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Abstract

A simplified numerical model for rainwater runoffi duilding facades is presented, evaluated andistscl.
The variation of runoff film thickness is describlegla first-order hyperbolic partial differentiajation. This
equation is derived from the continuity equatianwhich the wind-driven rain (WDR) intensity ancth
capillary absorption flux by the wall are addedsasrce/sink terms, and from the adoption of thalpalic
velocity profile of the Nusselt solution for a silifigd representation of thin film flow. Two majonodel
simplifications are the adoption of the Nusseltioh for (1) statistically-steady, developed filnts spite of
actual wave behaviour, and for (2) transient, dgviel films, in spite of the actual moving conthce
complexity. Both simplifications are directly regatto surface tension effects. Concerning the first
simplification, a selective review of the literatyuincluding experimental laboratory data, confitims validity
of the Nusselt solution for representing the timeraged properties of thin film flow, up to film Relds
numbers of 1000, in spite of the actual wave bahaviConcerning the second simplification, the finoodel
is evaluated by a comparison with available onsigasurements of rainwater runoff from a buildiagaide
exposed to WDR, indicating a fair qualitative anghatitative agreement. Specific attention is giten
discussion of the possibilities and limitationgloé runoff model. The runoff model can easily begnated into
2D and 3D building envelope heat-air-moisture tfranBE-HAM) models, but further research on the
simplifications and assumptions of the runoff madekquired.

Keywords: Wind-driven rain; driving rain; building wall; nuenical simulation; wind flow; heat air moisture
transfer modelling

Nomenclature:

capillary water absorption coefficient (kg/f3s
Courant number
W liquid water diffusivity (m2/s)
gravitational acceleration (m/s2)
horizontal flux of water/vapour (i.e. throughertical plane) (L/m2s or m3/m2s)
cumulative horizontal flux of water/vapour (thghua vertical plane) (L/m2 or m3/mg?)
film thickness (m)
index that refers to spatial discretisation
index that refers to temporal discretisation
vertical flux of water (runoff along the wall) {Ims) or m3/(ms))
cumulative vertical flux of water (runoff aloniget wall) (L/m or m3/m)
e Reynolds number
time (s)
t time at which film formation starts (s)
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u, v streamwise and transverse velocity compor(emts)
W, capillary moisture content (kg/m3)
X, Y, 2 streamwise, transverse and spanwise ccae(m)

b wall inclination (90° for a vertical wall)
Dt time interval (s)

n kinematic viscosity (m?/s)

r density (kg/ms?)

t

time (s)
Acronyms:
BE-HAM Building Envelope Heat-Air-Moisture
CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy
CHTC Convective Heat Transfer Coefficient
SF Sharp Front
WDR Wind-Driven Rain
Subscripts:
abs absorption
ave time-averaged
B Beijer
f film
ker kerosine
loc local
max maximum
N Nusselt
sil silicone
w water
wdr wind-driven rain

1. Introduction

Wind-driven rain (WDR) is one of the most importambisture sources affecting the hygrothermal penéorce
and the durability of building facades (e.g. [1,Zpnsequences of its destructive properties denrtany
forms. Moisture accumulation in porous materials lemd to water penetration, moisture inducedragjtation,
discolouration by efflorescence, structural cragkilue to thermal and moisture gradients, to mernjtisina few.
WDR impact and runoff are also responsible forappearance of other types of surface soiling paten
facades that have become characteristic for so mboyr buildings (e.g. [1,3-5]). Figure 1 illustes the Royal
Festival Hall in London, before and after a fewrgeaf atmospheric exposure. The combined effect of
atmospheric deposition of pollutants and WDR onf#fvade leads to “white washing” and “dirt washingt
the top of the facade, the high WDR intensitieseiaway the dirt (“white washing”) and move it lhe fower
facade parts, where it is deposited (“dirt washjngbcally, rain water runoff from window glass asitls can
also cause “white washing” and “dirt washing”, anddds detail to the overall soiling pattern. Reaesearch
on the self-cleaning action of glass combined withoff [6] and the leaching of nanoparticles fromnface
coatings and biocides from facades [7,8] has inditawo additional important reasons to study rait@w runoff
from building facades.

Concerning the interaction between WDR and buildagades, two parts of WDR research can be
distinguished [2]: (1) assessment of the imping¥IQR intensity (Fig. 2a) and (2) assessment of #sponse of
the building facade to the impinging WDR (Fig. 2Zbhe impinging WDR intensity is the total amount of
rainwater that comes into contact with the buildsugface. What happens at and after impact/impirgemns the
focus of the second part of WDR research. It cosgsrihe study of contact and surface phenomenaasuch
splashing, bouncing, adhesion, runoff, evaporatidnsorption and the distribution of the moisturéhia facade
(rain penetration and wetting-drying). It also umbés the wide variety of rainwater penetration rmetms such
as hydrostatic pressure, wind pressure, surfacioteand gravity.

By far most WDR research in the past has focuseith@first part, in which the amount and intensity
WDR across building facades was assessed by measoi®(e.g. [9-14]), semi-empirical formulae (¢9315-
19]) and numerical simulations based on Computatibtuid Dynamics (CFD) (e.g. [20-23]). An exteresiv
review of research on this first part of WDR resbawas provided by Blocken and Carmeliet [2]. Teeond
part in WDR research however has received muchalésstion. While many numerical simulation studiés



heat, air and moisture (HAM) transfer in buildinghgponents have been conducted, only very few hauesed
in detail on WDR as a boundary condition (e.g. 224}. Contact and surface phenomena such as spggadi
splashing and bouncing on vertical building surélecave been studied by Couper [28] and Abuku ¢28].
Rainwater penetration mechanisms including hydtinspaessure, wind pressure, surface tension, tyrasfc.,
have been discussed by Straube [16]. In the plastsame important rainwater runoff studies wenedeted
(e.g. [30-37]). Although very valuable, most praxdcstudies on rainwater runoff were (quantitative)
experimental studies or (qualitative) observatiagtaties. Analytical rainwater runoff models wenggested by
Beijer and Johansson [31], Beijer [32] and El-Shétnal. [36]. These models assumed a constant WiBER ity
and a simplified moisture absorption model, expngsthe absorption flux.gsas AP*°[31,32] (with A the
capillary absorption coefficient and t the time)agra polynomial involving the same parameters. [Bbg
laboratory and full-scale measurements on conevatks in Sweden by Beijer [32] indicated that theaoff
fluxes down the wall were in the range of 1-10 L/nitat the runoff velocities were in the range 26a&h
(0.007-0.022 m/s) and that the film thickness whbetween 0.04 and 0.12 mm. Hall and Kalimeris [37]
provided an analytical expression for the film Kmiess as a function of height on the wall, WDRrnists and
Oabs They stated that on saturated surfaces, ruroffare normally 0.1-0.3 mm thick, and that the memoff
velocity is 0.025-0.250 m/s. Note that both Bej] unfortunately did not specify at which heigint the wall
and for which specific WDR intensity these valuesevobtained, which could have explained the difiees
with the values by Hall and Kalimeris [37].

Numerical Building Envelope Heat-Air-Moisture (BEAM) transfer models are generally used to analyse
the hygrothermal behaviour and durability of builglfacades. Most BE-HAM models include WDR as a
boundary condition, but generally only in a simiplif way [15,17,24-27]. Processes such as rainwateff are
generally not taken into account. The fact thaoffiis generally not included in BE-HAM models igrébuted
to two reasons: (1) until recently, most BE-HAM retxlin which WDR is included were only 1D modelibe
runoff is essentially a 2D or 3D phenomenon, andhe lack of a simplified numerical runoff modeat can
easily be integrated into the existing BE-HAM madélo the knowledge of the authors, numerical neoétel
rainwater runoff from building facades have notlyeén developed and applied.

In the framework of the second part of WDR researuthto support the further development of BE-HAM
models, this paper presents a simplified numeriwadel for rainwater runoff from building facadeseTmodel
is represented by a first-order hyperbolic padifferential equation with the film thickness asnpary variable.
It is derived from the continuity equation, to wihithe WDR intensity and the capillary absorptiaxfby the
wall are added as source and sink terms, and fneradoption of the parabolic velocity profile oétNusselt
solution as the film flow velocity profile. Firsthe Nusselt solution and its assumptions are gigection 2).
Next, the transient runoff model is derived in g@tB.1, and it is combined with a simplified raiater
absorption model (section 3.2), after which modgdlementation is briefly outlined in section 3.3vd@ major
model simplifications are (1) the adoption of thesNelt solution for statistically-steady, develofieds, in
spite of actual wave behaviour, and (2) the adopticthe Nusselt solution for transient, develogitgs, in
spite of the actual moving contact line complexi@pth simplifications are directly related to sweéaension
effects, and are discussed in detail in sectiohgdd 4.2. The model results are further analysegétion 5.1.
In section 5.2, the model is used for a brief pataimanalysis of runoff on the facade of a buigdifinally, in
section 6, the possibilities and limitations of theoff model are discussed.

2. Nusselt solution

The derivation of the Nusselt solution from the MaStokes equations can be found in the litera3@g
Strictly, the Nusselt solution is only valid foretthin film flow of an isothermal Newtonian liquwidth constant
densityr and kinematic viscosity down an inclined plane (with an angjléo the horizontal) under the action
of gravity (Fig. 3). The flow is steady and park{laminar) and the film thickness is constantpase (no
undulatory behaviour). It is assumed that the degurface is uncontaminated and that the air émctin the
liquid surface is negligible. In addition, the spése gradients are assumed to be negligible, radubie
problem to 2D. The Nusselt solution is given by:

uy) = %sin (2nyy - v?) )

that expresses the semi-parabolic profile of theastwise velocity u(y) in the thin laminar film, twiy the
transverse coordinate, e gravitational accelerationthe kinematic viscosity and h the film thickneEke
subscript N refers to Nusselt solution. From E{, {de film flow rate and average velocity are gigy:
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Although the assumptions for derivation of the Niissolution from the Navier-Stokes equations atber
strict, later in this paper we will show that E¢f) to (3) are also valid to describe time-averagedulatory film
flow in the laminar and transitional film flow rege. This is important for the application to rain@rarunoff on
building facades. Two additional comments are mawlbe used later in this paper:

1) Boundary conditions for deriviation of the Nusselution are:

*At y = h: the kinematic equation that expressestdmporal variation of the film thickness (Eq.)(@hd the
continuity of the normal and tangential stress congmts (see [38])

* Aty = 0: the no-slip condition: Eq. (5)

% +u, jl]T_: =v|, 4)
u@ = v = 0 (5)
2) The Reynolds number of the film flow is defirest

Re, = UMy (6)

It is important to note that different authors istigating thin liquid film flow have used differedefinitions of
the Reynolds number. Several authors have use(bE(e.g. [39-43]), while some others defined theyRolds
number with an additional factor 4 [44-47]. Notattthe former performed experiments of film flowdoa
vertical tube, rather than flow along a flat plakeis difference in Reynolds number definition igedo the fact
that some authors used the film thicknesas hydraulic diameter in the definition of the Relgs number,
while others used 4h Care is therefore required when analysing expantal data from previous work, as
performed in the next section. For clarity, all iRenbers mentioned in this paper have been expresseg the
definition in Eq. (6). Re numbers from [44-47] hdxeen converted by division by 4.

3. Runoff model
3.1. Model derivation

Figure 4 schematically illustrates film flow dowriacade, where the flow can be supplied by runafferfrom
higher elevations and/or by direct WDR impingeméihte facade can be porous, in which case capillary
absorption can draw water from the film. As oppotethe Nusselt conditions, the film thicknessas n
necessarily constant and the flow is not necegsstelady. The unsteadiness can be due to eitheredoghing
film (with moving film front down the wall), or tavave behaviour, or both. The continuity equatiothwine
addition of a source term g (7dJ- Gy, With guqr the WDR intensity or WDR flux and,gthe absorption flux
in kg/m2s is:

h
E_'_ﬂ dy — g - Gwar = Gabs (7)

o Ix Ty

After expansion of the left-hand side:
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The first term on the left-hand side can be reemitbased on differential and integral calculus:
h h
u h

Tu dy = T udy - u|hﬂ— )
o TIX x, x
Combining Egs. (8) and (9) yields and :

h

h -

al udy - u|hﬂ_ v = Guar = Yabs (10)
ix, fix
Inserting the kinematic boundary condition (matdiree) (Eq. (4)) into Eqg. (10) gives:

h
ix, fit
Inserting finally the semi-parabolic mean velogtypfile (Eq. (1) withb = 90°) leads to:
ﬂ_h + grhzﬂ_h - Guar = Yabs (12)

It Ix

Eq. (12) is a non linear, first order, hyperbolartpal differential equation with the film thicknes(x,t) as
primary variable.

3.2. Source and sink terms

For an impervious material surface, the WDR intgnsbnstitutes the source term and film surfacepexation
is the sink term. Note however that film surfacamwation was not included in the equations abBuea
porous material surface, capillary absorption ideatlas a sink term for film flow.

The spatial and temporal distribution of WDR acradsiilding facade can be obtained by detailed
measurements or Computational Fluid Dynamics (C$illations. This information can be used in thaofti
model. Evaporation from the surface of the film éantaken into account by relating the convectiapour
transfer coefficient to the convective heat transtefficient (CHTC) by the Lewis analogy [48], whiis
current practice in BE-HAM tools (e.g., [25-27,49}p For the CHTC, various correlations exist frdetailed
measurements (see reviews by Palyvos [52] and & rat al. [53]) and CFD simulations [54,55]. Ie th
present paper, the model is only used during reémts (high relative humidity), and evaporatiothisrefore
considered negligible and not taken into account.

For capillary absorption, the simplified rain alygtisn model by Hall and Hoff [56] is used. It issea on
the sharp front model in combination with a twoggtabsorption process for walls wetted by WDR. Niote
pressure infiltration, where wind or gravity pushies film into the porous medium, is not considehnece. The
sharp front model assumes that the liquid watdusilifity D,, is a step function, with zero value for moisture
contents below the capillary moisture contepawd a constant non-zero value aboyeWhile the validity of
this model depends on the material type and whdeemsomplex models exist, the focus of this pap@mi the
physical and numerical aspects of rainwater rumaffjer than on moisture transfer in walls. Thamsfthe
simplified sharp front model is considered fit fois purpose. The first stage in the two-stage igdtiem process
consists of WDR absorption by the wall with a canstflux boundary condition. This continues urti twater
content at the surface reaches the capillary meaistontent w The second stage consists of absorption of
rainwater runoff by a (capillary) saturated bourydaosndition. In this stage, the flux exceeds the e which
the material can absorb water, and the flux isddigliinto two components: a part that is absorbedagrart that
runs off. Because the model by Hall and Hoff [5S6)\pdes a more complete treatment of the transhietween
the two stages of the absorption process, this his@elopted in this paper. . The model details sore of its
limitations are outlined in Appendix 1. Only theddéines and main equations are given here. Initbiestage,



the absorption flux gsis equal to the supplied flux,g, on condition the supply flux is sufficiently srhathich
is the case for WDR:

gabs = gwdr (13)

When w; is reached, a water film is formed and the capillgptake is similar to that from a liquid waterface.
The time to film formationstdepends on the WDR intensity and on the hydraubperties of the material [56]:

A2
2g\fvdr

(14)

with A the capillary water absorption coefficientkg/m28-°. Starting from this moment, the boundary condition
switches to a capillary saturation boundary cooditind the absorption flux is given by [56]:

Qs = ——— (15)

Note that the time t in Eq. (15) is the time frdme start of the wind-driven rain event. Eq. (15)vies a
continuous transition of the absorbed flux from B) to Eq. (15). This simplified rain absorptiowdel has
several limitations, including the fact that lindtéacade material thickness is not taken into actdvore
details and more information on the model simpdificns are given in Appendix A.

3.3. Model implementation
Eqg. (12) can be solved numerically in either anlieitpr implicit way. For simplicity, an explicit

implementation is selected here. The discretisainoploys forward differencing in time and backward
differencing in space (Fig. 5):

n+l _ n
ﬂ_h » u (16)
It t
ﬂ_h » w (17)
x X

Eq. (12) is discretised in its conservative forrhewne h? is placed inside the derivative:

3
ﬂ_h+&m_g:0 (18)

It 3 1x

The coefficients a and b are introduced:

n+l

a:&;b?“:g# (19)

w

The discretised equation is:

UL U R G

t+ = b (20)



where n is the number of the time step and j isitlber of the position on the wall. It can be edlvor h-l”*l.
The initial film thickness is zero, therefore tinéial condition is:

t = 0 ® h(x0 = hyx) (21)
Employing backward differencing in space, only twendary condition needs to be applied to solve(#Q).
x = 0 ® h(ot) = 0 22)

The Courant-Friedrichs-Lewy (CFL) condition is aessary condition for convergence for the explinie-
marching scheme:

uy t
X

£ C (23)

with C the Courant number. In addition, both thmperal and spatial discretisation should be fineugh to
yield accurate results. When a liquid film movesvda@ wall over previously not capillary saturatedlivparts, a
sudden increase inggoccurs at the film front in the simulation. Thea8pl discretisation needs to be
sufficiently fine to prevent numerical instabilgién this case. To evaluate this, simulations aaderfor g = 0.1,
0.5, 1, 3, 5, 10, 20, 40, 100, 200, 500 and 10@@hLFor each separate simulation, the spatial elisation is
uniform withDx = 0.01 m and the time st&b depends on the film velocity (averaged over thme thickness) or
the film flow rate (see Eqg. (23)). For each simolata converged solution for the developing (tramg and
developed (steady) film is obtained when the Caounamber is lower than 0.25. In combination withrsE(@-3),
Eq. (23) with C = 0.25 can be written as:

1/3

t £ 3 a2 (24)
g,

X
4
with Dt in s,Dx in m and ¢ in m3/ms. Alternatively, for gin L/mh, it can be written as:

1/3
t £ 5872 x > a2 (25)

g
WhenDx = 0.01 mDt ranges from 2 s foryg= 0.1 L/mh to 0.0043 s foryg= 1000 L/mh.
4. Evaluation of model possibilities and limitatiors

The main advantage/possibility of the runoff modietived in the previous section is that it is qeitaple and
can easily be implemented into existing BE-HAM migd&hese models should replace the simplified
absorption model mentioned in section 3.2. Howetver runoff model itself is based on two major
simplifications. These are (1) the adoption ofkhesselt solution for statistically-steady, develdfigms, in
spite of actual wave behaviour, and (2) the adopicthe Nusselt solution for transient, develogiihgs, in
spite of the actual moving contact line complexibdeed, as opposed to the Nusselt conditiondijlthe
thickness will generally not be constant and tbev/flvill generally not be steady. It is expected tha Nusselt
solution is most violated for developing films dod films with strong undulatory (wavy) behavio&oth
above-mentioned simplifications are directly redate surface tension effects. In this section, both
simplifications are discussed. The first simplifioa is addressed in section 4.1, based on a seeeview of
the literature, including experimental laboratoatal The second simplification is addressed in@edt.2,
based on available on-site measurements of rainwateff from a building facade exposed to WDR.

4.1. Evaluation of runoff model for statisticallieady developed films

For statistically-steady, developed films, addmegs$he validity of the runoff model can be reduted
addressing the validity of the Nusselt solutiomicBY/, the Nusselt solution is only applicablevatry low
Reynolds numbers (e.g. Re < 5). At higher Reynnldsbers, experiments as well as simulations by many
authors (e.g. [39-47,57]) have shown that the flowydrodynamically unstable. From its startingrpan an



inclined wall, the flow first behaves as a lamiflawv but subsequently gains an undulatory chargéiigy. 3). In
many laboratory experiments in the past, this uasiguy character has been reproduced in 2D, bality it
will often be of 3D nature and irregular due todband irregular perturbations.

Thin-film instability has received a lot of attemtiin the past, especially in chemical engineeaing the
process industry. Lin and Wang [58] and Chang [#je provided extensive reviews on the topic. €ii3.
reproduced from the work of Kapitza and Kapitza] [#billustrate the undulatory behaviour. The figuesults
from the shadow method, applied to film flow dowe surface of a vertical glass tube of 0.025 m diam
over a height of 0.17 m, without perturbationshat flow inlet. Both distilled water and alcohol wersed. The
effect of the curvature of the tube was assessbd tess than 1% of the wavelength, and the flowdco
therefore be considered as flow down a plane vak pictures show the development of the wavediaid
irregular character. The reason for this undulabmfyaviour and its absence in the Nusselt soltaon 1) is the
surface tension, which, in a thin-film flow of aneviscosity fluid and even with slight deformatioofthe free
surface, can acquire values comparable with theefoof viscosity [44,45].

In spite of the presence of waves, many authors tteeoretically and experimentally confirmed threg t
Nusselt solution quite accurately describes thetiiveraged film characteristics, such as the maekrtess and
the mean velocity of the film, even though instaetausly, large deviations can occur [40,45,46].a@8ee the
Nusselt theory is the basis for the model to beetiged in the present paper, three important exesnpl
supporting the time-averaged validity of this theare outlined below. These examples are seleobed the
very few studies that investigated the instantasdmyalrodynamic structure under the waves. Noteithall
cases, the Re numbers have been recalculated ¢b thatdefinition in Eq. (6).

4.1.1. Measurements by Karimi and Kawaji [47]

Karimi and Kawaji [47] used high-speed video phoamiy and a photochromic dye tracer technique t@asome
instantaneous velocity profiles and instantaneoaalIfilm thickness in wavy falling liquid films.He test
section was a vertical Pyrex tube of 2.44 m lergtt an internal diameter of 50.8 mm. The workinggdfiwvas
deodorized kerosene, with propertigs = 755 kg/m3 anane, = 0.00143 kg/ms [60], yielding, = 1.894x1¢
m?/s. The surface tension was not reported. Measmts were made at a distance of 1.5 m from thediq
entrance, at which the film had reached a well-timea status. Measurement sequences were takeeriods
of 3 s. Film thickness was sampled at 50 Hz, wbiiteer flow quantities were sampled at lower freaques (35 -
50 Hz). Measurements were made over the Re nurahger352-1637. Note that these numbers correspond t
those in [47] but divided by 4 to match the Re wiétin in Eq. (6). The visual observations showadying
interfacial wave characteristics with downstreastatice from the entrance. Measured time variaténs
simultaneous film thickness h and instantaneousaljdo time-averaged flow rate ratig{flae are shown in
Fig. 7 for two Reynolds numbers. By measuring intstacous, local velocity profiles under the filrig
authors showed that the velocity profiles can lyadéviate from the parabolic Nusselt profile. Régoy Karimi
and Kawaji [47] shows instantaneous profiles feeéhRe numbers: 585, 833 and 1319. The deviations the
Nusselt profile are limited for the lower Re numb@ 833, laminar and transitional wavy films), but bee
very pronounced for the higher Re numbérd 819, turbulent wavy films). For the laminar arehsitional
wavy films, the velocity ratio h/Uae Was very close to 1.5 (Nusselt theory). For R883, 8he difference is
only 2%. In wavy turbulent films however, signifidadifferences between the measured velocity m®#ind
Nusselt’s profiles were found. For Re = 1319 foamaple, the Nusselt ratio is 13% too large. Karimd &awaji
[47] showed that the turbulent behaviour of theiligfilm depends on the degree of waviness, andnadbcal
Reynolds number, as suggested by other authorsy ks of the waves with Beas high as 1600 showed
laminar behaviour, with velocity profiles very céo® Nusselt’s theory. On the other hand, manyspzfrthe
wavy liquid film with Re,. as low as 300 showed large deviations from Nusdékory.

4.1.2. Measurements by Moran et al. [57]

Moran et al. [57] used the same techniques as Kariioh Kawaji [47] to measure the fully-developeaiflof a
thin film down a 1.92 m long copper plate, inclinentder 45°. The working fluid was Silicone Fluid@ow
Corning), with the following properties at 22°G; = 960 kg/m3ng; = 2x10° m?/s and surface tensigg =
2.06x10° N/m. The authors describe the development of tireevetructures. When the liquid entered the test
section, it first exhibited a smooth, flat gas-ldjinterface but after a short distance the firsa and two-
dimensional ripples form at the interface. The legsubsequently further developed into a definadyw
structure with large fronts and elongated tailsaBout 0.6 m from the inlet, the 2D waves develdpéus 3D
structures with large waves. Simultaneous measurened the instantaneous velocity profiles acrbgswavy
laminar film and axial profiles of film thicknesseve made at 1.3 m from the inlet, and for the R&saoumber
range 3-55. Time-averaged values of film thicknescity, etc. were calculated based on 60 inatztus
values over a total sampling period of 2.8 s. Tiiha@rs found that the instantaneous velocity pesfih wavy



films can deviate significantly from Nusselt’s pitef especially under the wave crests. Howevertithe-
averaged measured mean film thickness was onligthlitarger than Nusselt's theory (by 6.7%, see Ba). In
the experiments, the values gf.u..e range between 1.42 and 1.56 (Fig. 9a), with amadvaverage of 1.47,
which is very close to Nusselt's theory and wittiie experimental uncertainty.

4.1.3. Measurements by Ambrosini et al. [61]

Ambrosini et al. [61] performed experiments withterafalling down an inclined stainless steel flitte of 2 m
long and 0.6 m wide. Inclinations of 45° and 90fhwiespect to the horizontal plane were testedeBEmrgnts
were conducted with water at about 20-30°C, ab68€5and about 70°C, and at different Reynolds numbe
The range of Re numbers included the “classicalgholds for the transition between the laminaryeavd the
turbulent regimes. Capacitance probes were usedliect discrete film thickness series for periofi§.192 s,
which were further processed. To compensate focdloding of the thin film by evaporation, compernsatby a
heating system was employed for the 50 and 70%6.{€ke experimental set-up is discussed in dietail
Ambrosini et al. [61]. The film thickness was memsliat a distance of 1.7 m downstream of a metaditaused
to introduce enough perturbation to get fully-depeld wave conditions. Because of local non-uniftyof

film flow, measurements were made at three spanisgions along the plate. Figures 9b-d represgent
digitised data from [61] for the experiments witte pplate in vertical position. The measured melam fi
thickness is compared to the Nusselt valyeAs also noted by Ambrosini et al. [61], a goodeggnent is
found, up to a given Reynolds number at which {ikak transition to turbulent flow occurs.

4.1.4. Measurements by Beijer [32]

Beijer [32] reported the results of laboratory sest runoff on vertical surfaces of concrete. Unfaately, the
details of the experiment itself were not repoitetis paper, which limits the value of the compan to some
extent. Beijer suggested the following equationtf@r time-averaged velocity of the film in m/s:

u = 13\/6 (26)

where q is the runoff rate in m3/(ms). Table 1 caneg the values of runoff time-averaged velocity fim

thickness measured by Beijeg@nd Ig) with those predicted by the model, which are égquéhe Nusselt
solution (w and k). Considering the difficult character of runoff asrements, the agreement between
measurements and model results is considered ved. g

4.1.5. Range of Nusselt solution validity for sti#tally-steady rainwater runoff

Both in terms of complexity and computational citstyould be beneficial to have a runoff model fwilding
facades that is based on the Nusselt solutionfatdibes not take into account the surface wavesew
behaviour occurs at time scales of a few seconas.alm of this paper is to develop a runoff motat tan
accurately predict the runoff flow rate at a tinsale of a minute, which is a time step consideoeolet small
enough for BE-HAM models. Note that, although BEM¥MAimulations are generally performed based on
meteorological datasets with time steps of one heanlier research indicated that when WDR is ingd| the
time step needs to be decreased to at least 1Qewif25,62,63]. Several earlier combined BE-HAM &WDR
simulations were indeed performed with time stefpgl0ominutes or 1 minute.

With the Reynolds number defined as in Eg. (6) rélationship between Re and the runoff flow rate i
given by Rq = qu/n, with gy in m3ms or Rg = 0.278x1CFqy/n, with g in L/mh. For water at 10°C: Re=
0.21q,. This implies that even at very high flow rateg. & = 500 L/mh, the film Reynolds numbers remain
quite limited: R@ = 106. Later in this paper, simulations will bedeao calculate runoff amounts for different
reference rainfall intensities. The low Reynoldsibers together with the literature review outlinedhis
section suggest that the Nusselt solution can pkeapto represent the statistically-steady (timeraged)
developed film flow velocity profile for rainwateunoff down a plane, smooth facade. In the nexicecnon-
statistically-steady, developing runoff conditicaare considered.

4.2. Evaluation of runoff model for developing 8lm

It is unlikely that the Nusselt solution is valitithe moving film front of developing films. Becaudetailed
experimental laboratory data on developing filmaldamot be found in the published literature, iis thection,
the entire runoff model (including Nusselt solutemd simplified rain absorption model) will be exated by
comparison with the limited on-site experimentabdéat have been published in the literature. @iils
recognized that these experimental data are nodsprehensive that this effort could be called “glod
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validation”, it is — at present and with the lindtamount of available experimental data — consitlarealuable
effort in terms of at least model evaluation.

One of the very few experimental studies that pfexsome quantitative information on rainwater réinof
from building facades is that reported by Beijed dohansson [31] in a Swedish report, that waskaiedly
summarized in the English paper by Beijer [32] 9TZ. The intention of this experimental study waprovide
information to explain surface soiling of facade® do rainwater runoff. For four buildings at falifferent
locations, on-site measurements were made of impiryDR intensities and of the resulting rainwatamoff
amounts. Beijer and Johansson [31] provided the detsiled experimental data for the site at Sodémm
Measurements were made on the south facade ofral#gh building. The facade exterior consists afarete
panels. The figure of the on-site measurement gét-teproduced in Fig. 10. Also shown in this figare
drawings of the WDR and runoff gauges. WDR was mesgbat five heights and runoff at four heightseTh
building is located on a street in a central urbees, therefore the wall is somewhat sheltered DR. No
detailed information about the building geometryg about the surrounding buildings is provided. Eitg
shows the measured profiles of WDR intensity atftlue sites, for “intense” (thick lines) and “wea/DR
(thin lines). While Beijer and Johansson [31] repdrseveral difficulties and problems associatdtl e
measurements, there was one particular rain splWas quite exceptional and also well recordéis Was the
spell on 28 of September, 1973. Beijer and Johansson [31]ioeed that “the driving rain exemplified had —
and this was unusual — a fairly constant and cenalde intensity for over an hour”. The correspagdirofile
for the Sédermalm site is indicated in figure ITle measured WDR intensity,g was 1 mm/h at a height of
18.5 m. The measured (cumulative) runoff sum Qfégrént heights at 18, 36 and 72 min. after tlaetstf the
rain is given in Fig. 11b. Note that the symbollQ), as opposed to q (L/mh), denotes the sumlotiabff
water that has run down the wall in a given peabtime. In the related paper, Beijer [32] mentitinat, due to
initial moisture content, the values of the capyllabsorption coefficient for the concrete panaiswd be
changed from the “dry” values 20-40 gft2o the adjusted values 7-20 g/fi2sThese data will be used for
model evaluation.

Unfortunately, there is too much missing informatto perform a real validation study with these
experimental data. More information is needed deagt the following parameters that are imporftantWVDR
and WDR runoff studies: (1) building and environmgeometry (building width, depth and geometry of
surrounding buildings); (2) positions of the measoent devices along the width of the facade; (®yrer
estimates for the WDR and runoff measurementsyM@R intensity as a function of time; (5) wind spesetdi
wind direction (for an assessment of the conveataygour transfer coefficient, which is needed touate the
evaporation during the rain event) and (6) moreaitket material properties of the concrete wallswideer, as
no other and more detailed quantitative informatiorrainwater runoff from building facades couldfbend,
the experiments by Beijer and Johansson [31] azd for the evaluation of the numerical runoff modédte
that the term “evaluation” is used instead of “dation” due to the lack of experimental information

In the numerical model, a 2D section of the 20 ghiwall is implemented. The temperature is unknbwn
is assumed to be 10°C. Concerning the materialgrties, the exact values of the capillary absorptio
coefficient A as mentioned by Beijer [32] are usad: 0.007 to 0.020 kg/m2s. Note that these reduced values,
to take into account the relatively high initial istore content of the wall at the start of the idexed rain spell,
are indeed lower than the typical values for cetereported by Hall and Yau [64]: A = 0.01 — OkgpmM?$"°.
The report [31, p. 37] seems to suggest that A080kg/m28° holds for the measurement height of 18.5 m.
However, it would not be realistic to use this reglli value along the entire height of the wall. Tdeeson is the
following. Since WDR is the main moisture sourcetfee wall, and given the strong gradients in WDimsity
with height (Fig. 11a), the initial moisture contefthe wall will exhibit similar strong gradiendsie to
previous WDR spells. Therefore, when a new WDRIgtetts, the time to film formation (see Eq. (14)) be
shorter at higher positions on the wall. Accordindzq. (14), to take this effect into account, vhéue of A
needs to be reduced, in such a way that A decredtiedicreasing height on the wall. Indeed, Ed)(&¢hows
that with lower A, the absorption flux decreasekioh is logical because less water can be absatbedo the
high initial moisture content. For this reason, aedause the report [31, p. 37] seems to suggasite 0.007
kg/m2$§-° holds for the measurement height of 18.5 m, wéyappariation of A as a function of the WDR
intensity. We use two different relationships begwe\ and gq.:

1) Exponential relationship: A = 0.02*exp(-1.05%9, with g.q taken from Fig. 11a.

2) Linear relationship between A angyg with g.q taken from Fig. 11a.

Note that both relationships provide the maximutueaf 0.02 kg/m?5° at the lowest (driest) part of the
facade, and the value of 0.007 kg/fi2at height 18.5 m. This modification of reducing time to film
formation and the absorption rate by reducing #ilees of A is considered justified, because of ttmétation of
the absorption model in which diffusivity is notpsdent on moisture content.

The spatial discretisation interviak is taken 0.01 m and the required time $Def limit the instabilities at
the downward moving film front is 0.01 s, whichwell below the values recommended by Eg. (25), twhic
apply for steady-state conditions. The profile @f; &5 determined by scaling the profile in Fig. 1lighwhe
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reported value g, = 1 mm/h at 18.5 m height. The model resultseims of the (cumulative) runoff sum Qs
are compared with the experimental data in FigCldhsidering all experimental uncertainties, theligative
and quantitative agreement between the numericdkfmesults and the experiments is considered goibel,
for both relationships. Note that evaporation waisincluded in the simulation. It is considered lig#gle given
the high relative humidity during the rain speleifgr and Johansson [31] also mentioned this astomin
their report.

Note that an important limitation of the simplifietbisture absorption model is that it does not takéed
material thickness into account. It assumes treforb and after surface saturation, the moisturet fran freely
penetrate into the material. For the simulationthis section, and assuming a capillary moisturgextt of
autoclaved aerated concrete facade panels of 36% k5], the maximum moisture front penetratioptibeis
only 1.6 mm. This low value is attributed to therdination of the very low capillary absorption ffméent A
and the high value of the capillary moisture conten For other materials with other moisture propsrtibe
penetration depth can be much larger.

5. Model application
5.1. Analysis of film thickness, runoff and absiompt

The numerical model results from section 4.2 aeglue provide some insights in the runoff and ajison
processes. The results shown in this subsectioatdagned with the exponential relationship betwaeand
Owar- Figs. 13b-d show additional numerical data otgdifrom the simulations in Fig. 12. Fig. 13a rep¢hé
profile of WDR intensity. Fig. 13b illustrates thariation of the film thickness with time. Film foation only
starts after about 3 min (see Eq. 14 with A = 6.8/m28-° and g4, = 1.15 L/m2h at height 20 m), after which
the film thickness continues to grow and the fitavels down the wall. Film thickness growth is most
pronounced during the first 12 minutes. The maxinfilmm thickness during the rain spell is 0.077 mi‘e also
found that at about 25 minutes after the starhefrain spell, the mean velocity of the film fral@creases, due
to the combined effect of larger absorption rak@syér A values) and lower WDR intensity at lowerts of the
wall. Note that the film does not reach the botfmart of the wall, not even after 72 minutes of teirupted
WDR. Fig. 13c shows the (cumulative) runoff sumrn@ &ig. 13d shows the (cumulative) sum of absorbed
water Qpsat different time steps. As long as runoff doesawzur, the boundary condition at the wall isufl
boundary condition: all WDR is taken up by absanptig,,s= guar- This explains the similarity between the
profiles of g, and Gpsfor the first few minutes. When runoff occurs, tiindary condition is a constant
moisture content condition. The available supplyvater for potential absorption is provided by btita
impinging WDR and the runoff water from the higlpart of the wall. The excess water — which is Hstosbed
— is added to the runoff sum Q.

5.2. Parametric analysis

The numerical model is used for a brief parametnialysis to provide some additional insight in thiewater
runoff process for different conditions. Given tmeitations of especially the simplified rain abption model
in this paper, the parametric analysis is limitedalues of the capillary water absorption coefiitiA that are
within the range of model evaluation as performeddction 4; we only investigate A =0 and A = 0.00
kg/m2$-°. The wall height is 20 m and for simplicity, Atiken constant along the height of the wall. Ireoth
words, the wall is dry or uniformly wet at the beging of the rain spell. The WDR intensity durimg t72 min.
rain event is constant in time and its profile (bat the absolute value) is as given in Fig. 13w absolute
values of gq, given below are those at the top of the wall atb2(ee section 4.2). The results are presented as
“runoff ratio” versus height. The runoff ratio iset ratio of the runoff sum Q (L/m) at a certainifios for a
certain time to the WDR sum,fg (L/m?2) that has impinged on the entire wall durihgt time. Note that Q and
Guwar are both cumulative values since the beginnintp@fpell. The WDR intensity,g is varied from 0.1 to 20
L/mz2h, i.e. light to very intensive WDR. Figs. 1dahow the runoff ratio for an impervious wall (A0=
kg/m289) at three different positions in time: t = 18,&6d 72 min. As time increases, the film will tradelwn
the wall and the runoff ratio will increase and aggch unity at the bottom of the wall. Note thag thnoff ratio
will actually never become equal to one, becauseetls always a certain amount of water that weithain stuck
to the wall and that does not run down. Figs. 14tew results for a porous wall with A = 0.007 keghi.
Although this is a low value indicating weak caguill activity, in rain spells with,g, = 0.5 L/m2h, even a
duration of 72 min is not enough to cause the riilof to reach the bottom of the wall.

Note again that the simulations in Figs. 14d-f wae with the simplified rain absorption model thaes
not take limited material thickness into accounadsumes that, before and after surface saturaiermoisture
front can freely penetrate into the material.
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6. Discussion of model possibilities and limitatios

It is important to mention the possibilities angesally the limitations of the runoff model pregsuhin this

paper. Many of the limitations are caused by thepéed simplifications. Two main simplifications are
Adoption of the Nusselt solution for statisticaflieady, developed films, in spite of actual wave
behaviour;
Adoption of the Nusselt solution for transient, dieping films, in spite of the actual moving coritac
line complexity.

The related limitations are:
The model does not take wave formation and rivufgtsaccount and it is not valid for turbulentil
flow, i.e. for film Re numbers above 1000;
The model cannot predict the details of the mo¥ilng front, including film front instabilities;
The model is only a 2D model.

Additional limitations are:
The runoff model has been developed and appliedrnfmoth plane walls. In reality, building walls are
generally rough surfaces and in general, many fadathils (recessions and protrusions) will strgpngl
complicate the runoff patterns;
The performance of the runoff model for develogiilgs has only been evaluated based on the limited
on-site experimental data that are available irptitgished literature;
The runoff model in this paper has been combinat avisimplified rain absorption model. While the
validity of this model depends on the material tgpe while more complex models exist, the focus of
this paper was on the physical and numerical aspéctinwater runoff, rather than on moisture
transfer in walls. Therefore, the simplified morgttransfer model was considered fit for this psgo
Nevertheless, it is important to recognize its fations, including the fact that limited facade el
thickness is not taken into account. This model sorde of its limitations are outlined in Appendix
The runoff model is a 2D model, while the simplifiabsorption model is a 1D model. This is
considered justified, for two reasons: (1) Reseaahshown that, in spite of the spatial variabiit
WDR distribution across walls and in absence obfijithe redistribution of moisture in the plane of
the wall is limited, and 1D HAM modelling is suffémtly accurate (except for very heterogeneous
walls like masonry) [69]; (2) The actual 2D moigturansfer is due to the runoff itself.

Some of these limitations have been addressedsip#éper.
Concerning the adoption of the Nusselt solutiarstatistically-steady, developed films, in spife o
actual wave behaviour, a review of the literatums 8hown that the Nusselt solution is a good
approximation for representing the time-averagegperties of thin film flow, up to film Reynolds
numbers of 1000. The relationship\Reqgy/n implies that the Nusselt solution can thus be wugetb
runoff rates of g = 4705 L/mh, which is a very high threshold unlike be exceeded except for very
exceptional WDR events.
Concerning the adoption of the Nusselt solutiontfansient, developing films, it should be mentidne
that most likely, the Nusselt solution is invalidtlae moving film front. Further research is neetted
investigate this in detail. In the present papes,entire runoff model (including Nusselt solutamd
simplified rain absorption model) has been evalliée comparison with the limited on-site
experimental data that have been published initdraiure. While it is recognized that these
experimental data are not so comprehensive thaeffort could be called “model validation”, it-isat
present and with the limited amount of availablpeimental data — considered a valuable effort in
terms of at least model evaluation. In spite ofithportant model limitations, the model evaluatias
shown a fairly good qualitative and quantitativeesgnent between model results and the experimental
results, at three different time intervals durind/®R spell. In addition, it is mentioned that thedel
is an integral model, in which at any time, massoigserved. It has also been shown that the cédclla
film thicknesses agree well with measured values éection 4.1.4). Both observations combined
suggest that also the general downward movemehedfim is predicted with fairly good accuracy.

Further addressing and alleviating the model litigtes will be the focus of future work. This wili¢lude, in
particular:
- Abandoning the simplified rain absorption model aodpling of the runoff model with state-of-the-art
BE-HAM models. This includes investigating strategfor coupling both models in an efficient way,
which is important because BE-HAM models typicalfe meteorological datasets with hourly data,
while the time steps for the runoff models are tirats of a second.
Implementing and testing more complex runoff modieds do take into account surface tension and the
related undulatory behaviour and film front instiieis;
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Validation of the runoff model and of the couplethoff-BE-HAM model based on detailed laboratory
experiments and on-site experimental data.

In spite of all these limitations, the presentedoffimodel also has some particular advantages.nidia
advantage of this model is that it is simplifiediahat it can be easily be integrated into 2D abdBE-HAM
models. Note that, although 2D and 3D HAM modeistethe current state-of-the-art in BE-HAM modediof
building components exposed to WDR mainly congistsD modelling [24,25-27,69]. 2D and 3D BE-HAM
modelling including WDR requires a runoff model. Wélthe model presented in this paper is simplifieds
stressed that this is also the case for variousr atb-models included in the state-of-the-art BAVHooIs.
Indeed, BE-HAM models are subjected to considerabtertainties in terms of building material prdjses and
to strong simplifications in terms of boundary citiahs such as wind-driven rain [17-19,24-27] andace
convective heat and mass transfer [25-27,29,5375%gse simplifications constitute uncertainties thay very
well be larger than those incurred by the simpificns in the runoff model. Therefore, a simplifiethoff
model might be suitable as a supplement to the-stiathe-art BE-HAM models.

7. Conclusions

A simplified numerical model for rainwater runoff duilding facades has been presented, evaluated an
discussed. The variation of runoff film thicknesglescribed by a first-order hyperbolic partiafetiéntial
equation. This equation is derived from the continequation, to which the wind-driven rain (WDRi}énsity
and the capillary absorption flux by the wall adeled as source/sink terms, and from the adoptidheof
parabolic velocity profile of the Nusselt solutifor a simplified representation of thin film flo@wwo major
model simplifications are the adoption of the Nitsselution for (1) statistically-steady, developids, in
spite of actual wave behaviour, and for (2) tramsideveloping films, in spite of the actual movicgntact line
complexity. Both simplifications are directly regatto surface tension effects. Concerning the first
simplification, a selective review of the literatyincluding experimental laboratory data, confitines validity
of the Nusselt solution for representing the timeraged properties of thin film flow, up to film Relds
numbers of 1000, in spite of the actual wave behaviThe relationship Re= gq/n implies that the Nusselt
solution can thus be used up to runoff ratesyof ¢705 L/mh, which is a very high threshold unlyke be
exceeded except for very exceptional WDR eventsac@ming the second simplification, the runoff miade
evaluated by a comparison with available on-sitasneements of rainwater runoff from a building f#ea
exposed to WDR, indicating a good qualitative andrgitative agreement in terms of runoff flow raa¢shree
different time intervals.

Specific attention has been given to discussingtssibilities and limitations of the model. Thedebhas
several important limitations, many of which areedily related to the adopted simplifications. @e bther
hand, the model also has some important advantdesnain advantage of this model is that it ispdified
and that it can be easily be integrated into 2D3DMBE-HAM models. Concerning model accuracy, it is
important to mention that the state-of-the-art BENHmModels contain also other simplifications thalg
considerable uncertainties, namely concerning mgldhaterial properties and concerning boundaryitmms
such as WDR and surface convective heat and nassfér. These simplifications constitute uncertagthat
may very well be larger than those incurred bydineplifications in the runoff model. Therefore, tienplified
runoff model presented in this paper, in spite®fimitations, might be suitable as a supplemenhé current
state-of-the-art BE-HAM models.

Appendix A: Simplified rain absorption model

As outlined by Hall and Hoff [56], the capillaryffiisivity D,, of most porous materials varies so strongly with
liquid content that the capillary absorption predilare often very steep-fronted. Therefore it isrojustified to
represent the wetted front region by a rectanguiafile. This is the so-called Sharp Front (SF) ragpnation,
which is essentially the Green-Ampt model of sdiygics [56,66-68]. The SF model allows relativeinge
analytical descriptions of many wetting processegh as wind-driven rain (WDR) under a constant WDR
intensity. The basic assumption is that the wettgglon can be considered as having a uniform amdtaat
water content (i.e. the capillary water contegt w

The first stage in the two-stage absorption processists of WDR absorption by the wall with a dang
flux boundary condition. As long as the moisturatent at the wetted surface is below the capiltaojsture
content w, the absorption flux gsis equal to the supplied flux,g, on condition the supply flux is sufficiently
small, which is the case for WDR:

gabs = gwdr (Al)
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For a constant WDR ratg,g, the cumulative amount of absorbed water at timse t
Gabs(t) = Ouart (A2)

When w: is reached, a water film is formed and the capillgptake is similar to that from a liquid waterface.
The time to film formation;tdepends on the WDR intensity and on the hydraubperties of the material [56]:

AZ

AN (A3)
2 gfvdr

t

with A the capillary water absorption coefficientkg/m28-°. Starting from this moment, the boundary condition
switches to a capillary saturation boundary cooditiThe WDR flux is then divided into two comporerd part
that is absorbed and a part which is in excesstlatduns off.

At time t, the cumulative amount of absorbed water is:

A2
Gabs(tf) = Oty = 29 (A4)
wdr

Hall and Hoff [56] indicate that, since SF watentamt profiles are always rectangular, the stath@tystem at
t; is identical with that which would be obtainedhé surface had been put in contact with a freemraservoir
(as in a sorptivity test) at some earlier timd@he cumulative amount of absorbed water at thra ts then given
by [56]:

Gabs( ) = A \/_ (A5)
Combining Eq. (A4) and Eq. (A5) yields:

AZ ot
4g\3vdr 2

(A6)

The origin of the time scale in the SF model igef@re situated halfway between t = 0 and’he absorption
flux for t > § is:

Qabs = —T—— (A7)

Some important limitations of this simplified modek mentioned:

1) The model assumes that, at the start of the ragntethe material is initially dry. If this is ntte case,
initial moisture content can be taken into accdyntbowering the capillary moisture coefficient Ahi§
is the approach as used in this paper when congpdrenmodel results with the experiments by Beijer
and Johansson [31].

2) The model does not take limited material thickries account. It assumes that, before and after
surface saturation, the moisture front can freelygtrate into the material.

3) The model assumes that capillary absorption itself1D process, perpendicular to the wall surface,
while in reality, some 2D effects will be preseaithough these have been shown to be limited for
plane homogeneous walls [69].

Further work should include coupling of the runofddel with a state-of-the-art numerical BE-HAM mbtie
alleviate these model shortcomings.
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TABLE

Table 1. Runoff rate and the related time-averdiedvelocity us and film thickness fias measured by Beijer
[32] and y and ky as predicted by the numerical model (= Nusselitgni).

Orunoft Crunoft U Un hB hN
(L/mh) (m3/ms) (m/s) (m/s) (mm) (mm)
1 2.8E-07 0.007 0.00¢ 0.041 0.04¢
10 2.8E-06 0.02: 0.027 0.12¢ 0.10¢
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FIGURES

Figure 1: Royal Festival Hall, London, before afiglaa few years of exposure to atmosphéric paliuind
wind-driven rain deposition and runoff across theafde (figure from White 1967, reproduced with gesion).
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Figure 2: Schematic representation of the two pangind-driven rain research: (a) assessmentefrtipinging
wind-driven rain intensity (before rain impact) aft) assessment of the response of the wall (atfiadrain
impact).
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Figure 3: Schematic representation of thin filmafirmlown an inclined wall. Note: figure not to seal
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Figure 10. (a) Schematic representation of facadenseasurement positions of wind-driven rain gauges
(circular symbols) and runoff gauges (half-circidgmbols) The surface soiling pattern at the fadadé¢so
indicated. (b) Front and side view of wind-drivetinrgauge; (c) Front and side view of runoff gaugegures
from [31]).
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Figure 11. Measurement results: (a) Relative wiridedh rain intensity as a function of height (fr¢81]) with
indication of selected wind-driven rain profile filre numerical simulations; (b) Runoff sum as afiom of
height at three different time intervals from tharsof the rain spell: 18 min., 36 min. and 72 min
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Figure 12. Comparison of numerical and experimengsiilts for the runoff sum at 18, 36 and 72 misaiiter
the start of the rain, for (b) an exponential at)dy(linear relationship between A ang,g

Figure 13. (a) Wind-driven rain intensity duringtf2 min. rain event. (b-d) Corresponding numerieallts
for the 20 m high wall at different time steps, (b} film thickness; (c) runoff sum and (d) sumatisorbed
water.
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Figure 14. Parametric analysis: (a-c) Runoff ragosus height for A = 0 kg/nf23 (impervious wall), with the
wind-driven rain intensity g, as parameter. (d-f) Same, for A = 0.007 kgfmzs
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