a rain event, there is always a certain amount of
water adhered to the collection area, which is not measured by the gauge. A numerical study by Blocken
and Carmeliet [113] shows that all the impinged droplets adhere to the surface until a certain threshold
of impinged amount of WDR is reached. After the threshold value, the total volume of adhered droplets
remains constant, thus the error is considered to be significant especially for light to moderate rainfall
intensities. For the WDR gauges used in the present thesis, spraying tests showed that the adhered
amount of rain on the collector and within the tube is found to be 0.128 mm (or L/m2). 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 [113]. Using a tipping bucket with a smaller bucket volume will also decrease
the rest-water error by increasing the measurement resolution.
The error due to splashing and the wind error are not as easy to estimate [113]. Hence, the selection of
the rain events should ensure that the related errors are small. The influence of the splash-error is
expected to be high only for rain events with larger raindrop sizes and high wind speed values [113]. It
is argued that the selected rain events should have reference wind speed values (at y = 10 m) lower than
10 m/s and horizontal rainfall intensities lower than 20 mm/h in order to keep splashing error small
[113]. Blocken and Carmeliet [113] and Nore et al. [16] mention that the error associated with
condensation on the collector surface is quite limited during rain events due to limited radiation losses
to the sky, due to cloudiness. Finally, for a small wind error, the protrusion of the WDR gauge out of
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the plane of the facade should be small, the wind speed values should not be high and the wind direction
during the rain event must be approximately perpendicular to the building facade [113].
The time interval for which the experimental data are provided is chosen to be 10 minutes following the
guidelines by van der Hoven [120], Sumner [121] and Blocken and Carmeliet [122, 123] in order to
minimize the errors related to the time resolution of meteorological datasets. Thus, the measured wind
speed, wind direction and wind elevation during rain events in the dataset are presented in terms of 10min averaged values. Similarly, the horizontal rainfall amount and the WDR amount are in terms of 10min summed values.

Measurement geometries
5.4.1. Geometry 1 – array of cubes
The first urban geometry to perform WDR field measurements is chosen to be equidistantly positioned
low-rise cubic buildings. The measurements that aim to study the WDR intensities on a regular array of
9 identical low-rise cubic building models started in March, 2013. The schematic representation and the
photograph of the arrangement of the cubic building models are shown in Fig. 5.11. The cubic building
models are spaced H = 2 m apart from each other, the same size as the edge length of each cube. The
cubes are positioned on pavement blocks and wooden beams for further protection from moisture and
convenience of relocation. The total roof height including the support beneath the cubes is 2.17 m. The
wooden beams under the cubes prevent airflow under the cubes for wind from west. In Fig. 5.11(a), the
southwest top corners of the cubes are indicated with dots. Preliminary analysis of the local
meteorological data indicates that the main wind direction, from where the most WDR is obtained, is
west. Therefore, the measurements of WDR are conducted on the west facades of cubes 2 and 8,
indicated in grey in Fig. 5.11(a). Fig. 5.11(b) shows a view of the setup from northwest.
There are 18 WDR gauges in total, 9 on cube 2 and 9 on cube 8. Table 5.1 and Table 5.2 show the
tipping bucket resolutions for each WDR gauge on cubes 2 and 8, respectively. Fig. 5.12 shows the
positions of the WDR gauges on the test facade of cube 2. The placement on the test facade of cube 8
is identical. The lowest collector is located at about 0.5 m from the ground. A lower position is not
possible because the tubing, which leads to the tipping bucket, is aimed to be minimum at a minimum
angle of 45° for effective drainage as seen in Fig. 5.10(b). Furthermore, two additional ultrasonic
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anemometers are installed on cube 2 (Fig. 5.12), in order to obtain detailed information on the wind
flow around the cubes and to provide additional validation data for the wind flow calculations by CFD.

Fig. 5.11. a) Geometry of regular array of cubic building models for field measurements. The WDR measurements
are conducted on the grey facades. b) Photograph of the measurement site from northwest, taken on September 6,
2013.

Fig. 5.12. Positions of two ultrasonic anemometers and of wind-driven rain gauges on cube 2.
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Table 5.1. Cube 2 - calibration data of WDR gauges.
WDR gauge

1

2

3

4

5

6

7

8

9

Bucket
volume [ml]
Resolution
[mm/tip]

0.956

1.128

1.018

0.955

0.969

0.961

0.912

1.069

1.128

0.024

0.028

0.025

0.024

0.024

0.024

0.023

0.027

0.028

Table 5.2. Cube 8 - calibration data of WDR gauges.
WDR
gauge

1

2

3

4

5

6

7

8

9

Bucket
volume
[ml]
Resolution
[mm/tip]

0.976

0.967

1.133

1.028

1.016

1.090

1.013

1.052

0.934

0.024

0.024

0.028

0.026

0.025

0.027

0.025

0.026

0.023

5.4.2. Geometry 2 – two parallel buildings
The second urban geometry to perform WDR field measurements is chosen to be a configuration
composed of two parallel wide buildings with different heights. Such a configuration allows for a study
on stronger vortices between the buildings compared to the ones in the array of low-rise buildings due
to the fact that a larger amount of air is fed downwards by the mid-rise wide building positioned
downstream. The measurements that aim to study the WDR intensities on the two parallel buildings are
started in February, 2014. The schematic representation and the photograph of the arrangement of the
cubic building models are shown in Fig. 5.13. Three of the cubic building models have been placed
together to form a wide low-rise building, i.e. building 1, which is located in the upstream direction with
respect to the predominant wind direction during rainfall. A wide mid-rise building, i.e. building 2,
composed of the remaining 6 cubic building models is located in the downstream direction. The
buildings 1 and 2 are spaced H = 2 m apart from each other. Both buildings are positioned on pavement
blocks and wooden beams for further protection from moisture and convenience of relocation.
Furthermore, wooden beams are present between the upper and lower rows of cubes that form the
building 2 for convenience of relocation. The total roof height including the support beneath the cubes
is 2.17 m for building 1 and 4.29 m for building 2. The wooden beams under the buildings prevent
airflow under the cubes for wind from west. The gap between the lower and upper rows of cubes on
building 2 is further closed with plastic plates. In Fig. 5.13(a), the southwest top corners of the buildings
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are indicated with dots. Therefore, the measurements of WDR are conducted on the west facades of
buildings 1 and 2, indicated in grey in Fig. 5.13(a). Fig. 5.13(b) shows a view of the setup from
northwest. There are 18 WDR gauges in total, 2 on building 1 and 16 on building 2. Table 5.3 and Table
5.4 show the tipping bucket resolutions for each WDR gauge on buildings 1 and 2, respectively. Fig.
5.14 shows the positions of the WDR gauges on the test facades of buildings 1 and 2.

Fig. 5.13. a) Geometry of the two parallel buildings for field measurements. The WDR measurements are conducted
on the grey facades. b) Photograph of the measurement site from northwest, taken on July 28, 2014.

Table 5.3. Building 1 - calibration information for WDR gauges.
WDR gauge

1

2

Bucket
volume [ml]
Resolution
[mm/tip]

0.955

0.969

0.024

0.024
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Fig. 5.14. Positions of wind-driven rain gauges on buildings a) 1 and b) 2.
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Table 5.4. Building 2 - calibration information for WDR gauges.
WDR

1

2

3

4

5

6

7

8

Bucket
volume
[ml]
Resolution
[mm/tip]

0.961

1.018

0.956

1.128

1.052

1.013

0.934

1.069

0.024

0.025

0.024

0.028

0.026

0.025

0.023

0.027

WDR
gauge

9

10

11

12

13

14

15

16

Bucket
volume
[ml]
Resolution
[mm/tip]

1.028

1.016

0.912

1.128

0.967

1.133

0.976

1.090

0.026

0.025

0.023

0.028

0.024

0.028

0.024

0.027

gauge

Measurement data
A crucial aspect in acquiring meaningful measurement data of WDR is the proper identification of a
single rain event. In literature, there is a wide range of criteria for defining the start and end of rain
events [207]. The minimum time gap between two different rain events is largely chosen based on the
application. Use of short inter-event gaps can lead the rain event to be too short to obtain meaningful
WDR data. Use of long inter-event gaps can lead to large changes in wind direction during the rain
event. In the present study, a rain event is assumed to end when the following dry period lasts longer
than 12 h. Furthermore, rain events with rainfall amount lower than 2.0 mm are excluded from the
present study.
In the following subsections, the rain events are distinguished by various characteristics, namely the
effective wind direction, the effective wind speed and the effective horizontal rainfall intensity. Blocken
et al. [122] showed that weighted averaging to obtain wind speed values, where the 10-min averaged
wind speed U is weighted with the 10-min summed rainfall intensity Rh, is more accurate than the
arithmetically-averaged wind speed. Weighted averaging takes into account the co-occurrence of wind
and rain, whereas arithmetic averaging can lead to the loss of this information [122]. Nore et al. [16]
used a similar approach to calculate effective wind direction by weighted averaging. In this thesis, the
effective wind speed is calculated by breaking up wind velocity into components normal and tangential
to the test facades and weighting them by the rainfall intensity values. The effective wind direction is
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calculated by using the normal and tangential effective wind speed values. The effective wind direction,
φeff, the effective wind speed at 2.4 m height, Ueff, and the effective rainfall intensity, Rh,eff, for a rain
event are calculated using Eqs. (5.1)-(5.3), respectively. Ut denotes the tangential velocity, Ut,eff the
tangential effective velocity, Un the normal velocity, Un,eff the normal effective velocity, each at 2.4 m
height. This way, the error in estimation of the effective wind direction due to fluctuations in opposite
wind directions, e.g. north and south, or west and east, is prevented.
 U t,eff
 U n,eff


eff  tan 1 


 ,


U t,eff 

R U
R
h

h

t

,

U n,eff 

R U
R
h

n

U eff  (U t,eff )2  (U n,eff )2

Rh,eff 

(5.1)

h

R

h

n

(5.2)

(5.3)

where n is the number of time steps during which Rh > 0. Furthermore, the catch ratio for a rain event
is defined as the ratio of the WDR amount, Swdr, to the horizontal rainfall amount through the horizontal
plane, Sh, during the rain event:



S wdr
Sh

(5.4)

5.5.1. Selected rain events for geometry 1 – array of cubes
Fig. 5.15 provides an overview of 29 measured rain events monitored between May 2013 and October
2013. In Fig. 5.15, each circle corresponds to a single rain event. It represents the effective rainfall
intensity, effective wind direction and effective wind speed for each rain event. The size of the circles
is proportional to the rainfall amount during each rain event. During the measurement period for
geometry 1, the most frequent effective wind directions during rain events are between northwest and
southwest. Moreover, there seems to be a concentration of the effective rainfall intensity around the
value of 2 mm/h. The effective wind speed varies between 0-1.5 m/s. Note that the data in Fig. 5.15 also
include rain events which do not comply with all the guidelines mentioned in section 5.3. As the given
guidelines [120-123] must be strictly followed in order to keep the measurement errors small, only a
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few rain events are suitable for validation studies. In this section, three rain events are discussed in
detail. The rain events are selected based on the guidelines in section 5.3 and each have different
characteristics. The dataset contains seven rain events, including the three in this section, with relative
error ETOT = (EAW+ERW)/Swdr < 50% for all WDR gauges. Note that the error estimations are very
conservative as it assumes total evaporation of the adhered WDR amount and the rest water before the
rain shower starts again. The actual measurements errors are generally much lower. The measurement
results for the remaining four rain events are presented in Appendix B. The whole dataset is also
available at the following website:
http://www.carmeliet.arch.ethz.ch/ResearchDatabase/Wind-drivenRain
Each rain event in the following subsections is summarized with three graphs showing the
meteorological data, measured by the meteorological mast and the rain gauge, and the cumulative WDR
amount, measured by each WDR gauge. In addition, two figures show the catch ratio for each WDR
gauge on cubes 2 and 8.

Fig. 5.15. Distribution of rain events during the measurements on geometry 1 in terms of their effective rainfall
intensity, effective wind direction and effective wind speed values at 2.4 m height. The sizes of the circles are in
proportion to the rainfall amount during the rain event. The red dots and numbers indicate the rain events included
in the thesis. The black dots indicate the remaining 4 rain events included at the website.
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5.5.1.1.

Rain event 1: May 30 – June 1, 2013

The meteorological data for the rain event of May 30 – June 1, 2013 are shown in Fig. 5.16(a).
φeff = 268°, Ueff = 0.8 m/s at 2.4 m height and Ueff = 1.2 m/s at 5.4 m height, Rh,eff = 2.2 mm/h and
Sh = 72 mm. The mean air temperature is 11.4 °C. The total duration of the rain event is about 50 hours.
Between May 31 02:00 and June 1 03:00, rain goes on almost continuously with only very short
interruptions. During the day time, the wind direction is mostly west and the wind speed values are
higher, up to 2 m/s, at 2.4 m height. From the evening through the night, the wind direction changes to
north and the wind speed values at 2.4 m height decrease.
Fig. 5.16(b) and (c) show the cumulative WDR measured by the gauges during the rain event and the
catch ratio values at the end of the rain event on the facades of cubes 2 and 8, respectively. On cube 8,
WDR gauges 4 and 8 had problems in registering the tippings and therefore were disconnected. On the
cumulative WDR intensity graphs, the blue color corresponds to the south side of the facade and red to
the north side of the facade. The WDR gauges at different heights on the facade are indicated by
different markers. On the catch ratio figures, the positioning of the rain collectors is drawn to scale.
Note that, at the beginning of the rain event, as the wind direction is mainly from east, there is only a
negligible amount of WDR recorded until 02:00. Even after that, due to low wind speed, the WDR
collection is relatively slow until about 08:00. Table 5.5 and Table 5.6 list the total measured WDR
amount by each gauge, as well as the corresponding error estimates for the rain event.
The error consists of the evaporation of adhered water droplets, EAW, and the rest-water error, ERW. EAW
is estimated to be 0.640 mm, which is calculated by multiplication of the maximum adhered amount of
rain with the 5 dry periods occurring during the rain event. Similarly, ERW is estimated to be about
0.125 mm for each WDR gauge, respectively. The number of dry periods is estimated by the number of
plateaus in the cumulative WDR graphs rather than from the horizontal rain gauge data. This way,
firstly, the interruptions due to delay in the registration of WDR by the tipping bucket of horizontal rain
gauge are not counted as dry periods. Secondly, taking only the horizontal rainfall into account can be
misleading for cases, during which the wind direction is changing for long time periods and thus where
there is no WDR registration. These periods should also be counted as dry periods, as there is some
amount of evaporation on the WDR gauge collector. The remaining errors are expected to be lower for
this rain event due to the low wind speed measured at the height of the cubes and the flow direction
perpendicular to the west facades.
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Fig. 5.16. a) 10-min meteorological data for the rain event on May 30 - June 1, 2013. Wind speed is taken at 2.4 m
height. b-c) Cumulative WDR amount measured by WDR gauges during the rain event (left) and the catch ratio
values at the end of the rain event (right) on cubes 2 and 8.
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Table 5.5. Error estimates for the wind-driven rain measurements for the rain event on May 30 - June 1, 2013 on
cube 2.
WDR
gauge

Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

1
2
3
4
5

630
440
398
583
446

15.06
12.41
10.13
13.92
10.80

0.640
0.640
0.640
0.640
0.640

0.120
0.140
0.125
0.120
0.120

5.0
6.3
7.6
5.5
7.0

6
7
8
9

358
595
415
342

8.60
13.57
11.09
9.64

0.640
0.640
0.640
0.640

0.120
0.115
0.135
0.140

8.8
5.6
7.0
8.1

Table 5.6. Error estimates for the wind-driven rain measurements for the rain event on May 30 - June 1, 2013 on
cube 8.
WDR

Number

Swdr

EAW

ERW

ETOT

gauge

of tips

[mm]

[mm]

[mm]

(%)

1
2
3
4
5
6

587
461
301
382
301

14.32
11.14
8.53
9.70
8.20

0.640
0.640
0.640
0.640
0.640
0.640

0.120
0.120
0.140
0.130
0.125
0.135

5.3
6.8
9.1
7.9
9.5

7
8
9

535
309

13.55
7.22

0.640
0.640
0.640

0.125
0.130
0.115

5.6
10.5

5.5.1.2.

Rain event 2: June 9-10, 2013

The meteorological data for the rain event of June 9-10, 2013 are shown in Fig. 5.17(a). φeff = 249°,
Ueff = 0.9 m/s at 2.4 m height and Ueff = 1.3 m/s at 5.4 m height, Rh,eff = 4.8 mm/h and Sh = 35 mm. The
mean air temperature is 14.3 °C. This rain event has an effective rainfall intensity of more than twice
the one of the previous rain event, but the total rainfall amount is lower. Hence this rain event is a shorter
one with a duration of about 9 hours in total. On the other hand, it is more homogeneous in terms of
wind speed and wind direction values. During the first half, the rainfall intensity is relatively high,
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homogeneous and without interruptions. After that, the rainfall intensity decreases and the rain event is
interrupted by short dry periods. The wind speed at 2.4 m height is mostly between 1-2 m/s during the
whole rain event. The wind direction is mostly fluctuating between west and southwest, except for the
last hour where it switches to east-southeast.

Fig. 5.17. a) 10-min meteorological data for the rain event on June 9-10, 2013. Wind speed is taken at 2.4 m height.
b-c) Cumulative WDR amount measured by WDR gauges during the rain event (left) and the catch ratio values at
the end of the rain event (right) on cubes 2 and 8.
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Fig. 5.17(b) and (c) show the cumulative WDR measured by the gauges during the rain event and the
catch ratio values at the end of the rain event on the facades of cubes 2 and 8, respectively. Note that
the WDR gauges 4 and 8 on cube 8 are still disconnected during this rain event. The WDR distribution
on both cubes is very similar to that of the previous rain event. Note that all WDR gauges start recording
as soon as the rain event starts and the WDR amount increases quite sharp at the beginning. The WDR
collection stops in all gauges once the wind direction switches to east near the end of the rain event.
Table 5.7 and Table 5.8 list the total measured WDR amount by each gauge as well as the corresponding
error estimates. EAW and ERW estimations correspond to the evaporation of water that adhered on the
collector and stayed in the bucket after the rain event, respectively. Note that, even though the rainfall
amount is lower than the one of rain event 1, the relative error is also lower.
Table 5.7. Error estimates for the wind-driven rain measurements for the rain event on June 9-10, 2013 on cube 2.
WDR
gauge

Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

1
2
3
4

289
217
212
281

6.91
6.12
5.40
6.71

0.128
0.128
0.128
0.128

0.024
0.028
0.025
0.024

2.2
2.5
2.8
2.3

5
6
7
8
9

216
188
272
212
173

5.23
4.52
6.20
5.67
4.88

0.128
0.128
0.128
0.128
0.128

0.024
0.024
0.023
0.027
0.028

2.9
3.4
2.4
2.7
3.2

Table 5.8. Error estimates for the wind-driven rain measurements for the rain event on June 9-10, 2013 on cube 8.
WDR
gauge

Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

1
2
3
4
5

262
219
171
193

6.39
5.29
4.84
4.90

0.128
0.128
0.128
0.128
0.128

0.024
0.024
0.028
0.026
0.025

2.4
2.9
3.2
3.1

6
7
8
9

160
244
165

4.36
6.17
3.85

0.128
0.128
0.128
0.128

0.027
0.025
0.026
0.023

3.6
2.5
3.9
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5.5.1.3.

Rain event 3: September 16-19, 2013

The meteorological data for the rain event of September 16-19, 2013 are shown in Fig. 5.18(a).
φeff = 246°, Ueff = 1.2 m/s at 2.4 m height and Ueff = 1.6 m/s at 5.4 m height, Rh,eff = 1.8 mm/h and
Sh = 36 mm. The mean air temperature is 12.4 °C. This rain event has about the same rainfall amount
as the one on June 09-10, 2013, however, with many dry periods. 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 southsoutheast.
Fig. 5.18(b) and (c) show the cumulative WDR measured by the gauges during the rain event and the
catch ratio values at the end of the rain event on the facade of cubes 2 and 8, respectively. The higher
effective wind speed during this rain event leads to higher catch ratio values than for the previous two
rain events. Table 5.9 and Table 5.10 list the total measured WDR amount by each gauge, as well as the
corresponding error estimates for the rain event. EAW and ERW estimations correspond to the 10 dry
periods during which the WDR registration is interrupted. The relative error for this rain event is
estimated to be higher than for the previous two rain events due to many dry periods and lower rainfall
amount compared to rain event 1.
Table 5.9. Error estimates for the wind-driven rain measurements for the rain event on September 16-19, 2013 on
cube 2.
WDR
gauge
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Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

1
2

431
275

10.30
7.76

1.280
1.280

0.240
0.280

14.8
20.1

3
4
5
6
7
8
9

253
348
291
221
387
262
213

6.44
8.31
7.05
5.31
8.82
7.00
6.01

1.280
1.280
1.280
1.280
1.280
1.280
1.280

0.250
0.240
0.240
0.240
0.230
0.270
0.280

23.8
18.3
21.6
28.6
17.1
22.1
26.0

Field measurements of wind-driven rain

Fig. 5.18. a) 10-min meteorological data for the rain event on September 16-19, 2013. Wind speed is taken at 2.4 m
height. b-c) Cumulative WDR amount measured by WDR gauges during the rain event (left) and the catch ratio
values at the end of the rain event (right) on cubes 2 and 8.
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Table 5.10. Error estimates for the wind-driven rain measurements for the rain event on September 16-19, 2013 on
cube 8.
WDR
gauge

Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

1
2
3
4
5

410
284
194
360
239

10.00
6.87
5.50
9.25
6.07

1.280
1.280
1.280
1.280
1.280

0.240
0.240
0.280
0.260
0.250

15.2
22.1
28.4
16.6
25.2

6
7
8
9

176
376
254
189

4.80
9.52
6.68
4.41

1.280
1.280
1.280
1.280

0.270
0.250
0.260
0.230

32.3
16.1
23.1
34.2

5.5.2. Selected rain events for geometry 2 – two parallel buildings
Fig. 5.19 provides an overview of 28 measured rain events monitored between February 2014 and
August 2014. In Fig. 5.19, each rain event is represented with a different circle, as done in a similar way
in Fig. 5.15. During the measurement period for geometry 2, the effective wind directions for rain events
lie mostly between west and southwest. The distributions of effective rainfall intensity and effective
wind speed are similar to the ones obtained during the measurement on geometry 1. As the guidelines
mentioned in section 5.3 [120-123] must be strictly followed in order to keep the measurement errors
small, only a few rain events among the ones in Fig. 5.19 are suitable for validation studies. In this
section, 2 rain events are discussed in detail. The dataset for geometry 2 contains 5 rain events, including
the 2 in this section, with relative error ETOT = (EAW+ERW)/Swdr < 50% for all WDR gauges. Note that
this is generally a very conservative error estimate, implying that actual measurements errors are
generally much lower. The measurement results for the remaining three rain events are presented in
Appendix C. The whole dataset is also available at the following website:
http://www.carmeliet.arch.ethz.ch/ResearchDatabase/Wind-drivenRain
Each rain event in the following subsections is summarized with three graphs showing the
meteorological data, measured by the meteorological mast and the rain gauge, and the cumulative WDR
amount, measured by each WDR gauge. In addition, two figures show the catch ratio for each WDR
gauge on buildings 1 and 2.
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Fig. 5.19. Distribution of rain events during the measurements on geometry 2 in terms of their effective rainfall
intensity, effective wind direction and effective wind speed values at 2.4 m height. The sizes of the circles are in
proportion to the rainfall amount during the rain event. The red dots and numbers indicate the rain events included
in the thesis. The black dots indicate the remaining 3 rain events included at the website.

5.5.2.1.

Rain event 1: April 8, 2014

The meteorological data for the rain event of April 8, 2014 are shown in Fig. 5.20(a). φeff = 233°,
Ueff = 1.1 m/s at 2.4 m height and Ueff = 1.5 m/s at 5.4 m height, Rh,eff = 2.7 mm/h and Sh = 17 mm. The
mean air temperature is 12.8 °C. The rainfall intensity has several peaks even though the rain event is
continuous except its last part. The wind direction is between south and south-west directions
throughout the rain event except between 06:00 and 08:00 where it is between south-west and southeast. The wind speed at 2.4 m height is mostly between 1 and 2 m/s. The measured wind speed at 2.4 m
goes below these values for a short time just after 06:00.
Fig. 5.20(b) and (c) show the cumulative WDR measured by the gauges during the rain event and the catch ratio
values at the end of the rain event on the facades of buildings 1 and 2, respectively. Between 06:00 and 07:00,
WDR registrations by all WDR gauges slow down due to wind direction being between south and south-west and,
simultaneously, due to low rainfall intensity and low wind speed. Between 07:00 and 08:00, even though the wind
direction is still between south and south-west, the registration of WDR is faster due to higher wind speed and
rainfall intensity values. After 12:00, there are only two tippings registered by the rain gauge. During this time,
some WDR gauges have no tipping, whereas the others have tippings at different 10-min timesteps, suggesting that
after 12:00 the rain event goes on with very low intensity, possibly in the form of drizzle. The effective wind speed,
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wind direction and rainfall intensity values of this rain event are similar to the ones observed during the
measurements on geometry 1. However, the resulting catch ratio values on the test facades of both buildings are
lower compared to the catch ratio values on low-rise cubic buildings at the same height from the ground. Moreover,
the catch ratio values on building 1 are higher than the ones at the same height on building 1. The WDR gauges
located in middle of the test facade of building 2, i.e. the WDR gauges 7-9, have catch ratio values very close to
each other (ranging between 0.14 – 0.16). Furthermore, the WDR gauges 3 and 16 at the middle height at the side
edges of building 2 have lower catch ratio values (0.11) than the one located in the middle of the facade at the same
height, i.e. WDR gauge 9 (0.15). Note that the WDR gauge 12 was disconnected during this rain event. Table 5.11
and

Table 5.12 list the total measured WDR amount by each gauge, as well as the corresponding error
estimates for the rain event. EAW and ERW estimations correspond to the 3 dry periods during which the
WDR registration is interrupted.

Table 5.11. Error estimates for the wind-driven rain measurements for the rain event on April 8, 2014 on building 1.
WDR
gauge
1
2

Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

110
84

2.63
2.03

0.375
0.375

0.072
0.072

17.0
22.0

Table 5.12. Error estimates for the wind-driven rain measurements for the rain event on April 8, 2014 on building 2.
WDR
gauge

Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

WDR
gauge

1
2
3
4
5

128
99
75
112
135

3.08
2.52
1.79
3.16
3.55

0.375
0.375
0.375
0.375
0.375

0.072
0.075
0.072
0.084
0.078

14.5
17.9
24.9
14.5
12.8

6
7
8

136
113
87

3.44
2.64
2.33

0.375
0.375
0.375

0.075
0.069
0.081

13.1
16.8
19.6
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Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

9
10
11
12
13

99
57
61
126

2.54
1.45
1.39
3.05

0.375
0.375
0.375
0.375
0.375

0.078
0.075
0.069
0.084
0.072

17.8
31.1
31.9
14.7

14
15
16

116
102
69

3.29
2.49
1.88

0.375
0.375
0.375

0.084
0.072
0.081

14.0
18.0
24.3

Field measurements of wind-driven rain

Fig. 5.20. a) 10-min meteorological data for the rain event on April 8, 2014. Wind speed is taken at 2.4 m height.
b-c) Cumulative WDR amount measured by WDR gauges during the rain event (left) and the catch ratio values at
the end of the rain event (right) on buildings 1 and 2.
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5.5.2.2.

Rain event 2: August 2-3, 2014

The meteorological data for the rain event of August 2-3, 2014 are shown in Fig. 5.21(a). φeff = 236°,
Ueff = 0.8 m/s at 2.4 m height and Ueff = 1.2 m/s at 5.4 m height, Rh,eff = 4.2 mm/h and Sh = 18 mm. The
mean air temperature is 17.8 °C. This rain event is particularly different than the first one in terms of its
higher effective rainfall intensity and the way in which rain event is mainly composed of two separate
rain showers. The wind direction fluctuates between west and east during the first rain shower, whereas
the wind direction is more homogeneous and west during the second rain shower. Between the two rain
showers, the wind speed is very low and therefore, the measured wind direction changes a lot.
Fig. 5.21(b) and (c) show the cumulative WDR measured by the gauges during the rain event and the
catch ratio values at the end of the rain event on the facades of buildings 1 and 2, respectively. During
the first rain shower, the cumulative WDR is limited and the values are very close to each other on
different WDR gauges. This is due to the fact that the wind direction changes a lot during this period.
The rainfall intensity and the wind speed values are similar during the second rain shower, but the
cumulative WDR values are much higher due to wind direction being mostly from west. The catch ratio
values at the end of the rain event are generally similar to the ones measured at the end of rain event of
April 8, 2014. However, the catch ratios on WDR gauges 3 and 16 (0.11 – 0.12) at the middle height at
the side edges are similar to the catch ratio on WDR gauge 9 (0.12) in the middle. Table 5.13 and Table
5.14 list the total measured WDR amount by each gauge, as well as the corresponding error estimates
for the rain event. EAW and ERW estimations correspond to the 2 dry periods during which the WDR
registration is interrupted.

Table 5.13. Error estimates for the wind-driven rain measurements for the rain event on August 2-3, 2014 on
building 1.
WDR
gauge
1
2

104

Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

102
88

2.44
2.13

0.250
0.250

0.048
0.048

12.2
14.0

Field measurements of wind-driven rain

Fig. 5.21. a) 10-min meteorological data for the rain event on August 2-3, 2014. Wind speed is taken at 2.4 m
height. b-c) Cumulative WDR amount measured by WDR gauges during the rain event (left) and the catch ratio
values at the end of the rain event (right) on buildings 1 and 2.
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Table 5.14. Error estimates for the wind-driven rain measurements for the rain event on August 2-3, 2014 on
building 2.
WDR
gauge

Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

WDR
gauge

Number
of tips

Swdr
[mm]

EAW
[mm]

ERW
[mm]

ETOT
(%)

1
2
3
4
5

118
107
88
104
122

2.84
2.72
2.10
2.93
3.21

0.250
0.250
0.250
0.250
0.250

0.048
0.050
0.048
0.056
0.052

10.5
11.0
14.2
10.4
9.4

9
10
11
12
13

81
71
69
118
114

2.08
1.80
1.57
3.33
2.76

0.250
0.250
0.250
0.250
0.250

0.052
0.050
0.046
0.056
0.048

14.5
16.6
18.8
9.2
10.8

6
7
8

125
112
89

3.17
2.62
2.38

0.250
0.250
0.250

0.050
0.046
0.054

9.5
11.3
12.8

14
15
16

97
91
69

2.75
2.22
1.88

0.250
0.250
0.250

0.056
0.048
0.054

11.1
13.4
16.2

Discussion
For the array of cubes, for both cubes on which the WDR measurements are conducted, the WDR
distributions on the west facades show some common patterns. For a rain event with wind direction
perpendicular to the facade, the highest catch ratio values are located at the top corners and the top edge
of the facade due to the higher wind speed values at that height, as well as the acceleration of air above
the building. Similarly, the side edges have higher WDR compared to the central part of the buildings.
The WDR intensities on the lower two thirds of the facade of cube 8 are lower than the ones of cube 2.
The shielding effect on cube 8 by the upstream cubes is expected to be larger at larger wind speed
values. Droplets with different sizes have different responses to wind speed values, therefore it is hard
to find a simple relation between the wind speed and the shielding effect. The smallest size droplets in
the spectrum can easily follow the vortices in the air flow between the buildings and still hit the shielded
building facade due to their small inertia. For a specific wind speed, medium size droplets can be
shielded by the upstream cubes, but larger ones not, due to their more vertical trajectories. The WDR
distribution on the facade will change according to a combination of the responses of different droplet
sizes.
Furthermore, note that the catch ratio values are not equal on both sides of the cubes. The catch ratio
values on the north side of the facades are lower than the values on the south side of the facades. This
conclusion is more evident for rain event 1, during which the effective wind direction is perpendicular
to the western facade. The reason for the lateral WDR gradients can be investigated by lateral wind
speed difference of the approach flow. This is particularly of interest because of the presence of low
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and mid-rise buildings located northwest-north of the measurement site. Fig. 5.22 compares the wind
velocity components values measured by the two ultrasonic anemometers positioned on cube 2 (see Fig.
5.12) between September 20th, 2013 and October 28th, 2013 from various wind directions. The mean
lateral and vertical wind velocity components are similar for both ultrasonic anemometers. Note that
the vertical component is always positive, possibly due to flow directed towards the top of the cube.
The mean wind velocity component normal to the west facade is measured higher by both anemometers
for wind directions from southwest to west than other wind directions, as the wind is obstructed by other
buildings and trees in these directions, e.g. northwest. Furthermore, the mean normal component
measured by the anemometer on the northern side is higher by about 14.2% for wind directions between
southwest and west.

Fig. 5.22. The average values of wind velocity components measured between September 20th, 2013 and October
28th, 2013 by the ultrasonic anemometers installed on cube 2.

For the two parallel buildings, the catch ratio values at the end of the rain events are found to be lower
compared to the catch ratio values on the array of cubes at the same height from ground. This is possibly
due to slowing of the upstream wind speed due to larger sizes of buildings rather than the WDR shielding
from building 1, based on the findings in geometry 1 showing that WDR shielding on the downstream
cube 8 is only present at the lower two thirds of its facade. It is difficult to make direct comparisons
between two different geometries based on different rain events, as the resulting catch ratio values are
due to complex responses of different rain drop sizes to different wind-flow fields. The comparison
between the catch ratio values obtained for the rain events of June 9-10, 2013 and April 8, 2014 can
give an idea. The rain event of April 8, 2014 has higher effective wind speed and lower effective rainfall
intensity, both of which would normally lead to higher catch ratio values at the top edges of the
buildings. However, the catch ratio values obtained at the same height from the ground are lower for
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the case with the two parallel buildings, i.e. for the rain event of April 8, 2014. For example, the WDR
gauge 9 on building 2 also has lower catch ratio values than the WDR gauge 4 on cube 8 in the array of
cubes. Furthermore, building 1 also has lower catch ratio values than cube 2. Therefore, it can be said
that, in the case with the two parallel buildings, the influence of buildings on WDR intensity on each
other seems to be larger than it is in the array of cubes. It can be argued that wake flows are more critical
in terms of WDR intensity in the parallel buildings case compared to the case with the array of cubes.
This is studied in these two geometries in detail by numerical simulations in chapter 7.

Conclusion
This chapter presents two new field measurement campaigns, each using a different geometry, i.e. an
array of low-rise cubic buildings and a configuration with two parallel buildings, for the documentation
of wind-driven rain intensities on building facades. The measurement setup is composed of nine lowrise cubic building models and is designed to allow for different urban geometries. The cubes are
installed at the Swiss Federal Laboratories for Materials Science and Technology (Empa) in Dübendorf,
Switzerland.
This chapter provides the description of the measurement geometries, surroundings of the measurement
area, measuring equipment, as well as the experimental data of selected rain events. The dataset of rain
events can be downloaded from the given website. This dataset intends to serve as an insight into WDR
distribution over a built environment where buildings mutually influence their WDR exposure, as well
as a tool for model development, verification and validation. The next chapter presents numerical WDR
results on a stand-alone cube, an array of cubes and a high-rise building with tower.
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Introduction
This chapter aims to assess the applicability of the Eulerian multiphase (EM) model to predict winddriven rain (WDR) intensity on building facades by verifying its accuracy using existing numerical
results from Lagrangian particle tracking (LPT) models. This way, possible computer programing errors
in the code can be identified and the code can be verified. Section 6.2 presents the numerical winddriven rain (WDR) intensity results on a facade of a single cubic building using the LPT and EM models
and compares the WDR intensity values with existing results in literature. Section 6.3 compares WDR
intensity results on two different facades in an array of cubic buildings using the LPT and EM models.
Sections 6.4 and 6.5 provide discussion and conclusion, respectively.

Comparison of EM and LPT models on a cubic building
In this section, results of WDR intensity on a stand-alone cubic building with LPT and EM models by
the author are presented and these results are compared with the available numerical results on the same
building with LPT model by Blocken and Carmeliet [158].
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6.2.1. Simulation settings and parameters

6.2.1.1. Computational domain and grid
In Fig. 6.1(a) and (b), the computational domain and the boundary conditions for the wind flow are
shown. The size of the computational domain is identical to the one in the original numerical study
[158]. The locations of boundaries with respect to the building follow the guidelines by Tominaga et al.
[208] and Franke et al. [191]. Only the upstream length is longer than the suggested value of 5H, where
H is the building height, so that the droplets injected close to the inlet in the LPT model can hit the
windward facade of the building. The grid used in this study is different than the original study [158]
and is shown in Fig. 6.1(c). The total cell number is about 1 600 000. The length of the cube edge is 10
m. The cell height is 0.06 m on the ground boundary and on the building surface.

6.2.1.2. Boundary conditions for wind phase
The vertical profiles of mean wind speed, U, turbulence kinetic energy, k, and turbulence dissipation
rate, , are imposed at the inlet boundary. The inlet boundary conditions in Blocken and Carmeliet [158]
are used for the sake of comparison. The inlet profile of mean wind speed is defined with the typical
power-law expression:

U ( y )  U ref

 y 


 yref 

a

(6.1)

where U(y) denotes the mean streamwise wind speed at height y above the ground plane, Uref the
reference wind speed at the reference height yref and a the power-law exponent. In the present study, a is
taken 0.15 and Uref is 10 m/s at the reference height, yref = 10 m. The inlet profiles of turbulent quantities
are defined by the following expressions for this particular study [158]:

k ( y )  0.75(u *ABL2 )

 ( y) 
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where u*ABL denotes the ABL friction velocity,  the von Karman constant and y0 the aerodynamic
roughness length. u*ABL is taken as 0.69 m/s,  is taken as 0.42 in the present study. y0 is taken as 0.03 m,
which represents a level country with low vegetation and isolated obstacles with separations of at least
50 obstacle heights, according to the Davenport roughness classification [47]. For the ground surface
treatment, the standard wall functions by Launder and Spalding [168], with appropriate roughness
modification [209], are used. The equivalent sand-grain roughness height, ks, is taken as 0.03 m and the
roughness constant, Cs, is taken to be 0.5. The building surfaces are assumed smooth. A constant static
pressure of 0 Pa is used at the outlet boundary. Symmetry conditions are applied at the top and on both
sides of the domain.

Fig. 6.1. Computational setup for single cubic building: (a) computational domain from top, (b) computational
domain from side, (c) part of the computational grid (1 600 000 cells).
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6.2.1.3. Raindrop injection positions in the LPT model
The LPT model requires the specification of injection planes consisting of injection positions for the
raindrops. The injected droplets should cover the whole facade of the building. Therefore, the positions
of the planes are different, and thus have to be carefully defined, for each raindrop size and reference
wind speed. The positions of the planes should also be chosen in free-field conditions such that they are
away from the disturbance of the building. Hence, the distance of the inlet boundary from the building
in Fig. 6.1(a) is longer than the necessary condition by Tominaga et al. [208] and Franke et al. [191].
At the injection position, the droplet velocity component along the direction of gravitational acceleration
should be set equal to the terminal velocity of fall for that phase. The droplet velocity components
perpendicular to the direction of gravitational acceleration should be set equal to the wind phase velocity
components, so that the relative velocity between wind and rain is zero at the boundary.

6.2.1.4. Boundary conditions for the rain phases in the EM model
In the EM model, instead of specifying injection planes as in the LPT model, appropriate boundary
conditions are set for the rain phase volumetric fractions and velocities at the computational domain
boundaries. The value of volumetric ratio of d, d, is imposed at the inlet and top boundaries. The
values for d at the boundaries are calculated using Eq. (4.10). The raindrop size distribution through a
horizontal plane by Best [93] and the terminal velocity measurements by Gunn and Kinzer [89] are
used. The implemented drag coefficients should be in agreement with the terminal velocity data,
otherwise some artificial acceleration towards the ground can be experienced during simulations, even
in regions with undisturbed flow field with zero vertical component. Drag coefficients, which were
calculated by Gunn and Kinzer [89], take into account the changes in the shape of falling raindrops.
For the rain phase velocity, ud, it is assumed that the boundaries are undisturbed and far away from the
object in the domain. Similar to the droplet velocities at injection positions in the LPT model, the rain
phase velocity component along the direction of gravitational acceleration is set equal to the terminal
velocity of fall for that phase. The rain phase velocity components perpendicular to the direction of
gravitational acceleration are set equal to the wind phase velocity components, so that the relative
velocity between wind and rain is zero at the boundary.
The boundary conditions for the rain phases at the building walls, on the ground and at the outlet are set
in such way that the normal gradient of the volumetric ratio, d/n, equals zero when the normal wind
velocity vector is pointing out of the domain, and the values of the volumetric ratio, d, are equal to
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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 explicitly 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.

6.2.1.5. Solver settings
In the present study, 3D steady RANS with the standard k-ε model [168] is used for the incompressible
wind flow simulations. The same air-flow solution is used for both WDR models. Turbulent dispersion
is neglected in this study but will be discussed in depth in chapter 7. OpenFOAM® 2.0 is used as the
CFD code. The pressure-velocity coupling for the wind flow field solution is taken care of with the
Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm. Two additional solvers, i.e.
for LPT and EM models, are implemented into the code by the author. The solver for the LPT model
injects raindrops into the computational domain in given positions and calculates their trajectories by
solving Eq. (4.1) by integrating it piecewise analytically. The solver for the EM model gives the rain
phase velocity, volumetric ratio and specific catch ratio distributions by solving the governing equations
shown in Eqs. (4.6) and (4.7). Second order discretization schemes are used for both the convection
terms and the viscous terms of the governing equations. For the air phase calculations, the simulations
are terminated when all the scaled residuals reach 10-6. For the LPT model, the maximum time step is
set to 5 ms, the maximum length step is set to the grid-cell size and the calculations are performed until
all the injected droplets reach a domain boundary. For the EM model, variable values at various
locations have been monitored and the calculation is stopped when the values achieve convergence.

6.2.1.6. Solution strategy
The following steps have been followed to obtain WDR solutions in both models:
a)

The wind-flow field around the building is solved for U10 = 10 m/s, based on the study of
Blocken and Carmeliet [158] for the sake of comparison, where U10 is the wind speed at

y = 10 m height.
b) Using the calculated wind-flow field, specific catch ratio distributions are calculated for several
raindrop diameter values (a total of 17 diameters ranging from 0.3 to 1 mm in steps of 0.1 mm,
from 1 to 2 mm in steps of 0.2 mm, and from 2 to 6 mm in steps of 1 mm).
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c)

Catch ratio distributions are obtained for 16 reference horizontal rainfall intensities of Rh = 0,
0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h using the droplet size distribution by
Best [93] as input.

6.2.2. Results
Trajectories, using the LPT model, and streamlines, using the EM model, of droplets approaching the
windward facade of the building, for a reference wind speed of U10 = 10 m/s, are shown and compared
using both WDR models in Fig. 6.2. For the analysis, two different droplets sizes, i.e. 0.3 mm and
1.0 mm, are chosen. The droplet size of 0.3 mm is the smallest size within the range of droplets that are
calculated and is more responsive to the wind-flow features due to its smaller inertia. The influence of
the standing vortex is clearly observed in Fig. 6.2(a), where the smaller size droplets are driven away
from the building at the lower part of the building. Furthermore, the droplets hit the lower half of the
building facade with a very small streamwise velocity, i.e. the raindrops travel almost parallel to the
facade. A similar effect is also visible close to the roof, where the raindrops are accelerated above the
building. On the other hand, the droplets of size of 1.0 mm have more uniform trajectories as shown in
Fig. 6.2(b). In Fig. 6.2, the starting positions of the raindrops are the same for each model. Both models
predict the impact positions and the angles of the droplets very close to each other. For the droplet size
of 0.3 mm, the average difference between the impact positions by the two models on the windward
facade is 0.76 m (= 0.076H), the maximum difference being 0.25H close to the bottom part of the
building. For the droplet size of 1.0 mm, the average difference on the windward facade is 0.07 m
(= 0.007H), the maximum difference being 0.01H close to the bottom part of the building.
The resulting catch ratio values on the windward facade of the cubic building are presented in Fig. 6.3.
The distribution of catch ratio by Blocken and Carmeliet [158] are shown in Fig. 6.3(a) for reference
rainfall intensities, Rh = 1 and 10 mm/h. The common characteristics are that the catch ratio increases
with height and is higher at the side edges of the building than at its middle. The results with LPT and
EM models in OpenFOAM are shown in Fig. 6.3(b) and (c), respectively. As the rainfall intensity
increases, the highest catch ratio value decreases and the lowest catch ratio increases. The wavy surface
wetting patterns estimated by the LPT model on the facades are not visible in the results by the EM
model, suggesting that this is possibly due to the too low number of droplet trajectories and/or number
of zones on which the catch ratio is calculated on the facade. The maximum values in the top corners,
predicted by the EM model are larger than the ones predicted by the LPT models. This may be due to
the different calculation methods used by different models. The catch ratio values calculated by the EM
model are related to the grid size on the building surface, whereas the catch ratio values calculated by
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the LPT model are related to the number of injected droplets and the number of areas on the facade for
which the catch ratio is calculated. Nevertheless, apart from the maximum values at the top corners, the
overall catch ratio distribution by both models agree well with the previously validated model by
Blocken and Carmeliet [158]. The catch ratio profiles predicted by both models along a vertical line in
the middle of the facade for a reference wind speed of U10 = 10 m/s and for reference rainfall intensity
values of Rh = 1 and 10 mm/h are shown in Fig. 6.4. These profiles correspond to the catch ratio
distributions in Fig. 6.3(b) and (c), i.e. the results of WDR calculations performed by the author with
LPT and EM models. For both models, the vertical catch ratio profiles are very close. As shown in Fig.
6.3, the vertical gradient of catch ratio values gets smaller as the rainfall intensity increases.

Fig. 6.2. Trajectories, using the LPT model, and streamlines, using the EM model, of droplets of sizes a) 0.3 mm
and b) 1.0 mm approaching the windward facade in the centerplane for a reference wind speed of U10 = 10 m/s.
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Fig. 6.3. Catch ratio results on the windward facade of the single cubic building for a reference wind speed of
U10 = 10m/s, reference horizontal rainfall intensity Rh = 1 mm/h and 10 mm/h: (a) Blocken and Carmeliet LPT
model [158], (b) LPT model, (c) EM model.
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Fig. 6.4. Catch ratio profiles along a vertical line in the middle of the facade for a reference wind speed of
U10 = 10 m/s and for reference rainfall intensity values of Rh = 1 and 10 mm/h predicted with the LPT and EM
models.

Comparison of EM and LPT models on an array of buildings
In urban environments, the wind flow around a building and, hence, the WDR intensity will be
influenced by other buildings or objects nearby. In this section, a preliminary numerical study is
performed on the urban configuration composed of 9 low-rise cubic buildings and the catch ratio values
estimated by LPT and EM models are compared. A more detailed study and validation of the EM model
in this geometry is performed in chapter 7.

6.3.1. Simulation settings and parameters

6.3.1.1. Computational domain, grid and boundary conditions
The computational grid and the configuration of cubic buildings are shown in Fig. 6.5. During this
study, the focus of interest will be on the windward facades of the middle building in the first row
(cube A) and middle building in the last row (cube B). The total cell number is about 1 760 000. The
length of each cube edge is 2 m and the cubes are placed 2 m apart from each other. The cell height is
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0.2 m on the ground boundary, and 0.06 m on the building surface. The geometry of the computational
domain and the boundary conditions for the wind phase are similar to those shown in Fig. 6.1(a) and (b).

Fig. 6.5. Computational setup for array of cubes: (a) computational domain from top, (b) computational domain
from side, (c) part of computational grid (1 760 000 cells).
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Table 6.1. Boundary conditions for wind phase both in the LPT and EM models for the cube-array case.
Boundary

Type

Parameters

Inlet

U = (u*ABL/κ)*ln((y+y0)/y0), u*ABL = 0.414 m/s, y0 = 0.1 m
k = 3.33(u*ABL)2
ε = (u*ABL)3/[κ(y+y0)]

Outlet
Ground
Building

Velocity, ABL log law
Turbulence kinetic energy
Turbulence
dissipation
rate
Gauge pressure
Rough wall
Smooth wall

Top
Side

Defined values for U, k, ε
Symmetry

0 Pa
Standard wall functions, ks = 0.1 m, Cs = 9.7
Standard wall functions

Table 6.2. Boundary conditions and parameters for the rain phases in the EM model.
Boundary

Type

Parameters

Inlet

Phase velocity

ud,x =ux, ud,z = uz, ud,y = -Vt(d)

Phase volumetric ratio
Outlet

αd = (Rh·fh(Rh,d))/Vt(d)

Outlet

Ground

Outlet

u
 d
 0, d  0 for n  ud  0

n
 n
 d  0, ud  0 for n  ud  0


Building

Outlet

u
 d
 0, d  0 for n  ud  0


n
n

 d  0, ud  0 for n  ud  0


Top

Phase velocity
Phase volumetric ratio
Symmetry

ud,x =ux, ud,z = uz, ud,y = -Vt(d)
αd = (Rh·fh(Rh,d))/Vt(d)

Side

u
 d
 0, d  0 for n  ud  0

n
 n
 d  0, ud  0 for n  ud  0


Contrary to the power-law inlet velocity profile in section 6.2, the inlet profile of mean wind speed is
defined with the typical log-law expression:

U ( y) 

 y  y0 
ln 


 y0 

u*ABL

(6.4)
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where U(y) denotes the mean streamwise wind speed at height y above the ground plane, u*ABL the ABL
friction velocity,  the von Karman constant (0.42 in the present study), and y0 the aerodynamic
roughness length. Log-law is mainly used by meteorologists to describe the mean wind-speed profiles.
In the rest of the thesis, log-law will be used as it is based on a physical background whereas the powerlaw is an empirical relation [110]. The inlet profiles for k and ε are based on the boundary conditions
given in Richards and Hoxey [45]. For the ground surface treatment, the standard wall functions by
Launder and Spalding [168], with appropriate roughness modification [209], are used. The relation
between the equivalent sand-grain roughness height, ks, and the roughness constant, Cs, is given in
Blocken et al. [210]. The building surfaces are assumed smooth. Furthermore, for the top boundary,
constant values are set for U, k and ε by using fixed values from the inlet profiles at the same height as
suggested by Blocken et al. [210], e.g. Utop = Uinlet(y = 12 m). This is done in order to limit the horizontal
inhomogeneity, as other top boundary conditions, such as symmetry condition, can cause streamwise
gradients. The details of the boundary conditions for the wind flow are given in Table 6.1. The boundary
conditions for the rain phases in the EM model are identical to the ones used in section 6.2. They are
summarized in Table 6.2.

6.3.1.2. Solver settings
In the present study, 3D steady RANS with the standard k-ε model [168] is used for the incompressible
wind flow simulations. The same air-flow solution is used for both WDR models. Turbulent dispersion
is neglected in this study. OpenFOAM® 2.0 is used as the CFD code. The pressure-velocity coupling
for the wind flow field solution is taken care of with the Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm. Second order discretization schemes are used for both the convection
terms and the viscous terms of the governing equations. For the air phase calculations, the simulations
are terminated when all the scaled residuals reach 10 -6. For the LPT model, the calculations are
performed until all the injected droplets reach a grid boundary. For the EM model, variable values at
various locations have been monitored and the calculation is stopped when the values achieve
convergence.

6.3.1.3. Solution strategy
The solution strategy used in this study is very similar to the one described in section 6.2.1.6 except for
the reference wind speed. The following steps have been followed to obtain WDR solutions in both
models:
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a)

The wind-flow field around the building is solved for U2 = 3 m/s, based on the measured wind
speed values in chapter 5, where U2 is the mean wind speed at y = 2 m height.

b) Using the calculated wind-flow field, specific catch ratio distributions are calculated for several
raindrop diameter values (17 diameters ranging from 0.3 to 1 mm in steps of 0.1 mm, from 1
c)

to 2 mm in steps of 0.2 mm, and from 2 to 6 mm in steps of 1 mm).
Catch ratio distributions are obtained for 16 reference horizontal rainfall intensities of Rh = 0,
0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h using the droplet size distribution by
Best [93] as input.

Fig. 6.6. Catch ratio results on the windward facade of cubes A and B, respectively, with U2 = 3 m/s, Rh = 1 mm/h
using: (a) LPT model and (b) EM model.
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6.3.2. Results
The catch ratio distributions with the LPT model for a relative wind velocity of 2 m/s and a horizontal
rainfall intensity of 1 mm/h on the windward facades of cubes A and B, respectively, are presented in
Fig. 6.6(a). Similarly, Fig. 6.6(b) shows the catch ratio distributions for the same conditions with the
EM model. Note that the catch ratio values are about the same on the upper third of both buildings. This
is due to the fact that the wind-flow fields are very similar above both buildings. However, the influence
of different wind-flow structures and vortices in front of the buildings can be observed by the difference
of catch ratio values on the lower two-thirds of the buildings. Cube B has a larger vertical gradient
although the maximum catch ratio is about the same as for cube A, as also shown in Fig. 6.7. Fig. 6.7
presents the catch ratio profiles predicted by both models along vertical lines in the middle of the facades
for a reference wind speed of U2 = 3 m/s and for a reference rainfall intensity of Rh = 1 mm/h. The catch
ratio results estimated by both models agree quite well. The slight difference at the top could be due to
the difference between the areas on the facade that the LPT model calculates the catch ratio and the grid
cell size, over which the EM model calculates the catch ratio.

Fig. 6.7. Catch ratio profiles along a vertical line in the middle of the facades of cubes A and B for a reference wind
speed of U2 = 3 m/s and for a reference rainfall intensity of Rh = 1 mm/h predicted with the LPT and EM models.

Discussion
In this chapter, we compare the EM results with the LPT results on a stand-alone cube and on an array
of cubes. For the stand-alone cube and the cube-array studies, presented in sections 6.2 and 6.3, the
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catch ratio results by the EM model are in good agreement with the available results in the literature by
the LPT model, verifying the EM model with numerical results. In sections 6.2 and 6.3, the calculations
with the LPT model in OpenFOAM allows for a comparison in user time spent during calculations by
both models. The user time needed for a WDR simulation with the EM model on the windward facade
of an isolated building is found to be about a factor of 10 less than it is for the simulation with the LPT
model. This factor becomes much larger when WDR intensities on several buildings or facades are
studied as all steps in LPT, i.e. pre-processing, calculation and post-processing, will become more time
consuming.
Furthermore, especially for the case of the array of buildings in section 6.3, the deficiencies of RANS
k-ε modeling around the windward facade edges and in the wake of the buildings, such as the size of
the wake and the location of reattachment [20-23], and their influences on the WDR intensity on the
downstream buildings are unknown. With the EM model, it is easier to study the unsteady characteristics
of WDR by coupling the WDR solver with LES (see chapter 8) compared to the LPT model, which
mainly relies on the steady-state stream-tube approach, as discussed in section 4.2, and leads to a much
higher computation cost with LES simulations as it requires higher amount of droplet trajectories in
unsteady cases.
The EM model as implemented in this chapter, i.e. neglecting the turbulent dispersion of raindrops,
models the physics of WDR in a similar way to the LPT model does. No big difference between the
results with the EM and LPT models is observed and the assumption of continuum for the rain phases
in the EM model is valid. The small differences observed between the results with different models are
likely to be numerical modeling errors, rather than physical modeling errors. The EM model, with the
continuum approach, makes it possible to implement the turbulent dispersion of raindrops with ease.
The results of WDR intensity with turbulent dispersion are presented in detail in chapter 7.

Conclusion
In this chapter, WDR catch ratio values are studied on a single cubic building and a representative urban
environment composed of an array of low-rise cubic buildings using the LPT and EM models. First, the
numerical catch ratio values on the single cubic building are verified with existing numerical results in
literature. The EM model successfully estimates the streamlines of the raindrops in agreement with the
trajectories estimated with the LPT model. Furthermore, on the windward facade of the single building,
the WDR intensity distribution with the EM model is in agreement with the results found in literature.
It is estimated that the user time needed for a WDR simulation with the EM model on a single facade
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of an isolated building is found to be about a factor of 10 less than it is with the LPT model. Second,
the numerical catch ratio results with the LPT and EM models are compared on two different buildings
in an urban configuration composed of 9 identical low-rise cubic buildings. The EM model predicts the
surface wetting on the windward facades of an upstream and a downstream building very close to the
predictions of the LPT model.
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Numerical EM-WDR model with turbulent dispersion
modeling: implementation and validation with field
experiments*
Introduction
In this chapter, numerical studies of WDR with the EM model including the turbulent dispersion model
are performed. Earlier studies stated that turbulent dispersion could be neglected for the windward
facades of low-rise buildings [105, 144, 145]. However, buildings with large wind-blocking effect lead
to a significant decrease in the upstream wind speed values close to the building facade. Blocken et al.
[145] stated that the effect of turbulent dispersion could be important for the lower part of high-rise
buildings, where the mean rain phase streamlines are mostly parallel to the windward facade. In that
case, even very small deviations from the mean wind speed may lead raindrops to hit the facade. This
chapter aims at clarifying this aspect of WDR. In the previous chapter, the EM model without turbulent
dispersion of raindrops is first verified on a single cubic building with existing numerical results in
*

This chapter is partly based on the following publications:

Kubilay A, Derome D, Blocken B, Carmeliet J. (2014). Numerical simulations of wind-driven rain on
an array of low-rise cubic buildings and validation by field measurements. Building and Environment;
81:283-295.
Kubilay A, Derome D, Blocken B, Carmeliet J. (2015). Numerical modeling of turbulent dispersion for
wind-driven rain on building facades. Environmental Fluid Mechanics; 15(1):109-133.
Kubilay A, Derome D, Blocken B, Carmeliet J. Wind-driven rain on two parallel wide buildings: field
measurements and CFD simulations. Manuscript submitted for publication.
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literature. Second, the catch ratio values calculated with the LPT and EM models are compared on a
representative urban environment composed of an array of low-rise cubic buildings. Section 4.3
proposes a simple and direct implementation of turbulent dispersion of raindrops in WDR calculations
with the EM model. This chapter follows the numerical study from the verification study performed in
chapter 6 and adds the turbulent dispersion modeling. In section 7.2, the results of WDR intensity with
turbulent dispersion modeling on a wide high-rise building are discussed as a numerical example. After
that, numerical simulations of wind-driven rain (WDR) are performed on the two urban geometries for
which the field experiments are conducted (see chapter 5). The EM model with turbulent dispersion is
validated for these multi-building configurations. The validation studies are performed by comparing
the numerical WDR intensities on multiple facades with experimental data from different rain events in
both geometries, i.e. the array of low-rise cubic buildings and two parallel buildings in sections 7.3 and
7.4, respectively. Finally, sections 7.5 and 7.6 provide discussion and conclusion.

Numerical study on a wide high-rise building
In this section, the turbulent dispersion model is applied to a simplified isolated high-rise building with
dimensions 50 x 12.5 x 50 m3 as in the study by Blocken et al. [145].

7.2.1. Simulation settings and parameters

7.2.1.1. Computational domain and grid
The computational domain and the boundary conditions for the wind flow are shown in Fig. 7.1(a)
and (b). The size of the computational domain and the distances of boundaries from the building satisfy
the guidelines by Tominaga et al. [23] and Franke et al. [191]. The building is located 5H away from
the inlet, top and side boundaries, and 15H away from the outlet boundary, where H = 50 m is the height
of the building. The blockage ratio of the domain is about 1.5%. For the grid sensitivity analysis, three
structured and purely hexahedral grids are created. The base grid consists of 592 832 cells (see Fig.
7.1(c)). The coarser grid has 245 632 cells, whereas the finer grid 1 551 336. The first cell height on the
ground and building surfaces is kept constant for each grid in order to keep the y+ the same. The gridsensitivity analysis is conducted by comparing the mean wind speed along two vertical lines between
the heights of 0.5H and 1.5H. The lines are positioned at 0.1H upstream and with an offset of 0H and
0.5H from the symmetry plane, as shown in Fig. 7.2. The maximum difference between calculated mean
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wind speed values between the coarser grid and the base grid is 7.9%, the average difference is 1.1%.
The maximum difference between the finer grid and the base grid is 5.1%, the average difference is
0.7%. The base grid is chosen for the rest of the study as a trade-off between grid-induced error and
computational cost. The cell height on the ground and at the building surfaces is 0.01H.

Fig. 7.1. Computational setup for single cubic building: (a) computational domain from top, (b)
computational domain from side, (c) close-up view of the computational grid (592 832 cells).
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Fig. 7.2. Position of vertical lines for grid sensitivity analysis.

7.2.1.2. Boundary conditions
In this study, the inlet profile of mean wind speed is defined with the typical log-law expression (Eq.
(6.5)). An aerodynamic roughness length of 0.03 m is chosen, representing a grass-covered terrain
without other obstacles [47]. The ABL friction velocity, u*ABL, is taken as 0.69 m/s. For the ground
surface, the standard wall functions by Launder and Spalding [168] with roughness modification [209]
are used. The equivalent sand-grain roughness height, ks, and the roughness constant, Cs, is determined
by the following relation by Blocken et al. [210]:

ks 

Ey0
Cs

(7.1)

where E is an empirical constant with a value of 9.793. In the present study, for the ground surface, ks
is taken to be 0.03 m and Cs is set as 9.7. The building surfaces are assumed to be smooth. For the top
boundary, constant values are set for U, k and ε using the values from the inlet profiles at the same
height as suggested by Blocken et al. [210]. This limits horizontal inhomogeneity, as other top boundary
conditions, such as symmetry condition, can cause streamwise gradients. Although imposing constant
values does not allow fluid to enter or exit the domain, the top boundary is far enough from the building
not to cause a problem. A constant static gauge pressure of 0 Pa is used at the outlet boundary. Symmetry
conditions are applied on the lateral sides of the domain.
The details of the boundary conditions for the wind flow calculation are given in Table 7.1. The
boundary conditions for the rain phase calculations in the EM model are identical to the ones used in
section 6.2. They are summarized in Table 7.2.
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Table 7.1. Boundary conditions for wind phase.
Boundary

Type

Parameters

Inlet

U = (u*ABL/κ)*ln((y+y0)/y0), u*ABL = 0.69 m/s, y0 = 0.03 m
k = (u*ABL)2/(Cμ)1/2
ε = (u*ABL)3/[κ(y+y0)]

Outlet
Ground
Building

Velocity, ABL log law
Turbulence kinetic energy
Turbulence
dissipation
rate
Gauge pressure
Rough wall
Smooth wall

Top
Side

Defined values for U, k, ε
Symmetry

0 Pa
Standard wall functions, ks = 0.03 m, Cs = 9.7
Standard wall functions

Table 7.2. Boundary conditions and parameters for the rain phases in the EM model.
Boundary

Type

Parameters

Inlet

Phase velocity
Phase volumetric ratio

ud,x =ux, ud,z = uz, ud,y = -Vt(d)
αd = (Rh·fh(Rh,d))/Vt(d)

Outlet

Outlet

u
 d
 0, d  0 for n  ud  0

n
 n
 d  0, ud  0 for n  ud  0


Ground

Outlet

u
 d
 0, d  0 for n  ud  0

n
 n
 d  0, ud  0 for n  ud  0


Building

Outlet

u
 d
 0, d  0 for n  ud  0


n
n

 d  0, ud  0 for n  ud  0


Top

Phase velocity
Phase volumetric ratio

ud,x =ux, ud,z = uz, ud,y = -Vt(d)
αd = (Rh·fh(Rh,d))/Vt(d)

Side

Symmetry

7.2.1.3. Solver settings
In the present study, 3D steady RANS with the realizable k-ε model [170] is used for the incompressible
wind flow simulations. OpenFOAM® 2.0 is used as the CFD code. The pressure-velocity coupling for
the wind flow field solution is taken care of with the Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm. Second order discretization schemes are used for both the convection
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terms and the viscous terms of the governing equations. For the air phase calculations, the simulations
are terminated when all the scaled residuals reach 10 -6. For the rain phase calculations, variable values
at various locations have been monitored and the calculation is stopped when the values achieve
convergence.

7.2.1.4. Solution strategy
The following steps have been followed to obtain the WDR solution:
a)

The steady-state wind-flow field around the building is solved for U10 = 10 m/s. The windflow fields for other values of reference wind speed (U10 = 1, 2, 3, 5 m/s) are obtained by linear
scaling. Such scaling is allowed for flows around sharp-edged bluff bodies, where the positions
of flow separation are independent of the Reynolds number [41].

b) The turbulent viscosity, t, is scaled linearly for the reference wind speed values, U10 = 1, 2, 3,
5 m/s. Similarly, the turbulence kinetic energy, k, is scaled quadratically and the turbulence
dissipation rate, ε, is scaled cubically. In fact, for fully turbulent flow, the turbulence statistics
have only a weak dependence on the Reynolds number [180]. Wind tunnel measurements by
Defraeye [211] for flows around bluff bodies show limited Reynolds number dependency at
c)

Re > 104, with Re calculated based on reference wind speed and building height.
Using each reference wind flow field, specific catch ratio distributions are calculated for
several raindrop diameter values (17 diameters ranging from 0.3 to 1 mm in steps of 0.1 mm,
from 1 to 2 mm in steps of 0.2 mm and from 2 to 6 mm in steps of 1 mm).

d) Catch ratio distributions are obtained for 16 reference horizontal rainfall intensities of Rh = 0,
0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h using the droplet size distribution as
input for each reference wind speed.

7.2.2. Results
The contours of the response coefficient values, Ct, for raindrop sizes 0.3, 1.0, 2.0 and 5.0 mm in the
vertical centerplane of the building for a reference wind speed of 10 m/s are shown in Fig. 7.3. The Ct
field in the vicinity of the building is significant as it models the relation between the fluctuations of air
and the rain phases. A higher Ct value in the vicinity of the facade means that a droplet that travels
parallel to the facade has more chances to hit the facade due to turbulent dispersion. For the smallest
raindrop size of 0.3 mm, in Fig. 7.3(a), the response coefficient values are larger than 0.9, except at the
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rooftop of the building where the flow is separated. For larger raindrop sizes, low Ct values are observed
in larger areas. Ct values are lower at the rooftop of the building as the raindrop size increases.
Additionally, the region with low Ct values spreads downstream of the building. Also note that, for
raindrop size of 2.0 mm, there is a region with Ct values lower than 0.8 in front of the building and this
region gets larger for raindrop size of 5.0 mm (see Fig. 7.3(c-d)). The influence of the wind velocity
fluctuations on the rain phase fluctuations gets lower compared to the inertia of raindrops as raindrop
size increases. On the contrary, the fluctuations of the raindrop velocity follow the fluctuations in wind
velocity in regions where Ct is unity. Note that Ct values are equal to one at a sufficient distance from
the building for all raindrop sizes. These are the regions where the Lagrangian fluid timescale
(Eq. (4.16)) is much larger than the particle relaxation time (Eq. (4.15)).
Fig. 7.4 compares the streamlines of raindrop sizes of 0.3, 1.0, 2.0 and 3.0 mm for a wind speed of 10
m/s in the vertical centerplane of the building without and with turbulent dispersion. Note that, without
turbulent dispersion modeling, for the lower two-thirds of the building height, the raindrops travel
almost parallel to the building facade. This is especially clear in Fig. 7.4(a) for the smallest raindrop
size of 0.3 mm, which leads to an almost zero x-direction velocity component, resulting in small (< 0.05)
specific catch ratio values (see Eq. (4.9)). On the other hand, when turbulent dispersion is taken into
account, the streamlines are less parallel to the building facade and the raindrops actually impinge on
the facade in contrast to what is predicted without turbulent dispersion. The influence of turbulent
dispersion on the impact angle is shown very clearly in Fig. 7.5 for the same wind speed and droplet
sizes along a vertical line in the middle of the windward facade. The impact angle, θ, is defined between
the streamlines and the surface normal, and therefore the droplets are travelling more parallel to the
facade as it gets larger. A positive θ means droplets impact the facade as they travel upwards and a
negative θ means droplets impact the facade as they travel downwards. For all the droplet sizes in Fig.
7.5, turbulent dispersion modeling results in a smaller impact angles all along the facade, meaning the
droplets hit the facade closer to the normal. Especially in Fig. 7.5(a), close to the top of the building,
the droplets move upwards and travel almost parallel to the facade (as also shown in Fig. 7.4(a)). Note
that, as the raindrops get larger, the influence of turbulent dispersion diminishes at the upper parts of
the building, as shown in Fig. 7.5(c) and (d). On the other hand, at the lower parts, the raindrops still
impinge on the building with smaller angles with the normal, increasing the catch ratio. Additionally,
the position of the stagnation point of the droplets along the facade, i.e. where vertical travel direction
of the droplets change from upwards to downwards, is different for different droplet sizes in Fig. 7.5,
but not affected when modeling turbulent dispersion is taken into account. The droplets of size of 0.3
mm move upwards over the top third of the building height, whereas the droplets of size of 3.0 mm
never move upwards at all, as the acceleration of wind over the rooftop for the wind speed U10 = 10 m/s
is too weak compared to the higher inertia of raindrop size of 3.0 mm. Furthermore, it is also visible in
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Fig. 7.5(a) and (b) that the smaller droplets do not actually hit the bottom parts of the facade, whereas
turbulent dispersion makes them impact the facade at positions closer to the ground.

Fig. 7.3. Contours of response coefficient Ct in the vertical centerplane for U10 = 10 m/s for raindrop sizes of
a) 0.3 mm, b) 1.0 mm, c) 2.0 mm, and d) 5.0 mm.
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Fig. 7.4. Streamlines of the rain phase in the vertical centerplane for U10 = 10 m/s and raindrop size of a) 0.3 mm,
b) 1.0 mm, c) 2.0 mm and d) 3.0 mm without and with turbulent dispersion.
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Fig. 7.5. Impact angle, θ, between the raindrop streamline and the surface normal along a vertical line in the middle
of the windward facade for U10 = 10 m/s and raindrop size of a) 0.3 mm, b) 1.0 mm, c) 2.0 mm and d) 3.0 mm
without and with turbulent dispersion.

7.2.2.1. Specific catch ratio analysis
The specific catch ratio profiles along two vertical lines on the windward facade of the building, one in
the middle of the facade, the other at the side edge, are presented in Fig. 7.6 for diameter sizes d = 0.3
and 1.0 mm at reference wind speed values of U10 = 5 and 10 m/s. The solid lines show the specific
catch ratio profiles without turbulent dispersion modeling, ηd, the dots the profiles with turbulent
dispersion modeling, η’d, and the dotted lines show the quotient of specific catch ratios, η’d /ηd. The
quotient profiles clearly highlight the effect of turbulent dispersion. The increase in absolute values is
higher for reference wind speed of 10 m/s (Fig. 7.6(a) and (b)) than for 5 m/s (Fig. 7.6(c) and (d)) for
both lines. Fig. 7.4 and Fig. 7.5 show that the droplets are hitting the facade with angles closer to the
134

Numerical EM-WDR model with turbulent dispersion modeling: implementation and validation

surface normal when turbulent dispersion is taken into account. Therefore, at higher wind speed values,
higher magnitude of fluctuations in the wind velocity tend to increase the velocity of droplets more in
the normal direction to the facade. The relative changes shown by quotients, on the other hand, differ
for each parameter, i.e. the raindrop size, the reference wind speed, the position of the line on the facade.
The increase, due to taking into account turbulent dispersion, in the specific catch ratio for d = 1.0 mm
is higher than the increase for d = 0.3 mm at the reference wind speed of 5 m/s (Fig. 7.6(c) and (d)),
whereas it is the other way around for the reference wind speed of 10 m/s (Fig. 7(a) and (b)), except for
a part in the middle of the building. Furthermore, the quotient of specific catch ratios is higher in the
middle of the facade than at the side edge for both raindrop sizes, as well as for both reference wind
speed values. This area coincides with the area with quasi-vertical trajectories in Fig. 7.4(a), which are
relatively less parallel to the facade, in Fig. 7.4(b), when turbulent dispersion is included.
Note that, even when the droplets travel almost parallel to the facade both near the roof and the bottom
part of the building (see Fig. 7.4(a)) and hit the facade with equally oblique angles, i.e. close to 90° near
the roof and -90° near the bottom (see Fig. 7.5(a)), the catch ratio values near the roof are larger than
they are near the bottom. This is because of the fact that the wind speed is higher at higher altitude than
it is close to the ground, leading to a larger raindrop impact velocity component normal to the facade
and hence, larger catch ratio.
Fig. 7.7(a) and (b) show the turbulence intensity values upstream of the building in the vertical side and
centerplanes. The turbulence intensity is calculated by u’/U, where u’ is the root mean square of the
turbulent fluctuations and U is the mean wind speed. u’ can be computed as:

u' 

2
k
3

(7.2)

where k denotes the turbulence kinetic energy. The turbulence intensity values indicate how large the
turbulent velocity fluctuations are compared to the mean velocity. Larger turbulence intensity values in
the centerplane agree with the larger increase in specific catch ratio profiles in the middle of the building,
i.e. the quotient η’d /ηd is larger in the middle of the building than it is at the side edge in Fig. 7.6.
Therefore, there is a clear connection between the turbulence kinetic energy values and the influence of
turbulent dispersion.
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Fig. 7.6. Specific catch ratio and ratio of specific catch ratios (with, η’d ,and without, ηd, turbulent dispersion) along
a vertical line on the windward facade a) at the side edge, for U10 = 10 m/s, b) in the middle, for U10 = 10 m/s, c) at
the side edge, for U10 = 5 m/s and d) in the middle for U10 = 5 m/s.
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Fig. 7.7. Contours of turbulence intensity upstream of the building in (a) the vertical sideplane and (b) the vertical
centerplane.

7.2.2.2. Catch ratio charts
The catch ratio charts are obtained for specific positions on the facade using the calculated specific catch
ratio values for various couples of reference wind speed and reference horizontal rainfall intensity. Fig.
7.8 shows the catch ratio charts for height values, y = 5, 20, 35 and 50 m, at the side edge and in the
middle. At the highest position on the facade at the side edge (Fig. 7.8(a)), turbulent dispersion has no
effect except for low rainfall intensities and high reference wind speed values. For the remaining
positions at the side edge (Fig. 7.8(c), (e) and (g)), the effect of turbulent dispersion is also visible for
high rainfall intensities although it is still more prominent at low rainfall intensities and high wind speed
values. For the values in the middle (Fig. 7.8(b), (d), (f) and (h)), the qualitative behavior is similar,
however, the relative increase of catch ratio values due to turbulent dispersion is larger, as discussed in
section 7.2.2.1.
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Fig. 7.8. Catch ratio charts on the windward facade for points at heights a-b) y = 50 m, c-d) y = 35 m, e-f) y = 20 m
and g-h) y = 5 m along a vertical line, left: at the side edge, right: in the middle (— : without turbulent dispersion,
— : with turbulent dispersion).
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In Fig. 7.8(a), the catch ratio values without turbulent dispersion increase as the rainfall intensity
decreases, whereas this effect is not clear at lower positions at the side edge. In Fig. 7.8(g), the values
even decrease a little without turbulent dispersion modeling. On the other hand, in the middle, the
curvature of the chart at low rainfall intensity values is not upward even at the highest position on the
facade without turbulent dispersion. There exists a critical line on the facade above which the catch ratio
values increase at lower rainfall intensities due to acceleration of the flow field above the roof. At
positions lower than this line however, the smaller raindrops tend to move away from the facade due to
the recirculation zone upstream of the building. Thus, the catch ratio values decrease at lower rainfall
intensities. The effect of the recirculation zone is found to be higher in the middle of the building. The
position of the critical line is influenced by several parameters, such as building geometry and reference
wind speed. Additionally, turbulent dispersion moves the position of the critical line further down on
the facade. This is due to the fact that the chance to hit the facade is increased for smaller droplets,
which move away from the facade because of the recirculation zone (See Fig. 7.4).

Numerical validation on geometry 1 – array of cubes
The measurement setup for geometry 1 is composed of 9 identical low-rise cubic building models. They
are positioned in a regular array as shown in Fig. 5.11. The WDR measurements are conducted on the
west facades of two cubes by using 18 WDR gauges in total, as described in section 5.4.1. This section
presents the numerical simulations conducted on the array of cubes, compares the WDR intensity values
with experimental data and discusses the numerical results. For this study, the steady-state WDR
simulations for 3 reference wind directions and 5 reference wind speeds are first calculated. Second, the
validation studies are done by interpolating the results from the reference simulations using the 10-min
experimental data records.

7.3.1. Simulation settings and parameters

7.3.1.1. Computational domains and grids
Computational domains for northwest, west and southwest wind directions using the geometry for the
field measurements are shown in Fig. 7.9. For an accurate study, the flow profiles should be horizontally
homogeneous because the inlet profiles actually correspond to the measured data obtained at a location
close to the buildings. However, as mentioned earlier, several researchers [45, 83, 210, 212-214]
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reported the occurrence of unintended streamwise gradients in the vertical flow profiles (or horizontal
inhomogeneity) due to the inconsistencies between the inlet boundary conditions, the wall boundary
conditions, the surface roughness modeling and the computational grid. If the computational domain of
Fig. 7.9(b) would be also used for southwest and northwest wind directions, unequal distances from the
inlet to the buildings would lead to an unintended non-symmetric flow field. Therefore, a computational
domain is prepared for each wind direction, so that the distances to the cubes from both inlet boundaries
for oblique wind directions are equal. Richards and Hoxey [45] and Blocken et al. [210] provided
remedial measures against horizontal inhomogeneity, e.g. minimization of upstream domain length or
artificial reduction of turbulence kinetic energy. As an artificial reduction of turbulence kinetic energy
should be avoided because it can change the size of separation regions, the upstream distance of the
cubes from the inlet is decreased to 3H = 6 m. The remaining boundary distances satisfy the guidelines
stated in Tominaga et al. [23] and Franke et al. [191].

Fig. 7.9. The computational domains for wind from a) northwest, b) west and c) southwest.
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Fig. 7.10. Grid-sensitivity analysis comparing results for normalized magnitude of wind velocity on three different
grids (coarse, base, fine) along lines positioned a-b) upstream of, c-d) above the roof of and e-f) downstream of
cube 2 all in the centerplane.

For the grid-sensitivity analysis, three structured and purely hexahedral grids are created. The base grid
consists of 1 341 662 cells. The coarse grid has 717 840 cells whereas the fine grid has 2 636 980 cells.
The first cell heights on the ground and at building surfaces are kept constant (0.015H for ground and
0.005H for building surfaces) for each grid in order to keep the dimensionless wall distance y+ the same.
The average y+ value is 60 on the ground and 25 on the building surfaces. The grid-sensitivity analysis
was conducted by comparing the magnitude of the wind velocity along two vertical lines from the
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ground up to a height of 1.5H and one horizontal line. The vertical lines are positioned at 0.05H
upstream and 0.05H downstream of cube 2 and the horizontal line is positioned at 0.05H above the
rooftop of cube 2, all in the centerplane, as shown in Fig. 7.10. Uref denotes the reference wind speed of
1 m/s at 2.4 m height. No large difference is observed between grids along the lines and almost all points
are within the 10% deviation lines. The maximum difference is 10.9% between coarse and base grids
and 4.0% between base and fine grids. As a result, the base grid is chosen for the rest of the study. The
base computational grid on the buildings and on part of the ground surface is shown in Fig. 7.11.

Fig. 7.11. Computational grid on the buildings and on part of the ground surface (1 341 662 cells).

7.3.1.2. Boundary conditions
In this study, the inlet profile of mean wind speed is defined with the typical log-law expression
(Eq. (6.5)). The approach wind profiles are measured at the meteorological mast, which is positioned 6
m away from the array of cubes. 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. The inlet profiles of the turbulent quantities k and ε are defined by Eqs. (7.3) and (7.4),
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.

k ( y )   I uU ( y ) 
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u*ABL3
 ( y  y0 )

(7.4)

For wall treatment, the standard wall functions by Launder and Spalding [168] with sand-grain
roughness modification [209] are used. The equivalent sand-grain roughness height, ks, and the
roughness constant, Cs, are determined by the following relation by Blocken et al. [210] which is valid
for the wall function in OpenFOAM:

ks 

Ey0
Cs

(7.5)

where E is an empirical constant with a value of 9.793. In the computational domain, the ground surface
represents the asphalt parking lot in Fig. 5.3. For the ground surface of the computational domain, ks is
taken to be 0.005 m and Cs is set as 9.793, leading to an aerodynamic roughness length y0 = 0.005 m,
representing a featureless land surface without any noticeable obstacle [47]. Note that the abovementioned higher values of y0 represent the ground surface beyond (i.e. upstream of) the computational
domain. In OpenFOAM® 2.0 [188], as long as the given ks value is in the fully rough regime, only the
product ksCs is important and the individual values of the parameters ks and Cs have no importance. The
wall function is implemented by the calculation of turbulent viscosity, t, as:



y 
 t   


 ln  Ey


  1  Cs k s




 1

 
 

(7.6)

where  denotes the kinematic viscosity, y+ the dimensionless wall distance and ks+ the dimensionless
equivalent sand-grain roughness height. Note that OpenFOAM 2.0 limits the relation inside the
logarithm in Eq. (7.6) to be larger than 1. Any ksCs product that would result in a value below this limit
would be truncated, leading to the same wall turbulent viscosity and, thus, the same surface roughness.
Such condition exerts a lower limit for the wall-adjacent cell point distance from the ground boundary,
which is equal to ks. The building surfaces are assumed to be smooth.
For the top boundary, constant values are set for U, k and ε by using fixed values from the inlet profiles
at the same height as suggested by Blocken et al. [210], e.g. Utop = Uinlet(y = 12 m). This is done in order
to limit the horizontal inhomogeneity, as other top boundary conditions, such as symmetry condition,
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can cause streamwise gradients. Although imposing constant values does not allow fluid to enter or exit
the domain, the top boundary is far enough from the buildings not to cause a problem. A constant static
gauge pressure of 0 Pa is used at the outlet boundary. This boundary condition at the outlet implies a
fully developed flow at the outlet and should not interfere with the results as long as the outlet boundary
is placed downstream sufficiently away from the influence by the buildings (15H distance [191], see
Fig. 7.9). Note that this gauge pressure is relative to the reference atmospheric pressure. Symmetry
conditions are applied on both sides of the domain for wind from west. For the domains for the wind
from southwest and northwest, the side domains are set as inlet and/or outlet.
The boundary conditions for the rain phases are summarized in Table 7.3 for west wind.
Table 7.3. Boundary conditions and parameters for the rain phases for west wind.
Boundary

Type

Parameters

Inlet

ud,x = ux, ud,z = uz, ud,y = -Vt(d)
αd = (Rh·fh(Rh,d))/Vt(d)

Outlet

Phase velocity
Phase volumetric ratio
Outlet

Ground

Outlet

u
 d
 0, d  0 for n  ud  0

n
 n
 d  0, ud  0 for n  ud  0


Building

Outlet

u
 d
 0, d  0 for n  ud  0

n
 n
 d  0, ud  0 for n  ud  0


Top

Phase velocity
Phase volumetric ratio
Symmetry

ud,x = ux, ud,z = uz, ud,y = -Vt(d)
αd = (Rh·fh(Rh,d))/Vt(d)

Side

u
 d
 0, d  0 for n  ud  0

n
 n
 d  0, ud  0 for n  ud  0


7.3.1.3. Solver settings
In the present study, 3D steady RANS with the renormalization group (RNG) k-ε model [215] is used
for the incompressible wind flow simulations. OpenFOAM® 2.2 is used as the CFD code. The pressurevelocity coupling for the wind flow field solution is taken care of with the Semi-Implicit Method for
Pressure Linked Equations (SIMPLE) algorithm. Second order discretization schemes are used for both
the convection terms and the viscous terms of the governing equations. For the air phase calculations,
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the simulations are terminated when all the scaled residuals reach 10 -6. For the rain phase calculations,
variable values at various locations have been monitored and the calculation is stopped when the values
achieve convergence.

7.3.1.4. Solution strategy
The calculation procedure used in section 7.2.1.4 is extended based on the technique introduced by
Blocken and Carmeliet [144]. In order to reduce the computational expense to model a long rain event,
the rain event is discretized into 10-min time steps. The results of catch ratio are obtained for a limited
number of triplets of horizontal rainfall intensity, Rh, wind speed, U, and wind direction, φ. Each time
step with a certain triplet (Rh, U, φ) is assumed to be steady-state. Following this procedure, it is possible
to obtain a catch ratio distribution on the building surfaces for a certain rain event by linear interpolation
of the catch ratio values calculated from the reference triplets.
The following steps have been followed to obtain the WDR solution:
a)

The steady-state wind flow field around the buildings is calculated for the reference wind speed
U = 1 m/s and the reference wind directions southwest (φ = 225°), west (φ = 270°) and
northwest (φ = 315°). The wind flow field for other values of reference wind speed (U = 2, 3,
5 m/s) are obtained by linear scaling. Such scaling is allowed for flows around sharp-edged
bluff bodies, where the positions of flow separation are independent of the Reynolds number
[41].

b) The turbulent viscosity, t, is scaled linearly for the reference wind speed values, U = 1, 2, 3,
5 m/s. Similarly, the turbulence kinetic energy, k, is scaled quadratically and the turbulence
dissipation rate, ε, is scaled cubically. In fact, for fully turbulent flow, the turbulence statistics
have only a weak dependence on Reynolds number [180]. Wind tunnel measurements by
Defraeye [211] for flows around bluff bodies show limited Reynolds number dependency at
c)

Re > 104, calculated with reference wind speed and building height.
The governing equations for the rain phases are solved and specific catch ratio distributions
are calculated for several raindrop diameters (17 diameters ranging from 0.3 to 1 mm in steps
of 0.1 mm, from 1 to 2 mm in steps of 0.2 mm and from 2 to 6 mm in steps of 1 mm).

d) Catch ratio distributions are obtained for 16 reference horizontal rainfall intensities of Rh = 0,
0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h using the droplet-size distribution as
input for each reference wind speed and wind direction. Note that the cubes influence the windflow pattern at the meteorological mast for wind directions such as southeast, east and
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northeast. Thus, the catch ratio values for wind directions between φ = 0°-180° are not
calculated and assumed zero on the west facades of the cubes.
e)

The calculated catch ratio values are interpolated based on the experimental data records for
wind speed, wind direction and horizontal rainfall intensity at each 10-min experimental time
step during a certain rain event to obtain the spatial and temporal distributions of WDR on the
building facades.

7.3.2. Results

7.3.2.1. Validation of the numerical model with turbulent dispersion
Fig. 7.12(a) shows the measured catch ratio values by the WDR gauges on the west facades of the cubes
2 and 8 at the end of the rain event on June 9-10, 2013. Fig. 7.12(b) shows the numerical estimation of
the WDR intensity. The positions of the WDR gauges are indicated by squares and the values are surface
averaged over the area of the WDR gauges. The numerical model generally estimates the catch ratios
quite well, the deviations being up to 6.5% at the top and up to 11.1% at the bottom of the cube 2. The
average discrepancy is 5.2%. The cube 8 shows discrepancies of up to 4.6% at the top and up to 18.0%
at the bottom of the facade. The average discrepancy is 5.4%. The discrepancies are higher at the bottom
of the facade due to less WDR registered, leading to relatively higher adhesion-water evaporation errors.
Fig. 7.12(c) 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 estimation for the cumulative
WDR follows the recorded amount of WDR very well.
Fig. 7.13(a) shows the measured catch ratio values by the WDR gauges on the west facades of the cubes
2 and 8 at the end of the rain event on September 16-19, 2013. Fig. 7.13(b) shows the numerical
estimation of the WDR intensity. The deviations are up to 9.9% at the top and up to 15.6% at the bottom
of the cube 2. The average discrepancy is 6.5%. The cube 8 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%. The experimental
error in this rain event is higher than in the first one due to higher adhesion-water evaporation that
occurs during the frequent interruptions of this rain event. Note that the experimental errors are mostly
underestimation, as evaporation of water is not taken into account. Fig. 7.13(c) 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 mostly 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.
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Fig. 7.12. Comparison of a) experimental and b) numerical catch ratio data on the west facades of the cubes 2 and
8 after the rain event on June 9-10, 2013. c) Comparison of cumulative WDR amounts on the cubes 2 and 8 during
the rain event on June 9-10, 2013.
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Fig. 7.13. Comparison of a) experimental and b) numerical catch ratio data on the west facades of the cubes 2 and
8 after the rain event on September 16-19, 2013. c) Comparison of cumulative WDR amounts on the cubes 2 and
8 during the rain event on September 16-19, 2013.
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The influence of turbulent dispersion on the catch ratio is quantified by solving the rain phase equations
also once without the Reynolds stress term (third term on the left hand side in Eq. 4.7). Note that, with
this simplification, the rain phase momentum equation becomes equivalent to the ones used in several
studies in the literature that neglect turbulent dispersion of raindrops [19, 104, 144, 145, 153, 154, 160].
For both rain events, the influence of turbulent dispersion is found to be up to 3% for cubes 2 and 8.
The influence of turbulent dispersion is found to be lower in this case with low-rise cubic buildings than
it is for the wide high-rise building in section 7.2, which is related to the smaller wind-blocking -effect
by the low-rise cubic buildings. Section 7.2 shows that the influence of turbulent dispersion is dependent
on the reference wind speed and reference rain fall intensity, hence dependent on the conditions during
the rain event. Furthermore, turbulence kinetic energy at y = 2 m height is also lower than it is for the
high-rise building.

7.3.2.2. Flow patterns
Streamlines of mean wind velocity and the contours of magnitude of mean wind velocity in the vertical
centerplane for the wind from west are shown in Fig. 7.14(a). The standing vortex windward of cube 2
and the recirculation regions between cubes 2-5 and 5-8 and leeward of cube 8 are visible. There is a
thin separation zone on top of cube 2 with a reattachment point located on the rooftop, at about 1/3H
downstream. Fig. 7.14(b) and (c) show the streamlines of mean wind velocity and the contours of
magnitude of mean wind velocity projected onto a horizontal plane at y = 1 m for wind from west and
southwest, respectively. Note that Fig. 7.14(b) and (c) do not include the out-of-plane component of the
velocity and hence do not represent the full streamlines of a 3D flow, but they allow for a clear
visualization. In Fig. 7.14(b), the flow is accelerated around the outer edges of the array of cubes, as
well as in the passages between the rows of buildings. In the passages, the wind speed is higher between
cubes 1-2 and 2-3 than it is between the others. There are separation zones at the side edges of cubes 1,
2 and 3. The approach wind speed in the upstream of the first row of cubes is higher compared to what
occurs for the rest of the cubes. The regions between the cubes have recirculation zones of low wind
speed. Behind the cubes 2, 5 and 8, the pair of vortices in the mean wind-flow pattern are symmetric;
on the other hand, the mean wind-flow pattern is non-symmetric behind the rest of the cubes. In Fig.
7.14(c), with southwest wind direction, the wind flow pattern has a more complex structure. The main
flow direction switches between the cubes depending on the position. Moreover, high wind speed
regions with flow directions parallel to the facades exist around the further edges of the cubes. At the
separation regions, recirculation zones of low wind speed are present. The wind directions in front of
the west facades of the cubes 2 and 8 are mostly parallel to the facades and wind flows from south.
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Fig. 7.14. Streamlines and contours of the wind flow in the a) vertical centerplane for wind from west, b) horizontal
plane at y = 1 m height for wind from west, c) horizontal plane at y = 1 m height for wind from southwest.
Streamlines in b) and c) are projected on the horizontal plane and hence do not include out-of-plane component.
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Fig. 7.15. Streamlines of rain phase for raindrop size d = 0.3 mm at reference wind speed U = 3 m/s passing through
two vertical lines at the inlet for wind from a)-b) west and c)-d) southwest. The droplets move in the direction
indicated by the red line.

Fig. 7.16. Streamlines of rain phases for raindrop sizes d = 0.3 and 1.0 mm at reference wind speed U = 3 m/s in
the centerplane for wind from west.
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Fig. 7.15 shows the rain phase streamlines passing through two vertical lines at the inlet with droplets
moving in the plane indicated by the red line. The streamlines are for raindrop size d = 0.3 mm, reference
wind speed of U = 3 m/s and reference wind direction φ = 270° in (a) and (b) and φ = 225° in (c) and
(d). In Fig. 7.15(a), in front of the cubes 5 and 8, the droplets move away from the facade in a similar
way up until 2/3H height. Note that in Fig. 7.14(a), between cubes 2-5 and 5-8, the flow patterns and
wind speed values are quite similar. On the other hand, the streamlines hit the facade of cube 2 with
angles closer to the normal. In Fig. 7.15(b), the streamlines move away from the facade of the cube 2
due to strong acceleration of the wind flow around the side edge, whereas they hit the facades of cubes
5 and 8. The effect of the recirculation regions is also clear in Fig. 7.15(c), where the distance between
streamlines increases due to the wind-flow field upstream of cubes 5 and 8. In Fig. 7.15(d), the droplets
move in a complex manner in different out-of-plane directions depending on the local flow field, as the
red line is not in the symmetry plane if the wind flow unlike Fig. 7.15(c).
Fig. 7.16 compares the rain phase streamlines for raindrop sizes d = 0.3 and 1.0 mm at reference wind
speed U = 3 m/s in the centerplane for wind from west. The streamlines for the droplet size of 0.3 mm
are following the wind-flow patterns below the roof levels, i.e. the recirculation regions. Furthermore,
the size and location of the recirculation regions are also apparent by the way the streamlines move
away from the facades. For example, the standing vortex windward of cube 2 is from the ground until
about the half height of the cube and hence, the 0.3 mm droplets start to move away from the facade
roughly at that height. Similarly, the recirculation regions between cubes 2-5 and 5-8 are larger in size
and hence, the 0.3 mm droplets within these recirculation regions move away from the facade already
at the roof level. The 1.0 mm droplets are not so responsive to the wind-flow patterns below the roof
levels. They are mostly uninfluenced by the standing vortex upstream of cube 2 and only slightly
influenced by the recirculation regions between the cubes.

7.3.2.3. Analysis of WDR simulation results
For the reference wind direction from west, raindrop impact speeds for droplet size of 0.3 mm are shown
in Fig. 7.17(a) on the test facades of cubes 2 and 8 for the reference wind speed U = 3 m/s. The lowest
impact speed on cube 2 is found near the top of the facade where the vertical component of the droplet
velocity is slowed down by the acceleration of the wind-flow over the roof. This effect is not as
significant for cube 8. The highest impact speed for cube 2 is found to be at a lower part of the facade
than for cube 8. The positions of highest impact speed can be related to the different positions of
recirculation regions in front of cubes 2 and 8. Note that the recirculation region in front of cube 8 is
more extended in vertical direction than the one in front of cube 2 as shown in Fig. 7.14(a). The larger
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recirculation region in front of cube 8 could be increasing the vertical velocity of the raindrops before
they impinge on the facade, leading to higher impact speeds on the windward facade of cube 8. The
impact speed of the raindrops on the facade is only one of the aspects that define the physics of the
droplets that impinge on the facade. The impact angle should also be analyzed as complementary means.
Thus, Fig. 7.18 shows the impact angle between the raindrops and the surface normal for the same wind
conditions as in Fig. 7.17. The regions with higher impact speed in Fig. 7.17(a), i.e. the lower part of
the facade of cube 2 and the center of the facade of cube 8, are found to be with impact angles around
90°, which means raindrops impinge with angles almost parallel to the facade. Hence, these parts
actually end up with low catch ratio values even though the droplet impact speed is higher. The increase
in impact speed is due to increase in vertical velocity and not the velocity component normal to the
facade, which the catch ratio is a function of.

Fig. 7.17. Raindrop impact speeds on the test facades of cubes 2 and 8 for the reference wind speed U = 3 m/s and
reference wind direction from west for the raindrop size a) 0.3 mm and b) 1.0 mm.
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Fig. 7.17(b) and Fig. 7.18(b) show the impact speeds and impact angles for the droplet size of 1.0 mm,
respectively. The impact speed values for the droplet size of 1.0 mm are higher than the ones for the
droplet size of 0.3 mm, mainly due to higher terminal velocity of the larger droplets. For cube 2, the
upper part of the facade has lower impact speed also for the larger droplet size of 1.0 mm. However, for
larger droplets, the distribution of impact speed, as well as the impact angle, is more homogeneous for
both cubes. Besides, the impact angles for the droplet size of 1.0 mm are found to be lower than 70° for
both cubes, meaning the droplets impinge less parallel to the facade, with the exception of the top of the
facades where smaller droplets impinge with smaller angles with the normal due to the acceleration of
wind flow over the roof.

Fig. 7.18. Raindrop impact angles on the test facades of cubes 2 and 8 for the reference wind speed U = 3 m/s and
reference wind direction from west for the raindrop size a) 0.3 mm and b) 1.0 mm.
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Fig. 7.19. Raindrop impact speeds on the test facades of cubes 2 and 8 for the reference wind speed U = 3 m/s and
reference wind direction from southwest for the raindrop size a) 0.3 mm and b) 1.0 mm.

For the reference wind direction from southwest, raindrop impact speeds for droplet size of 0.3 mm are
shown in Fig. 7.19(a) on the test facades of cubes 2 and 8 for the reference wind speed U = 3 m/s.
Similarly, Fig. 7.19(b) shows the impact speed distributions for the droplet size of 1.0 mm for the same
wind conditions. For both droplet sizes, the impact speed values are lower on the south (right) side of
the facades, i.e. the upstream side of the west facades. For the droplet size of 0.3 mm, the lower impact
speed region covers a larger part of the facade of cube 8 due to the influence of the cube located
upstream. This influence is visible in Fig. 7.15(c) for the raindrop size of 0.3 mm. Fig. 7.20 shows the
impact angles between the raindrops and the surface normal for the same wind conditions as in Fig.
7.19. The impact angles between the droplets and the surface normal are lower, i.e. more perpendicular
to the facade, closer to the south (right) side of the facade. Apart from this, at the lower parts of the
facades, the distributions and the values are quite similar to the ones observed for the wind direction
from west in Fig. 7.18. In Fig. 7.20(a), at the upper part of cube 2, the impact angles as low as 0-10° are
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not observed in this case on the contrary to Fig. 7.18(a). The reason for this is probably that the
acceleration of wind-flow over the roof is weaker for the oblique wind direction.

Fig. 7.20. Raindrop impact angles on the test facades of cubes 2 and 8 for the reference wind speed U = 3 m/s and
reference wind direction from southwest for the raindrop size a) 0.3 mm and b) 1.0 mm.

Fig. 7.21(a) and (b) show the catch ratio charts on the west facades of cubes 2 and 8 for reference wind
direction φ = 270° at the top edge and at the center, respectively. Catch ratio charts give the catch ratio
over the whole spectrum of droplet sizes at a certain position for different combinations of reference
wind speed, reference wind direction and reference rainfall intensity. The WDR intensity values at the
top of the facades are very close to each other for each couple of reference wind speed and reference
rainfall intensity. On the other hand, in Fig. 7.21(b), the difference in catch ratio due to the influence of
the local wind flow field is clear. The lower part of cube 8 is exposed to less rain. The difference between
the two cubes is getting larger as the reference rainfall intensity decreases because at low intensities,
the distribution of rain droplet size is less spread and there are more smaller raindrops. Smaller raindrops
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have smaller inertia and, thus, they are more easily moved away from the lower parts of the facade by
the recirculation regions in the wind flow. Smaller raindrops are also accelerated more easily towards
top part of the facade due to the accelerated wind flow over the roof. The difference in catch ratio values
increases also with increasing reference wind speed, as the recirculation region is getting stronger at
higher reference wind speed values.

Fig. 7.21. Comparison of catch ratio charts for wind from west at positions a) at the top edge and b) at the center of
the west facades of the cubes 2 and 8.
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Fig. 7.22. Catch ratio distribution on facades and roofs of all cubes for the reference wind speed U = 5 m/s and the
reference rainfall intensity Rh = 1 mm/h for wind from a) west and b) southwest.

Fig. 7.22 shows the catch ratio on the surfaces of all cubes for a reference wind speed of 5 m/s and a
reference rainfall intensity of 1 mm/h for reference wind directions west and southwest. In Fig. 7.22(a),
as also seen in Fig. 7.21(a), the catch ratio values for all cubes are very close to each other at the top of
the cubes. However, at the lower half of the facade, there is a clear difference between the cubes in the
front row and the ones at the back. Especially for wind from west, the cubes at the back have larger
gradients on their west facades. Furthermore, the effect of the non-symmetric single vortex regions in
front of the cubes 4 and 6 for wind from west (see Fig. 7.14(b)) is visible on the catch ratio distributions
of those cubes in Fig. 7.22(a). For those cubes, the catch ratio distributions are non-symmetric on their
west facades. At the lower part of cube 6, the catch ratio is lower on the right side of the west facade
due to the streamlines moving away from the facade at that position. On the rooftops, the catch ratio
values are very close to 1 except the front parts of the roofs of cubes 1-3. In Fig. 7.22(b), overall, the
158

Numerical EM-WDR model with turbulent dispersion modeling: implementation and validation

catch ratio distribution seems to be more homogeneous on the facades of the cubes compared to the
results for the wind from west. There is a difference in catch ratios at the lower parts of the cubes, but
the difference is not as clear as in Fig. 7.22(a).

Fig. 7.23. Averaged catch ratio over facades of the cubes for the reference wind speed U = 5 m/s and the reference
rainfall intensity Rh = 1 mm/h for wind from a) west and b) southwest.

Fig. 7.23 compares the surface averaged catch ratio on different facades of all cubes for wind from west
and southwest. For wind from west (Fig. 7.23(a)), the cubes in the front row have about 30% higher
WDR on average on their west facades compared to the cubes at the back. There is limited amount of
WDR on the south and north facades. East facades of the cubes are subjected to very little WDR. Cube
5 particularly is subjected to the least amount of WDR. For wind from southwest (Fig. 7.23(b)), the
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west facades of all cubes are subjected to less WDR on average as well as smaller WDR gradient on
their facades (see Fig. 7.22(b)). On the other hand, for wind from southwest, cubes 1-3 are exposed to
up to 34% more WDR and the cubes 4-9 are exposed to up to 57% more WDR on their facades in total
compared to wind from west. This is mainly due to larger cross sectional area of the buildings with
oblique wind direction to the building orientation. However, the extent of this effect is different for each
building position. Wind from southwest leads to WDR on the west and south facades of the buildings
to be almost equal. Cube 5 is subjected to the least amount of WDR.

Numerical validation on geometry 2 – two parallel buildings
The measurement setup for geometry 2 is composed of two wide buildings. They are positioned parallel
to each other as shown in Fig. 5.13. The WDR measurements are conducted on the west facades of the
two building models by using 18 WDR gauges in total, as described in section 5.4.2. This section
presents the numerical simulations on geometry 2, compares the WDR intensity values with
experimental data and discusses the numerical results. For this study, the steady-state WDR simulations
for 3 reference wind directions and 5 reference wind speeds are first calculated. Second, the validation
studies are done by interpolating the reference simulations using the 10-min experimental data records.

7.4.1. Simulation settings and parameters

7.4.1.1. Computational domains and grids
Computational domains for northwest, west and southwest wind directions using the geometry for the
field measurements are prepared as shown in Fig. 7.24, in a similar way as described in section 7.3. As
a remedial measure against horizontal inhomogeneity [45, 210], a relatively short distance of 3H = 6 m
is chosen. Note that this distance corresponds also to the actual distance of the meteorological mast to
the building models. The remaining boundary distances from the building models satisfy the guidelines
stated in Tominaga et al. [23] and Franke et al. [191].
For the grid-sensitivity analysis, three structured and purely hexahedral grids are created. The base grid
consists of 533 808 cells. The coarse grid has 180 936 cells whereas the fine grid has 1 318 912 cells.
The first cell heights on the ground and at building surfaces are kept constant (0.015H for ground and
0.005H for building surfaces) for each grid in order to keep the dimensionless wall distance y+ the same.
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The average y+ value is 91 on the ground and 94 on the building surfaces. The grid-sensitivity analysis
was conducted by comparing the magnitude of the wind velocity along three vertical lines all in the
centerplane from the ground up to a height of 2.5H: positioned 1) 0.05H upstream of building 1, 2)
0.05H downstream of building 1 and 3) 0.05H upstream of the building 2, as shown in Fig. 7.25.
Streamwise velocity values are mostly very close to each other on different grids apart from close to
ground on line b. The vertical velocity profiles, on the other hand, show differences up to 27% between
coarse and base grids and up to 8% between fine and base grids. As a result, the fine grid is chosen for
the rest of the study. The fine computational grid on the buildings and on part of the ground surface is
shown in Fig. 7.26.

Fig. 7.24. The computational domains for wind from a) northwest, b) west and c) southwest.
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Fig. 7.25. Grid-sensitivity analysis comparing streamwise, Ux, and vertical, Uy, wind velocity components on three
different grids (coarse, base, fine) along lines positioned a) upstream of, b) downstream of building 1 and c)
upstream of building 2 all in the centerplane.

7.4.1.2. Boundary conditions
The boundary conditions for the air and rain phases are identical to the ones used in section 7.3.

7.4.1.3. Solver settings
In the present study, 3D steady RANS with the renormalization group (RNG) k-ε model [215] is used
for the incompressible wind flow simulations. OpenFOAM® 2.2 is used as the CFD code. The pressurevelocity coupling for the wind flow field solution is taken care of with the Semi-Implicit Method for
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Pressure Linked Equations (SIMPLE) algorithm. Second order discretization schemes are used for both
the convection terms and the viscous terms of the governing equations. For the air phase calculations,
the simulations are terminated when all the scaled residuals reach 10 -6. For the rain phase calculations,
variable values at various locations have been monitored and the calculation is stopped when the values
achieve convergence.

Fig. 7.26. Computational grid on the buildings and on part of the ground surface (1 318 912 cells).

7.4.1.4. Solution strategy
The following steps have been followed to obtain the WDR solution:
a)

The steady-state wind flow field around the buildings is calculated for the reference wind speed
U = 1 m/s and the reference wind directions southwest (φ = 225°), west (φ = 270°) and
northwest (φ = 315°). The wind flow field for other values of reference wind speed (U = 2, 3,
5 m/s) are obtained by linear scaling. Such scaling is allowed for flows around sharp-edged
bluff bodies, where the positions of flow separation are independent of the Reynolds number
[41].

b) The turbulent viscosity, t, is scaled linearly for the reference wind speed values, U = 1, 2, 3,
5 m/s. Similarly, the turbulence kinetic energy, k, is scaled quadratically and the turbulence
dissipation rate, ε, is scaled cubically. In fact, for fully turbulent flow, the turbulence statistics
have only a weak dependence on Reynolds number [180]. Wind tunnel measurements by
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Defraeye [211] for flows around bluff bodies show limited Reynolds number dependency at
Re > 104, calculated with reference wind speed and building height.
c)

The governing equations for the rain phases are solved and specific catch ratio distributions
are calculated for several raindrop diameters (17 diameters ranging from 0.3 to 1 mm in steps
of 0.1 mm, from 1 to 2 mm in steps of 0.2 mm and from 2 to 6 mm in steps of 1 mm).

d) Catch ratio distributions are obtained for 16 reference horizontal rainfall intensities of Rh = 0,
0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h using the droplet-size distribution as
input for each reference wind speed and wind direction. Note that the building models
influence the wind-flow pattern at the meteorological mast for wind directions such as
southeast, east and northeast. Thus, the catch ratio values for wind directions between
e)

φ = 0°-180° are not calculated and assumed zero on the west facades of the building models.
The calculated catch ratio values are interpolated based on the experimental data records for
wind speed, wind direction and horizontal rainfall intensity at each 10-min experimental time
step during a certain rain event to obtain the spatial and temporal distributions of WDR on the
building facades.

7.4.2. Results

7.4.2.1. Validation of the numerical model with turbulent dispersion
Fig. 7.27(a) and (b) show the measured and numerical catch ratio values by the WDR gauges on the
west facade of building 1 at the end of the rain event on August 2-3, 2014. The positions of the WDR
gauges are indicated by squares and the values are surface averaged over the area of the WDR gauges.
Fig. 7.27(c) compares the measured and the numerical cumulative WDR amounts for the WDR gauges
during the rain event. The deviations from the experimental values are 3.2% and 1.1% for the WDR
gauges 1 and 2, respectively. Fig. 7.28(a) and (b) show the measured and numerical catch ratio values
by the WDR gauges on the west facade of building 2 at the end of the rain event on August 2-3, 2014.
The positions of the WDR gauges are indicated by squares and the values are surface averaged over the
area of the WDR gauges. Fig. 7.28(c) compares the measured and the numerical cumulative WDR
amounts for the WDR gauges along the central axis of the test facade during the rain event. The
numerical values on building 2 show deviations of 5.1% from the experimental values at the top of the
facade and of 0.4% at the bottom. The average deviation along the central axis is 2.7%. The numerical
model estimates the catch ratios at the end of the rain event very well.
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Fig. 7.27. Comparison of a) experimental and b) numerical catch ratio data on the west facade of building 1 after
the rain event on August 2-3, 2014. c) Comparison of experimental and numerical cumulative WDR amounts on
building 1 during the rain event on August 2-3, 2014.

The catch ratio values on building 2 are lower compared to building 1 at the same height from ground.
For example, the WDR gauges 1 and 2 in Fig. 7.27 and the WDR gauges 9 and 10 in Fig. 7.28. Also,
the catch ratio values at the end of the rain event are slightly higher on the south (right) side of the
facade than the values on the north (left) side due to mainly southwest wind during the first part of the
rain event. However, the contours of catch ratio do not show a large difference between south and north
sides of the facades as the wind is mainly from west during the second part of the rain event, during
which a larger amount of WDR is registered on all WDR gauges. The difference between main wind
directions during the two parts of the rain event can also be observed in the cumulative WDR graphs in
Fig. 7.27(c) and Fig. 7.28(c). During the first part of the rain event, the numerical values overestimate
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the experimental values. However, the discrepancies are lower at the end of the rain event and within
the error estimations mentioned in section 5.5.2.
The influence of turbulent dispersion on the catch ratio is quantified by solving the rain phase equations
also once without the Reynolds stress term (third term on the left hand side in Eq. 4.7). With this
simplification, the rain phase momentum equation becomes equivalent to the ones used in several
studies in the literature that neglect turbulent dispersion of raindrops [19, 104, 144, 145, 153, 154, 160].
For the rain event on August 2-3, 2014, the influence of turbulent dispersion is found to be up to 4% for
building 1. For building 2, its influence is up to and 3% at the top and up to 9% at the lower parts of the
building. In the two parallel buildings case, the influence of turbulent dispersion is higher at lower parts
of the higher building located downstream than it is in for low-rise cubic buildings. Furthermore, in
terms of turbulence, there is a clear difference between buildings 1 and 2, contrary to the array of lowrise cubic buildings, where there is no difference in terms of turbulence between the upstream and
downstream buildings.

7.4.2.2. Flow patterns
Streamlines of mean wind velocity and the contours of magnitude of mean wind velocity in the vertical
centerplane for the wind from west are shown in Fig. 7.29. The recirculation region between the two
buildings extends more in the vertical direction compared to the one in the upstream of building 1 due
to the stagnation point on building 2 being at a higher position. The flow observed above the two
buildings are similar. Two thin separation zones on top of both buildings are visible in Fig. 7.29(a) with
reattachment points located on rooftops, at about 1/3H downstream, where H = 2 m is the roof length.
The wind-flow pattern in Fig. 7.29 shows several differences compared to the wind-flow pattern
observed in the cube array in Fig. 7.14. The center of the standing vortex windward of building 1 is
located slightly higher above the ground in this case than it is for the cube 2. The center of the vortex
between buildings 1 and 2 is located closer to the ground than the centers of vortices located leeward
sides of cubes 2 and 5 in Fig. 7.14(a). Moreover, Fig. 7.29(b) shows that the wind velocity in the
recirculation region between the buildings is much higher than the ones in array of cubic buildings. This
is mainly because of the fact that the higher building 2 located downstream is pushing high amount of
air downwards. Furthermore, the wider buildings in geometry 2 are increasing the wind speed between
the buildings in the centerplane.
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Fig. 7.28. Comparison of a) experimental and b) numerical catch ratio data on the west facade of building 2 after
the rain event on August 2-3, 2014. c) Comparison of experimental and numerical cumulative WDR amounts on
building 2 during the rain event on August 2-3, 2014.
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Fig. 7.29. a) Streamlines and b) contours of the wind flow in the vertical centerplane for wind from west.

Fig. 7.30 compares the rain phase streamlines for raindrop sizes d = 0.3 and 1.0 mm at reference wind
speed U = 3 m/s in the centerplane for wind from west. The streamlines for the droplet size of 0.3 mm
are clearly influenced by the wind-flow patterns below the roof level, i.e. the recirculation regions in
this comparison. The streamlines of smaller droplet size of 0.3 mm move downwards at a higher position
on the windward side of building 2 than they are on the windward side of building 1. The reason for this
is the downward movement of air at a higher position due to the presence of building 2 (see Fig. 7.29),
which also results in a stronger vortex with higher wind speed. The influence of the strength of the
recirculation region between buildings 1 and 2 is much clearer with the streamlines of droplet size of
1.0 mm. These streamlines are mostly parallel to each other upstream of the buildings. The wind speed
above the roof level of buildings mainly defines the movement of larger droplets, not the wind-flow
pattern below the roof level, due to larger inertia of larger droplets. However, within the recirculation
region between buildings 1 and 2, 1.0 mm droplets also move away from the facade. This behavior of
larger droplets is the reason for lower catch ratio values on building 2 compared to building 1 at the
same height from ground. Such a behavior is not observed in the recirculation regions upstream of
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building 1 or in the array of low-rise cubic buildings, where in both cases the weaker recirculation
regions below roof level have little influence on the streamlines of the 1.0 mm droplets.

Fig. 7.30. Streamlines of rain phases for raindrop sizes d = 0.3 and 1.0 mm at reference wind speed U = 3 m/s in
the centerplane for wind from west.

Discussion
In this chapter, the modeling approach for the turbulent dispersion of raindrops is applied on a standalone wide high-rise building as a numerical example and validated on two urban geometries by
comparing the numerical catch ratio values with measurements from rain events with different
characteristics. The numerical analysis on the wide high-rise building shows that smaller raindrops are
more influenced by the fluctuations in wind speed and, hence, by turbulent dispersion. This is observed
in the contours of response coefficient, Ct, where response coefficient values in the vicinity of the
building are larger for smaller raindrops than they are for larger raindrops. Similar observations can be
made by analyzing the streamlines for different sizes of raindrops. The turbulent dispersion leads the
raindrops to impact on the facade with smaller angles to the surface normal, i.e. less parallel to the
facade. In fact, in some cases, the influence of turbulent dispersion causes smaller droplets, that moved
parallel to the facade when no turbulent dispersion is taken into account, to actually impact on the lowest
parts of the facade. As seen in Fig. 7.5(a), (b) and (c), the raindrops of size of 0.3-2.0 mm do not hit the
lowest parts of the building, i.e. the black lines do not reach the bottom of the building. Turbulent
dispersion results in that the raindrops hit the facade with angles closer to the surface normal, which
leads to higher catch ratio values all over the facade, as presented in Fig. 7.6. Note that the calculated
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catch ratio values in this chapter are mean values and the increase in catch ratios over the facade is
statistical, meaning that the chance for droplets to hit the facade is increased by turbulent dispersion.
However, in reality, the instantaneous catch ratio values will be higher or lower than the mean values
depending on the unsteady behavior of the flow field. The unsteady WDR intensity on the building
facades is studied in chapter 8 using LES calculations.
Furthermore, the integration of turbulent dispersion into the EM model allows for the quantification of
the influence of wind-speed fluctuations on the WDR intensities. By looking at the catch ratio charts in
Fig. 7.8, the effect of turbulent dispersion seems to be present over the whole facade, especially at lower
reference rainfall intensity values. Based on the larger difference of curves at lower rainfall intensities,
we may conclude that the influence of turbulent dispersion is larger for smaller raindrops. Furthermore,
there is a relation between the quotient η’d /ηd in Fig. 7.6 and the turbulence intensity values close to the
facade in Fig. 7.7, i.e. in regions with high turbulence intensity, the quotient η’d /ηd, between the specific
catch ratio with and without turbulent dispersion, is larger. This means that the influence of turbulent
dispersion is especially larger in regions where the mean wind speed is small and the wind-speed
fluctuations are strong enough compared to the inertia of raindrops.
In sections 7.3 and 7.4, by comparing the numerical and experimental catch ratio values, it is found that
the numerical model successfully estimates the WDR intensity in terms of both rain event catch ratio
values and cumulative WDR amounts during the rain events on two different urban configurations. For
the array of low-rise cubic buildings, the discrepancies between numerical and experimental values are
lower for the first rain event where the rainfall is continuous and more homogeneous. On the other hand,
the discrepancies in the catch ratio values at the end of the rain event are higher for the second rain
event, during which the rainfall is interrupted many times. This result is to be expected given the
guidelines for WDR measurements by Blocken and Carmeliet [15, 113]. The sources of error in a
validation study can be numerical and experimental. Experimental errors are composed of (1)
evaporation of droplets adhered to the collection area of the WDR gauge, (2) error due to the rest-water
that remains in the tipping bucket, (3) splashing of drops from the collection area, (4) condensation on
the collection area, and (5) wind errors due to the disturbances of the wind field and the raindrop
trajectories near the WDR gauge by the presence of the gauge itself. The error estimation for the rain
events is given in chapter 5. The numerical errors are composed of errors related to boundary conditions,
inaccuracies of the model and numerical solutions. For the first rain event, even though the discrepancies
are much lower, they are slightly above the error estimates (between 2.2% and 3.9%). For the second
rain event, the deviations between numerical and experimental data are within the error estimates
(between 14.8% and 32.3%), except for the WDR gauge at the bottom left of the west facade of the
cube 8. For the two parallel buildings, during the rain event on August 2-3, 2014, the cumulative WDR
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amount is lower than the one during the rain events presented in section 7.3 on the cube array. The
oblique wind direction and the low WDR intensity during the first part of the rain event leads to a
discrepancy between the numerical and experimental values of cumulative WDR amount. However, at
the end of the rain event, the experimental catch ratio values are successfully estimated. Note that,
during the rain event on August 2-3, 2014, the influence of turbulent dispersion is higher on two parallel
buildings case compared to the cube array case, especially at the lower parts of building 2, where up to
9% of the calculated catch ratio values are due to turbulent transport of raindrops. Higher influence of
turbulent dispersion on building 2 is found not to be caused due to the meteorological conditions during
the rain event on August 2-3, 2014, but is mainly related to the height of building 2. Note that the
influence of turbulent dispersion on building 1, despite the fact that it is wider, is the same as the lowrise cubic buildings.
The comparison of streamlines of raindrops of sizes 0.3 and 1.0 mm on the two urban configurations
shows how the different wind-flow patterns due to positioning of different-size buildings alter the
movement of raindrops. The 0.3 mm droplets follow the wind-flow patterns so that there is a direct
comparison between the shapes of streamlines and the sizes of vortices. The 1.0 mm droplets are less
responsive to the wind-flow patterns below the roof level due to their higher inertia. However, these
trajectories allow for a comparison between the strength of vortices in the two urban configurations.
The 1.0 mm droplets are more influenced by the vortex between buildings 1 and 2 in the configuration
with two parallel buildings than they are by the vortex between cubes 2 and 5 in the cube array. This is
due to the higher wind speed values within the recirculation region between buildings 1 and 2 in the
case with two parallel buildings. Note that 1.0 mm droplets have a higher probability in the raindrop
size distribution of Best [93] at all relevant rainfall intensities during the rain events presented in this
chapter. Therefore, the catch ratio values at the middle height of building 2 are lower compared to the
top part of the front building 1. Indeed, in the cube array case, there is no difference in catch ratio values
between the top parts of cubes 2 and 8 for wind from west. The only difference of catch ratios between
the west facades of cubes 2 and 8 are at their lower parts.
Furthermore, the wind-flow patterns and their influence on droplet behavior for different size raindrops
are discussed. The WDR patterns for wind directions perpendicular and oblique to the test facades are
presented in detail for the array of low-rise cubic buildings in terms of droplet impact speed and impact
angle values. For the array of low-rise cubic buildings, it is shown that the influence of local wind-flow
patterns are more visible on the impact speed and angle variations of smaller raindrops. For oblique
wind directions, it is found that the upstream side of the facades have lower impact speed and lower
impact angle between the droplet and the surface normal. The catch ratio results during the rain events
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are a combination of the influences of wind-flow patterns for different reference wind speed, wind
direction and rainfall intensity values.

Conclusion
The EM model with turbulent dispersion is found to be accurate for calculations of WDR catch ratio
values and rain phase flow patterns. Moreover, the EM model is also effective as it gives information
on the rain phase velocity distribution in the whole domain, as well as the catch ratio values on all
surfaces.
On both urban geometries, the catch ratio distributions on test facades of multiple buildings are
compared with the existing measurement data. Both the WDR intensities at the end of the rain events
and the cumulative WDR intensities match quite well with the measured values. For the cube array case,
for the rain event on June 9-10, 2013, the average discrepancy between the numerical and experimental
results is found to be 5.2% on cube 2 and 5.4% on cube 8. For the rain event on September 16-19, 2013,
the average discrepancy between the numerical and experimental results is found to be 6.5% on cube 2
and 12.0% on cube 8. For the case with two parallel buildings, for the rain event on August 2-3, 2014,
the average discrepancy between the numerical and experimental results is found to be 4.9%. The EM
model, by using steady-state RANS modeling, allows for the accurate estimations of catch ratio on all
surfaces in a multi-building configuration. It is found that rain with oblique wind direction to the
building orientation results in smaller gradients on the building facades in cube array case, but also in a
larger wetting of the whole cube.
With turbulent dispersion modeling, the catch ratio values increase throughout the windward facade of
a high-rise building. The influence of the turbulent dispersion is more pronounced for low reference
rainfall intensity and high reference wind speed values, and relatively more pronounced at lower parts
of the facade. The increase in catch ratio values with turbulent dispersion is linked with the turbulence
kinetic energy profiles. For both rain events, the influence of turbulent dispersion was found to be lower
than 3% for the low-rise cubic building models in this particular study. On the other hand, for the two
parallel buildings case, the influence of turbulent dispersion is found to be up to 9% at lower parts of
the higher building, which is located downstream. Note that, these estimations of catch ratio with
turbulent dispersion are still mean values. The unsteady values during a rain event may be higher or
lower than the values reported in this chapter. In the next chapter, WDR simulations with LES are
performed to estimate the unsteady catch ratio values on the facade and to estimate how much the windflow field calculated with LES modeling influences the catch ratio results.
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Introduction
In the previous chapter, numerical simulations of WDR using steady RANS k-ε modeling and the EM
model with turbulent dispersion are performed to obtain catch ratio distributions. The influence of the
deficiencies of RANS k-ε models around the windward facade edges and in the wake of the buildings
[20-23], such as the size of the wake and the location of reattachment, on the estimated WDR intensity
in an urban geometry is unknown. LES is expected to calculate the Reynolds stresses more accurately
and, hence, expected to give a more accurate representation of separated flows. Furthermore, the
calculated distributions of catch ratio on building facades up to this chapter are steady state values.
WDR calculations with LES have the potential to give more insight in the transient behavior of WDR.
In this chapter, in section 8.2, numerical simulations of wind with LES, in wind-tunnel scale, in a
geometry of an array of low-rise cubic buildings are first compared with RANS simulations and windtunnel measurements in order to show the capacity of LES. After that, section 8.3 first compares the
mean WDR intensity distribution, in field-experiments scale, on an array of low-rise cubic buildings
obtained using the mean wind-flow field estimated with LES and with RANS. Second, section 8.3
presents unsteady behavior of raindrops and transient catch ratio values on facades of multiple buildings.
Finally, sections 8.4 and 8.5 provide discussion and conclusion, respectively.
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Validation of the LES model with wind-tunnel measurements
In this section, the wind-flow field calculated with LES is validated with wind-tunnel measurements
and compared to the results obtained with RANS in a geometry composed of an array of low-rise cubic
buildings.

8.2.1. Measurement settings and geometry
The wind tunnel measurements are conducted in the ETH/Empa atmospheric boundary layer (ABL)
wind tunnel located at the Swiss Federal Laboratories for Materials Science and Technology (Empa) in
Dübendorf, Switzerland. A schematic representation of the wind tunnel is given in Fig. 8.1. The closedloop wind tunnel has a length of 25.1 m and a width of 5.8 m. The diameter of the fan is 1.8 m. The
motor of the fan has a nominal power of 110 kW and is water cooled. The speed of the fan is 25 - 1000
RPM, which results in wind speeds of 0.5 - 25 m/s in the test section. The air flows in anticlockwise
direction inside the wind tunnel. At the corners of the wind tunnel, turning vanes are installed to guide
the flow around the corners, deflecting the flow while preventing boundary-layer separations. A
diffuser, a settling chamber and a contraction section are located just before the ABL development
section. In the diffuser, the wind speed is decreased, hence, decreasing the pressure loss in the settling
chamber, which houses several screens and a honeycomb panel. The mesh size of the screens are 5.0 mm
and the tube diameter of the honeycomb panel cells is 7.0 mm. The honeycomb panel aligns the flow
direction by breaking up large swirling motions into smaller ones. The screens mainly reduce the
crosswise variations in the mean flow field and the streamwise velocity fluctuations in the approach
flow, with little influence on the mean flow speed due to lowered wind speed obtained after the diffuser.
The contraction section accelerates the flow and further reduces the percentage of variations in velocity.
The 7.8-meter-long ABL development section is where the boundary layer is created with roughness
elements. The test section is located just after the ABL development section and has a
length×width×height equal to 2.6×1.9×1.3 m3. The height of the test section, as well as of the ABL
development section, is adjustable between 1.3 m and 1.6 m to allow for streamwise pressure gradient
control.
The test section is equipped with a time-resolved stereoscopic particle image velocimetry (PIV)
measurement system, where the 3 components of the instantaneous flow field can be measured in a 2D
plane. For the illumination of particles, a Nd:YLF laser is used. The laser with a wavelength of 527 nm,
a maximal pulse energy at 1 kHz of 30 mJ/pulse and a maximal frequency of 10 kHz is installed on the
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top of the wind tunnel. Two high-speed cameras with a maximal resolution of 2016 x 2016 pixels and
a maximal recording frequency of 4 kHz are installed on both sides of the test section.

Fig. 8.1. Schematic representation of the ETH/Empa atmospheric boundary layer wind tunnel (from
Allegrini [216]).

Fig. 8.2. a) Photograph and b) schematic plan of the wind-tunnel measurement setup.

The geometry for the wind-tunnel measurements is composed of an array of 9 cubic buildings,
positioned similarly as in the field experiments presented in section 5.4.1, as well as the numerical
simulations presented in section 7.3. The cubes with edge length of 5 cm are positioned 5 cm apart from
each other in the test section of the wind tunnel as shown in Fig. 8.2(a). The measurements of wind
velocity are performed in two vertical planes as shown in Fig. 8.2(b): 1) center plane and 2) a plane
between the rows of cubes.
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Problems due to surface reflections of the high-intensity laser light and possible strategies to decrease
their influence on measurement results have been reported in the literature. Most of the strategies
involve adaptation of surface conditions, such as using surface materials that absorb the beam energy,
e.g. flat black painted wood [217], anodized aluminum [218], fluorescent paint [219], polished (mirrorlike) surface that maximize the specular reflection of the incident beam in a direction away from the
camera and minimize diffuse reflection [220], surface materials that maximize the transmittance of the
surface, e.g. glass or Plexiglass [221, 222]. Paterna et al. [220] reports that the use of polished steel
allows for reduction of direct laser light reflections by up to 30 times more compared to black-painted
wood, a widely used absorbing material. Furthermore, polished steel is more practical and cost-effective
compared to other options, such as fluorescent-painted wood, mirror and glass. Apart from the
adaptation of surface materials, Paterna et al. [220] mentions that the modification of the angle of
incidence of the laser beam can also be used as a strategy to decrease surface reflections. A measurement
setup that directs the vertical laser sheet with an inclined mirror on the measurement area horizontally
would decrease the direct reflections from the ground surface compared to a setup that uses a vertical
laser sheet directly above the cubes. However, with such a laser setup in the present study, the regions
between the cubes would not be illuminated in the array of cubes. Therefore, in the present study, the
setup with a vertical laser sheet is used together with a glass mirror, which is placed under the cubes
with polished surface (see Fig. 8.3). The mirror directs the specular reflection of the incident beam in a
direction away from the camera. Furthermore, black vinyl sheets are used to connect and fix different
parts of the measurement area for the mitigation of secondary laser light reflections.

Fig. 8.3. Schematic illustration of the measurement setup with the mirror and vertical incidence of laser sheet.

The ground surface of the wind tunnel, from the end of the contraction section until the start of the test
section, is covered with uniform Lego® baseplates in order to create a surface roughness. At the start
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of the test section, the boundary layer thickness is found to be about 12 cm. In the present study, a free
stream velocity of 2 m/s is chosen.
The stereo cameras are positioned on each side of the test section. The total measurement area, i.e.
upstream of the cubes, between the cubes and the downstream of the cubes, is too long to be covered in
a single camera field-of-view (FOV). Therefore, the measurements for each vertical measurement plane
are divided into 4 sections, as shown in Fig. 8.4, leading to 8 measurement sections in total, for the 2
vertical measurement planes as shown in Fig. 8.2(b). The number of sections is determined based on
two different aspects. First, the camera FOV is smaller than the total length of each measurement plane.
The size of the camera FOV with good cross-correlation factors are roughly shown in Fig. 8.4 with red
rectangles for each measurement position. Even though the actual FOV of the cameras are slightly
larger, the laser sheet is thinner towards the edges and hence results in poor lighting of particles and
larger errors. Second, due to the camera view angle, the regions between the cubes can be blocked by
other cubes located closer to the camera. Therefore, for the measurement sections shown in Fig. 8.4(b)
and (c), the camera FOV is centered between the cubes. The overlapping regions between different
measurement planes are used for stitching images together and comparison of results from different
sections. For each of the 8 measurement sections, time-resolved and time-averaged measurements of
3D velocity vectors are performed. Furthermore, measurements in the empty wind tunnel are performed
to obtain the flow profiles in presence of only the Lego® baseplates.

Fig. 8.4. Positions of the 4 measurement FOV in streamwise direction in one plane.
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8.2.2. Simulation settings and parameters

8.2.2.1. Computational domains and grids
The computational domain both for LES and RANS calculations is shown in Fig. 8.5. The cubes are
located 5H away from the inlet, top and side boundaries, and 10H away from the outlet boundary, where
H = 0.05 m is the height of the cubes. The distance of the top and side boundaries from the cubes are
shorter than the size of the wind tunnel in order to decrease the total number of cells. This does not pose
a problem in terms of RANS as these distances agree with the guidelines by Tominaga et al. [208] and
Franke et al. [191]. The largest turbulence length scale obtained in the wind-tunnel measurements is
0.08 m. The computational domain is 0.75 m wide and 0.30 m high, which is sufficiently large compared
to the largest turbulence length scale for the LES calculations. For LES and RANS simulations, two
separate computational grids are prepared.

Fig. 8.5. Schematic representation of the computational domain a) from top and b) from side.

For LES, only cubic grid cells are used throughout the computational domain so that the LES filter size
is the same in all directions. The size of the grid cells are also significant, as the LES filter size is related
to the grid cell size. If the grid cells are too coarse, turbulent motions will not be sufficiently resolved.
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On the other hand, if the grid cells are too fine, the simulation will be computationally too expensive.
Several indicators are used to determine the necessary cell size. On the ground surface and the cube
surfaces, the cell size next to the boundaries are set such that the maximum instantaneous y+ is around 5.
Davidson [223] states that, for a sufficiently resolved simulation, the grid cells should not be larger than
1/4th of the integral length scale. The integral length scale data from measurements in an empty windtunnel are used to determine the cell size distribution in the vertical direction. Furthermore, Pope [180]
suggests that, if the ratio of the resolved turbulence kinetic energy to the total is larger than 80%, the
LES simulation is well resolved. Parts of the computational grids for LES and RANS are shown in Fig.
8.6. The grid for LES consists of 5 836 284 cells. The first cell height on the ground is 0.0078H and on
the cube surface is 0.0065H. The average y+ is 1.0 on the ground surface and 1.3 on the cube surfaces.
The grid for RANS consists of 2 092 416 cells. The first cell heights on the ground and on the cube
surfaces are 0.015H. The average y+ is 1.9 on the ground surface and 2.1 on the cube surfaces.

Fig. 8.6. Cross sections of the computational grids for a) LES (5 836 284 cells) and b) RANS (2 092 416 cells).
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8.2.2.2. Boundary conditions
LES requires the specification of unsteady turbulent inlet boundary conditions. A distribution of the
mean velocity with the enforced turbulent fluctuations is required at the inlet at every time step. The
generation of such turbulent fluctuations is one of the problems of LES, because the evolution of
turbulent vortices in the flow depends strongly on their initial state, i.e. the inlet boundary conditions.
To properly simulate turbulent motion with LES, realistic turbulent fields should be specified at the
inlet. In this section, the numerical results are to be compared with wind-tunnel measurements and,
therefore, the turbulent fluctuations in the numerical simulation should meet the conditions in the wind
tunnel. This problem is not trivial, because the turbulent fluctuations have to possess prescribed statistic
properties, such as temporal and space correlations, spectra, integral time and length scales. In RANS,
all quantities specified on boundaries are constants. In LES, however, the resolved-scale variables
include time-varying components on all scales down to the spatial scale, i.e. the grid scale Δx, and the
temporal scale, i.e. the time step Δt, of the simulation. Thus, at the inlet, turbulent fluctuations are
present on the grid scale, and a method must be applied for generating fluctuations in the grid scale
quantities that ‘look like turbulence’, with correct spatial and temporal coherence characteristic of
turbulence. In some cases, turbulence at the inlet does not significantly contribute to the turbulence
within the domain [224]. An example to such studies is the study of bluff-body flows with low approachflow turbulence. However, in the present study, the upstream flow turbulence is compared to the wind
tunnel measurements and the aim is to relate the WDR intensity on the first cube in the array to the
upstream turbulence of the flow. Therefore, the correct implementation of inlet conditions is of
significant importance.
There are various methods to generate inflow turbulence in the literature [224-227], such as using
precursor simulations, generating turbulence geometrically by obstacles and synthesizing artificial
turbulence at the inlet. Precursor simulations usually have a separate grid, on which a separate LES
simulation is performed to record flow variables at a certain plane. This information is later used at the
inlet boundary of the main simulation. One alternative option is to join the grids of the precursor and
main simulations and recycle the flow variables at a certain plane downstream back to the inlet plane.
The second method is to explicitly model roughness elements in the upstream part of the computational
domain to generate turbulent structures in a similar way to the generation of turbulent structures in a
boundary layer wind tunnel. Both the precursor simulations and geometric generation of inflow
turbulence require a large computational grid, increasing the computational cost. Furthermore, even
though the obtained inflow conditions are turbulent, they are mostly different than the intended flow
conditions which are measured in the wind tunnel. The third method to generate inflow turbulence is to
artificially synthetize the inlet turbulence according to particular constraints. This way, the inflow
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turbulence is generated in a faster way with less computational cells in the domain. At the simplest
level, this method can involve introducing a random noise component to the inlet velocity, with an
amplitude determined by the turbulence intensity level. Random noise fails as an inlet fluctuation
because it lacks spatial and temporal coherence characteristic of real turbulence, e.g. the low and high
wave number ranges have the same energy and contribute equally to the signal. Moreover, the
fluctuations imposed by random noise is removed by the Navier–Stokes equations quickly after the
inlet. Therefore, the energy spectrum is reproduced incorrectly. The inability of such a method to
generate adequate inlet conditions has been demonstrated by Aider et al. [228]. Besides, the inflow
turbulence generated by random noise does not have the coherence of turbulent. Therefore, a more
sophisticated approach must include this coherence.
In the present study, the method of random spots by Kornev and Hassel [229] is used to synthesize the
inflow turbulence using data from wind-tunnel measurements as input. This method generates
fluctuations with prescribed integral length scales and one-point cross correlations between fluctuating
components of velocity. An instantaneous velocity distribution generated by the method of random
spots [229] at the inlet plane of the computational domain is shown in Fig. 8.7. The size of the structures
seen in Fig. 8.7 are related to the imposed integral length scale values, while the velocity fluctuations at
each grid cell are related to the imposed Reynolds stresses at each height. The calculated Reynolds
stresses after an averaging period of 30 s are compared with the measured values of Reynolds stresses
in Fig. 8.8. The numerical profiles of Reynolds stresses obtained by the inflow generator are mostly
successful at generating the input profiles obtained from the wind-tunnel measurements. The streamwise
normal stresses ( u1 ' u1 ' ) overestimate the experimental values above the cube height (0.05 m) and the
spanwise normal stresses ( u3 ' u3 ' ) overestimate the peak close to the ground. The reason for these
discrepancies can be a combination of the model used in the inflow generator, the cell size of the
computational grid and the imposed turbulence length scales.
In RANS, the inlet boundary condition for the wind velocity is simply the mean profile value measured
in the wind tunnel. The boundary condition for the turbulence kinetic energy, k, is calculated as in
Eq. (8.1) and, therefore, it is isotropic.

1
k  ui ' ui '
2

(8.1)
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Fig. 8.7. Magnitude of instantaneous wind velocity synthesized by the LES inflow generator at the inlet boundary.

Fig. 8.8. Comparison of vertical profiles of numerical (lines) a) mean velocity and b) Reynolds stresses at the inlet
boundary with the experimental data (dots).

A constant static gauge pressure of 0 Pa is used at the outlet boundary. For LES, limiters are imposed
at the outlet to prevent inflow induced by energetic exiting vortices. For the ground boundary, in LES
simulations, Van Driest damping is used. The remaining boundary conditions are similar for both LES
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and RANS. The ground surface is assumed smooth, as the parts of the ground included in the simulations
correspond to the mirror, and not to the Lego baseplates, in the wind-tunnel measurements. The side
boundaries in the spanwise directions are periodic for all transported quantities. The top boundary is a
symmetry plane.

8.2.2.3. Solver settings
OpenFOAM® 2.2 is used as the CFD code for both simulations. For the steady RANS calculations,
low-Reynolds number modeling (LRNM) by Launder and Sharma [230] is used for the incompressible
wind flow simulations. The pressure-velocity coupling for the wind flow field solution is taken care of
with the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm. Second-order
discretization schemes are used for both the convection terms and the viscous terms of the governing
equations. The simulation is terminated when all the scaled residuals reach 10-6.
For the LES calculations, the one-equation differential sub-grid stress model by Yoshizawa [231] is
used for the incompressible wind flow simulations. The pressure-velocity coupling for the wind flow
field solution is taken care of with the Pressure Implicit with Splitting of Operators (PISO) algorithm.
Second-order discretization schemes are used for both the convection terms and the viscous terms of
the governing equations. The time step is set to 80 μs so that the maximum Courant number, C, is less
than 1 everywhere in the domain:

C

ut
x

(8.2)

where u denotes the magnitude of the velocity, Δt the time step and Δx the cell size. The averaged values
for the LES calculations are obtained after the calculations are performed for 45 s of physical time,
which corresponds to 45 times the mean flow residence time in the computational domain.

8.2.3. Results
The magnitude of mean velocity fields estimated by LES and RANS in the center plane of the cubes are
compared with the wind-tunnel measurements in Fig. 8.9. The cubes are marked with gray color. There
are regions with high signal-to-noise ratio due to errors related to surface reflections in wind-tunnel
measurements even when mirror, black vinyl sheets and cubes with polished surfaces are used. Note
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that, in Fig. 8.9(a), the white regions close to the ground and around the surfaces of the cubes correspond
to those with high signal-to-noise ratio and, hence, these regions are removed from the results. Similar
regions are also present slightly above the upstream cube due to secondary reflections from the cube in
the back row, and downstream, due to reflections on the ground at the location where the mirror ends.
In Fig. 8.9(a), wind-tunnel measurements show that the reattachment does not occur on the roof of the
first cube. The predictions by LES and RANS show a similar result above the roof of the first cube,
even though the values downstream differ. RANS predicts a longer separation region where the values
are still quite low until the middle of the roof of the second cube. LES predicts a result closer to the
measurements, but, still the numerical values underestimate the measurements at the roof level between
the first and second cubes. Between the cubes, especially between the first and second cubes, the
predictions from RANS are quite different compared to the measured values. Furthermore, in the wake
of the array, RANS predicts a low wind-speed region extended longer in the streamwise direction. On
the other hand, the predicted flow field by LES is much closer to the measurements, especially between
the second and third cubes and in the wake of the array.
The mean turbulence kinetic energy fields estimated by LES and RANS in the center plane of the cubes
are compared with the wind-tunnel measurements in Fig. 8.10. The predictions by LES are mostly quite
accurate except for above the rooftop of the first cube and around the windward facade of the second
cube. Above the rooftop of the first cube, the size of the bubble is estimated accurately by LES, but the
position of high turbulence kinetic energy values are predicted poorly. Moreover, there is a low
turbulence kinetic energy region just after the windward edge of the roof, which does not exist in the
wind-tunnel measurements. LES overestimates the values around the windward facade of the second
cube, but the numerical values are much closer to the measured values around the windward facade of
the third cube. RANS, on the other hand, performs quite poorly in predicting the turbulence kinetic
energy values compared to LES, especially in the regions between the cubes. In these regions, RANS
highly underestimate the measured values. Detailed quantitative analysis of mean streamwise, vertical
and spanwise velocities and mean turbulence kinetic energy values are shown in Fig. 8.11.
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Fig. 8.9. Comparison of the contours of magnitude of mean wind speed in the center plane from a) wind tunnel
measurements, b) LES and c) RANS calculations.

Fig. 8.10. Comparison of the contours of mean turbulence kinetic energy in the center plane from a) wind tunnel
measurements, b) LES and c) RANS calculations.
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Fig. 8.11 compares the mean streamwise, vertical, spanwise velocity and turbulence kinetic energy
profiles predicted by LES and RANS in the center plane of the cubes with the wind-tunnel
measurements along 7 vertical lines, a-g. Upstream of the array, along line a, the streamwise velocity
values by LES are very close to the measurements except close to the ground, where the LES predicts
larger negative values, i.e. stronger recirculation. RANS gives a similar result close to the ground, but,
at the half-cube height, overpredicts the measured streamwise velocity. At the rooftop of the first cube,
along line b, both models predict streamwise velocity close to the measured values. Downstream of the
first cube, along lines c-g, the differences between the streamwise velocity predicted by LES and RANS
are clearer. Along line c, RANS underestimates the measured streamwise velocity both around the roof
height and close to ground. The streamwise velocity values by LES are much closer to the measured
values especially close to the ground. LES underestimates the streamwise velocity around the roof
height, as well, but predicts much closer values to the measurements compared to RANS. Along lines
d-g, RANS greatly underestimates the measured streamwise velocity above the roof level, while the
predictions by LES are quite good.
Along lines a-c, both LES and RANS are able to estimate the measured values of vertical wind velocity
only to a certain extent even though the profiles have similar shapes. On the rooftops of second and
third cubes, along the lines d and f, the vertical wind velocity values are close to zero, on the contrary
to line a on the rooftop of the first cube. Along lines e and g, LES performs much better than RANS in
terms of vertical velocity.
The spanwise velocity values predicted by RANS are zero, as the flow field calculated by RANS is the
mean flow field and is symmetrical. Any deviations from zero in mean spanwise velocity values
predicted by LES are possibly due to short averaging period. Nevertheless, the deviations are quite small
for LES. Any deviations from zero in mean spanwise values in wind-tunnel measurements can be due
to misalignment of the laser plane on the cubes or due to short averaging period. The deviations are
mostly below 3% for measurements.
Upstream of the first cube, along line a, RANS predicts accurately the spike in the mean turbulence
kinetic energy close to the ground accurately. However, the predicted turbulence kinetic energy values
by RANS underestimate the measured values everywhere else. On the other hand, LES estimates the
turbulence kinetic energy profile accurately except close to the ground. At the rooftop of the first cube,
along line b, both LES and RANS underestimate the measured turbulence kinetic energy close to the
roof. Along lines c and d, LES is better at predicting the mean turbulence kinetic energy profiles,
however, the maximum values are overestimated by LES. Further downstream, LES predicts turbulence
kinetic energy more successfully, as it is also the case with wind velocity profiles.
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Fig. 8.11. Comparison of mean streamwise, vertical, spanwise velocity and turbulence kinetic energy
profiles calculated with LES and RANS to the measured values along 7 vertical lines in the center plane.
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(Fig. continues from the previous page)

In summary, based on the findings shown in Fig. 8.11, LES generally gives more accurate results in the
centerplane compared to RANS, especially for the streamwise and vertical velocity and turbulence
kinetic energy profiles downstream of the first cube. However, LES also shows discrepancies in
turbulence kinetic energy profiles upstream and at the rooftop of the first cube.
The magnitude of mean velocity fields estimated by LES and RANS in a plane between the cubes are
compared with the wind-tunnel measurements in Fig. 8.12. The white regions in Fig. 8.12(a) are due to
secondary reflections in wind-tunnel measurements from nearby cubes. The measurements show that
wind flow accelerates as it passes between cubes in the first row, which is predicted by both LES and
RANS. Downstream of the array of cubes, wind tunnel measurements have a low velocity region
between x = 300 and 350 mm, which is also predicted at the same position by LES in Fig. 8.12(b), even
though the low-velocity region is shorter in vertical direction. On the other hand, this region elongates
much further downstream in RANS in Fig. 8.12(c), similar to the extended recirculation region in the
streamwise direction predicted by RANS in the centerplane in Fig. 8.9(c).
The mean turbulence kinetic energy fields estimated by LES and RANS in a plane between the cubes
are compared with the wind-tunnel measurements in Fig. 8.13. In this plane, similar to the center plane,
RANS underestimates the measured turbulence kinetic energy values. The results obtained with LES,
on the other hand, are quite accurate in terms of vertical gradient, as well as the high turbulence kinetic
energy regions close to the ground due to the nearby cubes. Detailed quantitative analysis of mean
streamwise, vertical and spanwise velocities and mean turbulence kinetic energy values are shown in
Fig. 8.14.
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Fig. 8.12. Comparison of the contours of magnitude of mean wind speed in a plane between cubes from a) wind
tunnel measurements, b) LES and c) RANS calculations.

Fig. 8.13. Comparison of the contours of mean turbulence kinetic energy in a plane between cubes from a) wind
tunnel measurements, b) LES and c) RANS calculations.
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Fig. 8.14 compares the mean streamwise, vertical, spanwise velocity and turbulence kinetic energy
profiles predicted by LES and RANS in a plane between the cubes with the wind-tunnel measurements
along 7 vertical lines, a-g. Especially in the wake of the first cube, along lines c-g, RANS gives quite
different profiles of streamwise velocity compared to the measurements, with increased wind speed near
the ground and above the roof height. LES gives streamwise velocity values closer to the measurements
except for line a, where both LES and RANS underestimate the measured values close to the ground.
Along line c, RANS overestimates the vertical velocity close to the ground, where LES gives a much
better result. Similarly, along lines b and d, the vertical velocity values estimated by RANS are higher
than LES below the half-cube height. Along line e, both models predict the measured vertical velocity
very well. The vertical velocities are very low along lines f and g, which are predicted more accurately
by LES.
The spanwise velocity profiles predicted by RANS are mostly quite off compared to the measured
values. Especially downstream, along lines e and g, RANS predicts the spanwise velocity profiles totally
wrong. LES, on the other hand, tends to estimate the measured spanwise velocity profiles at least
qualitatively, even when the values are not very accurate.
The mean turbulence kinetic energy values are underestimated by RANS at all positions. Upstream,
along lines a and b, the turbulence kinetic energy profiles predicted by RANS are relatively closer to
the measured values, even though they still underestimate them. But further downstream, the
discrepancy of RANS increases further. On the other hand, the turbulence kinetic energy profiles
estimated by LES show much better agreement with the measurements.
In summary, based on the findings shown in Fig. 8.14, LES gives in general more accurate results
compared to RANS in the plane between the cubes, almost at all positions especially in terms of the
profiles of mean turbulence kinetic energy.
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Fig. 8.14. Comparison of mean streamwise, vertical, spanwise velocity and turbulence kinetic energy profiles
calculated with LES and RANS to the measured values along 7 vertical lines in a plane between cubes.
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(Fig. continues from the previous page)

Field-experiments scale WDR calculations with LES
In this section, simulations of WDR are performed in a wind-flow field calculated with LES in fieldexperiments scale. First, in section 8.3.1, the mean wind-flow field obtained by time-averaging LES
results is compared to the results with steady RANS in a geometry composed of an array of low-rise
cubic buildings in the field-experiments scale. The mean WDR intensity values on cubes are obtained
by solving the steady rain phase equations in a similar way to the WDR simulations in chapters 6 and 7
using the mean flow fields calculated with LES and RANS. The WDR intensity on cubes are then
compared on the two wind-flow fields. Second, in section 8.3.2, the instantaneous wind-flow field
calculated with LES is used to obtain the unsteady WDR intensity on cubes by solving the EM model
equations simultaneously at each time step together with LES wind flow calculations.

8.3.1. Steady WDR in mean flow field calculated with LES and RANS

8.3.1.1. Computational domain and grid
The computational domain is composed of 9 low-rise cubic buildings as shown in Fig. 8.15. The
dimensions of the cubes and the gap between them are the same as in section 7.3. For the LES
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calculation, the cubes are located 5H away from the inlet and side boundaries, and 10H away from the
outlet boundary, where H = 2 m.

Fig. 8.15. Schematic representation of the computational domain a) from top and b) from side.

Fig. 8.16. Cross section of the computational grid for LES (5 022 002 cells).

For RANS calculations, the results obtained in section 7.3 are used. For LES calculations of the fieldmeasurements scale domain, a new grid composed of only cubic cells is generated. The grid cells are
refined with respect to their distances to the surfaces in a similar way to the computational grid presented
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in section 8.2. The grid cells at the inlet are smaller than 1/4th of the integral length scale, following the
guideline by Davidson [223]. The cross section of the computational grid is shown in Fig. 8.16. The
grid consists of 5 022 002 cells. The first cell height on the ground is 0.008H and on the cube surface is
0.007H. For LES, the average y+ is 29.0 on the ground surface and 27.8 on the cube surfaces.

8.3.1.2. Boundary conditions
In the present study, the method of random spots by Kornev and Hassel [229] is used to synthesize the
inflow turbulence. The aim of the study in this section is to compare the mean wind-flow field, mean
rain phase streamlines and mean catch ratio values estimated with LES to the ones estimated with
RANS. Therefore, as an input to the inflow-turbulence generator, inlet conditions similar to the ones
used for RANS in section 7.3 are used. The Reynolds stresses at the inlet are obtained, by assuming
isotropic turbulence as in RANS, as:

1
ui ' ui '  k
2

(8.3)

and the integral length scale at the inlet is obtained with:

l  C3/4

k 3/2



(8.4)

as defined in RANS k-ε model. The largest length scale is 20 m, whereas the computational domain is
30 m wide and 30 m high.
A constant static gauge pressure of 0 Pa is used at the outlet boundary. Limiters are imposed at the outlet
to prevent inflow induced by energetic exiting vortices. The side boundaries in the spanwise directions
are periodic for all transported quantities. The top boundary is a symmetry plane. For the ground
boundary, Van Driest damping is used. Note that the use of smooth wall functions, as well as the wall
functions with roughness modifications, in LES, are questionable as the wall functions are mainly
developed for the mean flow field, where the logarithmic law of the wall is applicable. However, the
instantaneous wall-shear stress can be different from that the law of the wall indicates [232].
Nevertheless, there is research on the development of wall functions for LES calculations [233, 234].
In the present study, no wall functions are used for the ground surface, as well as the building surfaces.
This can, however, have an influence on the approach wind-flow profiles as the grid resolution near
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walls may be insufficient at predicting all boundary layer structures in this study with the fieldexperiments scale.

8.3.1.3. Solver settings
For the LES calculations, the one-equation differential sub-grid stress model by Yoshizawa [231] is
used for the incompressible wind flow simulations. The pressure-velocity coupling for the wind flow
field solution is taken care of with the Pressure Implicit with Splitting of Operators (PISO) algorithm.
Second-order discretization schemes are used for both the convection terms and the viscous terms of
the governing equations. Time step is set to 4 ms so that the maximum Courant number, C, is less than
1 (see Eq. (8.2)).

8.3.1.4. Solution strategy
The following steps have been followed to obtain the WDR solution:
a)

The steady-state wind-flow field around the building is solved for U = 1 m/s. The calculation
of LES is performed until a statistically steady-state wind-flow field is obtained. The
statistically steady-state wind-flow field is obtained after the calculations are performed for
3500 s of physical time, which corresponds to 87.5 times the mean flow residence time in the
computational domain. The wind-flow fields for other values of reference wind speed (U = 2,
3 and 5 m/s) are obtained from the statistically steady-state flow field by linear scaling. Such
scaling is allowed for flows around sharp-edged bluff bodies, where the positions of flow
separation are independent of the Reynolds number.

b) Using each reference wind flow field, specific catch ratio distributions are calculated for
several raindrop diameter values (17 diameters ranging from 0.3 to 1 mm in steps of 0.1 mm,
from 1 to 2 mm in steps of 0.2 mm and from 2 to 6 mm in steps of 1 mm).
c)

Catch ratio distributions are obtained for 16 reference horizontal rainfall intensities of Rh = 0,
0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h using the droplet size distribution as
input for each reference wind speed.
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8.3.1.5. Results
Fig. 8.17 compares the contours of magnitude of mean wind speed calculated with LES and RANS in
the centerplane. The separation region above the rooftop of cube 2 is estimated larger with LES. Note
that this results in lower wind speed values estimated with LES further downstream at about the same
height just above the roof levels. This is clearer in Fig. 8.18, which compares the streamwise wind
velocity profiles upstream and between the cubes calculated with RANS and LES in the centerplane of
the computational domain. Note that the estimated values are very close at 5H (= 10 m) height. This is
important in terms of the WDR study because any mismatch of velocity at higher altitudes would result
in a higher inertia of droplets and, hence, different catch ratio values due to unintended reasons. On the
other hand, velocities just above the roof levels are estimated larger with RANS than with LES. Note
also that RANS predicts higher velocities within the standing vortex upstream of cube 2 and within the
recirculation region in front of the windward facade of cube 8. Fig. 8.19 compares the contours of mean
turbulence kinetic energy calculated with LES and RANS in the centerplane. At the windward corner
of the roof of cube 2, RANS predicts a larger turbulence kinetic energy than LES does. Above the
rooftop of cube 2, on the other hand, LES predicts larger values compared to RANS. In the regions
between the cubes below the roof level, the distributions of turbulence kinetic energy are quite similar
to one observed in section 8.2.3. In these regions, LES estimates high turbulence kinetic energy values
close to the windward facades of the cubes, while the values estimated by RANS are generally lower
compared to LES.

Fig. 8.17. Comparison of the contours of magnitude of mean wind speed in field-experiments scale calculated with
a) LES and b) RANS in the centerplane.
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Fig. 8.18. Comparison of streamwise wind velocity profiles along vertical lines upstream and between the cubes
calculated with LES and RANS in the centerplane.

Fig. 8.19. Comparison of the contours of mean turbulence kinetic energy in field-experiments scale calculated with
a) LES and b) RANS in the centerplane.
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Fig. 8.20. Mean streamlines of raindrops of diameters of a) d = 0.3 mm, b) 1.0 mm, c) 2.0 mm and d) 3.0 mm in
the centerplane impinging on cube 2 in a wind-flow field with a reference wind speed of 3 m/s.
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Fig. 8.21. Mean streamlines of raindrops of diameters of a) d = 0.3 mm, b) 1.0 mm, c) 2.0 mm and d) 3.0 mm in
the centerplane impinging on cube 8 in a wind-flow field with a reference wind speed of 3 m/s.
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Fig. 8.22. Comparison of catch ratio charts using mean wind flow calculated with LES and RANS a) at the top,
b) in the middle and c) at the bottom of the facade of cube 2.

Fig. 8.20 shows mean streamlines of raindrops of different sizes, i.e. d = 0.3 mm, 1.0 mm, 2.0 mm and
3.0 mm, in the centerplane impinging on cube 2 in a wind-flow field with a reference wind speed of
3 m/s. The flow profiles presented in Fig. 8.18 can be divided in two parts: 1) the flow above the roof
height, where RANS predicts a higher positive wind velocity and 2) the flow below y = H, where RANS
predicts a higher negative wind velocity. The streamlines of droplets with size of 0.3 mm, in Fig. 8.20(a),
differ on the rooftop, where the streamlines calculated with LES show an acceleration of the wind flow,
followed by a decrease in streamwise velocity due to larger separation region prediction by LES. The
streamlines in Fig. 8.20(a) also differ below y = H, where the droplets move further away from the
facade due to larger negative wind velocity predicted by RANS. In Fig. 8.20(b), the 1.0 mm droplets
with LES flow impact the facade with larger angles to the facade normal, mainly due to lower approachflow velocity above the roof level. The difference in flow fields close to the ground plays a smaller role
for the droplets with d = 1.0 mm. In Fig. 8.20(c) and (d), as the droplet size increases, the similar
observations are made as for Fig. 8.20(b), but the influence of the difference in flow fields decreases.
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Fig. 8.21 shows mean streamlines of raindrops of different sizes, i.e. d = 0.3 mm, 1.0 mm, 2.0 mm and
3.0 mm, in the centerplane impinging on cube 8 in a wind-flow field with a reference wind speed of
3 m/s. The streamlines of droplets with size of 0.3 mm, in Fig. 8.21(a), do not differ on the rooftop as
much as they do on the rooftop of cube 2 in Fig. 8.20(a). The droplets are not accelerated over the
rooftop of cube 8 due to the fact that the wind-flow does not accelerate significantly and no flow
separation is observed over the roof of cube 8 in Fig. 8.17. The difference between the streamlines
calculated with LES and RANS wind-flow fields are mainly due to the higher wind speed by RANS
over the roof level and closer to the ground. The difference in streamlines for larger droplets of 1.0, 2.0
and 3.0 mm are generally similar to Fig. 8.20, but the difference between RANS and LES is slightly
larger for cube 8.

Fig. 8.23. Comparison of catch ratio charts using mean wind flow calculated with LES and RANS a) at the top,
b) in the middle and c) at the bottom of the facade of cube 8.
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Fig. 8.22 compares the catch ratio charts obtained for 3 positions on the windward facade of cube 2 at
different heights. At all 3 positions, the catch ratio values with the wind-flow field calculated with
RANS are larger at all reference wind speeds and rainfall intensities. The average difference between
the two curves is 9.8% at all 3 positions and the difference is larger for the position at the top of the
facade. This difference is mainly due to the difference in wind velocity profiles above the roof level.
The difference in approach-flow velocities below the roof level influences only the streamlines of very
small raindrops (see Fig. 8.20(a)). Fig. 8.23 compares the catch ratio charts obtained for 3 positions on
the windward facade of cube 8 at different heights. The difference between the two curves is 14.3% on
average at all 3 positions, higher than it is for cube 2. Similar to cube 2, the difference between RANS
and LES calculations is higher at the top of the facade compared to the lower parts. For both cubes, the
differences between estimated values of catch ratio increase as the rainfall intensity decreases.
Discussion on the possible reasons for the difference in estimated catch ratio values is included in
section 8.4.

8.3.2. Transient WDR in unsteady flow field calculated with LES

8.3.2.1. Boundary and initial conditions
The computational domain is the same as the one in section 8.3.1. The boundary conditions for the
wind-flow are also identical to the ones presented in section 8.3.1. In this section, LES calculations with
the same boundary conditions as presented in section 8.3.1 are solved together at each timestep with the
governing equations of rain phases. The inlet boundary conditions for the velocities and volume
fractions of the rain phases are mean values, i.e. the inflow-turbulence generator is not used for the rain
phases, because the length scales and Reynolds stresses are unknown for the rain phases. The boundary
conditions for the rain phases are similar to the ones used in chapter 7. It is assumed that at a distance
sufficiently away from the buildings, the rain phases are uniform and continuous and hence, the phase
fraction of rain phases, d, are uniform. It is also assumed that d values adapt to the unsteady windflow field within the computational domain before they reach the buildings. The initial conditions both
for air and rain phases are chosen to be the mean values that are calculated in section 8.3.1.
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8.3.2.2. Solver settings
For the LES calculations, the one-equation differential sub-grid stress model by Yoshizawa [231] is
used for the incompressible wind flow simulations. The pressure-velocity coupling for the wind flow
field solution is taken care of with the Pressure Implicit with Splitting of Operators (PISO) algorithm.
Second-order discretization schemes are used for both the convection terms and the viscous terms of
the governing equations. The timestep is reduced to 2 ms from its value of 4 ms in section 8.3.1, so that
the maximum Courant number, C, is less than 1 both for air and rain phases (see Eq. (8.2)).

8.3.2.3. Solution strategy
The following steps have been followed to obtain the WDR solution:
a)

The unsteady wind-flow field around the building is solved for a mean wind-speed of U = 1 m/s

at the cube height.
b) The governing equations of rain phases for raindrop diameter values of 0.3 mm, 1.0 mm and
c)

2.0 mm are solved simultaneously with the wind-flow at each time step.
Instantaneous specific catch ratio values on the cubes are calculated using the instantaneous
rain phase velocities and phase fractions.

8.3.2.4. Results
Fig. 8.24 shows streamlines of raindrop size of 0.3 mm at different time instants. The starting locations
of the streamlines are at the inlet and top boundaries of the computational domain in the centerplane
and away from the influence by buildings. The starting locations are chosen to be equidistant for
visualization purposes. The mean streamlines at the initial state, t = 0, are presented in Fig. 8.24(a) as
reference. Note that the instantaneous streamlines are different than the actual trajectories of raindrops.
It is only for a mean flow field that streamlines coincide with the trajectories. Instantaneous streamlines
of the rain phases are lines that are tangent to the instantaneous velocity vector field of rain phases.
Hence, a real raindrop at a start point of a streamline will follow a different trajectory as it falls because
the wind-flow field will change. Therefore, the streamlines presented in Fig. 8.24(b)-(d) give
information on the behavior of droplets at a certain position, rather than the behavior of a single droplet
injected at the boundaries of the domain. Nevertheless, the shapes of the streamlines in Fig. 8.24(b)-(d)
can give information on the flow fields of rain phases of different raindrops sizes and on how much the
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droplets are influenced by the instantaneous wind-flow field. The raindrops of diameter of 0.3 mm are
influenced heavily by the local flow field as shown in Fig. 8.24. The instantaneous streamlines can
deviate strongly from the mean streamlines shown in Fig. 8.24(a) both above the roof level, where the
length scales are larger, and below the roof level, where the length scales are smaller. Besides, the
influence of local structures on the wind-flow fields is clear as in Fig. 8.24(b), where a sweeping-like
behavior is observed between the two downstream cubes.
Fig. 8.25 shows streamlines of raindrop size of 1.0 mm at different time instants. The starting locations
of the streamlines are at the inlet and top boundaries of the computational domain in the centerplane
and away from the influence by buildings. The starting locations are chosen to be equidistant for
visualization purposes. The mean streamlines at the initial state, t = 0, are presented in Fig. 8.25(a) as
reference. The instantaneous streamlines for the raindrop size of 1.0 mm are more straight compared to
the ones shown in Fig. 8.24 and are not very different from the mean streamlines shown in Fig. 8.25(a).
The deviations from the mean streamlines are mostly due to the presence of larger turbulent scales above
the roof level.

Fig. 8.24. a) Mean streamlines at the initial state and instantaneous streamlines at b) t = 100 s, c) t = 200 s and
d) t = 300 s for the raindrop size d = 0.3 mm.
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Fig. 8.25. a) Mean streamlines at the initial state and instantaneous streamlines at b) t = 100 s, c) t = 200 s and
d) t = 300 s for the raindrop size d = 1.0 mm.

Table 8.1. Comparison of the mean catch ratio values based on an unsteady LES flow field in section 8.3.2, η’, with
the mean catch ratio values obtained from statistically steady LES flow field in (section 8.3.1), η, and the standard
deviation of the unsteady catch ratio at different parts of the facade of cube 2 for d = 0.3, 1.0 and 2.0 mm.
Cube 2

Upper position

Middle position

Lower position

mean η’

std.
of η’

mean η

mean η’

std.
of η’

mean η

mean η’

std.
of η’

mean η

d = 0.3 mm

0.14

0.08

0.12

0.01

0.02

0.01

0.00

0.01

0.00

d = 1.0 mm

0.23

0.05

0.23

0.17

0.04

0.17

0.13

0.03

0.13

d = 2.0 mm

0.19

0.03

0.20

0.17

0.03

0.17

0.15

0.03

0.15
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Fig. 8.26. Instantaneous specific catch ratio values on the windward facade of cube 2, averaged over 3 WDR gauge
positions for diameters of size of a) 0.3 mm, b) 1.0 mm and c) 2.0 mm.

Fig. 8.26 shows the instantaneous specific catch ratio values, as well as the running means over time,
surface-averaged over 3 square-shaped areas representing WDR gauges on the windward facade of cube
2 for 3 different raindrop sizes. The fluctuations are larger for the smaller raindrop size of 0.3 mm and
decrease as the raindrop size increases. In the mean EM-WDR model, this phenomenon is modeled by
the turbulent dispersion model using the response coefficient, Ct. The fluctuations in the velocity of
smaller raindrops are influenced more by the fluctuations in the wind-flow field than the fluctuations in
the velocity of larger raindrops do. Fig. 8.26 shows that the mean values of specific catch ratio values
are relatively stable after the initial 100-200 s. The mean specific catch ratio values obtained in this
study are compared to the ones obtained in section 8.3.1. Table 8.1 compares the mean catch ratio values
based on an unsteady LES flow field in section 8.3.2, η’, with the mean catch ratio values obtained from
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statistically steady LES flow field in section 8.3.1, η, at different parts of the facade of cube 2 for d = 0.3,
1.0 and 2.0 mm. Table 8.1 also presents the standard deviation of the unsteady catch ratio. For d = 0.3
mm, the WDR gauge at the top shows 16.7% increase (from 0.12 to 0.14) in specific catch ratio with
the unsteady flow field. There is no significant change for the specific catch ratio of d = 0.3 mm in the
middle and at the lower parts. For d = 1.0 mm, no significant change is observed in specific catch ratio
values. On the other hand, there is a decrease in specific catch ratio for d = 2.0 mm at the top of the
facade by 5.0% (from 0.20 to 0.19).

Fig. 8.27. Contours of magnitude of instantaneous wind speed in the centerplane at time instants a) t = 120 s,
b) t = 150 s and c) t = 180 s.
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Note that, in Fig. 8.26, the high and low spikes in the instantaneous catch ratio values at different parts
of the facade are similar to each other, especially as the droplet size increases. These are mainly due to
the large scale fluctuations in the wind speed above the roof level. Fig. 8.27 shows the contours of
magnitude of instantaneous wind speed in the centerplane at time instants t = 120, 150 and 180 s. These
time instants correspond to a local maximum in catch ratio values at t = 120 s, a minimum at t = 150 s
and a maximum at t = 180 s in Fig. 8.26(b) and (c). Note that there is a correlation between the catch
ratio values and the large-scale turbulent structures above the roof level. At t = 150 s, the wind speed
values are lowest and, hence, the minimum in the catch ratio values. At t = 180 s, the instantaneous
wind speed values are the higher and, hence, the catch ratio values on the facade. Note that the specific
catch ratio values for the raindrop size of 0.3 mm in Fig. 8.26(a) do not exactly follow the same trend,
e.g. the catch ratio minimum is not at t = 150 s, due to the fact that the 0.3 mm raindrops are also
influenced more by the instantaneous wind flow between the cubes.
Fig. 8.28 shows instantaneous specific catch ratio values, as well as the running means, averaged over
3 areas representing WDR gauges on the windward facade of cube 8 for 3 different raindrop sizes. The
differences between the mean specific catch ratio values obtained in in section 8.3.1. Table 8.2 compares
the mean catch ratio values based on an unsteady LES flow field in section 8.3.2, η’, with the mean
catch ratio values obtained from statistically steady LES flow field in section 8.3.1, η, at different parts
of the facade of cube 2 for d = 0.3, 1.0 and 2.0 mm. Table 8.2 also presents the standard deviation of
the unsteady catch ratio. For d = 0.3 mm, the WDR gauge at the top shows 12.5% increase (from 0.16
to 0.18) in specific catch ratio with the unsteady flow field. There is an increase of 100% in the middle
of the facade. Note that the specific catch ratio in the middle of the facade for d = 0.3 mm is quite low
and, hence, the high increase in percentage. There is no significant change for the specific catch ratio
of d = 0.3 mm at the lower parts. For d = 1.0 mm, no significant change is observed in specific catch
ratio values. On the other hand, there is a decrease in specific catch ratio for d = 2.0 mm at the top of
the facade by 5.0% (from 0.20 to 0.19).
Table 8.2. Comparison of the mean catch ratio values based on an unsteady LES flow field in section 8.3.2, η’, with
the mean catch ratio values obtained from statistically steady LES flow field in (section 8.3.1), η, and the standard
deviation of the unsteady catch ratio at different parts of the facade of cube 8 for d = 0.3, 1.0 and 2.0 mm.
Cube 8

Upper position
mean η’

std.

d = 0.3 mm

0.18

d = 1.0 mm
d = 2.0 mm

Middle position

mean η

mean η’

0.133

0.16

0.02

0.23

0.06

0.23

0.19

0.03

0.20

mean η’

0.03

0.01

0.00

0.00

0.00

0.17

0.05

0.17

0.12

0.04

0.12

0.17

0.03

0.17

0.15

0.03

0.15

of η’
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Lower position

mean η

std.
of η’

std.

mean η

of η’

Numerical EM-WDR model with large eddy simulation (LES)

Fig. 8.28. Instantaneous specific catch ratio values on the windward facade of cube 8, averaged over 3 WDR gauge
positions for diameters of size of a) 0.3 mm, b) 1.0 mm and c) 2.0 mm.

Discussion
The comparison of mean wind-flow field calculated with LES and RANS with wind-tunnel
measurements shows that, downstream of the first cube, LES performs generally more accurately
compared to RANS. This is the case both in the centerplane and in the plane between the cubes. On the
other hand, upstream of the cubes in the centerplane, LES does not necessarily give more accurate
results compared to RANS. This could be due to inlet boundary conditions still having influence on the
statistics of the flow properties in the upstream of the cubes. The statistically steady-state profiles of
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Reynolds stresses at the inlet are close to the measured values as shown in Fig. 8.8. However, as also
mentioned in Tabor and Baba-Ahmadi [224], the synthetic turbulence inlet boundary conditions may
need a certain distance to adapt and, hence, the flow profiles may change by the time they reach the
positions of the cubes. The better accuracy of LES in the wake of the first cube is due to the accurate
generation of turbulent structures and the accurate estimation of separation zones, which is one of the
main weaknesses of RANS calculations.
A difference between the vertical profiles of mean wind velocity calculated with LES and RANS is also
found in the case of the array of cubic buildings in field-experiments scale. This difference in windflow profiles between RANS and LES leads to a difference between the calculated streamlines of rain
phases. Consequently, the catch ratio values are estimated to be about 9.8% lower on cube A and about
14.3% lower on cube B, on average, using the mean flow field calculated with LES. The resulting
difference between RANS and LES is mainly due to differences in the calculated wind-flow field above
the roof level and not due to differences in recirculation regions between the cubes. A similar result is
also observed in chapter 7, where the vortices in the cube array case are weaker than the vortices in the
case with two parallel buildings and, hence, the catch ratio values on the facades of the cubes are less
influenced by the vortices. In the field-experiments scale, the streamwise velocity estimated with LES
above the roof level is lower than the one estimated with RANS. This may be due to the fact that RANS
predicts a very small separation region above the rooftop of cube 2, which also influences the flow
profiles further downstream. Smaller separation regions are related to the discrepancy of RANS k-
models, i.e. overestimation of turbulence kinetic energy values estimated at the edges of a bluff-body
[20-23]. However, it should be noted that the difference in wind-flow profiles may also be influenced
by the difference in ground surface roughness conditions between LES and RANS. The use of wall
functions with LES, with and without surface roughness modifications, is still research on-going.
Therefore, in this study, we did not use wall functions in LES calculations, which may lead to an
artificial acceleration of the approach wind flow. Detached eddy simulation (DES) [235] might be a
better option as it combines RANS for the near-wall flow with LES for the free stream. The differences
in catch ratio values on cube A (9.8% on average) and cube B (14.3% on average) may be due to a
combination of these two effects. On the other hand, the averaging period in LES calculations to obtain
the statistically steady-state flow fields has only minor influence on the differences in catch ratios. The
averaging periods both in wind-tunnel and field-experiments scales are long compared to the flow
residence times in the computational domain. Further calculations do not lead to significant changes in
flow parameters such as statistically steady-state velocity and Reynolds stress components. Even though
the obtained wind-flow fields with LES calculations are not perfectly symmetrical (e.g. non-zero mean
spanwise velocity values in the centerplane in Fig. 8.11), these deviations are much smaller than the
estimated wind speed values.
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The instantaneous streamlines of rain phases of droplet sizes of 0.3 mm and 1.0 mm give information
on the influence of fluctuations of the wind-flow field on the movement of raindrops within the domain.
The 0.3 mm droplets are influenced by both the large-scale fluctuations far above the cubes and the
small-scale fluctuations between the cubes. On the other hand, the 1.0 mm droplets are mostly
influenced by the large-scale fluctuations far above the cubes. The instantaneous specific catch ratio
profiles of droplet sizes 0.3, 1.0 and 2.0 mm show interesting results in terms of maximum and minimum
values of specific catch ratio values on the facade.
The difference between the mean catch ratio values based on an unsteady LES flow field and the mean
catch ratio values obtained from statistically steady LES flow field is discussed. The differences are
only up to 5.0% for raindrop sizes of 1.0 mm and 2.0 mm. The differences for the 0.3 mm droplets are
up to 16.7% at the top of the facades and up to 100% at the lower parts of the facades. Note that the
percentages for the 0.3 mm droplet size are high because the specific catch ratio values of 0.3 mm
droplets are very low at the lower parts of the buildings. Note also that, for all relevant rainfall intensities
higher than 0.1 mm/h in Fig. 2.9, the probability density of 0.3 mm raindrops is lower compared to
larger droplets, e.g. d = 1.0 and 2.0 mm. Therefore, the influence of the unsteady wind-flow field on the
catch ratio values are found to be similar to the estimations of the turbulent dispersion model used in
WDR simulations with RANS in section 7.3.
The running mean values of instantaneous specific catch ratio values are mostly stable after 100-200 s
for all three raindrop sizes. Therefore, the assumption of taking the meteorological data during 10-min
experimental timesteps as steady-state in chapter 8 in order to validate the numerical EM-WDR model
is indeed valid. The only exception may be rain events where the meteorological conditions such as
wind direction and wind speed change a lot during these timesteps. In those cases, the meteorological
conditions may change so fast that the actual catch ratio may be above or below the mean value and,
hence, increase the discrepancy between the numerical and experimental WDR intensities.

Conclusion
In this chapter, first, we compare the numerical simulations of wind flow with LES in a geometry of an
array of low-rise cubic buildings with wind-tunnel measurements and numerical results with RANS. In
the wake of the first cube, the wind-flow calculated with LES performs much better compared to RANS
in terms of results of mean streamwise, vertical and spanwise wind velocity and mean turbulence kinetic
energy profiles. On the other hand, in the upstream of the domain in the centerplane, the profiles
estimated with LES are not found to be better than the ones estimated with RANS. The simulations of
211

Chapter 8

wind-flow by LES and RANS on the field-measurements scale, however, show a larger difference in
terms of mean wind velocity profiles above the roof level of the cubes. It is found that the catch ratio
values are influenced by up to 14.3% resulting mainly from the difference in mean wind-flow profiles.
The mean specific catch ratio values estimated with transient LES-WDR simulations mostly agree with
the specific catch ratio values estimated with mean LES-WDR simulations. It is found that, after about
100-200 s, the mean specific catch ratio values stabilize around a constant value. Furthermore, it is
observed that the instantaneous specific catch ratio values of smaller droplets fluctuate a lot around the
mean value, i.e. the root mean square of specific catch ratio of smaller droplets is larger than the one of
larger droplets.
WDR study with LES is particularly interesting in terms of unsteady behavior of raindrops in a complex
geometry such as a multi-building configuration. In section 8.3.2, by comparing the mean specific catch
ratio values with the results obtained in section 8.3.1, it is verified that the influence of turbulent
dispersion is modeled accurately in chapter 7. However, the catch ratio values calculated in chapter 7
are only mean values. The study with LES has the advantage of providing the variation of the WDR
intensity in time, as well as its maximum WDR intensity on facades. Furthermore, LES gives a more
accurate flow field downstream, which influences the catch ratio values up to 14%. On the other hand,
LES studies are far from being practical, as they require a much longer computational times compared
to WDR studies based on RANS. Note that section 8.3.1 studies only one wind direction and section
8.3.2 studies only 3 raindrop sizes due to computational requirements. Furthermore, section 8.2 shows
that the generation of inflow turbulence in LES calculations remains an area of future research.
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Introduction
In this chapter, the aim is to present the WDR simulation results obtained using the Eulerian multiphase
(EM) model with turbulent dispersion on a more complex building geometry. Numerical results of WDR
are presented on a monumental tower building, namely the hunting lodge St. Hubertus building in The
Netherlands. The results obtained with the EM model including turbulent dispersion are compared with
existing numerical results using the LPT model [19] and are validated by comparison of the calculated
catch ratio values with available experimental data acquired on the windward facade of the tower by
Briggen et al. [19]. Section 9.2 provides the building geometry and the measurement data. The
computational domain, boundary conditions, solver settings and the solution strategy are presented in
section 9.3. Section 9.4 presents the comparison of calculated numerical catch ratio results on the
windward facade of the tower with the existing numerical results and the experimental data in literature.
Sections 9.5 and 9.6 provide discussion and conclusion, respectively.

*

This chapter is partly based on the following publications:

Kubilay A, Derome D, Blocken B, Carmeliet J. (2013). CFD simulation and validation of wind-driven
rain on a building facade with an Eulerian multiphase model. Building and Environment; 61:69-81.
Kubilay A, Derome D, Blocken B, Carmeliet J. (2015). Numerical modeling of turbulent dispersion for
wind-driven rain on building facades. Environmental Fluid Mechanics; 15(1):109-133.
213

Chapter 9

Building geometry and measurement data
Fig. 9.1 shows the monumental tower of the St. Hubertus hunting lodge and the positions of WDR
gauges on the tower. The building consists of a rectangular lower part with wings and a tower with a
height of 34.5 m. The tower has a rectangular floor plan of dimensions 4.8×4.2 m2, and is capped with
a pitched roof. The building is located at the northern side of the Dutch National Park “De Hoge
Veluwe”, longitude 52°07’ and latitude 5°49’, at approximately 42 m above sea level. There is no other
building in the immediate vicinity of the hunting lodge. The aerial view of the surrounding area shows
that the terrain southwest of the building is partly open, i.e. there is a grass field and a pond (see Fig.
9.2). The building is surrounded by a forest in the other directions.

Fig. 9.1. Hunting lodge St. Hubertus. Building dimensions and positions of wind-driven rain gauges on the tower
(from Briggen et al. [19]).
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Fig. 9.2. Aerial view of the topography surrounding the hunting lodge (from Briggen et al. [19]).

Fig. 9.3. Records of the data taken at site for the rain events on: a) September 17th, 2007 and b) September 25th,
2007 by Briggen et al. [19].
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The measurements and the WDR simulation using the LPT model were performed by Briggen et al. [19].
The measurements of reference wind speed, wind direction and horizontal rainfall intensity were
recorded at a meteorological station, located at the northwest of the building. The station was positioned
between the forest and the building in such a way that southwest wind is measured with minimum
disturbance. The meteorological station was equipped with an ultrasonic anemometer, which provided
measurements of the reference wind speed and the reference wind direction at a height of 10 m. The
horizontal rainfall intensity was measured by a tipping bucket rain gauge with a horizontal orifice.
The WDR measurements were conducted with WDR gauges that contained a tipping bucket
mechanism. The WDR gauges had a resolution of 0.015 mm/tip. Most of the WDR gauges were located
on the southwest facade of the tower, as this facade showed severe moisture-related deterioration due
to the prevailing southwest wind direction during rain events. Thus, the study of Briggen et al. [19] and
the present study consider mainly rain events with a wind direction that is mainly southwest. Fig. 9.3(a)
and (b) show the rain events measured by Briggen et al. [19] on September 17th, 2007 and September
25th, 2007, respectively. The measurement errors in terms of catch ratio are given as 0.022, leading to
errors of between 9.2% - 27.5%, for the measurements on September 17th, and as 0.011, leading to errors
of between 2.7% - 5.3%, for the measurements on September 25th. The error estimates are lower for the
measurements on September 25th as there are few dry periods between rain showers during which
adhesion-water-evaporation can occur on the rain collector [113]. The wind direction is mainly
southwest (225° from north) for both rain events with only limited fluctuations. Therefore, in the
simulations, the wind direction is taken to be perpendicular to the facade of interest on the tower.

Simulation settings and parameters

9.3.1. Computational domain and grid
The computational domain has dimensions L×B×H = 350×350×205 m3, as shown in Fig. 9.4. The
blockage ratio of the domain is about 0.7%. The same grid, which was selected by a grid-sensitivity
analysis by Briggen et al. [19], is used for the sake of comparison of the results from both methods.
Furthermore, the details on the tower, such as the balcony on the upper part and the recessed facade are
not included in the computational model for simplicity. The grid is unstructured with 650 000 tetrahedral
cells, as shown in Fig. 9.5.
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Fig. 9.4. Computational domain for the St. Hubertus hunting lodge.

Fig. 9.5. Computational grid on building and ground surfaces (650 000 cells).

9.3.2. Boundary conditions
The inlet boundary conditions for the wind phase in Briggen et al. [19] are used for the sake of
comparison. The inlet profile of mean wind speed is defined with the typical log-law expression
(Eq. (6.4)). In the present study, an aerodynamic roughness length, y0, of 1.0 is chosen, which represents
a landscape totally and quite regularly covered with similar-size large obstacles, with open spaces
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comparable to the obstacle heights, e.g. mature regular forests, homogeneous cities or villages,
according to the Davenport roughness classification [47]. Note that an upstream length of about at least
5 km with uniform roughness is required to determine the correct y0, as the internal boundary layers
develop gradually depending on the changes in surface roughness. Therefore, the change in the windflow profile due to the grass field and the pond is minor. The ABL friction velocity, u*ABL, is chosen
such that the desired reference wind speed, U10, at a height of 10 m is obtained. The inlet profiles of
turbulent quantities are defined by the following expressions:

k ( y )   I uU ( y ) 

 ( y) 

2

u*ABL3
 ( y  y0 )

(9.1)

(9.2)

where Iu denotes the streamwise turbulence intensity. In this study, Iu is taken 31% at a height of 2 m
and 8% at the top of the domain.
For the ground surface treatment, the standard wall functions by Launder and Spalding [168], with
appropriate roughness modification [209], are used. The equivalent sand-grain roughness height, ks, is
kept constant and the roughness constant, Cs, is modified for regions surrounding the building using the
following expression [210]:

Cs 

9.793 y0
ks

(9.3)

A constant static gauge pressure of 0 Pa is used at the outlet boundary. Symmetry conditions are applied
at the top and on both sides of the domain.
Due to the inconsistencies between the inlet wind profile, wall functions, grid and turbulence
model [210], problems of horizontal inhomogeneity can occur. Horizontal inhomogeneity refers to the
occurrence of unintended streamwise gradients in the vertical profiles of the mean wind speed,
turbulence kinetic energy and turbulence dissipation rate, in an empty computational domain, from the
inlet plane towards the position where the building would be located. For an accurate study, the inlet
profiles should be horizontally homogeneous because the inlet profiles actually correspond to the
measured data obtained at a location close to the building. Fig. 9.6 compares the vertical wind speed
and turbulence kinetic energy profiles for the inlet flow and incident flow conditions. The incident flow
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profiles are obtained in an empty domain at the position where the tower would be located. The highest
error between incident and inlet wind speed profiles is 2.7%. On the other hand, turbulence kinetic
energy values decrease by a factor up to 3 across the domain. Several researchers [45, 83, 210, 212214] report a similar trend on the horizontal inhomogeneity of the mean wind speed profile, as well as
of the kinetic energy profile. In addition, Blocken et al. [83] showed the significant consequences that
horizontal inhomogeneity can have on the accuracy of CFD simulation results. The horizontal
homogeneity of turbulence kinetic energy values are particularly important in the present study with
turbulent dispersion, because turbulence kinetic energy values are used in the calculation of the response
coefficient, Ct. Moreover, section 7.2.2.1 shows that the calculated turbulence kinetic energy profile of
air has a large influence on the amount of turbulent transport of rain and, as a result, on the catch ratio.
Therefore, an additional study has been performed in order to verify the dependence of the catch ratio
values on the estimated turbulence kinetic energy field. For this study, the turbulence kinetic energy
boundary condition at the inlet is scaled, i.e. increased, so that the calculated incident profile of
turbulence kinetic energy is closer to the measured data. The scaling factors are determined through
trial and error and are varying with height. Fig. 9.6(b) shows the incident turbulence kinetic energy
profile after scaling. The new turbulence kinetic energy profile after scaling is more accurate especially
at the higher parts of the domain. However, the profile still underestimates the intended turbulence
kinetic energy values at the bottom of the tower and overestimates them at the top of the tower. Note
that the incident mean wind speed profile is still the same after scaling (see Fig. 9.6(a)).
The boundary conditions for the rain phases are identical to the ones used in chapter 7.

Fig. 9.6. Inlet and incident profiles of a) the mean wind speed and b) the turbulence kinetic energy.
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9.3.3. Solver settings
In the present study, 3D steady RANS with the standard k-ε model [168] is used for the incompressible
wind flow simulations. OpenFOAM® 2.0 is used as the CFD code. The pressure-velocity coupling for
the wind flow field solution is taken care of with the Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm. Second order discretization schemes are used for both the convection
terms and the viscous terms of the governing equations. For the air phase calculations, the simulations
are terminated when all the scaled residuals reach 10 -6. For the rain phase calculations, variable values
at various locations have been monitored and the calculation is stopped when the values achieve
convergence.

9.3.4. Solution strategy
The following steps have been followed to obtain the WDR solution:
a)

The wind-flow field around the building is solved for U10 = 10 m/s. The wind-flow fields for
other values of the reference wind speed (U10 = 1, 2, 3 and 5 m/s) are obtained by linear scaling.
Such scaling is allowed for flows around sharp-edged bluff bodies, where the positions of flow
separation are independent of the Reynolds number [41].

b) The turbulent viscosity, t, is scaled linearly for the reference wind speed values, U10 = 1, 2, 3
and 5 m/s. Similarly, the turbulence kinetic energy, k, is scaled quadratically and the turbulence
dissipation rate, ε, is scaled cubically. For fully turbulent flow, the turbulence statistics have
only a weak dependence on Reynolds number [180, 211].
c)

The governing equations for the rain phases are solved and specific catch ratio distributions
are calculated for several raindrop diameters (15 diameters ranging from 0.5 to 1 mm in steps

of 0.1 mm, from 1 to 2 mm in steps of 0.2 mm and from 2 to 6 mm in steps of 1 mm).
d) Catch ratio distributions are obtained for 16 reference horizontal rainfall intensities of Rh = 0,
0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h using the droplet-size distribution as
e)

input for each reference wind speed.
The calculated catch ratio values are interpolated based on the experimental data records for
wind speed and horizontal rainfall intensity at each 10-min experimental time step during a
certain rain event to obtain the spatial and temporal distributions of WDR on the building
facades.
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Fig. 9.7. Catch ratio distribution from a) measurement data [19], b) numerical data with the LPT model [19], and
c-d) with the EM model including turbulent dispersion on the front facade of the tower after the rain events on
September 17th, 2007 and September 25th, 2007.
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Results

9.4.1. Validation
For the sake of validation, WDR simulations are performed on the St. Hubertus hunting lodge using the
monitored data of the rain events on September 17th, 2007 and September 25th, 2007. We compare the
EM simulation catch ratio on the windward facade of the tower at the end of the two rain events with
the measured values of the catch ratio [19] and the simulated values of the catch ratio at the end of the
rain event, using the LPT model [19] as shown in Fig. 9.7. Note that, in addition to simulated contour
lines, the simulated values at the positions of the WDR gauges are explicitly indicated in text boxes for
comparison purposes.
At the higher positions of the facade, i.e. positions 2, 5 and 6, Briggen et al. [19] found that the
differences between numerical results with the LPT model and measurements are relatively low.
Considering the complex nature of WDR, it can be said that the numerical model is successful at
capturing the WDR intensity at these parts of the building. However, at the lower positions, especially
for the rain event on September 25th, there is a relatively large difference between the LPT results and
measurements. The underestimation of WDR at position 4 at the bottom of the tower, where the
streamlines of the rain phase are almost parallel to the facade, is mainly attributed to the fact that the
LPT model used in Briggen et al. [19] neglects the turbulent dispersion of raindrops. Given the relatively
low wind speed during the rain event (see Fig. 9.3(b)) and the higher wind-blocking effect of the tower
compared to a low-rise building, turbulent dispersion becomes more important at the lower parts of the
building. Moreover, the horizontal rainfall intensity values in the rain events are relative low, especially
during the rain event on September 17 th, which means the raindrop size distribution shifts to smaller
raindrops, which increases the influence of wind-speed fluctuations on the raindrop trajectories.
Fig. 9.7(c) shows the calculated catch ratio distribution using the EM model with turbulent dispersion
modeling for the rain events on September 17th, 2007 and September 25th, 2007. Note that, although the
estimated catch ratio values increase by including turbulent dispersion, the effect is not very
pronounced. Actually, the turbulent dispersion is only found to be effective for the range of smallest
raindrops, i.e. 0.5 mm. Even though the catch ratio values are closer to the measured values, they still
underestimate the WDR measurements. Fig. 9.7(d) shows the calculated catch ratio distribution with
the turbulent dispersion modeling and with the modified turbulence kinetic energy boundary condition
at the inlet for the two rain events. Using the modified turbulence kinetic energy, the catch ratio values
are closer to the measured data for both rain events. The average deviation between simulations and
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measurements decreases from 18.0% to 11.4% for the rain event on September 17 th, 2007, and from
30.1% to 20.8% for the rain event on September 25 th, 2007. The discrepancy decreases especially for
the lower parts of the tower. The remaining discrepancy in the catch ratio values, even in the case with
modified inlet turbulence kinetic energy values, could be due to errors in the measurements, or related
to approximations of physical modeling, such as geometrical simplifications and/or incorrect estimation
of the size or location of recirculation regions. Note that the scaling of the inlet turbulence kinetic energy
values is performed as a means to study the sensitivity of catch ratio values on the estimated turbulence
kinetic energy. A better approach would be to ensure a higher consistency between the inlet conditions,
the wall function roughness modifications, the turbulence model and the grid. This is a highly relevant
research topic for further study in the field of wind engineering.

Fig. 9.8. Catch ratio distributions on the whole building surfaces using the conditions after the rain events of: a)
September 17th, 2007 and of b) September 25th, 2007.
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The EM model allows the analysis of WDR intensity over the whole building surface with much more
ease compared to the LPT model. The resulting catch ratio distributions showing the surface wetting on
all surfaces of the building at the end of the rain events are presented in Fig. 9.8. Note that, on the flat
roofs, the catch ratio values are around 1 for both rain events, except where they are protected by a
higher part of the building. The inclined roof of the tower has a smaller WDR intensity, which is similar
on both rain events, than the WDR intensity on flat roofs. On the windward side of the roof, there is a
slight decrease in catch ratio due to the upward acceleration of wind velocity around those edges. This
effect is clearer for the rain event on September 25th. Similarly, the catch ratio values are lower on the
flat roof below the tower where separation flow is observed around the side edges of the tower.

Fig. 9.9. Wind-flow field plot showing mean wind speed and velocity vectors: a) in the vertical mid-plane and b)
in the horizontal plane of y = 8 m both at a normalized reference wind speed of U/U10.

9.4.2. Wind-flow patterns
The mean wind speed and direction in the vertical mid-plane through the building are shown in Fig.
9.9(a). Typical flow features such as the standing vortex, the down-flow from the stagnation point, large
vortices behind the building, and flow restoration behind the building are visible. Fig. 9.9(b) shows the
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mean wind speed and direction in the horizontal plane of y = 8 m. A low velocity region exists behind
the tower, which shows out-of-the-plane vectors that correspond to the large vortex seen in Fig. 9.9(a).

Fig. 9.10. Streamlines of wind phase (orange –) and rain phase (black –) for 2 reference wind speed values and 3
droplet sizes: a) U10 = 3 m/s, d = 0.5 mm, b) U10 = 10 m/s, d = 0.5 mm, c) U10 = 3 m/s, d = 1.0 mm, d) U10 = 10 m/s,
d = 1.0 mm, e) U10 = 3 m/s, d = 5.0 mm, f) U10 = 10 m/s, d = 5.0 mm.
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9.4.3. Analysis of WDR simulation results
Fig. 9.10 shows the streamlines of the wind and rain phases for some selected reference wind speed
values and raindrop sizes. Fig. 9.10(a),(c) and (e) show the streamlines for U10 = 3 m/s and d = 0.5, 1.0,
and 5.0 mm, respectively. Smaller raindrops at this low wind speed (3 m/s) follow a more horizontal
streamline than larger ones do and are more influenced by the local velocity field. Note that, in Fig.
9.10(a), the raindrops travel downwards along a trajectory that is almost parallel to the tower facade
near the lower parts, whereas, in Fig. 9.10(e), the raindrops hit the windward facade at a smaller angle
to the normal, similar at all locations. For the higher wind speed (10 m/s) (see Fig. 9.10(b), (d) and (f)),
the horizontal component of raindrop velocity is even larger and the differences in angle of attack can
hardly be distinguished near the lower parts. Note also that, for the higher wind speed, the upward
acceleration of the raindrops of 0.5 mm size near the roof is clearer in Fig. 9.10(b) compared to the one
seen in larger droplets. The acceleration of droplets near the roof is shown in detail in Fig. 9.11. The
droplets with size of 0.5 mm move upwards near the roof with a higher velocity for the reference wind
speed of 10 m/s.

Fig. 9.11. Streamlines of 3 droplet sizes, i.e. d = 0.5, 1.0 and 5.0 mm, passing through a vertical line in the
centerplane indicated with blue at the roof level of the tower for reference wind speed a) U10 = 3 m/s and b)
U10 = 10 m/s.

Fig. 9.12 shows the specific catch ratio distributions on the front facade of the tower for the
combinations of reference wind speed and raindrop size shown in Fig. 9.10. Fig. 9.12(a), (c) and (e)
show the specific catch ratio distributions for U10 = 3 m/s and d = 0.5, 1.0 and 5.0 mm, respectively.
The vertical specific catch ratio gradient on the facade is larger for smaller raindrop sizes, as they are
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more influenced by the local wind flow patterns. Fig. 9.12(b), (d) and (f) show the specific catch ratio
distributions for U10 = 10 m/s and d = 0.5, 1.0 and 5.0 mm, respectively. Note that the color scales are
different for the cases with different reference wind speed values, U10. The changes in vertical gradients
are still similar to the previous case, while the specific catch ratio values are all higher at this higher
wind speed.

Fig. 9.12. Contours of specific catch ratio on the windward facade of the tower for 2 reference wind speeds and 3
droplet sizes: a) U10 = 3 m/s, d = 0.5 mm, b) U10 = 10 m/s, d = 0.5 mm, c) U10 = 3 m/s, d = 1.0 mm, d) U10 = 10 m/s,
d = 1.0 mm, e) U10 = 3 m/s, d = 5.0 mm, f) U10 = 10 m/s, d = 5.0 mm.
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The WDR catch ratio simulations provide a catch ratio chart that shows the results for 80 different
couples of reference wind speeds and horizontal rainfall intensities at a certain position. An example is
given in Fig. 9.13 for the grid cell A on the windward facade. This catch ratio chart can be used to
calculate the catch ratio value at the grid cell A for any rain event – as long as the wind direction is
mainly southwest, as there are no calculation for other reference wind directions in the present study.
In Fig. 9.13, for all reference rainfall intensity values, the catch ratio increases as the reference wind
speed increases. The catch ratio values, for grid cell A, are relatively constant for higher reference
rainfall intensities. On the other hand, as rainfall intensity decreases, the shape of the curve is different
at different reference wind speed values. At lower wind speeds, the catch ratio decreases as the rainfall
intensity decreases. At higher wind speeds, the catch ratio increases as the rainfall intensity decreases.
This may be due to the relatively larger angle the streamlines are making with the surface normal when
they hit the facade at lower reference wind speeds (as shown in Fig. 9.10(a)) than they are at higher
reference wind speeds (as shown in Fig. 9.10(b)).

Fig. 9.13. Catch ratio chart (b) for grid cell A (a) on the windward facade. Linearly interpolated using the calculated
values (dots) for each couple of reference wind speed and reference horizontal rainfall intensity.

Discussion
In this chapter, the EM results with turbulent dispersion are compared with available numerical results
from the LPT modeling and in-situ experimental data on a complex building with a tower, namely the
St. Hubertus hunting lodge. The sensitivity of the catch ratio values with turbulent dispersion on the
estimated turbulence kinetic energy field is further verified with the case study on the St. Hubertus
hunting lodge by comparing the numerical catch ratio values on the windward facade for the rain events
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on September 17th, 2007 and September 25th, 2007. The study on the St. Hubertus hunting lodge shows
that the catch ratio values can be successfully estimated when the turbulent dispersion of raindrops is
taken into account. The discrepancies of the numerical results decrease from 63% to 0% at the lower
part of the tower and from 21% to 15% on average at the top for the rain event on September 17th, 2007.
For the rain event on September 25th, 2007, they decrease from 55% to 27% at the lower part and from
21% to 19% on average at the top. The underestimation of the catch ratios at the lower part of the tower
that exists in the calculations using the LPT model is removed for the rain event on September 17th,
2007 and reduced considerably for the rain event on September 25th, 2007 when the turbulence kinetic
energy field in vicinity of the building is estimated accurately. Indeed, neglecting turbulent dispersion
in the model leads to a large underestimation of the catch ratio at the lower part of the tower, where the
wind speed is low and small droplets move almost parallel to the building. For the upper parts of the
tower, the numerical results do not show large deviations from the measured values. However, the
results using the EM model with turbulent dispersion are only slightly closer to the measured values at
the upper parts compared to the LPT model.
This chapter shows that the horizontal inhomogeneity of turbulence kinetic energy in numerical
simulations may also influence the catch ratio values. This is especially the case for geometries where
the turbulent dispersion of raindrops is more significant, e.g. high-rise buildings. In the case of low-rise
cubic buildings, as is the case in chapters 7 and 8, the influence of the turbulent dispersion of raindrops
is found to be small. In contrast, the present chapter suggests that, for an array of high-rise cubic
buildings, the accurate estimation of turbulence kinetic energy would be more important. Additionally,
similar to the numerical calculations, the accurate measurement of approach flow turbulence in field
experiments is also crucial in cases where turbulent dispersion is significant. In studies where
measurements of wind-flow conditions are not available, e.g. parametric studies of WDR related to
design, the inlet profiles by Richards and Hoxey [45] can be used. Any discrepancy related to the
turbulence kinetic energy profiles would be then present in all cases.
The remaining discrepancies between numerical and experimental values may be due to simplified
physical model itself which could be influencing the results by neglecting some of the flow features.
Firstly, the wind-flow field around the building is calculated with a RANS model which assumes
isotropic turbulence. This assumption may cause problems in estimating an accurate turbulence kinetic
energy field. Impacts of this assumption on the WDR intensity results are discussed in chapter 8.
Similarly, the turbulent dispersion model, as discussed in chapter 4, assumes isotropic turbulence and
takes the response coefficient, Ct, as a scalar. Secondly, some geometrical details of the real St. Hubertus
building are not modeled and they may also influence the mean flow characteristics and/or lead to local
production of turbulence kinetic energy. For example, the pitched roof at the lower parts of the building
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is actually modeled as a flat roof in the computational model. Additionally, the details on the tower,
such as the balcony on the upper part and the recessed facade are not included in the computational
model. Briggen et al. [19] showed that, with the detailed computational model of the tower, the catch
ratio values increase by up to 14% at the top part near the balcony. Note that this is not related to
turbulent dispersion but rather to the acceleration of the flow through the balcony. The inclusion of the
facade-detailed geometry also increases the turbulence kinetic energy values very close to the facade.
However, the effect is found to be smaller compared to the increase due to turbulent dispersion.
Nevertheless, a study on the influence of facade details on the WDR intensity is performed in chapter
10.

Conclusion
In this chapter, WDR catch ratio values calculated using the EM model with turbulent dispersion are
studied on the tower of the St. Hubertus hunting lodge. The catch ratio distribution is compared with
the existing experimental results and the existing numerical results from LPT modeling in literature.
The model is validated by comparing the numerical catch ratio values on the stand-alone high-rise
building with available experimental data during two rain events. The case of the St. Hubertus hunting
lodge verifies that the catch ratio values with turbulent dispersion is sensitive to the incident turbulence
kinetic energy profiles. Larger discrepancies at the lower parts of the tower are mainly attributed to the
neglect of turbulent dispersion. It is shown that, by including turbulent dispersion in the numerical
model, the deviations between simulations and measurements decrease considerably at the lower parts
of the tower, especially for the rain event on September 17th, 2007.

230

Applications of the EM model in geometries with
complex buildings
Introduction
In this chapter, numerical simulations of WDR are performed to show the practicality of the EM model
and its ability to be used as a design tool on two case studies: a stand-alone mid-rise residential building
with facade features and details, and an existing complex public transport station. The WDR analysis
on the stand-alone building in section 10.2 aims to study the influence of various facade features and
their ability to shelter the building from rain. The WDR analysis on the public transport station in section
10.3 aims to show the WDR distribution on a complex case, where various design features in
architecture may cause problems in terms of pedestrian comfort and rain shelter. Sections 10.4 and 10.5
provide discussion and conclusion, respectively.

Mid-rise residential building with facade features
In this section, we consider an average mid-rise residential building. The geometry of the building
including the balconies, roof overhang and facade features, such as window sills, is described. WDR
simulations for the wind direction perpendicular to the facade are conducted and the effects of roof
overhang, balconies and lower-scale facade features, i.e. cornices or window sills, are discussed.
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10.2.1. Simulation settings and parameters

10.2.1.1. Computational domains and grids
The

stand-alone

mid-rise

building

being

studied

in

this

section

has

dimensions

of

3

H×L×W = 19.30×8.00×16.00 m . The building geometry for the parametric study of the influence of
different roof overhang lengths on WDR intensity is shown in Fig. 10.1(a). The roof of the building is
flat and has a parapet with a height of 1 m. Case 1 is the reference case without roof overhang, whereas
case 2 and case 3 have roof overhangs of 0.75 m and 1.50 m long, respectively.
The geometry for the parametric study of the influence of facade details, such as balconies and window
sills, on WDR intensity is shown in Fig. 10.1(b). The roof overhang length is the same as case 3 in Fig.
10.1(a). The floor-to-floor distance is 3 m. The balconies are 1.3 m high, 1.5 m long and 3 m wide and
located on both sides of the building. The window sills, on the other hand, are located only on one side
of the building in order to see their WDR sheltering effect more clearly and to decrease the total number
of simulations. The window sills are 0.1 m high and 0.1 m deep.
The computational domain and the boundary conditions for the wind flow are shown in Fig. 10.2. For
the grid sensitivity analysis, three grids composed of mainly hexahedral cells are created. The medium
grid consists of 2 331 855 cells. The coarser grid has 993 293 cells, whereas the finer grid 3 934 192.
The grid-sensitivity analysis is conducted by comparing the mean wind speed along a vertical line
0.18 m away from the facade in the centerplane between y = 0 and y = 18 m heights. The streamwise
and vertical velocity profiles along this line as well as the position of the line are shown in Fig. 10.3.
No significant difference is observed between different grids in terms of streamwise velocity values.
However, the coarse grid has discrepancies in vertical velocity values along most of the line. Therefore,
the base grid, shown in Fig. 10.4(a), is chosen for the rest of the study. The computational grid for the
building in Fig. 10.1(b) is shown in Fig. 10.4(b) and is similar in terms of cell sizes with respect to
distances from the building surfaces.
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Fig. 10.1. Corner and side views of the building geometry a) cases 1, 2 and 3 for the parametric study of different
roof overhang lengths and b) case 4 for facade details study with balconies and window sills.
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Fig. 10.2. Computational domain a) from top and b) from side.

Fig. 10.3. Grid-sensitivity analysis comparing streamwise, Ux, and vertical, Uz, wind velocity components on three
different grids along a vertical line upstream of the building in the centerplane.
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Fig. 10.4. Computational grids on building and part of the ground surfaces a) for parametric study (2 331 855 cells)
and b) facade details study (3 679 975 cells).
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10.2.1.2. Boundary conditions
In this study, the inlet profile of mean wind speed is defined with the typical log-law expression
(Eq. (6.4)). An aerodynamic roughness length of 0.03 m is chosen, representing a grass-covered terrain
without other obstacles [47]. The ABL friction velocity, u*ABL, is taken as 0.69 m/s. For the ground
surface, the standard wall functions by Launder and Spalding [168], with roughness modification [209],
are used. The equivalent sand-grain roughness height (ks) and the roughness constant (Cs) is determined
by the following relation by Blocken et al. [210]:
ks 

Ey0
Cs

(10.1)

where E is an empirical constant with a value of 9.793. In the present study, for the ground surface, ks
is taken to be 0.03 m and Cs is set to 9.7. The building surfaces are assumed to be smooth. For the top
boundary, constant values are set for U, k and ε using the values from the inlet profiles at the same
height as suggested by Blocken et al. [210]. Constant values for the top boundary conditions limit
horizontal inhomogeneity, as other top boundary conditions, such as symmetry condition, can cause
streamwise gradients. Although imposing constant values does not allow fluid to enter or exit the
domain, the top boundary is far enough from the building not to cause a problem. A constant static
pressure of 0 Pa is used at the outlet boundary. Symmetry conditions are applied on both sides of the
domain.
The details of the boundary conditions for the wind flow are given in Table 10.1. The boundary
conditions for the rain phases in the EM model are given in Table 10.2.
Table 10.1. Boundary conditions for wind phase.
Boundary

Type

Parameters

Inlet

U = (u*ABL/κ)*ln((y+y0)/y0), u*ABL = 0.69 m/s, y0 = 0.03 m
k = (u*ABL)2/(Cμ)1/2
ε = (u*ABL)3/[κ(y+y0)]

Outlet

Velocity, ABL log law
Turbulence kinetic energy
Turbulence
dissipation
rate
Gauge pressure

Ground
Building
Top
Side

Rough wall
Smooth wall
Defined values for U, k, ε
Symmetry

Standard wall functions, ks = 0.03 m, Cs = 9.7
Standard wall functions
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Table 10.2. Boundary conditions and parameters for the rain phases in the EM model.
Boundary

Type

Parameters

Inlet

ud,x =ux, ud,z = uz, ud,y = -Vt(d)
αd = (Rh·fh(Rh,d))/Vt(d)

Outlet

Phase velocity
Phase volumetric ratio
Outlet

Ground

Outlet

u
 d
 0, d  0 for n  ud  0


n
n

 d  0, ud  0 for n  ud  0


Building

Outlet

u
 d
 0, d  0 for n  ud  0


n
n

 d  0, ud  0 for n  ud  0


Top

Phase velocity
Phase volumetric ratio
Symmetry

ud,x =ux, ud,z = uz, ud,y = -Vt(d)
αd = (Rh·fh(Rh,d))/Vt(d)

Side

u
 d
 0, d  0 for n  ud  0


n
n

 d  0, ud  0 for n  ud  0


10.2.1.3. Solver settings
In the present study, 3D steady RANS with the realizable k-ε model [170] is used for the incompressible
wind flow simulations. 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 Method for Pressure Linked
Equations (SIMPLE) algorithm. Second order discretization schemes are used for both the convection
terms and the viscous terms of the governing equations. For the air phase calculations, the simulations
are terminated when all the scaled residuals reach 10 -6. For the rain phase calculations, variable values
at various locations are monitored and the calculation is stopped when the values achieve convergence.

10.2.1.4. Solution strategy
The following steps have been followed to obtain the WDR solution:
a)

The wind-flow field around the building is solved for U10 = 10 m/s for a wind direction
perpendicular to the building facade. The wind-flow fields for other values of the reference
wind speed (U10 = 1, 3 and 5 m/s) are obtained by linear scaling.
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b) The turbulent viscosity, t, is scaled linearly for the reference wind speed values, U10 = 1, 3
and 5 m/s. Similarly, the turbulence kinetic energy, k, is scaled quadratically and the turbulence
dissipation rate, ε, is scaled cubically.
c)

The governing equations for the rain phases are solved and specific catch ratio distributions
are calculated for several raindrop diameters (17 diameters ranging from 0.3 to 1 mm in steps

of 0.1 mm, from 1 to 2 mm in steps of 0.2 mm and from 2 to 6 mm in steps of 1 mm).
d) Catch ratio distributions are obtained for 16 reference horizontal rainfall intensities of Rh = 0,
0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h using the droplet-size distribution as
input for each reference wind speed.

10.2.2. Results
Fig. 10.5 compares the catch ratio distribution on the windward facades of cases 1, 2 and 3 for wind
speed of U10 = 5 m/s and rainfall intensity of Rh = 1 mm/h. Case 1 is the reference case with no roof
overhang, whereas case 2 has a roof overhang of 0.75 m long and case 3 has a roof overhang of 1.5 m
long. The catch ratio distribution on the windward facade of case 1 shows the common characteristics
of WDR wetting, i.e top and side edges have larger catch ratio values while the maximum catch ratio
values are at the top corners. As the roof overhang length increases, the maximum catch ratio values
slightly increase, i.e. the top corners of case 3 have slightly higher catch ratio than the ones of case 2,
which in turn have slightly higher values than the reference case 1. On the other hand, the catch ratio
values on the actual facades of the buildings decrease sharply and the sheltered region grows towards
the ground as the roof overhang increases. For case 2, the highest values are around 0.5 for a very small
area at the sides of the facade. For case 3, the highest values are below 0.4 and at a lower height at the
sides of the facade.
Fig. 10.6 compares the catch ratio charts for cases 1, 2 and 3 at three rectangular areas. The catch ratio
values are surface averaged over the areas, which represent the building facade on the first, third and
fifth floors of the building. Note that these areas correspond to the facade parts behind the balconies in
case 4. Fig. 10.6 also compares the WDR coefficient, , charts for these areas. WDR coefficient, , is
defined as follows [115]:
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Rwdr


RhU10 cos  U10 cos 
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where Rwdr denotes the WDR intensity, Rh the horizontal rainfall intensity, U10 the reference wind speed
at y = 10 m height, θ the angle between the approach flow and the facade normal and η the catch ratio.
In the present case, only the wind direction perpendicular to the facade is considered and, hence, the
WDR coefficient, , is simply obtained by dividing the catch ratio by the reference wind speed. The
WDR coefficient and catch ratio values both give information on the surface wetting but the WDR
coefficient provides a better visualization for comparison.

Fig. 10.5. Contours of catch ratio on the windward facades of a) case 1 without roof overhang, b) case 2 with a roof
overhang of 0.75 m long and c) case 3 with a roof overhang length of 1.5 m for wind speed U10 = 5 m/s and rainfall
intensity Rh = 1 mm/h.

The WDR coefficient and, hence, the WDR intensity at the first floor are quite similar for all cases,
except for the reference wind speed values lower than 3 m/s. The sheltering from WDR is defined as
the ratio between the decrease in catch ratio and the unsheltered catch ratio in case 1. At the first floor,
for the lowest wind speed of 1 m/s, even the shorter roof overhang of case 2 provides a considerable
amount of sheltering of about 75% for Rh = 1 mm/h and about 60% for Rh = 10 mm/h. At the third floor,
for the reference wind speed of 3 m/s, case 3 provides about 48% sheltering for Rh = 1 mm/h and about
38% sheltering for Rh = 10 mm/h. On the other hand, the sheltering provided by the shorter overhang
of case 2 is very small for this wind speed. As the wind speed decreases, for the reference wind speed
of 1 m/s, the sheltering provided by case 2 gets closer to the one by case 3. At the fifth floor, there is a
large difference between all cases at all reference wind speeds and rainfall intensities. Even for the
highest reference wind speed of 10 m/s, Fig. 10.6(a) shows a difference of about 20% between cases 1
and 2 and of about 40% between cases 1 and 3 for Rh = 10 mm/h.
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Fig. 10.6. Comparison of catch ratio, η, and WDR coefficient, , charts for cases 1, 2 and 3, surface-averaged over
the indicated areas on floors a) 5, b) 3 and c) 1.
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Fig. 10.7. Contours of catch ratio on the windward facades of cases 3 and 4 for rainfall intensity Rh = 1 mm/h a)
for wind speed U10 = 3 m/s and b) U10 = 5 m/s.

Fig. 10.7 compares the catch ratio distribution on the windward facades of cases 3 and 4 for wind speed
values of U10 = 3 m/s and 5 m/s and rainfall intensity of Rh = 1 mm/h. For the reference wind speed of
3 m/s, the values on the facades of the two buildings are close to each other. In case 4, catch ratio values
are higher on the windward parts of the balconies, as the balconies are outwards by 1.5 m, the same
length as the roof overhang. Apart from that, for both cases, the highest catch ratio values are observed
at the top corners of the roof overhangs. The highest catch ratio values at the top edge on the right side
of the buildings are lower by about 30% due to the presence of a sill covering the right part of the roof
overhang. For the reference wind speed of 5 m/s, the catch ratio values on the facade of case 4 are much
lower than the ones on the facade of case 3. However, this time, the balconies receive a much higher
amount of WDR, especially the ones at the fifth floor. In case 4, on the right side of the facade, the
window sills decrease the catch ratio values considerably by providing additional sheltering, especially
at the lower floors.

241

Chapter 10

Fig. 10.8. Comparison of catch ratio, η, and WDR coefficient, , charts for cases 3 and 4, surface-averaged over
the indicated areas on floors a) 5, b) 3 and c) 1.
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Fig. 10.8 compares the catch ratio charts for cases 3 and 4 at three rectangular areas. The catch ratio
values are surface-averaged over the areas, which represent the building facade on first, third and fifth
floors of the building. Note that these areas correspond to the plane of wall behind the balconies in
case 4. Generally, the balconies decrease the amount of WDR intensity on the actual facade of the
building at the first and third floors. Besides, at the lower floors in case 4, the building facade behind
the balconies are sheltered by a large amount as the balcony at the upper floor acts as a roof overhang,
whereas in case 3 there is no such sheltering for these floors except for the roof overhang at the top of
the building. At the fifth floor, on the other hand, the balconies further decrease the average catch ratio
on the windward facade, which is already lowered by the presence of longer roof overhang compared
to cases 1 and 2.

Existing urban public transport station
In this section, we consider an existing complex including a shop, bus and tram stops as well as an
underground train station located close to the Empa campus in Dübendorf, Switzerland. The geometry
and its surroundings are described. WDR simulations are performed for southwest and west wind
directions, i.e. the two prevailing wind directions during rainfall based on the field measurements. The
streamlines of rain phases, the catch ratio values and the sheltering provided by various roofs are
discussed.

10.3.1. Simulation settings and parameters

10.3.1.1. Computational domain and grid
The photographs of the complex with bus, tram and train stations, looking towards north and west, are
shown in Fig. 10.9. The whole complex includes several bus stations located in the south, two tram
stations located in south and east, a shop and an underground train station. The two openings below the
larger roof in Fig. 10.9(a) lead to the train platforms at the underground level, one is for the escalators
and the other for the staircase. The immediate surroundings of the station are mostly open. To the west
and north of the station, at a distance of about 50 m, there are regularly spaced low-rise residential
buildings and trees with open spaces comparable to the obstacle heights. In the south of the station, at a
distance of about 100 m, there is a hill with a moderate slope, covered with low grass. In the east and
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south east, there are several large office buildings, the closest being at a distance of about 90 m. The
northeast of the station is an open field with low crops.

Fig. 10.9. Photographs showing the station and part of the roofs looking towards a) north and b) west.

The geometry for the numerical study is shown in Fig. 10.10. The geometry is composed of a shop, an
elevator which provides access to the underground train station and 5 roofs of different sizes, heights
and slopes. Under roof 1, there are two openings for the escalators and the stairway leading to the
underground train station. In the present study, the wind-flow interaction between the underground
station and the upper part through the openings is assumed to be negligible in terms of WDR. Therefore,
the air flow within the underground tunnel is not calculated. Roofs 4 and 5 are above two tram stations.
The roofs for the bus stations are located in the south, about 10 m apart from roof 5, and not explicitly
included in the present study for simplicity. The computational grid on the building surfaces and part of
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the ground surface is shown in Fig. 10.11. The grid is composed of 3 484 996 cells, which are mainly
hexahedral.

Fig. 10.10. Geometry of the urban public transport station.
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Fig. 10.11. Part of the computational grid (3 484 996 cells).

10.3.1.2. Boundary conditions
The station is located close to the Empa campus, where the field measurements of WDR are conducted.
Therefore, in this study, the inlet profiles of mean wind speed, turbulence kinetic energy and turbulence
dissipation rate are chosen identical to the ones in sections 7.3 and 7.4. In the present study, simulations
of WDR are performed for wind from west and southwest. The inlet mean wind speed profile is
characterized by u*ABL/U = 0.24 and y0 = 0.49 m. The inlet profiles of the turbulent quantities k and ε
are defined by Eqs. (10.3) and (10.4), 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.

k ( y )   I uU ( y ) 

 ( y) 
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For the top boundary, constant values are set for U, k and ε by using fixed values from the inlet profiles
at the same height as suggested by Blocken et al. [210], e.g. Utop = Uinlet(y = 60 m). A constant static
gauge pressure of 0 Pa is used at the outlet boundaries. The distance of the station from the inlet
boundaries in the west and south are 50 m. The computational grid in Fig. 10.11 does not explicitly
model the upstream buildings and other obstacles, as they are mostly located further away. However,
their influence is implicitly included in the approach flow profiles and the ground surface roughness.
The ground surface in the computational domain represents level country with low vegetation and
isolated obstacles. Therefore, for the ground surface, ks is taken to be 0.03 m and Cs is set as 9.793. The
building surfaces are assumed to be smooth.
The boundary conditions for the rain phases are identical to the ones used in sections 7.3 and 7.4.

10.3.1.3. Solver settings
In the present study, 3D steady RANS with the standard k-ε model [168] is used for the incompressible
wind flow simulations. 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 Method for Pressure Linked
Equations (SIMPLE) algorithm. Second order discretization schemes are used for both the convection
terms and the viscous terms of the governing equations. For the air phase calculations, the simulations
are terminated when all the scaled residuals reach 10 -6. For the rain phase calculations, values of rain
phase velocities and phase fractions at various locations have been monitored and the calculation is
stopped when the values achieve convergence.

10.3.1.4. Solution strategy
The following steps have been followed to obtain the WDR solution:
a)

The steady-state wind flow field around the buildings is calculated for the reference wind speed
U = 1 m/s at y = 2.4 m height (1.7 m/s at y = 10 m) and for the reference wind directions
southwest (φ = 225°) and west (φ = 270°). The wind-flow field for other values of reference
wind speed (U = 2, 3 m/s) are obtained by linear scaling of the wind velocity vector field.

b) The turbulent viscosity, t, is scaled linearly for the reference wind speed values, U = 2, 3 m/s.
Similarly, the turbulence kinetic energy, k, is scaled quadratically and the turbulence
dissipation rate, ε, is scaled cubically.
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c)

The governing equations for the rain phases are solved and specific catch ratio distributions
are calculated for several raindrop diameters (17 diameters ranging from 0.3 to 1 mm in steps
of 0.1 mm, from 1 to 2 mm in steps of 0.2 mm and from 2 to 6 mm in steps of 1 mm).

d) Catch ratio distributions are obtained for 16 reference horizontal rainfall intensities of Rh = 0,
0.1, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h using the droplet-size distribution as
input for each reference wind speed and wind direction.

10.3.2. Results
Contours of magnitude of mean wind speed for southwest and west wind in two vertical planes are
shown in Fig. 10.12. The wind-flow fields are normalized with the reference wind speed at y = 2.4 m
height. For wind from southwest, in plane 1, there is an acceleration of wind flow between roofs 1 and 5.
Similarly, in plane 2, the wind flow is accelerated as it passes between different roofs. In plane 2, the
highest acceleration is observed between the roofs 3 and 4. For wind from west, in Fig. 10.12(b), the
wind speed values between roofs 1 and 5 are the highest of all. Note that the wind velocity vectors in
this case mostly point out of the plane, as the wind direction from west is almost perpendicular to
plane 1. In Fig. 10.12(b), in plane 2, the wind flow accelerates over roof 1. The wind speed values
between roofs 2, 3 and 4 are relatively lower, as they are blocked by roof 1 for wind from west.
Streamlines of the 0.5 mm and 2.0 mm raindrops for wind from southwest are shown in Fig. 10.13. The
starting locations of the streamlines are on the inlet and top boundaries, sufficiently away from the
buildings. The contours on the ground and building surfaces show the specific catch ratio values for
each raindrop size for a reference wind speed of 3 m/s. Note that the smaller raindrops actually enter
through the gap between roofs 1 and 5, influenced by the accelerated wind-flow field shown in Fig.
10.12(a) in plane 1. On the other hand, larger droplets are found to be less influenced by the wind flow
between roofs 1 and 5. The differences in specific catch ratio values on the ground are related to the
differences between the streamlines of smaller and larger raindrops. The roofs provide sheltering from
the 2.0 mm raindrops. On the other hand, smaller droplets actually hit the ground where the roofs are
supposed to protect from rain. A similar result is observed for the streamlines of the 0.5 mm and 2.0 mm
raindrops for wind from west in Fig. 10.14. The raindrops of size of 0.5 mm again travel further under
roof 1. A clearer comparison of how much the roofs protect the ground from rain is made in Fig. 10.15.
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Fig. 10.12. Contours of magnitude of mean wind speed in two vertical planes for wind from a) southwest and b)
west.
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Fig. 10.13. Streamlines of raindrops of size of a) 0.5 mm and b) 2.0 mm for wind from southwest. Contours show
the specific catch ratio on building and ground surfaces for each raindrop size for reference wind speed of 3 m/s.
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Fig. 10.14. Streamlines of raindrops of size of a) 0.5 mm and b) 2.0 mm for wind from west. Contours show the
specific catch ratio on building and ground surfaces for each raindrop size for reference wind speed of 3 m/s.
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Fig. 10.15. Top view of contours of catch ratio on the ground and the roofs for reference wind speed of 3 m/s and
rainfall intensity of 1 mm/h for wind from a) southwest and b) west. White regions indicate the parts of the ground
surface exposed to catch ratio η < 0.05.

Fig. 10.15 compares the catch ratio distribution from the top for a reference wind speed of 3 m/s and
rainfall intensity of 1 mm/h for wind directions southwest and west. For each wind direction, the first
image shows the catch ratio on the ground with the edges of roofs projected onto the ground and the
second image shows the catch ratio distribution both on the ground and on the roofs. Note that the lower
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catch ratio regions with blue color below the roofs are due to smaller droplets actually reaching these
areas as shown in Fig. 10.13(a) and Fig. 10.14(a). White regions indicate the parts of the ground surface
exposed to a catch ratio lower than 0.05. For both wind directions, the sheltering provided by the south
part of roof 1 is limited, mainly due to the wind-flow acceleration between roofs 1 and 5. For wind from
southwest, the rain reaches further below roofs 2 and 3, as well. Additionally, the white-colored region
below roof 5 is very small, i.e. small raindrops will reach the passengers standing under roof 5 with the
wind from southwest. For wind from west, roof 1 poorly protects from rain as rain reaches as far as the
positions of the escalators and the stairway, indicated by black rectangles. Moreover, for wind from
west, the catch ratio on the windward edges of roof 1 are the highest of all due to the combined effect
of the wind direction and the inclination of the roof.

Discussion
In this chapter, first, the wetting patterns and catch ratio values are quantitatively compared on the
windward facades with architectural detailing. Three of the four cases have geometries with identical
straight facades but different roof overhang lengths. The comparison of surface wetting in these three
cases shows that the main variables that influence the sheltering amount is the wind speed, the rainfall
intensity, the overhang length and the position on the facade. As the roof overhang length increases, the
sheltering is increased at higher wind speed values. Based on the large difference between the catch
ratio values in Fig. 10.6(a), even very short roof overhangs mitigate very high catch ratio values at the
higher parts of the buildings. This is further illustrated in Fig. 10.7(b), where the additional overhang of
a sill with a size of 0.10 m decreases the catch ratio values along the top edge to more moderate values.
The fourth geometry has balconies at each floor on either side of the building, as well as window sills
on one side. The wetting patterns and catch ratio values are quantitatively compared on the windward
facades in terms of the influence of facade features such as balconies and window sills. The balconies
further decrease the average catch ratio on the windward facade, in addition to the influence of the roof
overhang, especially at the lower floors. Here the balconies act themselves as local overhangs protecting
the balconies below from WDR. Close to the roof overhang, the protection by the balcony reduces,
although the average catch ratio further decreases.
Section 10.3 provides a case study with an existing public transport station and shows that the EM model
is able to provide detailed quantitative analysis of WDR in complex cases and can help with architectural
design. The case study shows the WDR intensity on the roofs of the station complex and on the ground
surface where pedestrians wait. The calculations of WDR are performed for the two wind directions,
i.e. southwest and west, that are found to be prevailing during rain with high wind speeds as measured
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in the field experiments in Dübendorf, Switzerland. The EM model provides information on the
sheltering effect of the roofs for different wind directions. It is shown that especially the smaller droplets
can reach regions under the roofs, where the roofs are supposed to protect from rain. It should be noted
that the numerical model provides only the amount of impinging rain on the ground. In reality, especially
during heavy rain, larger droplets will splash after they hit the ground and the daughter droplets can
travel even further with wind gusts. In the present study, the wind-flow interaction between the
underground train station and the upper part through the openings for the escalators and the stairway is
assumed to be negligible in terms of WDR. However, a pressure shortcut between the upper part and
the underground in certain wind-flow directions or a passing train underground may create a strong air
flow through these openings and may have an influence on the WDR distribution.
The two cases presented in this chapter are performed with the EM model with RANS including the
turbulent dispersion of raindrops, also used in chapters 7 and 9. We observed that, although the building
geometries in this chapter are more detailed and complicated, the WDR calculations and post-processing
steps are performed without any additional requirements or adjustments. However, the case with the
public transport station in section 10.3 requires a more time-consuming and careful grid generation due
to its complexity.

Conclusion
In this chapter, numerical simulations of WDR are performed on two case studies: a stand-alone midrise building with several facade features and a complex case of an existing public transport station
including a shop, bus and tram stops as well as an underground train station. Based on its ease of use in
terms of setting the boundary conditions for WDR calculations, as well as the calculation procedure
which uses the same computational grid as wind-flow calculations, the EM model is found to be a
practical solution for parametric WDR studies, as well as design-related WDR studies.
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Main results and conclusions
The research presented in this thesis aimed to improve the current understanding of wind-driven rain
(WDR) intensity on buildings in urban settings where complex wind flows around buildings influence
the WDR exposure of their facades. To achieve this goal, the present thesis used experimental and
numerical methods. The objective of the field measurements of WDR was to create a spatially and
temporally high-resolution database of measurements of meteorological conditions and the resulting
WDR amount during various types of rain events on facades of multiple buildings in urban
configurations. One of the main difficulties in field measurements of WDR is to evaluate the error in
the measurements. Therefore, in order to avoid further uncertainties due to further complexity in the
geometry, two simple and generic urban configurations were designed and constructed using cubic
building models for field measurements of WDR. The objectives of numerical simulations were to
improve the accuracy of the state-of-the-art methods in WDR research and to present a numerical
method more suitable for general and practical use. This work especially focused on the development,
verification and validation of the Eulerian multiphase (EM) model for WDR. Also special attention was
given to the accurate prediction of the wind-flow field, where calculations with Reynolds-averaged
Navier-Stokes (RANS) and large eddy simulation (LES) were compared. Furthermore, the influences
of RANS and LES on WDR predictions are evaluated. The verification of the numerical method was
based on simple geometries and the WDR catch ratio results were compared to the results of the
available numerical cases in literature. The validation of the numerical method has been performed
using the data from field measurements on multi-building configurations. Furthermore, two case studies
of WDR intensity have been presented to show the capabilities of the numerical method for complex
geometries, and for providing WDR intensity information in parametric studies and real-life situations.
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We first present the main conclusions of the different chapters and then summarize the overall
contribution of the thesis.

11.1.1. Main conclusions
The literature review in chapter 2 shows that the field experiments of WDR in the past have contributed
to the fundamental understanding of WDR on building facades, but that the field experiments suitable
for model development and validation mainly focused on stand-alone buildings or on single buildings
in complex environments. The attempts of WDR measurements in wind tunnels, on the other hand,
show that such measurements are difficult to perform. This conclusion led to the choice of field
measurements of WDR in more generic and idealized multi-building configurations, which were
presented in chapter 5. The literature review in chapter 2 shows also that the numerical modeling of
wind flow for WDR studies mainly focused on RANS eddy-viscosity models. Therefore, more in-depth
analysis of state of the art of numerical modeling of wind flow on the RANS eddy-viscosity and LES
sub-grid scale models are presented in chapter 3.
Chapter 4 proposes a new numerical model for WDR by implementing a term that models turbulent
dispersion of raindrops into the steady-state governing equations of rain phases in an Eulerian
multiphase (EM) model. The EM model decreases the valuable user time spent for the simulations
during pre-processing, solving and post-processing compared to the Lagrangian particle tracking (LPT)
model. Besides, the studies on turbulent dispersion of raindrops using the LPT model require unsteady
wind-flow fields either with imposing random fluctuations on the mean wind-flow field or solving the
wind flow with LES, leading to even longer solution times. On the other hand, the EM model includes
simply an additional term in the governing equations to model turbulent dispersion. Furthermore, the
EM model is more appropriate especially for complex geometries, i.e. multiple buildings, buildings with
facade details, as the calculation of WDR intensity is performed for all surfaces during calculation.
Chapter 5 presents two new field measurement campaigns, each using a different urban setting, for the
documentation of high-resolution measurements of wind-driven rain intensities on building facades of
multi-building configurations. The multi-building configurations are chosen to be generic and idealized
to perform the field experiments in a relatively more controlled environment and to perform a simpler
model development and validation. The first geometry is composed of an array of low-rise cubic
buildings, while the second one is composed of two wide parallel buildings with different heights. The
studies on the two urban geometries on which the field experiments are performed are the main focuses
of this thesis.
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Chapter 6 shows the capabilities of the numerical EM model by verifying its results with the numerical
results obtained using the LPT model and with available data from literature. In chapter 7, the modeling
approach for the turbulent dispersion of raindrops is first applied on a stand-alone wide high-rise
building as a numerical example. With turbulent dispersion modeling, the catch ratio values increase
throughout the windward facade of the high-rise building. The influence of the turbulent dispersion is
more pronounced for low reference rainfall intensity and high reference wind speed values, and
relatively more pronounced at lower parts of the facade. The increase in the catch ratio values with
turbulent dispersion is found to be related to the turbulence kinetic energy values in the vicinity of the
building. After that, chapter 7 presents the numerical results of WDR catch ratio using the EM model
with turbulent dispersion on the two urban geometries during various rain events. The numerical model
with turbulent dispersion of raindrops is validated with experimental data obtained from the two urban
configurations. For the cube array case, the deviations of numerical catch ratio from experimental data
are found to be, on average, 5.2% on the cube in front and 5.4% on the cube in the back for a
homogeneous and continuous rain event. For a rain event with more dry periods and more fluctuations
of wind direction, the deviations are found to be, on average, 6.5% on the cube in front and 12.0% on
the cube in the back. For the case with the two parallel buildings, the average discrepancy between the
numerical and experimental results is found to be 4.9%. The influence of turbulent dispersion was found
to be lower than 3% for the low-rise cubic building models in this particular study. On the other hand,
for the two parallel buildings case, the influence of turbulent dispersion is found to increase up to 9%
at lower parts of the higher building, which is located downstream of the low-rise building. The EM
model gives information on the catch ratio distributions on all facades, as well as on the rain phase
velocity distribution in the whole volume of the computational domain. In the cube array case, it is
found that rain with oblique wind direction to the building orientation results in smaller gradients on the
facades of cubes, but also larger wetting on the whole surface of cubes. For oblique wind directions, it
is found that the upstream side of the facades is exposed to lower impact speeds and lower impact
angles, which is defined as the angle between the droplet and the surface normal. Additionally, it is
shown that the influence of local wind-flow patterns, such as the recirculation regions upstream of the
building, influence the movement of smaller raindrops, i.e. d = 0.3 mm, a lot. On the other hand, larger
raindrops, i.e. d = 1.0 mm, are only influenced by recirculation regions with high wind speeds. For
example, the recirculation region between the low-rise upstream building and high-rise downstream
building in the case with two parallel buildings has higher wind speed values and, hence, has more
influence on larger droplets than the recirculation regions between low-rise cubic buildings. Therefore,
the catch ratio values at middle height on the high-rise building are lower than on the low-rise building
upstream at the same height. However, in the cube array case, there is no difference in catch ratio values
between the top parts of cubes in the front or in the back of the arrangement.
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In chapter 8, WDR simulations coupled with unsteady wind-flow calculations with LES calculations
are performed to analyze how much the wind-flow field calculated with RANS or LES influences the
catch ratio results. Furthermore, unsteady catch ratio values using the EM model with LES wind-flow
fields are estimated on the facades of multiple buildings. The mean specific catch ratio values estimated
with unsteady LES-WDR simulations agree well with the specific catch ratio values estimated with
mean LES-WDR simulations. It is found that, after about 100-200 s, the mean specific catch ratio values
stabilize around a constant value. Furthermore, it is observed that the instantaneous specific catch ratio
values of smaller droplets fluctuate a lot around the mean value, i.e. the root mean square of specific
catch ratio of smaller droplets is larger than the one of larger droplets.
Chapter 9 presents a case study of WDR analysis on a stand-alone high-rise building with a tower,
namely the St. Hubertus hunting lodge in the Netherlands. The catch ratio distribution on the windward
facade of its tower is compared with the existing measured values and the existing numerical results
obtained with the LPT model in literature. It is shown that, by including turbulent dispersion in the
numerical model, the deviations between simulations and measurements decrease considerably at the
lower parts of the tower, for which the discrepancies are mainly attributed to the neglect of turbulent
dispersion. Chapter 9 further confirms that the catch ratio values estimated with the turbulent dispersion
model are sensitive to the incident turbulence kinetic energy profiles, which is also found in the case
with stand-alone high-rise building presented in chapter 7.
Chapter 10 presents two practical case studies of WDR simulations, one of which is on a stand-alone
mid-rise residential building with various architectural details on the facade and the other on a complex
public transport station. The parametric study of roof-overhang length on the residential building shows
quantitatively that the sheltering from WDR is higher at higher wind speed values with a larger roof
overhang. For the public transport station, the EM model shows the amount of rain sheltering provided
by the roofs for different wind directions. Based on its ease of use, the EM model offers a practical
method for WDR studies, as well as design-related WDR studies.

11.1.2. Overall contribution
It has been found that, in a geometry composed of multiple buildings, the strength of wind recirculation
regions between buildings influences highly the raindrop trajectories as well as the resulting WDR. In
case of the low-rise cubic buildings, the recirculation regions between the cubes are found only to
influence the very small droplets. As a consequence, the catch ratio values at the top of the facades of
the cubes are very similar whether or not there is a building located upstream. The only difference in
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catch ratio between the cubes in the front or in the back of the array of cubic buildings is at the lower
parts of the cubes. In the case of two parallel wide buildings, the lower in front and the higher in the
back, the stagnation point and vortex center of the recirculation zone between the buildings move up
creating larger velocities within the recirculation region. The higher velocity in the recirculation region
influences the larger droplets more, leading to a high difference in catch ratio values between the front
and back building. These findings were observed both in numerical and experimental studies. As the
wind direction changes, the wind-flow fields between multiple buildings and, hence, the position, size
and strength of the recirculation region change. The response of different size droplets to the changing
recirculation regions for different wind directions is complex and different. It should be mentioned here
that the response of droplets of same size to a recirculation region between two low-rise buildings is
different than their response to a recirculation region between two high-rise buildings. In an array of
high-rise cubic buildings, the influences of the recirculation regions are expected to be larger than in an
array of low-rise cubic buildings.
Similar to the influence of recirculation regions, the influence of turbulent dispersion is found to be
higher in the case with two parallel buildings, one low-rise upstream and one high-rise downstream.
This observation is related to the higher wind-blocking effect by the high-rise building. We found in
general that, as the building size increases, the influence of turbulent dispersion on the WDR catch ratio
results increases. The neglect of turbulent dispersion is valid when the wind-blocking effect is low, as
for the array of low-rise cube buildings, but is invalid for high-rise buildings even when they are
isolated. The inclusion of the turbulent dispersion of raindrops clearly increases the agreement of the
computed and measured catch ratio values on the high-rise St. Hubertus hunting lodge, especially at the
lower parts of the tower. We also showed that accurate catch ratio results with the turbulent dispersion
model strongly rely on the accurate estimation of turbulence kinetic energy field, which is directly
influencing the turbulent dispersion. Therefore, the well-known inaccuracies of RANS k-ε modeling,
i.e. the overestimation of turbulence kinetic energy at stagnation points and separation edges and the
underestimation in the wake of buildings, will influence strongly the accuracy of simulation of turbulent
dispersion effect on WDR.
Nevertheless, the accuracy of the WDR simulations with the EM model based on wind-flow calculations
with RANS is shown to be high for the two measurement geometries studied in this thesis. The
discrepancies are found to be low comparing the simulation results to the measured catch ratios for
various rain events. Furthermore, the numerical model is able to predict the cumulative WDR amount
during the rain events quite successfully on the facades of multiple buildings. On the other hand, we
showed that LES predicts the wind velocity and turbulence kinetic energy profiles much more
accurately compared to RANS, especially in the downstream regions of the geometry, as RANS greatly
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underestimates the turbulence kinetic energy in these downstream regions. In the upstream region, the
results by LES are found to provide not always more accurate results, which is mostly due to the
inaccuracy of the modeled inflow boundary conditions, which is an active topic in turbulence research.
LES predicts different profiles of wind velocity with a difference of up to 14% in terms of catch ratio
values compared to RANS. This difference is mainly due to the difference in wind-flow profiles above
the roof level. The influence of turbulent dispersion for low-rise cubic buildings is found to be low. This
is also found when comparing the mean catch ratio values based on an unsteady LES flow field to the
mean catch ratio values obtained from statistically steady LES flow field. Unsteady WDR simulations
based on LES calculations of wind-flow field give information on the unsteady behavior of catch ratio
values on the facades. The catch ratios obtained after averaging are close to the values obtained from
steady wind-flow fields. Moreover, the running averages of the transient catch ratio values are found to
converge to stable values within 100-200 s. This confirms that the assumption of steady-state 10-min
experimental time steps is valid as long as the wind-flow conditions do not change abruptly during that
time range of 100-200 s. Unsteady WDR calculations also give information on the fluctuation and
maximum values of WDR intensity. The specific catch ratio values of smaller droplets fluctuate a lot
around their mean values, whereas for larger droplets, the values vary much less.
WDR calculations with the EM model have a higher practicality compared to the LPT modeling in
terms of faster calculation time and ease of use. Furthermore, the EM approach gives information on
relevant WDR parameters, such as raindrop velocity everywhere within the computational domain, as
well as catch ratio, droplet impact speed and impact angle on all surfaces of the computational domain.
The EM model also allows for unsteady LES calculations of WDR, from which more information on
unsteady WDR behavior, but at the expense of a large computation power. Transient WDR simulations
based on wind-flow fields calculated with LES can be used in WDR research, but they are not practical
yet. On the other hand, the EM model with RANS offers that practicality so that results from WDR
calculations can be coupled with other numerical models, such as building-envelope heat-air-moisture
(BE-HAM) transport models.

11.1.3. Summary of main achievements and new developments in this thesis


Datasets of field measurements of WDR on two generic and idealized multi-building urban
configurations using a high number of WDR gauges with a high WDR time-acquisition
resolution.
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Implementation of turbulent dispersion modeling of raindrops, which has been neglected in
many prior WDR studies, into an Eulerian multiphase model.



Faster and more compact WDR analysis than earlier WDR models, allowing information on
the field variables of WDR in whole computational domain, as well as on all surfaces, with
high accuracy. This means also a possible time-resolved coupling of WDR simulations with
other numerical models, such as building-envelope heat-air-moisture (BE-HAM) transport
models.



Determination of the spatial and temporal WDR distributions on multiple facades of the multibuilding configurations and detailed validation with WDR field measurements.



New analysis including new WDR parameters, such as droplet impact speed and impact angle,
enabling a better understanding of WDR results on multiple building facades at different wind
speeds and wind directions.



Comparison of total surface wetting due to WDR on groups of buildings with different wind
directions.



Analysis of the influence of local wind-flow patterns, such as recirculation regions between
buildings in urban geometries, on the flow patterns of different droplet sizes and their resulting
WDR intensity.



Wind-flow fields calculated with LES and RANS in a geometry with an array of cubes are
compared with wind-tunnel measurements in two vertical planes, i.e. centerplane and a plane
between rows of cubes.



Unsteady WDR analysis by solving the governing equations for rain simultaneously at each
time step together with LES wind-flow calculations in a multi-building geometry.



Application and validation of the EM model with turbulent dispersion on a stand-alone highrise building and demonstration of the sensitivity of results to the correct estimation of the
turbulence kinetic energy field.
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Application of the EM model with turbulent dispersion on a stand-alone mid-rise building to
study the influence of various architectural facade features and their ability to shelter the
building from rain.



Application of the EM model with turbulent dispersion on a complex case of an existing tram
station with shop connected to an underground train station to demonstrate the capability of
the model to support design in architecture.

Future research
The number of available datasets of field measurements of WDR with detailed description and highresolution results are still limited. Additional field measurements with different meteorological
conditions at different geographical locations are still required. Furthermore, high-resolution WDR
campaigns on real-life buildings, especially on high-rise buildings in complex settings, are still needed.
With the EM model proposed in this thesis, it is possible to obtain the raindrop impact information, such
as impact speed and impact angle, on all surfaces of the domain. This information allows for a detailed
study of the droplet physics after droplet impact. However, in order to accomplish this, results of droplet
impact tests with various impact angle and impact speed values should be studied on different building
materials with different wetting and porosity properties. After that, simulations of WDR can be coupled
with more complicated surface phenomena, such as spreading, splashing, bouncing, absorption,
evaporation, film forming and run-off. For these studies, the WDR predictions should not only be
accurate but also it should allow for a practical analysis of impinging WDR amount, which the proposed
model in this thesis achieves with more ease compared to earlier WDR methods. The proposed model
also allows for studies of wetting on the street level. This can be interesting in researches that focus on
urban flooding or the effect of evaporative cooling on the urban comfort.
In cases where more accurate models for wind-flow calculations are needed, Reynolds stress model
(RSM) may be an option. RSM calculations for the wind-flow field give information on all components
of Reynolds stresses. This will allow for a response coefficient, Ct, which is anisotropic, hence,
improving the results in terms of turbulent dispersion in calculations of mean WDR. Simulations of
RSM for wind-flow field would be computationally more intensive than eddy-viscosity models, e.g.
RANS k-ε, but, still, less than LES. The calculations of LES with WDR are time consuming and should
be considered only when insight of transient WDR behavior is needed. Furthermore, full-scale LES
calculations have problems with wall functions, particularly wall functions with roughness
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modifications. Although, wall functions are being used in combination with some LES studies, it is still
research under progress. Detached eddy simulation (DES) might be a better option as it combines RANS
with wall functions with roughness modification near walls and LES away from walls. This way, the
results obtained by DES are expected to be more accurate than RSM as it resolves large eddies away
from the walls, while being computationally less intensive than LES. However, DES modeling is also
a research topic under active progress. Therefore, WDR calculations based on wind-flow calculations
with DES should carefully be analyzed and compared to wind-tunnel measurements, as well as results
obtained with RANS and LES calculations, before being applied to WDR studies in complex
environments.
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Appendix A: Technical specifications of the measuring
instruments
A1. Rain gauge
Young model 52203
Catch area: 200 cm2
Resolution: 0.1 mm/tip
Accuracy: 2% up to 25 mm/h, 3% up to 50 mm/h
Output: Magnetic reed switch
Operating temperature: -20.0 – 50.0 °C

A2. Cup anemometer
Young Model 12102 3-cup anemometer
Wind-speed range: 0 – 60 m/s
Threshold: 0.3 m/s
Resolution: 10 pulses per revolution, 100 cm per revolution
Dimensions: height = 32 cm, diameter = 17 cm
Weight: 1.4 kg
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A3. Ultrasonic anemometer
Young Model 81000 ultrasonic anemometer
Size and weight
Air sample column: height = 10 cm, diameter = 10 cm
Air sample path: 15 cm
Weight: 1.7 kg
Wind speed
Range: 0 – 40 m/s
Resolution: 0.01 m/s
Threshold: 0.01 m/s
Wind direction
Azimuth range: 0.0 – 359.9 degrees
Elevation range: -60.0 – 60.0 degrees
Resolution: 0.1 degree
Speed of sound
Range: 300 – 360 m/s
Resolution: 0.01 m/s
Sonic temperature
Range: -50.0 – 50.0 °C
Resolution: 0.01 °C
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Appendix B: Dataset of WDR field measurements on
geometry 1 – array of cubes
This appendix presents the experimental results for 4 selected rain events, in addition to the 3 rain events
presented in section 5.5.1 for the array of low-rise cubic buildings. The full dataset is also available at
the following website:
http://www.carmeliet.arch.ethz.ch/ResearchDatabase/Wind-drivenRain
Each rain event in the following subsections is summarized with three graphs showing the
meteorological data, measured by the meteorological mast and the rain gauge, and the cumulative WDR
amount, measured by each WDR gauge. In addition, two figures show the catch ratio for each WDR
gauge on cubes 2 and 8. Furthermore, the effective wind direction, φeff, the effective wind speed at 2.4
m height, Ueff, the effective rainfall intensity, Rh,eff, the total rainfall amount, Sh, and the mean air
temperature of the rain event are reported.
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B1. Rain event: May 28 – 29, 2013
φeff = 231°
Ueff = 1.3 m/s
Rh,eff = 1.5 mm/h
Sh = 15 mm
Mean air temperature = 9.3 °C

Fig. B.1. Catch ratio values at the end of the rain event of May 28 – 29, 2013 on cubes 2 and 8.
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Fig. B.2. a) 10-min meteorological data for the rain event of May 28 – 29, 2013. Wind speed is taken at
2.4 m height. b) Cumulative WDR amount measured by WDR gauges during the rain event on cubes 2
and 8.
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B2. Rain event: September 12, 2013
φeff = 239°
Ueff = 1.3 m/s
Rh,eff = 1.1 mm/h
Sh = 6 mm
Mean air temperature = 12.2 °C

Fig. B.3. Catch ratio values at the end of the rain event of September 12, 2013 on cubes 2 and 8.
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Fig. B.4. 10-min meteorological data for the rain event of September 12, 2013. Wind speed is taken at 2.4 m height.
b) Cumulative WDR amount measured by WDR gauges during the rain event on cubes 2 and 8.
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B3. Rain event: October 10 – 11, 2013
φeff = 293°
Ueff = 1.0 m/s
Rh,eff = 1.9 mm/h
Sh = 17 mm
Mean air temperature = 8.0 °C

Fig. B.5. Catch ratio values at the end of the rain event of October 10 – 11, 2013 on cubes 2 and 8.
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Fig. B.6. 10-min meteorological data for the rain event of October 10 – 11, 2013. Wind speed is taken at 2.4 m
height. b) Cumulative WDR amount measured by WDR gauges during the rain event on cubes 2 and 8.
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B4. Rain event: October 15 – 16, 2013
φeff = 253°
Ueff = 0.7 m/s
Rh,eff = 1.3 mm/h
Sh = 15 mm
Mean air temperature = 12.5 °C

Fig. B.7. Catch ratio values at the end of the rain event of October 15 – 16, 2013 on cubes 2 and 8.
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Fig. B.8. 10-min meteorological data for the rain event of October 15 – 16, 2013. Wind speed is taken at 2.4 m
height. b) Cumulative WDR amount measured by WDR gauges during the rain event on cubes 2 and 8.
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Appendix C: Dataset of WDR field measurements on
geometry 2 – two parallel buildings
This appendix presents the experimental results for 3 selected rain events, in addition to the 2 rain events
presented in section 5.5.2 for the two parallel buildings. The full dataset is also available at the following
website:
http://www.carmeliet.arch.ethz.ch/ResearchDatabase/Wind-drivenRain
Each rain event in the following subsections is summarized with three graphs showing the
meteorological data, measured by the meteorological mast and the rain gauge, and the cumulative WDR
amount, measured by each WDR gauge. In addition, two figures show the catch ratio for each WDR
gauge on buildings 1 and 2. Furthermore, the effective wind direction, φeff, the effective wind speed at
2.4 m height, Ueff, the effective rainfall intensity, Rh,eff, the total rainfall amount, Sh, and the mean air
temperature of the rain event are reported.
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C1. Rain event: February 20 – 21, 2014
φeff = 220°
Ueff = 0.8 m/s
Rh,eff = 1.4 mm/h
Sh = 12 mm
Mean air temperature = 8.4 °C

Fig. C.1. Catch ratio values at the end of the rain event of February 20 – 21, 2014 on buildings 1 and 2.
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Fig. C.2. a) 10-min meteorological data for the rain event of February 20 – 21, 2014. Wind speed is taken at 2.4 m
height. b) Cumulative WDR amount measured by WDR gauges during the rain event on buildings a) 1 and b) 2.
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C2. Rain event: July 6 – 7, 2014
φeff = 270°
Ueff = 0.8 m/s
Rh,eff = 2.6 mm/h
Sh = 13 mm
Mean air temperature = 19.1 °C

Fig. C.3. Catch ratio values at the end of the rain event of July 6 – 7, 2014 on buildings 1 and 2.
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Fig. C.4. a) 10-min meteorological data for the rain event of July 6 – 7, 2014. Wind speed is taken at 2.4 m height.
b) Cumulative WDR amount measured by WDR gauges during the rain event on buildings a) 1 and b) 2.
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C3. Rain event: July 28 – 29, 2014
φeff = 273°
Ueff = 0.9 m/s
Rh,eff = 3.7 mm/h
Sh = 35 mm
Mean air temperature = 16.1 °C

Fig. C.5. Catch ratio values at the end of the rain event of July 28 – 29, 2014 on buildings 1 and 2.
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Fig. C.6. a) 10-min meteorological data for the rain event of July 28 – 29, 2014. Wind speed is taken at 2.4 m
height. b) Cumulative WDR amount measured by WDR gauges during the rain event on buildings a) 1 and b) 2.
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