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a b s t r a c t

Wind-driven rain (WDR) is an important factor affecting the hygric behavior and durability of building
facades. In recent years, CFD simulations of WDR impinging on building facades almost have been focusing
on isolated buildings for wind directions perpendicular to the facades. Very few efforts have been made
towards study of complicated WDR on buildings considering group effect and the effect of varying wind
direction. By virtue of the WDR simulation approach based on the Eulerian multiphase model, this paper
presented a validation study of CFD simulations of WDR for an array of low-rise building models provided by
recently field measurements. The simulation results suggested that CFD simulations can provide fairly
accurate estimates of WDR for complex situations by the present method. And simulations of WDR are
performed for a single building and building complex, analyzing the characteristics of catch-ratio distribution
with various wind directions and focusing on the impact of group effect and varying wind direction onWDR.
The differences of WDR distribution on the building facades are presented and discussed by comparing the
results of the single with those of the complex. The conclusions in this paper can provide references for
further research of WDR and design of engineering.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Wind-driven rain (WDR) is oblique rain with a horizontal velocity
component due to the result of driving force by wind (Blocken and
Carmeliet, 2004). WDR is one of the most important moisture sources
on building facades that lead to a series of engineering problems, such
as weathering, salt damage and frost damage at exterior wall surfaces.
It affects the hygrothermal behavior and durability of building facades,
etc. (Aykut Erkal, 2012; Cornick and Alan Dalgliesh, 2009; Carlos Lopez
and Bolton, 2011). Therefore, the distribution characteristics of WDR
on building facades obtained is the important foundation to carry
out related research (Blocken and Carmeliet, 2004). Currently, three
methods exist for determining the amount of WDR: measurements,
semi-empirical methods and numerical simulations based on Compu-
tational Fluid Dynamics (CFD) (Blocken and Carmeliet, 2004). Gen-
erally, measurements are quite difficult, time-consuming and easily
suffer from large errors. In recent years, only a limited number of
researchers, such as Blocken, Abuku, Kubilay, respectively conducted
the WDR measurements on the windward facades for different
building models (Blocken and Carmeliet, 2005; Abuku et al., 2009;
Kubilay et al., 2014). Semi-empirical model in the ISO Standard for
WDR (ISO) and the semi-empirical model by Straube have great

limitations in application. Many researchers have been using CFD to
assess the WDR amounts falling on building facades. The CFD simu-
lations to estimate distribution of WDRwere developed by Choi (1991,
1993, 1994). Hangan (1999), vanMook, Tang and Davidson (2004),
Blocken and Carmeliet (2007), Abuku et al. (2009) studied the distri-
bution of WDR amounts for a single building. Their studies showed
good agreement between numerical results and corresponding WDR
measurements. It is shown that CFD simulations can provide fairy
accurate calculation of WDR for a single building (Kubilay et al., 2013).

Currently, CFD simulations of WDR are almost all based on the
Euler–Lagrange model. Although that method is useful and valuable,
it is quite difficult to adapt WDR simulations for complex situations.
In order to simplify calculation, Euler–Euler model is introduced so
that WDR research can be performed for complex WDR field. In
recent years, Huang et al. and Kubilay et al. performed validation
study of CFD simulations of WDR byWDR measurement dataset. The
simulation results showed there are many advantages of WDR
simulations based on the Euler–Euler model (Kubilay et al., 2013;
Huang and Li, 2010; Kubilay et al., 2014). With the development of
computing resource and computational algorithms, this method will
gradually be the main means for research of WDR impinging on
building facades in the future (Lixing, 2008).

WDR is governed by a wide range of parameters, such as building
geometry, group effect, environment topography, wind speed, wind
direction, rainfall intensity (Blocken and Carmeliet, 2002). In spite of
the large amount of work done in the past years, it is an urgent need
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to conduct further study of WDR on buildings as the basic research
subject (Blocken and Carmeliet, 2004). Up to now, CFD simulations of
WDR almost have been focused on isolated building under wind
directions perpendicular to the facade. In reality, buildings seldom
stand alone and wind direction is oblique to the building facade.
However, very few efforts have been made towards studies of com-
plicated WDR on buildings considering group effect and various
oblique wind (Abuku et al., 2009; Blocken et al., 2009). The difference
of the WDR between a single building and building complex still
lacks further and systemic research.

In this paper, the content is arranged as follows: in Section 2,
numerical simulation method will be established in the Euler–Euler
frame. Validation study of CFD simulations of WDR is performed for a
building complex model supported by a high-resolution experimen-
tal WDR datasets by Kubilay et al. in Section 3, verifying the accuracy
and reliability of the WDR simulation approach for building complex
with various wind directions. In Section 4, the simulations are
conducted for a single high-rise rectangular building with various
wind directions, analyzing the characteristics of catch-ratio distribu-
tion for various oblique winds. And CFD simulations of WDR are
performed for building complex under various oblique winds, focus-
ing on the distribution of catch ratio with various oblique winds and
comparing the difference of the of catch ratio distribution on the
windward facades between a single building and building complex.
Finally, Section 5 and Section 6 provide a general discussion and
conclusion, respectively.

2. Numerical wind-driven rain simulation method

2.1. Multiphase flow governing equations

The different phases are treated as interpenetrating continuum for
WDR with Eulerian multiphase model. Each phase is solved by a set
of the governing equations including N momentum and continuity
Equations. Phase volume fraction ak (ak the space occupied by each
phase) introduced, mass conservation equation and momentum
conservation equation for each phase are established and the realiz-
able k–ε turbulence model is adopted (Carlos Lopez and Bolton, 2011).

2.1.1. Rain phase
For rain phase, rain is divided into N phases based on different

diameter sizes of raindrops. The range of raindrops diameters of
each phase is in [dk�(dd/2), dkþ(dd/2], k¼1, 2, …, N. ak represents
volume fraction of the Kth phase. The governing equations of the
Kth phase are as follows (Huang and Li, 2010):
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where ρw denotes the density of raindrops, uki (i being x, y, z) the
velocity component of the Kth phase, gi the component of gravity in
the i direction, Rep the relative Reynolds number, Cd the raindrops
drag coefficient, ui the velocity component of wind in the i direction,
and μ the viscosity coefficient of air. ak represents the volume
fraction of kth rain phase, and gi is the gravity in ith direction.

2.1.2. Wind phase
For wind phase, 3D Steady RANS with the realizable k–ε model

is used in the present study (Huang and Li 2010)
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where ρa denotes the physical density of air, τji the Reynolds
stresses, Gk the generation of turbulent kinetic energy, σk the
turbulent Prandtl number for k, σε the turbulence dissipation rate
for ε, and Sij the momentum contribution of rain to wind phase,
which is calculated as follows:
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2.2. Boundary conditions

The computational domain is determined according to the
guidelines by Tominaga et al. (2008) and Franke et al. (2011).
The buildings are positioned at a distance 5H (H the height of the
tallest building) from the inlet, top and side boundaries. The outlet
plane is set 15H behind the building.

2.2.1. Wind phase
The inlet profile of mean wind speed is defined with the typical

power-law expression in the atmospheric boundary layer. U10 (U10

the velocity at 10 m height) and α (α power-law exponent) in the
present study are set to be 10 m/s and 0.20, respectively. Turbulent
boundary is established by turbulent kinetic energy and turbulent
dissipation rate (Bencai and Congjun, 2008).

The standard wall functions by Launder and Spalding are imp-
osed at the ground surface and the building surfaces (Launder and
Spalding, 1990), with appropriate roughness modification (Cebeci
and Bradshaw, 1977). A frictionless slip wall conditions are imposed
at the top boundary conditions. Symmetry conditions are applied
on both sides of the domain. The outlet boundary is set to be a con-
stant static gauge pressure of 0 Pa.

2.2.2. Rain phase
For rain phase, it is quite difficult to consider raindrops of all

diameters. Therefore, the raindrops are grouped based on the rain-
drop size spectrum, and several representative classes are chosen
and calculated. In this paper, a modified gamma distribution by de
Wolf is used (de Wolf, 2001), which is calculated as

N d;Rð Þ ¼N0d
αexp �Λd

� � ð8Þ
where N d;Rð Þ is the differential number of raindrops with diameter
d per unit volume and per differential diameter range dd. α is a
constant 2.93. N0 and Λ are the function of rain intensity R. N0 and
Λ can be calculated as follows:

N0 Rð Þ ¼ 1:98

� 10�5R�0:384 1:047�0:0436 ln Rð Þþ0:00734 ln Rð Þð Þ2
h i

ð9Þ

Λ Rð Þ ¼ 5:38R0:186 ð10Þ
Based on the size spectrum, the raindrop diameters less than

2.0 mm take relatively major proportion when the rainfall inten-
sity is less than 5 mm/h. In the present study, dk¼0.5–2.0 mm are
determined with an incremental step 0.5 mm.

The local force equilibrium between gravity and drag force is
assumed. Thus the inlet velocity component along the direction of
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