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Abstract

Wind-driven rain (WDR) is one of the most important moisture sources for a
building facade. Therefore, a reliable prediction of WDR loads is a prerequi-
site to assess the durability of building facade components. However, current
state of the art Heat-Air-Moisture (HAM) models that are used to assess the
moisture behaviour of building facades are still based on several simplifica-
tions. Important phenomena of WDR such as raindrop impact, absorption,
evaporation and runoff are not yet taken fully into account. This paper
presents the implementation and application of a rainwater runoff model
coupled to a 2D HAM model. In the first part of the paper, the runoff model
itself is briefly described and implemented. In the second part, the coupled
runoff-HAM model is used to calculate absorption and runoff of WDR dur-
ing a two-shower rain event on two different types of porous facades with
different capillary absorption coefficient and capillary moisture content. The
calculation is performed with a realistic distribution of the impinging WDR
intensity, based on CFD simulations, and with meteorological data, on a 10-
minute basis. The impinging rain water that cannot be absorbed by the
material develops a water film on the surface and runs down along the wall.
It is shown that runoff of WDR can have significant influence on the mois-
ture behaviour of the facade, e.g. materials with low capillary absorption
coefficients may absorb almost double the amount of impinging wind-driven
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rain when including runoff. Also the moistening time of the facade was to
be found extended. To conclude some important notes are given for future
development of runoff models.

Keywords: Heat-Air-Moisture transfer modelling, Moisture runoff, Biocide
leaching, Driving rain, Building envelopes

Nomenclature

A capillary absorption coefficient (kg/m2
√
s)

K moisture permeability (combined liquid and vapour) (s)

Kl liquid moisture permeability (s)

RHe outdoor relative humidity (−)

Rh horizontal rainfall intensity (mm/h)

Te outdoor temperature (◦)

U10 reference wind speed at 10 m height (m/s)

β surface vapour transfer coefficient (s/m)

δv vapour permeability (s)

γ surface tension at the liquid-air interface (N/m)

ν kinematic viscosity (m2/s)

ρ density of water (kg/m3)

θ angle of inclination of the surface (◦)

θN wind direction (◦N)

g gravitational acceleration (9.81 m/s2)

h height of the liquid film (m)

pc capillary pressure (Pa)

pv vapour pressure (Pa)
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t time (s)

u streamwise velocity component (m/s)

w moisture content (kg/m3)
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1. Introduction

Increased moisture levels in porous building materials can result in im-
portant problems for the durability of the building facade. At the outside of
the facade, it contributes to damage due to freeze-thaw cycles (Fig. 1(a)),
surface soiling, dirty- and white washing of facades [1–3] as depicted in Fig.
1(b), leaching of nanoparticles into the environment [4, 5], discoloration by
efflorescence (Fig. 1(c)) and moisture induced salt migration [6, 7]. In case
of bad workmanship or design, it can also contribute to water penetration
(damage depicted in Fig. 1(d)) or biological damage such as fungal and
mould growth at the inside of the facade (Fig. 1(e)). Of all moisture sources
to which building facades can be exposed, wind-driven rain (WDR) can be
considered as one of the most important [3, 8]. Abuku et al. [9], for example,
indicated that WDR loads on a tower with solid brick facades can result in an
increased mould grow risk at the inside wall surface, an increased energy con-
sumption and a more humid indoor climate. Although the above mentioned
problems are widely recognized for a long time, repair and replacement costs
are still rising, accompanied by damage claims. A reliable description of
WDR and its corresponding damage effects can thus contribute to address-
ing these issues and to the development of sustainable building facades and
indoor environments.

In the past decades, much attention has been attributed to the predic-
tion of impinging WDR loads on building facades. Previous research efforts
mainly focused on predicting the impinging WDR intensity on the building
facade using measurements, semi-empirical formulae and numerical simula-
tions with Computational Fluid Dynamics (CFD). An extensive overview can
be found in [3]. To assess the moisture behaviour of building components, this
information needs to be combined with a Heat-Air-Moisture (HAM) model.
In the past years, extensive and powerful HAM models have been developed
and their application has become firmly established. Most of these models
take the impingement and absorption of WDR on building facades into ac-
count [10–15]. However, the so-called “secondary effects” of WDR, such as
splashing and bouncing of raindrops [14–17] and the runoff of moisture along
the surface, have, to the best of our knowledge, not yet been implemented
in HAM models. This paper will address runoff that occurs whenever the
moisture supply due to WDR exceeds the maximum absorption rate at the
material surface.
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Figure 1: Damage effects due to WDR. (a) weathering of a brick wall of the military
training facility, Diest, Belgium (b) Surface soiling on a contemporary building, where the
dark area represent the soiled surface and the light areas the cleaned surface by runoff,
(c) efflorescence on a brick wall in Leuven, Belgium (d) a detail from a house in Antwerp
Belgium, where due to bad design, rain infiltrates at the top of the window, resulting in
moisture damage at the inside, (e) mould growth and aesthetic deterioration at the inside
of the military training facility, Diest, Belgium.
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Although several previous studies have focused on rainwater runoff, they
were mainly of the experimental [18] - and/or observational type [1]. Numeri-
cally, runoff was recently studied in combination with a simplified absorption
model [19]. To the best of our knowledge, up to now no attempt has been
made to numerically study WDR absorption and runoff with state-of-the-art
HAM models. In these existing HAM models, the modelling of moisture flow
is based on capillary pressure or moisture content gradients and WDR is im-
posed as a moisture flux at the boundary. When saturation at the boundary
is reached, the boundary condition is changed from a Neumann to a Dirichlet
boundary condition [13]. The development of liquid film flow that might wet
underlying parts is then disregarded.

Liquid film flow has been extensively studied in other disciplines, such
as chemical engineering and biology. Several models to calculate runoff have
been developed and evaluated in the past [20–23]. In building physics how-
ever, the coupling between fluid flow on a surface and the hygrothermal
behaviour of the wall has, to the authors’ knowledge, only been made by [19]
for liquid films in combination with a very simplified rain absorption model
[24].

In order to model runoff on building facades it is necessary to couple
three models: (1) A WDR impingement model; (2) a state-of-the-art HAM
model; and (3) a runoff model. Given the different time scales associated
with these phenomena a two-step approach is proposed in this paper. First
a quasi steady-state method is used to calculate the amount of WDR on
the facade for ten-minute intervals. Second, a staggered solution procedure
is used to incorporate the interaction between the liquid film flow and the
absorption process. For the second part, this paper presents the extension of
a state-of-the-art HAM model with a runoff model.

Sections 2 and 3 describe the coupling of the runoff model, based on
the Nusselt solution for fluid flow along an inclined plane, with an existing
HAM model. The limitations of the Nusselt solution, the important required
changes to the boundary conditions and the numerical implementation of the
film flow are outlined. In section 4, a simulation example is described of an
cubic building with a concrete and brick facade finishing. This example is
used to explain the proposed methodology and to show the impact of runoff
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on the wetting and drying behaviour of building facades.
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2. Film flow along inclined planes

2.1. The lubrification equation

In order to highlight the possibilities and limitations of the Nusselt so-
lution [25], the approach by Ruyer-Quil et al. [21] and later adopted by
Blocken and Carmeliet [19] is presented in this section. A fluid flow is classi-
fied as free surface flow when it has at least one boundary with another fluid
and when this other fluid has negligible influence on the fluid under study.
In this case the surrounding fluid is the air and following Fan et al. [26]
it seems a valid assumption for the current application that the wind flow
around the building does not influence the motion of the water sheet on the
facade. The near wall air speed is assumed to be smaller than the critical
value (8− 12 m/s) derived by Fan et al [26].

Greenspan [27] described the motion of a small viscous droplet that wets
a surface by deriving the lubrification equation (Eq. 1) from the full Navier-
Stokes equations. The used coordinate system for this equation is depicted
in Fig. 2. In this equation the growth of the runoff layer (first term) is
dependent on the supply to the moisture sheet (right hand side), the effects
of surface tension (second term) and gravity (third and fourth term), where
the fourth term dominates the vertical flow.

∂h

∂t
+

1

3ν
∇
[
γh3∇

(
∇2h

)
− ρg cos(θ)h3∇h+ ρg sin(θ)h3x̂

]
=

1

ρ
q (x, y, t) (1)

In the lubrification equation (Eq. 1), h represents the thickness of the runoff
layer, t time, ν the kinematic viscosity of water, γ the surface tension at
the liquid-air interface, ρ the density of water, g the gravitational acceler-
ation, θ the angle of inclination of the plane and q the supply and sink terms.

A full review on the assumptions for the lubrification equation on planes
can be found in [28]. For the derivation of Eq. 1 the reader is referred to
the literature (eg. [21, 27, 29, 30]). Note that the lubrification equation does
not take into account the influence of wind-driven rain impact by individual
droplets on the liquid film. Instead the supply and sink terms in Equation
1 are simply added as fluxes based on the mass conservation law. However,
the advantage of this more general equation is the possibility to analyse the
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Figure 2: Orientation of the axis used in the lubrification equation.

liquid film problem in a three-dimensional space and the possibility to in-
clude surface tension. This allows further development of the runoff model
to investigate fingering phenomena and runoff on smooth and non-smooth
surfaces [1].

The lubrification equation is based on the following assumptions: (1) the
no-slip condition between the wall and the liquid, except near the advancing
and receding contact line, where including slip is necessary to solve the con-
tact line singularity [30]; (2) at the free surface of the liquid film, the external
forces are limited to constant surface tension and gravity; (3) local parallel
flow without rapid changes along the film [28] and (4) the Reynolds numbers
are expected to be small.

Solving Eq. 1 in the one-dimensional space x̂ results in Eq. 2. Notice
that surface tension acts through a fourth-order dissipation term in Eq. 2,
giving opportunities to simplify the equation away from the boundary [30].

∂h

∂t
+

γ

3ν

∂

∂x

(
h3
∂3h

∂x3

)
− ρg

3ν

∂

∂x

(
h3
∂h

∂x

)
cos θ +

ρg

3ν

∂h3

∂x
sin θ =

1

ρ
q(x, t) (2)

Multiple efforts have been made in literature to solve Eq. 2 to describe
the liquid film and its mechanism of instability [29–31]. Attempts were made
by Hocking [30] and Troian et al. [32] to solve this equation in the state of the
film before transition to instability. Starting from the steady-state solution
in the inner region of the film (the Nusselt solution) they derived the profile
of the film using slip-models or precursor films (e.g. Fig. 3).
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Figure 3: Profile of the liquid film before instability, based on Hocking (1990). This image
is not to scale: the length of front (with a characteristic length of ± 5×10−4 m) and back
region and the height (average height: ± 4× 10−5 m) of the film are greatly exaggerated.

Solving Eq. 2, by using numerical discretisation schemes, is rather sensi-
tive to divergence. High order schemes are needed to tackle large gradients in
the 4th order partial differentials. This makes it less practical to implement
in existing HAM models where the impinging WDR load and evaporation
and absorption flows are also fluctuating in time and space. Most problems
arise near the front region of the film due to the ridge shape of this front
with a steep incline and decline over a short lenght (Fig.3).

2.2. The Nusselt equation

Huppert [29] states that the effect of the 4th order terms in Eq. 1 on
the motion of contact lines and the dynamics of the fluid are expected to be
small. His experiments with different silicone oils- glycerine, heavy mineral oil
(HMO) and light mineral oil (LMO)- indicate that there is a good agreement
with the solution of Eq. 3, which is the so-called Nusselt solution hN (4).
Further in this paper Eq. 3 is therefore called the Nusselt equation.

∂h

∂t
+
ρgh2

ν

∂h

∂x
sin θ =

qwdr − qabs − qevap
ρ

(3)

u(z) =
g

2ν
sin θ

(
2hNz − z2

)
(4)

The kinematic viscosity of the mineral oils are of the same order of mag-
nitude of water. Huppert further stated that instability is mostly dependent
on the surface tension. A higher surface tension leads to longer distances
between the fingers and thus a more stable film. A more detailed analysis on
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the instabilities in liquid films can be found in [31, 33, 34].

Moran et al. [35] experimentally observed that the Nusselt solution (Eq.
4) slightly underpredicts the film thickness and estimates a slightly higher
velocity of the film front but that it is suitable for low Reynolds numbers
of the liquid flow. An analysis of these experiments in view of WDR runoff
from walls can be found in [19].

By calculating the neglected terms of Eq. 2 that are a result of the effects
of surface tension, the domain in which the Nusselt equation is valid can be
obtained and is given by Eq. 5 [30]. This equation points out that near the
tail of the film (small x-values) and in the early stages of film growth (t = 0),
the Nusselt solution is less suitable.

t− γ2ν

(ρg sin θ)3
x−5 ≥ 0 (5)

In summary, in the case of runoff of impinging WDR, based on literature
it seems acceptable to use the Nusselt equation to describe the film flow on a
plane in terms of the position of the front and the average height of the liquid
film in spite of its assumptions: (1) the liquid film should be thin enough
for the Reynolds number to be small. At higher Reynolds numbers, the film
becomes unstable which is not taken into account by the model. (2) the film
should be thick enough to minimize the influence of surface forces. (3) The
fluid is incompressible and Newtonian; (4) Surface tension is negligible; (5)
The film is in contact with a gaseous fluid with low density and viscosity,
such as air.
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3. Numerical Model

The simulations in this study were conducted with the finite element
HAM-model HAMFEM, developed by the Building Physics Section of the
KU Leuven [13]. For the present study, the original HAM code was extended
and coupled with a module to calculate the runoff of rainwater on the exterior
surface of the building facade. Both models are solved alternately by using
a staggered procedure.

3.1. HAMFEM model

HAMFEM is a finite element model based on the standard partial differ-
ential equations of coupled heat, air and moisture transfer in porous building
materials [36]. Because the focus of this study is on moisture transport, the
temperature and air transfer equations are not included here. The moisture
transfer in the material is governed by Eq. 6.

∂w

∂t
= ∇ (Kl∇pc) +∇

(
δvpv
ρRT

∇pc
)

+
∂ (ρgK)

∂z
(6)

In this equation w represents the moisture content of the material, t the time,
Kl liquid moisture permeability, pc the capillary pressure, δv vapor perme-
ability, pv the vapor pressure, ρ the density of the liquid, g the gravitational
acceleration, K the combined moisture permeability and the vertical axis is
defined as z. The terms on the right hand side represent the moisture trans-
fer due to capillary moisture transport (first term), vapour transport (second
term) and gravitational forces (third term).

The moisture supply from the environment (qext) typically consists of two
terms: moisture supply due to impinging rain (qwdr) and evaporation due to
unequal vapour pressure between material surface and the surrounding air
(qevap) and is defined by Eq. 7:

qext = qwdr + β (pv,a − pv,surf ) (7)

where pv,a is the vapour pressure in the air, pv,surf the vapour pressure at the
surface of the building facade and β the surface vapour transfer coefficient.
Concerning the absorbed moisture flow qabs, as long as the moisture content
at the surface remains below the capillary moisture content, the moisture
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flow into the material is equal to the flow imposed by the environment (qext).
These flows are depicted on the left hand side of Fig. 4. From the mo-
ment capillary saturation is attained (the moment the moisture supply at
the boundary exceeds the possible flow into the material), the moisture flow
into the material reduces to Kl

∂pc
∂n

, in which Kl is the liquid moisture per-
meability (s) and n is the vector normal to the surface. At this moment, the
boundary condition switches to a fixed capillary pressure (0 Pa). As long as
a water film is present, the total moisture supply can be described by these
boundary conditions. This results in the following equation [13]:

qabs = min

(
qext, Kl

∂pc
∂n

)
(8)

As in most other existing HAM models, the excess moisture was disre-
garded from the calculations by the original HAM model. In the next section,
this HAM model will be extended with a runoff module that uses the excess
moisture to build a liquid film at the surface and to calculate the amount
of runoff (Fig. 4). In the left figure the original fluxes at the boundary are
depicted. The supplied WDR will be partially absorbed (qabs) and evapora-
tion at the surface of the materiale results in a drying flux (qevap). In the
right figure the boundary fluxes of the extended model are shown. At the
surface, if a liquid film is present, an adjusted moisture flux into the material
is added (qrunoff ). The evaporation flux (qevap) takes place at the surface of
the liquid film if one is present. For the part of the material where no liquid
film is present the original boundary conditions apply.

3.2. Runoff model

The Nusselt equation is used (see Eq. 3 in section 2.2) to describe the
flow of rainwater runoff along the facade. In the current simulations, only the
two-dimensional case is considered and the model is restricted to a vertical
wall. The solution of Eq. 3 can be found by a forward discretisation scheme
in time and a backward scheme in space. This results in Eq. 9 for the film
thickness where n represents the time step and i is the number (numbered
from top to bottom) of the surface node (Fig. 5).

hn+1
i − hni
∆tn+1

+
ρg

3ν
sinα

(
(hni )3 − (hni−1)

3

∆xi−1

)
=
qn+1
wdr − q

n+1
abs − qn+1

evap

ρ
(9)
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Figure 4: Coordinate system and boundary conditions for the HAM model in the coupled
HAMFEM-runoff model. On the left the HAM model without including runoff is depicted,
on the right the flows due to runoff are included.

The amount of moisture running down from node i is represented by the
flow rate given by Eq. 10 that results from the Nusselt solution where ui
represents the streamwise velocity component of the liquid flow.

qflow,i =
ρ

∆xi

∫ h

0

uidz =
ρ2gh3i sin θ

3ν∆xi
(10)

The coupled runoff model is then solved in a staggered way (Fig. 5).
Within each time step, the HAM model is solved and it is checked whether
a runoff layer is present or not. If present, the Nusselt Equation (Eq. 9) is
solved using the flows at the boundary from the HAM model. This results
in the height of the layer, the vertical runoff flow and the changed boundary
conditions for the HAM model. Both are solved alternately until convergence
is reached. This approach gives more insights in the moisture behaviour
of the facade compared to the simplified model by Blocken and Carmeliet
[19] where the material behaviour is described by the Sharp Front method
described by Hall and Hoff [24]. The present coupled model allows to analyse
in detail the effects of impinging WDR, the runoff layer and drying on the
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(qrun,i-2 ; hrun,i-2 )

(qrun,i-1 ; hrun,i-1 )

(qrun,i ; hrun,i )

(qrun,i+1 ; hrun,i+1 )

(qrun,i+2 ; hrun,i+2 )

excess moisture

runo� moisture
load

q�ow,i-2

q�ow,i-1

q�ow,i

q�ow,i+1

Figure 5: Staggered procedure for the coupled HAMFEM-runoff model. Within each time
step, the HAM model is solved by checking whether a runoff layer is present or not. Using
the flows at the boundary from the HAM model, the Nusselt Equation is then solved,
resulting in the thickness of the runoff layer, the vertical flow and the changed boundary
conditions for the HAM model.

moisture response of the material. The difference in time scales between the
two phenomena results, though, in smaller time steps (10−2 s) in the HAM
model and thus an increased calculation time of the problem (four times
slower compared to the model without runoff).
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4. Numerical examples

4.1. Materials and setup

To demonstrate the possibilities of the coupled HAMFEM-runoff model
and to evaluate the importance of taking runoff into account, rain events have
been simulated on a concrete facade finishing with a thickness of 20 mm
and a height of 10 m. Afterwards the results are compared with those
of a brick facade finishing. The wall is part of a 10 × 10 × 10 m3 cu-
bic building located on a large grass plane (aerodynamic roughness length
y0 = 0.03 m) and subjected to nearly isothermal conditions. The moisture
characteristics of the materials (concrete and brick) are taken from Hagentoft
et al. [36] and are depicted in Fig. 6. They correspond to the follow-
ing values: brick (A = 0.112 kg/m2

√
s, wcap = 157 kg/m3) and concrete

(A = 0.462× 10−3 kg/m2
√
s, wcap = 146 kg/m3).

4.2. Boundary and initial conditions

A one-hour simulation run was conducted based on measured boundary
conditions at the VLIET test building of the Building Physics Section at
the University of Leuven [37]. The data were available at a 10-minute ba-
sis, which is about the maximum time step for WDR measurements to be
valuable [38].

At the start of the simulation, the building facade is in balance with the
outdoor environment. Due to this initial condition, the effects of previous
moisture loads or drying periods are excluded and moisture fluxes at the
facade are only dependent on the supplied WDR and the drying of the ma-
terial after the shower. A specific hour of measured weather data was chosen
resulting in fluctuating WDR loads, while the other boundary conditions
are nearly constant. Fig. 7 shows the frequency distribution (in %) of the
horizontal rainfall intensity for different wind directions, as measured at the
VLIET test building in 2010. The horizontal rainfall intensity is defined as
the unobstructed rainfall intensity through a horizontal plane, as measured
by a traditional rain gauge [3]. Fig. 7 also depicts that most rainfall occurs
with wind from south-west. In the following, the selected period (November
27th, 2010, 09:00-10:00) is described.

The rain event consists of a one-hour period in which two short rain spells
occur and with only minor deviations in outdoor relative humidity and tem-
perature. The horizontal rain intensity is different for both spells (see Fig.
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Figure 6: Material characteristics for the concrete and brick panel based on the HAMSTAD
benchmark (Hagentoft et al. 2004). The full lines represent the characteristics of concrete,
the dotted lines those of brick.

8). During the rain event, the average wind speed and wind direction were
5 m/s and 200.8◦ from North, respectively. The orientation of the facade is
chosen perpendicular to this average wind direction. The average outdoor
relative humidity was 92.4%. The moisture transfer coefficient at the bound-
ary (βe) was based on empirical data from Sharples [39] for the heat transfer
coefficient in combination with the Lewis-analogy [13]. βe is assumed to be
constant over the building height. At the back side of the panel, neither heat
nor moisture exchange with the surroundings was considered which corre-
sponds to a concrete or brick finishing on a highly insulated vapour tight
layer. The micrometeorological boundary conditions are summarized in Ta-
ble 1.

The catch ratios to convert these micrometeorological boundary condi-
tions to the corresponding amount of impinging rain along the height of the
wall were obtained from CFD simulations by Blocken and Carmeliet [40].
These catch ratios are a function of the reference wind speed (10 minute av-
erage wind speed) and horizontal rain intensity and therefore depend on the
particular rain event. This results in two graphs for the selected period with
two showers that differ in both wind speed and rain intensity. The WDR
intensity along the building facade for both situations is depicted in Fig. 9.
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Figure 7: Frequency distribution (in %) of horizontal rainfall intensity for different wind-
directions measured at the VLIET test building in 2010.
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Figure 8: One hour rain event consisting of two spells, each followed by a 20 minute drying
interval.

Time Te [◦] RHe [−] Rh [mm/h] U10 [m/s] θN [◦N ] β [s/m]
0-10 min 7.78 0.936 1.2 4.1 201.7 1.38× 10−7

10-20 min 8.04 0.924 0.0 4.8 198.6 1.55× 10−7

20-30 min 8.14 0.916 0.0 5.5 199.6 1.71× 10−7

30-40 min 8.24 0.913 2.4 5.5 194.5 1.71× 10−7

40-50 min 8.19 0.924 0.0 5.2 206.3 1.64× 10−7

50-60 min 8.19 0.929 0.0 5.0 204.3 1.60× 10−7

Table 1: Micrometeorological boundary conditions for the simulations
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Figure 9: Impinging WDR intensity along the building facade for the first (0’-10’) and
second (30’-40’) rain spell, derived from Blocken and Carmeliet (2006).

4.3. Results

In the following, the simulation results with and without the calculation
of runoff are compared in order to get insights in the behaviour of a facade
subjected to WDR and rainwater runoff. As mentioned earlier, a compari-
son with a brick facade is also made to investigate the effects of the capillary
moisture transfer properties of the material. From the simulation without
calculation of the moisture runoff, the amount of excess water can be deduced.

The WDR distribution, as shown in Fig. 9, yields high WDR impinge-
ment fluxes at the top of the concrete slab. The limited moisture capacity of
concrete leads to quick saturation of the surface and the build-up of a runoff
layer. This runoff layer strongly influences the moisture supply to the wall.
This is illustrated by the average moisture content of the wall (Fig. 10).
The mass increase of the wall is higher than the increase that would occur
when runoff is not taken into account. As long as it rains, there is hardly
any difference between the moisture content of the wall with and without a
runoff layer. In the case without including runoff, the drying phase imme-
diately starts after the end of the rain showers (after 10 minutes and after
40 minutes). In the case with runoff, drying only occurs when the water
film disappeared due to runoff, absorption into the material and evaporation
at the surface of the film. As a result, the wetting stage lasts longer, thus
resulting in higher moisture contents. For the current case, simulating the
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Figure 10: Mass increase of the total concrete layer subjected to a two shower rain event
with (dotted line) and without including the presence of a runoff layer. From 0’-10’ and
from 30’-40’ the wall is subjected to wind-driven rain.

moisture behaviour of the wall without taking runoff into account underes-
timates the avarage moisture content of the wall after 60’ with 45 %.

These effects can be analysed by focusing on the different moisture flows
present at the boundary. All flows in the following are cumulative flows over
the full height of the wall. In Fig. 11, the cumulative moisture flows dur-
ing a one hour simulation are depicted without including runoff. Comparing
the supply term and the sink terms (absorption and evaporation) indeed
shows that a large amount of excess water is discarded, resulting in a mass
imbalance at the surface. This led Janssen et al. [13] to expect that the
excess moisture, which is disregarded by the current HAM models, might be
a significant moisture source for underlying building parts which are not yet
saturated. When analysing the simulation with calculation of the runoff film
(Fig. 12), it can be seen that the excess moisture is used for the formation of
the runoff layer. When it stops raining, the film thickness decreases by either
evaporation or absorption, and these fluxes are notably higher than in the
case without surface film simulation. During the rain event, the moisture
layer grows (Fig. 12). Due to the large impinging WDR fluxes, this well
developed liquid film runs down to the bottom of the wall, at which position
it leaves the system. This is the amount that is correctly discarded from the
system and it is much smaller than the amount that was discarded when not
including runoff in the simulations.

The four succeeding graphs in Fig. 13 depict the growth and decline of
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Figure 11: Cumulative moisture flows at the boundary of a concrete wall during a two
shower rain event without including runoff. Note the difference between the supply and
the sink (absorption and evaporation) terms. This difference is disregarded in current
HAM models.
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Figure 12: Cumulative moisture flows at the boundary of a concrete wall during a two
shower rain event, including runoff. Note that the sink terms (absorption and evaporation),
combined with the amount of liquid in the film and the amount that runs out of the
system at the lowest node of the wall are equal to the supplied rain. The total mass of the
evaporated water from the layer, the absorbed water and the water in the film is depicted
with a dotted line.
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the runoff layer during the one-hour rain event. Due to the limited moisture
capacity of the material, saturation is reached at almost the same moment
along the height of the concrete slab during the first rain shower (0’-10’). The
limited moisture capacity also prohibits further absorption and a moisture
film is formed over the complete height of the wall after a couple of seconds in
the rain event. The excess moisture, which was originally disregarded from
the HAM calculation, is used as an input for the runoff model. At first, the
thickness of the moisture layer grows and the layer does not yet run down
the surface. Note the more pronounced growth at the top of the wall. Once
a certain film thickness is reached, the moisture layer starts to run down the
facade, resulting in a thicker moisture layer at the underlying locations on
the surface.
During the first drying interval, the facade remains saturated. The runoff
layer extends towards lower parts and diminishes due to evaporation. After
23 minutes, the front of the layer reaches the bottom of the wall resulting in
a small flow out of the system.
At the start of the second shower (30’) there is still a runoff layer present
at the lowest 8 meters of the wall (depicted with a bold line on Fig. 13c).
Due to this presence and the new water supply, the liquid films grows rapidly
and the film is already fully developed after a few minutes. There is a well
developed vertical flow and this is the point where the large runoff flow out
of the system occurs, as represented in Fig. 12.
The beginning of the second drying period (40’-60’) is similar to the first
drying period. It can be characterised by a vertical runoff flow and an evap-
oration term, both responsible for the shrinkage of the layer. At a certain
point, the runoff flow becomes small due to the limited thickness of the runoff
layer.

The presence of the moisture film has thus two effects on the wall. First
the film, running down towards unsaturated surface parts, provides an addi-
tional moisture source for those parts and the average moisture content of the
concrete panel increases. Second, as long as the film is present, evaporation
will take place at the surface of the moisture film and thus is not decreasing
the moisture content of the wall.

If the outer layer of the facade would be constructed of a brick panel no
runoff layer would be present under the given conditions. Brick is able to
absorb all impinging WDR. This is shown in Fig. 14 where the supplied
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Figure 13: Height of the runoff layer (h) along the height of the facade (z) during a one
hour rain event with two showers (0’-10’ and 30’-40’), followed by a drying period (10’-30’
and 40’-60’) where the bold line in figure c shows the runoff layer present at the start of
the second shower (at t=30’). Each line in these figures represents the height of the film at
a given time. The distance between two neighbouring lines corresponds to a time period
of 60 seconds.
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Figure 14: Cumulative moisture flow on a brick wall during a two shower rain event.
The total amount of supplied moisture is absorbed by the brick wall and no runoff layer
appears.

moisture load due to WDR is completely absorbed. Over time the supplied
moisture evaporates from the brick. For this kind of facade materials, larger
moisture loads are needed to trigger runoff.
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5. Discussion and conclusion

In this paper, a state-of-the-art HAM model (HAMFEM), was extended
with a first order runoff model. To do so, an extra node for each boundary
node was added where the liquid film was evaluated. Excess moisture that
could not be absorbed was converted to contribution to the liquid film at this
node. The development and runoff of the liquid film was calculated using
the Nusselt equation. By a staggered procedure the interaction of the liquid
runoff film and the building facade could be studied.

Using a two dimensional simulation example, it was found that the in-
corporation of runoff can strongly influence the moisture content of a wall.
The influence is however greatly dependent on the supplied WDR and the
material characteristics. In addition it was found that a runoff film is not
likely to appear on materials with a large potential for capillary transport.

When runoff occurs, the mass increase of the facade due to WDR can
double compared to that of the same facade under the same WDR without
including runoff. For facade materials with low liquid moisture permeability,
disregarding runoff can result in an underestimated absorption and thus an
underestimated average moisture content of the facade. This can mainly be
attributed to the fact that the presence of a runoff layer delays drying of the
facade during the first minutes after the rain event and results in an increased
moisture flow towards areas that are not yet saturated. In order to capture
the effects of consecutive wetting and drying phases, a state-of-the-art HAM
model was used that is able to define the liquid moisture permeability in
relation to the moisture content of the facade. This more detailed approach,
compared to the analytical Sharp Front model, resulted in higher flows at
local pre-wetted parts of the facade.

The coupled model and the calculations presented in this paper have some
important limitations. First, the surface vapour transfer coefficients used to
calculate the evaporation rate were based on the Lewis analogy and this coef-
ficient was assumed to be constant along the wall, although in reality spatial
gradients will be present [41]. Second, due to using the Nusselt solution for
the runoff layer, film front instability and film fingering was not included.
Third, at this moment the lack of complete and detailed experimental data
sets impedes validation of the coupled model. Note however that both mod-
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els themselves (HAM model and runoff model) were validated [42, 19].

The future development of this model can be twofold. Although early val-
idation efforts based on the experiments of Beijer [19] supported the presently
used runoff model, the coupled model as a whole would benefit from valida-
tion based on much more detailed experimental datasets. Therefore, in the
later stages of the present research project, a measurement campaign focus-
ing on runoff on porous building materials will be performed. Second due to
the fact that solving the full equation for a liquid film requires quite some
computational power, well considered assumptions were made to use the Nus-
selt solution to simulate the moisture runoff. In order to include effects at
the front of the liquid film -and thus to model e.g. fingering phenomenon- a
more suited solution of the basic lubrification equation is needed.
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