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Abstract

Rainwater runoff from building facades is a compgbeacess governed by a wide range of urban, bgjldin
material and meteorological parameters. Givendbiaplexity and the wide range of influencing parters it
is not surprising that despite research efforts\sipay over almost a century, wind-driven rain aaithwater
runoff are still very active research subjects. dsete knowledge of rainwater runoff is important fo
hygrothermal and durability analyses of buildingddes, assessment of indirect evaporative coolingaber
films on facades to mitigate outdoor and indoorrbeating, assessment of the self-cleaning actidaazfde
surface coatings and leaching of particles fronfiesar coatings that enter the water cycle as hamardo
pollutants. Research on rainwater runoff is perfedrby field observations, field measurements, latooy
measurements and analytical and numerical modelifigle field observations are many, up to nowdfie
experiments and modelling efforts are few and Hsen almost exclusively performed for plain facadiksout
facade details. Field observations, often basea posteriori investigation of the reasons for défgial surface
soiling, are important because they have providetcantinue to provide very valuable qualitativeoimation
on runoff, which is very difficult to obtain in argther way. Quantitative measurements are incrgabint are
still very limited in relation to the wide rangeiafluencing parameters. To the knowledge of thinaus,
current state-of-the-art hygrothermal models doyettcontain runoff models. The development, vaigdaand
implementation of such models into hygrothermal eieds required to supplement observational and
experimental research efforts.

Keywords: Wind-driven rain; driving rain; wind flow; facadmirface soiling; runoff leaching; urban heat island

1. Introduction
1.1. Wind-driven rain and related building pathology

"All buildings, whatever shortcomings they may haaee required to possess two fundamental
characteristics. They should be structurally soand they should exclude moisture." (Marsh 1977 [1])

The co-occurrence of wind and rain causes windedrirain (WDR). WDR or driving rain is rain thatgsen a
horizontal velocity component by the wind, thatdadbliquely and that is driven against the windiveacade of
buildings. WDR is one of the most important moistapurces affecting the hygrothermal performance an
durability of building facades [1-5]. Consequenoégs destructive properties can take many forkhsisture
accumulation in porous materials can lead to raimepration [1,3,6-17], frost damage [3,4,17-20]jsture-
induced salt migration [4,17,18] discolourationdifforescence [3,4,17], biological and chemicalrdelgtion of
the building material and building components [2]-8nd structural cracking due to thermal and nooést
gradients [17], to mention just a few. When raingteation occurs, WDR also becomes a moisture sdorc
the building interior, possibly damaging interiarfaices and furniture (e.g. cultural heritage stdical
buildings).

The problem of rain penetration can occur in magtmad bearing walls and cavity walls (also refdrte as
veneer-clad walls) as well as in curtain wall sgsteMatthews et al. [35] state that about halfL280s era e
curtain wall buildings suffered leaks and that ted deteriorated unacceptably before the entheif tdesign
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life. These failures have required costly repaird Bn 1991, an entire building had to be reclad.[3@art from
rain penetration, WDR impact and runoff is alsuessible for the appearance of surface-soilingepaston
facades, which have become characteristic for soyrofiour buildings [5,17,21,25,37-50]. As an exdenp
Figure 1 displays the facade of the Royal Festilal in London, before and after a few years of@syre to
atmospheric pollution and WDR. Although these issi@ve been widely and for a long time recognised a
major building problems, damage claims and hugeiregmd replacement costs are still on the risgg[5.1].
Three reasons are feeding the persistence of fliebiems. First, there is the increasing use obwative
design features, building technologies and mateimpresent-day construction, knowledge on thedthgrmal
performance of which has not yet been fully attdirig&econd, the designs of many modern architecteotshed
water from their facades in the way that pre-modgenbuildings have done for centuries. Insteathéir strive
for plane and smooth building facades with a minimaf details, many modern architects tend to abando
adequate facade detailing with cornices, ornatés] parapets etc, which is essential for protectigainst WDR
and rainwater runoff. Third, unlike most requirenseof buildings where the design data can be expemn
guantitative terms, appropriate quantitative desigia for WDR and rainwater runoff are lacking.

WDR and rainwater runoff are also important as paihdirect evaporative cooling by water films on
exterior building surfaces that can reduce theiredicooling load for the indoor environment andigaite
indoor and outdoor heat stress and the urban $leati effect [52-54]. WDR and runoff also contribtw the
self-cleaning action of facade surface coatingsglasss surface coatings [55,56]. On the other head,
development and application of these coatings Isasiracited serious concerns about the leachin@afo-
)particles by WDR and rainwater runoff, by whiclesle particles enter the water cycle as hazardduggras
[57-60].

Knowledge on WDR and rainwater runoff is esseriiathe adequate design of building facades. WD® an
rainwater runoff are essential boundary conditifmmghe study of the hygrothermal performance amcbility
of building facades with Heat-Air-Moisture (HAM)ansfer models, for the analysis of indirect evapeea
cooling and for the assessment of the self-cleaadatipn and leaching of facade surface coatings.

1.2. The two parts in wind-driven rain research

"But the question how to design our buildings sa ttwarain will penetrate can only be answered & th
amount of water we have to resist is known." (V®&4161])

The study of WDR in building research and buildpitysics consists of two parts: (1) assessmenteof th
impinging WDR on vertical building walls (beforeimdrop impact) and (2) assessment of the respditbe o
building walls to the impinging rain (after raingrampact) (Fig. 2). The first part of WDR reseaotimprises
the study of the movement and distribution of radpd as they fall from the clouds and are carrigthk wind
in the atmospheric boundary layer until they imgirgn the building facade. The impinging WDR inteng
governed by a wide range of parameters: urban gegnieiilding geometry, facade geometry, facadaitieg,
position on the building facade, and all relevaetenrological parameters such as wind speed, wiedtibn,
rainfall intensity and raindrop-size distributiofhe complex interaction of these parameters yidisi$nct
WDR patterns across facades [5,17,38-41,46-50,82-The second part of WDR research consists of the
micro-scale physical processes that occur at aed iafipact of WDR at the building facade. It inahgdsurface
phenomena such as splashing, bouncing, adhesi@adipg and absorption of raindrops, film formingoff,
evaporation, film absorption and the distributidriree moisture in the wall (wetting-drying) (Figb 2nd Fig. 3).
These processes are also governed by all parantieé¢isfluence the impinging WDR intensity butalsy
additional parameters such as material propertidsw@aterial surface characteristics including rowegs,
surface tension and surface soiling. At the schBnandividual raindrop, also the diameter, impagiocity and
impact angle of each individual drop constitutihg WWDR are important parameters [110-112]. The wéahge
of influencing parameters indicates the compleaftthe physical processes involved in rainwateoffion
building facades.

By far most research efforts on WDR in the pasehacused on the first part of WDR assessment using
three categories of methods: (1) measurementsge(@)-empirical methods; and (3) numerical simutatiased
on Computational Fluid Dynamics (CFD). An extenditerature review on these methods and relatedique
research efforts was provided by Blocken and Caenfd]. Later, in 2010, also a detailed comparistudy of
different semi-empirical and numerical (CFD) asesem® methods was published [104], with applicatifans
generic building configurations [105] and a reangdex building for which a comparison with full-dea
measurements was made [107].

Much less attention has been given to the secoridps/DR research. This is not surprising, because
research on the first part of WDR research isistifull development, while being an essential infmuthe
second part of WDR research. This was alreadylglstated by Couper in 1972 [113] in his paper Bndinage
from vertical surfaces”, and to a large extents gtatement is still valid today:



“More knowledge is needed about the distributiomid¥ing rain, and especially the intensity of dng
rain both in free air conditions and in its onsldugipon buildings.... A considerable amount of
research work will be required before these data available.”

Nowadays, state-of-the-art hygrothermal analysdsuidfling envelope systems are conducted with ID, 2
or — exceptionally — also 3D HAM-models, and mdsthese models include WDR as a boundary condition.
Examples are WUFI and WUFI ORNL/IBP [114,115], CHRS-BES (formerly called DELPHIN) [116,117],
HYGirc [118-120] and HAMFEM [121]. To develop thesmdels, several research efforts investigated the
absorption and redistribution of WDR in porous 8infy materials by measurements and/or simulatiatts w
HAM models (e.g. [110,111,114-138]). In some cabkese HAM models have been equipped with WDR
boundary conditions based on detailed CFD simuiatif WDR on building facades [121,136-138]. Howeve
to the best of our knowledge, currently none ofekisting HAM models takes into account rainwateraff.
Nevertheless, several important research effortsootact and surface phenomena have been maded8me
splashing and bouncing on building surfaces haea lievestigated by Couper [139], Abuku et al. [110] and
Erkal et al. [112]. Abuku et al. [110,111] also bsad the differences between the so-called tiauidiapproach
of WDR in HAM simulations, in which the WDR intemgis applied as a uniform flux to a certain sugacea,
and the discrete approach, in which individual drape allowed to impinge on the facade. Additionalrop
impact on impervious and porous solid surfacesstiadied extensively in other research areas [14)-16

1.3. Scope and contents of the review

Given the complexity of WDR and the wide range idfan, building, material and meteorological pararet
involved, it is not surprising that despite resbagtforts spanning over almost a century, WDRilsat active
research subject in building physics and a lot ofkiremains to be done. Recent research efforts shat this
includes both the first part (e.g. [106,107,170]1ahd the second part of WDR research (e.g.
[50,112,172,173]). The present paper intends tdritrie to ongoing research on the second part BRW
assessment by providing a detailed review of resean rainwater runoff on building facades. Theeev
mainly focuses on the process of runoff itselktétrts with the definitions of rainfall, wind-drire-ain and
runoff and with information on wind flow around kdings and WDR impingement patterns, which is an
essential prerequisite to understand and interpietvater runoff studies. Next, the review addreske
different assessment methods used in runoff relsefietd observations, field and laboratory expesitts and
analytical and numerical modelling. The review doesattempt to include the very large body of vesjuable
research efforts on the topic of water dropletsaatimg on surfaces and on the topic of rainwatsogttion by
porous building materials. It also does not focnghe topic of rain penetration through joints iasanry walls
and curtain walls. The review will also not spezfly focus on research topics where runoff is
applied/involved, such as indirect evaporative icaplself-cleaning action of surface coatings aathing of
surface coatings. However, it is important to rbgg the review does provide basic informationtmthioundary
conditions necessary for studies of all these tpic

2. Definitions
2.1. Rainfall intensity and wind-driven rain intétys

We adopt the term “rain-intensity vector” from tiiterature on hydrology and earth sciences. I&fmd as the
vector of which the magnitude is the rainfall irdégy (in L/m2h or mm/h) and the direction is thetrh which
the rain is coming. In general, “WDR intensity” ee$ to the oblique rain vector. From the viewpaiithe
interaction between rain and vertical building @es however, the term “WDR intensity” takes onriaerower
meaning of “component of the rain vector causing fiaix through a vertical plane”. The latter défion was
adopted by the CIB (International Council for Birlg Research) [174] and is used in this paper.dther
component of the rain-intensity vector, that caus@sflux through a horizontal plane, is termedr{kontal)
rainfall intensity. Figure 4 clarifies the defimtis of the rain-intensity vector, WDR and horizéngnfall
intensity. In Figure 4a, a homogeneous wind-flogidiis considered. This means no disturbance dildhe
field and -the same vertical profile of mean honitzd wind speed at every position. Let us assuratttte rain
behaves as if all drops were of the median sigeAd a result of the homogeneous wind field, thedap
trajectories are parallel (assuming a steady-statd field). Two raindrop trajectories form a stme¢ube, the
entrance and the exit of which are shown in thaildet and 2. At a certain height above ground yé#ire

intensity vector isR, . At the ground, it isR, . Mass conservation is expressed as:



RYA, = R, (1)
where “” denotes the scalar product of the rain-intengégtor and the surface vector, i& the area of a
horizontal surface at a certain height above gramtl4, is the area of the rain-gauge orifice. As the aga
and A, are equal (parallel trajectories), following E#),(the vertical components of both rain-intensitgtors
are also equal and the flux.Ry, is measured by the rain gauge.ifkcalled theénorizontalrainfall intensity
(because it is measured by a gauge with a horikoritewe; the definitions of measured rain inteagsn
hydrology are generally related to the gauge, adhé direction of the rain-intensity-vector compohthat is
measured).

In Figure 4b, a building disturbs the wind flow.€Mwvind field is no longer homogeneous and the raind
trajectories are no longer parallel to each otlass conservation in the stream tube yields:

R, %A, = R,A, (2)

where A is an area on the building facade. According ®d#éfinition given above, the WDR intensityRis

the horizontal component of the vectEg (which causes the flux through the vertical platie} calculated
from:

RoAn = RugAq (3)
The rain amount is indicated by the symbol S (s@imaiofall in L/m2 or mm). Several definitions hakeen
used to describe the WDR intensity and the WDR sarhuilding facades. In this paper, we use thehcattio

h, which is defined as:

R wdr(t)

O = R0

4)

Combining Egs. (3) and (4), the catch ratio cacdleulated based on the geometry of the stream-tutmain
assuming a steady-state wind-flow field:

) = Zh
®) A, (5)

This is called the “stream-tube” method. It is impat to note that |Rt) is an “unobstructed” horizontal rainfall
intensity, i.e. occurring outside the wind-flow fgaih that is disturbed by the building (i.e. thnfal that would
be measured by a rain gauge placed in open fislshawn in Fig. 4a). In practical applications, théch ratio
will be measured and calculated for discrete titepss[f, t+Dt] and is then redefined as:
tj+ t
(t;) =—

ti+ t
TR (0 d Shlt))
i

R t) dt
Wdl‘() _ Swdr(tj) (6)

where Gq(t;) and §(t;) are the WDR sum and the unobstructed horizoatafall sum during time step;[t;+Dt]
The catch ratio is a complex function of the follogyparameters [5]: (1) urban geometry; (2) buiddin
geometry; (3) facade geometry; (4) position onlthidding facade, (5) wind speed, (6) wind directi¢r)
horizontal rainfall intensity and (8) (horizontadindrop-size distribution. The parameters windespgn/s) and
wind direction (degrees from north) are usuallyegivas their values at 10 m height in the undistliftzev (U,
j 10) and are then called reference wind speed ancerefe wind direction. 14 is the mean streamwise
horizontal wind speed arjdg is the direction from which the wind is coming.€lparameter horizontal
raindrop-size distribution,fd) (m™) refers to the raindrop-size distribution fallittgough a horizontal plane (in
the undisturbed flow field) [5].



2.2. Contact and surface phenomena including rateweunoff

Part of the impinging WDR intensity on the buildifsgade can be lost by splashing or bouncing @#gand 3),
while another part can evaporate, can spread osuiti@ce, can be absorbed if the material is pooousmain
stuck to the building facade by adhesion (e.g. [140]). Several droplets, especially if spreadioguss, can
coalesce and eventually form a film. As the sizéhefcoalesced droplets or the film thickness iases, gravity
forces will eventually exceed surface tension fer@dowing the film to run down along the facaB&m runoff
can be discontinuous, i.e. narrow streams of wataming down, or continuous, i.e. the film has dtiand
length that are several orders of magnitude lattggn the film thickness. Water running down or wateoling
on quasi-horizontal surfaces can enter cracksutyffunctions into the building envelope systentieh is
generally referred to as rain penetration. All thpsocesses are accompanied by evaporation. In auymthe
mass balance of a rain droplet is schematicallyessmted in Figure 2b and expressed by Eq. (7):

\Y/ =V

drop +V +Vabs +Vadh +Vrunof'f (7)

splash evap

indicating that the volume of an impinging raindrogn undergo splashing, evaporation, absorption,
adhesion and/or runoff.

3. Wind-driven rain impingement patterns and the wihd-blocking effect

Knowledge of WDR impingement patterns on buildiagddes is an essential prerequisite to study raamwa
runoff. The literature review on the first partWDR research [5] indicated that field measure memisgl-
tunnel measurements and CFD simulations show mcli8%DR impingement pattern with large spatial
gradients across the windward facade of a buildling: top corners and the top edge of the windwacede
receive the largest amounts of WDR. Later reseaatk identified the wind-blocking effect as the maause
for the large WDR impingement gradients acrossatimelward facade [100]. In this section, this effisct
explained based on the results of previously peréal CFD simulations of wind flow and WDR. These
simulations were based on detailed grid-sensitiitglysis and were successfully validated with cedescale
wind tunnel measurements [175] and field WDR meas@nts on two full-scale test buildings [97,98,103].
The CFD simulations were performed for four isataleildings of different geometry (Fig. 5): (1)@nk-rise
cubic building (L x W x H =10 x 10 x 10 m3); (2)needium-rise wide slab (L x W x H =100 x 10 x 26)n{3)
a high-rise slab (L x W x H =50 x 10 x 60 m3); gdjl a tower building (L x W x H = 20 x 20 x 80 mJhe
simulations were performed for wind direction pergieular to the wide/windward facade. First, thedvflow
pattern around the building was calculated by sgjthe 3D steady Reynolds-averaged Navier-Stokad &}
equations in combination with the realizable krodel by Shih et al. [176]. Next, raindrops wittviae range of
diameters (0.3 mm — 6.0 mm) were injected in tHeutated wind-flow pattern and their trajectoriesre/
obtained by solving the raindrop equations of motiloagrangian particle tracking). Finally, the datatios {)
were calculated from the raindrop trajectories gigive “stream-tube method” (see section 2). Figusaows
particle trajectories of 1 mm raindrops in thg 8 10 m/s flow field. Figure 7 displays the catakio contours
across the windward facades, forpB 10 m/s and horizontal rainfall intensity 1 mm/h. Note that the catch
ratio takes into account the whole spectrum ofchaip diameters [177]. More results can be found @9]. For
all buildings, the highest catch ratios are founhthe top corners and top edge. However, the Higfon of the
catch ratio across the facade is quite differene&zh building. The reason is the so-called witod#ing effect.
For isolated buildings and for WDR, the term “wihlbcking effect” refers to the upstream disturbaote
the wind-flow pattern by the presence of the buaidand the associated decrease of the upstreaamstise
wind-velocity component (wind-speed slow-down) [LO8s the streamwise wind speed decreases, sotdees
streamwise horizontal raindrop speed, which resanllswer WDR intensities at the facade. The higimed the
wider the building, the stronger this effect wid.br herefore, the wind-blocking effect also referslecreased
WDR exposure due to increased building dimensiandtli and height). The low-rise cubic building Aepents
the least obstruction to the flow field, and therefthe raindrop trajectories are not much inflehby the local
flow pattern around the building, as shown in Feg6a. This results in high catch ratios at thectmmers but
also in high average catch ratio across the fafféide 7a). The low-rise wide building B introduce$arger
amount of wind-blocking, yielding more deflectiofiraindrop trajectories (Fig. 6b) and loweivalues,
especially at the lower part of the facade (Fig. The high-rise wide building C presents the latgibstruction
to the wind flow. The raindrop trajectories aratlarge extent diverted away from the facade bydbal wind-
flow pattern (Fig. 6¢). This large wind-blockinge&dt yields lower catch ratios at the top cornbtg,also very
low catch ratio values at the lower part of theafde, which remains almost dry (Fig. 7c). Finalhg tower
building D, although higher, is also much narroveerd the wind-blocking effect is present, altholegs
pronounced as for building C (Figs. 6d, 7d). Not the wind-blocking effect is not only found bF@
simulations but has also been confirmed by detA&R measurements on a building facade [100].



The wind-blocking effect is responsible for the otms-intuitive observation that the WDR exposure of
low-rise, cubic building (h = 10 m) can be largeant the WDR exposure of a high-rise building stak 60 m)
or even a high-rise tower building (h = 80 m). Tdebservations appear to be in contrast to thergenetion
that the WDR exposure at the top of a buildingeases with the building height. This notion sterogfthe
fact that the (free-field) wind speed increase$wmitight and that higher wind-speed values yiejghéi WDR
amounts. However, from an analysis of the simulatedi-flow patterns [100], it is clear that a widswnd higher
building represents a larger obstruction to thedaflow pattern (wind blocking) which in turn canusz a lower
WDR exposure, even at the top edge of the facadeh©other hand, it must be noted that the sinanatwere
conducted for buildings without surrounding obstiares. In real built environments, buildings seldstand
alone. If we consider a typical European city witany low- and medium-rise buildings and with onfige
high-rise buildings, the low-rise buildings will gerally be sheltered from wind and rain by the cumding
buildings, while the few high-rise buildings wilbhbe substantially sheltered. Therefore, the gdmetion that
high-rise buildings are most exposed to WDR isriueban context not necessarily wrong.

The wind-blocking effect has some important conseges for rainwater runoff. Runoff will start aéth
positions with the highest catch ratio. If the &el buildings in Figure 5 are placed at the saoation under
the same meteorological conditions, rainwater riwvidf occur first on the low-rise cubic buildingext on the
medium-rise wide slab and the tower building, aast bn the high-rise slab. In addition, for thease cubic
model, the entire facade receives quite a largeuatmaf WDR, which will promote rainwater runoff @long
the wall down to the lowest part. For the high-stab, significant WDR impingement is only preseaar the
top edge of the facade, and thus the rainwatertfieth would form at the top edge and run down wondget dry
wall areas where mechanisms like adhesion and pifi@orcan slow or stop the film progression, raaglin the
absence of runoff usually observed at the fooabfuildings. This knowledge on WDR impingementteens
and the wind-blocking effect will be used in thexingections to interpret results of rainwater rdinof

4. Field observations related to rainwater runoff

“Let us give back to our buildings the organs neszeyg for their defence against the weather: corsjce
string-courses, architraves and mouldings, whidbwla facade to remain what the artist intendetb it
be, in spite of the rain.” (Perret in 1934, as dtby Collins in 1965 [178])

In 1968, Sexton [179] published a pioneering stadybuilding aerodynamics” at the Building Research
Station, following a presentation at the CIB Symposon “Weathertight Joints for Walls” in Oslo i®a7.
While most previous studies on building aerodynanhiad focused on the assessment of wind loadsa(asfp
“Structural Wind Engineering”), this particular difocused on air flow to support the analysisaofi r
penetration (as part of “Environmental Wind Engitreg’). Figure 8 shows smoke injected into the tafram
from small orifices in the windward face of a snfesurfaced model in a wind tunnel. The figure shtved the
flow spreads radially from the stagnation regioas@&d on this figure, Sexton [179] stated thatlikidy that
both rain drops in flight and water already depagbion the surface of a building will be carriedtbgse surface
airstreams, and that therefore surface detailshmaag considerable effects on rain penetrationinfgo
Concerning raindrops in flight, this statemenmidgime with the CFD results in section 3 and has &leen
confirmed by many other studies of WDR [62-107]n€erning the already deposited water (runoff watei
statement is supported by at least the measuremkras penetration of joints in concrete pansi€Bishop
[180] and Bishop et al. [181], who showed thatrgéaportion of water entering the joints flowed gbty
horizontally across the panels. Rain penetratiaricctherefore be reduced by providing projectionthea
vertical edges of the panels to prevent cross-tibwnoff water [179]. Other authors mentioningelat flow of
runoff water are Ritchie and Davison [182], Sa$a8B], Couper [113], Isaksen [184], Herbert [188Hbinson
and Baker [186], Bielek [187], Baker [188] and Hiifi et al. [189].

One of the first detailed written reports on obséions of rainwater runoff and its consequences was
provided by Couper [113] in 1972. Based on obse@wmatof buildings in Melbourne, Australia, he retgar that
runoff seldom occurs uniformly across the face btidding but rather in streams. The location &g streams
appeared to vary from building to building, but mosmmonly occurred at the edges of the building) tue
surfaces of columns or other vertical discontimsitdf the facade. He also stated that the uneverenaf the
surface of any building naturally leads to the at@ling of the rainwater runoff, and that this ss&sted by the
action of wind upon the building facade, whichunnt may lead to transverse or even upward movenfehe
surface runoff. He stressed the importance of ratemrunoff by mentioning that, unfortunately, inshcases
the runoff streams are located in areas whereigkeof water penetration is high, such as vertizaistruction of
expansion joints and the edges of window framessasties. His observations indicated that surfaueffrat
ground level did not occur on buildings of 10 orrmetoreys. Couper expected this to be causedebfath that
large volumes of water were either shed or absoanedheld by the buildings during rainstorms [1Epm the
analysis in section 3 and from Figure 7, as expldiabove, it is clear that for such tall buildingg wind-



blocking effect is pronounced and that it playsraportant role in limiting runoff water from thedade.

In 1975, Robinson and Baker delivered an extengpert on the weathering of buildings based on a
literature survey and on observations of buildimg®ttawa, Canada [186]. This report provides miamyortant
insights in rainwater runoff, and several of thase discussed below. Figure 9 (based on Fig. 12 fi86])
clearly shows the relationship between the WDR imgpiment patterns — as explained in section 3 -ttend
resulting rainwater runoff, also described in s@tB. Robinson and Baker [186] also provided agré@dting
historical perspective related to changes in agchitral design and their consequences for the waathof the
designed buildings due to rainwater runoff. Theytedd that, in the past, buildings were designeddas the
knowledge of traditional, inherited practices ioldtecture, but that many modern architects, iir tteive for
plane, smooth building facades, chose to omit slatils. In their enthusiasm in developing Modern
Architecture, they have actually condemned old trantion practice, without understanding that sahthese
traditions were actually beneficial from a buildiplysics point of view. Evidence of this transitismot only
based on observations of weathering of historindl@ntemporary building facades, but also on past
publications. In 1908, Adolf Loos wrote an artickled ‘Ornament and Crinfe which was an assault on
building facade details [190]. In addition, Le Casker in 1923 [191] defended the simplicity of fargpurism).
Such points of view were rapidly taken on by depels after the Second World War. In too many cases,
modern building design and construction have leatl-aeven today — continue to lead to buildings ithahort
periods of time show unacceptable surface soiliegthering and decay. One example is the Royaivaést
Hall shown in Figure 1. To counter this bleak pietione should note that Modern ideas did not svadlep
rational thinking. Auguste Perret, who was a muelachitect as a constructor, provided the follayieply to
a questionnaire of 1934 entitleBdr or Against Ornamefif178]:

“Let us give back to our buildings the organs neszeyg for their defence against the weather: corsjce
string-courses, architraves and mouldings, whidbwla facade to remain what the artist intendet it
be, in spite of the rain”.

Clearly, part of the construction community realiskat abandoning rain control by building facadsign
could be detrimental to the performance of theildings. However, in the 70’s, Robinson and Baki3]
stated that many modern designers were still rificently aware of how natural forces act on thaieations
and could not predict with any certainty the resolfttheir design decisions. They illustrated:

“... the ways in which the intentions of their desigriead been negated, usually by the deposition of
atmospheric dirt and its dispersal, often randowgmowall surfaces by rain water.” (Atkinson 1977
[192]).

Unfortunately, this statement is almost equallydsedday. In every city, buildings can be foundtthave
suffered facade disfigurement by lack of controtaihwater runoff across the facade.

Robinson and Baker [186] correctly stressed thedsa geometry such as horizontal and verticalgatayns
or the sculpturing of the building panels, is th@immeans of controlling flow of runoff water, athcht
uncontrolled runoff will produce uneven weatheraiduilding facades. While atmospheric depositibdic
causes a fairly even degree of soiling, runoff lceally rinse away deposited dirt, causing liglaiiis¢ and
streaks (tvhite washing) on the soiled surface. At other locations, thieoff water containing dirt particles can
be absorbed, and this dirt will remain at leastlpat the surface causing dirt stains and str¢adist washing)
(Fig. 10). The combination of white washing and diashing leads to the so-calledifferential surface
soiling’, as shown in Figure 1 and Figure 10.

Related to the control of runoff water, Robinsod &aker [186] also provided information on the épiof
runoff films to adhere to the underside of horizbméeturns due to surface tension. Observationa 8mmooth
granite facade showed that, at low rates of flowager film flows round the edge and along the uside of the
horizontal return, and then on the adjacent vdrsiaeace (Fig. 11). As the flow rate increases, whater begins
to bead and drops from the underside of the rgfi86]. At higher flow rates, the momentum of thetevdilm
is sufficiently large to break the surface tensabthe edge and to fall free [186]. In this persipec the authors
highlighted the importance of the drip and othesigle details with the same functionality, illusingt different
design solutions to provide free dripping of runwtiter (Fig. 12). One of the most common reasondifo
marking on building facades is indedati¢ omission of drips from projecting horizontarlents or the
provision of inadequate or incomplete dripf 86]. This allows water to flow along the undige of horizontal
surfaces and possibly on the adjacent verticabses, resulting in an irregular flow pattern witiseciated
irregular surface wetting and surface soiling (Bignd 10). A summary of the extensive report biRson and
Baker [186] was provided by Baker [188].

It is important to note that the drip detail dabesk to at least the Romans. In HBictionnaire raisonné de
l'architecture francaise du Xle au XVle si€q{Bictionary of French Architecture from the 110 the 18



Century), the French architect Viollet-le-Duc (181879) [193] provides a careful explanation of dhig detail
accompanied by design drawings (Fig. 13). He dsfthe drip as4 profile that forms a band or upper member
of a cornice, and is intended to protect the facaldg disposing the rain water away from the wallSigure 13
shows the drip of the Roman cornice, which leadg#inwater along the slope ab, around the edgasdcd,
and subsequently along the vertical face e, whesethen thrown off the wall. The absence of thésail allows
the water to flow along the profiles without anystraction and to reach the facade below. This &ffedetail
drip has been used for centuries.

With the advent of new scientific knowledge, newtenials and technology in the 1@nd especially the 30
century, the fields of architecture and engineeliagan to separate, with some architects increlgsiogusing
on aesthetics at the expense of the technical espebuilding design. This is clearly illustratby the
abandonment of the drip detail by many architettslodern Architecture at the turn of the"2@ntury, and by
the above-mentioned articl©fnament and Crinieby Adolf Loos.

In 1980, EI-Shimi et al. [189] published a detaitegort of on-site observations of soiling pattesns
buildings in downtown Montreal, Canada, addres#iegrelation between facade panel geometry andfrand
soiling patterns. A distinction was made betweeinplmoderately sculptured and heavily sculpturackets. For
each panel type, the runoff behaviour was distilfech the observed soiling patterns. Also thesaanst
provided several recommendations to limit surfaibng), several of which are directly linked to ¢asiling
runoff streams. Examples are avoiding horizondéwiays movement of rainwater and assuring contisauou
vertical flow by vertical dams and/or guided chdar{€ig. 14), incorporating drips in soffits of lwwntal
projections, sideways and vertical draining of ffifimm windows, etc.

In the last 20 years, rainwater runoff has contihteebe studied. In their 1994 article on “Architgal
detailing, weathering and stone decay”, Mulvin &eeis [194] stressed that 8acade construction employed
classical detailing for both decorative and utilda, protective functions, such as water flow coltwhere a
considerable part of the rainwater was thrown leéfhuilding and one part of the building was shelteby
another. As a result, water penetration withindbee fabric of the construction was minimized amel t
degradation of the materials upon which strengthsdructural integrity depends was lessened. Alscemecent
publications have confirmed the importance of facdetailing for controlling rainwater runoff anditing
facade surface soiling. Maurenbrecher [195,196}iges illustrations of frost damage, effloresceand
staining due to concentrated runoff on masonrysadule to faulty or absent detailing. He discusses h
appropriate copings, sills with drips and flashiegsld have avoided these problems. Huberty an8met [43]
addressed the surface soiling of concrete facAtehoef [44] reported on cleaning and soiling ofiding
facades and Verhoef and Cuperus provided desigtetieés for masonry facades [45]. Etyemezian €dél,
Davidson et al. [47], Tang et al. [48] and Tang &adiidson [49] analysed surface soiling on the €dthl of
Learning, Pittsburg, based on measurements ands@fillations of WDR impingement patterns. Chew and
Tan [197] provided an overview of cases of rainwat@off and the associated facade staining aralsifessed
the importance of controlling runoff flows to couoltstaining and facade disfigurement.

A noteworthy fact is that many historical buildingst only display much less surface soiling duthto
presence of water flow control features, but thiaface soiling on their facades, when it does adsuperceived
as less disturbing by the human eye. This is aitieithto the many protrusions and recessions dattedle
details which cast a multitude of shadows acrosdabade that interact with and to some extent risskoiled
areas, see e.g. Figure 15a-c. Conversely, the abaraht of heavy detailing in modern architecture toe
preference for plain and sometimes light-colounedages and straight lines provides a perfect backyl to
highlight differential surface soiling, as shownHigure 15d-f.

On the related issue of wetting patterns, Kiintz\aardMier [198] reported field observations of raater
runoff on several small vertical concrete wallg;used on the development of the wetting front alewéilms
running down from a top horizontal collecting saudaThe horizontal surfaces were directly exposadinfall,
as shown in Figure 16a, and horizontal rainfall st@s$ed to largely predominate over WDR. As a tethe
moisture flow along the concrete structures waergsgly a 2D gravity-driven flow. The observatsoshowed
that the runoff wetting front may propagate in astable way by developing well defined and quituterly
spaced vertical finger-like features (Fig. 16bId)ese features are important because they all@stahd large-
distance runoff along these paths, resulting iefogteneous distributions of moisture content adtuessvall
and possibly large spatial deterioration gradieB&sed on a brief theoretical analysis, Kiintz asw Mier [198]
stated that the development of an instable weftiogt is driven by gravity but stabilized by capily action.
Figure 16b shows long and narrow “fingers” on alwéddlere capillary action is lower, while Figure 1&tows
shorter and wider “fingers”, suggesting that capillaction is more pronounced here. Note that teegmce of
these “fingers” is also clear from the photograhBig. 15d-f.

In summary, this section has shown that the ruggefhce of traditional buildings, with their coragcand
other apparently decorative features, has actbeky shedding water and thus reducing the watdrdoahe
surface of thick loadbearing masonry walls whicdpgdrovided, due to their absorption capacity, sbuoféering
to rain penetration. The developments of Moderchecture and the search for less expansivelitjioter



construction systems coincided to generate a lvkskbek facades where junctions were often faeedes, a
tactic that did not provide adequate water managénidis section also has provided a non-exhaustivet
nevertheless representative of the literature ~we on the types of observations that have beadenon
rainwater runoff, often accompanied with a postéinvestigation of the reasons for differentiatface soiling.
These observations, mainly on damages and sodiegmportant because they have provided and agntm
provide very valuable qualitative, although indireaformation on runoff, which is very difficultrampossible
to obtain in any other way, given the very widegauwf influencing parameters.

5. Experiments of rainwater runoff
5.1. Field experiments

While the earliest WDR measurements on buildingstetraced back to Holmgren in 1937 in Trondheim,
Norway [5], the first references — to the best af knowledge — to runoff measurements on buildiadsare
the reports by Ritchie and Davison [182] (NatioRakearch Council Canada, 1969), Harrison and Bonsho
[199] (Building Research Station, UK, 1970) and iteaw [200] (Building Research Station, UK, 1971).

Ritchie and Davison [182] provided a brief and magualitative report on measurements with WDR geug
and “run-off” gauges on two buildings, one in a tweental climate (Ottawa, Ontario) and one in aitivae
climate (Halifax, Nova Scotia). The walls of thet&ta building were constructed of hollow clay tileish an
exterior finish of painted stucco, while the walfsthe Halifax building were faced with sandstotabs. The
run-off gauges were thin rectangular metal boxésr@th (12 in.) long, 13 mm (% in.) wide and 102 nahin(.)
deep with an open top. They were attached anddsealéie wall with the long dimension horizontalaf
flowing down the wall surface entered the opendbthe gauge, and was drained through a plastie ito a
collection bottle. The authors mentioned that the off measurements reflected the differences ittimgwhich
occurred across the width of the facades and attiodted that a considerable portion of the rais alasorbed
by the wall before it could flow down the surfacelanter the gauge. Other quantitative informatas not
provided.

In 1970, Harrison and Bonshor [199] reported redeéocused on weatherproofing of joints, stressimeg
need for information about the “microclimates ahjs” and the parameters for testing joints. Theport
mentions a project by the Building Research StatRRRS) to measure runoff amounts on several bugkliciad
with different materials and equipped with “colliect gutters” and to relate these amounts to WDR
measurements with traditional plate-type gaugesyBtso mentioned measurements at the Plymouthigest
the BRS, to record the amount and spread of wateetpating into and through openings of varioupskand
dimensions. The purpose of the Plymouth tests waetter understand and evaluate the principlegeather
protection. While Harrison and Bonshor [199] did present quantitative measurement results, theytioreed
that the runoff amounts measured were considesabgller than those used in runoff simulations bofatory
tests.

In 1972, Isaksen [184] very briefly mentioned théstence of field measurements on a column of 2tigh
and 0.2 m width, but also this author provided atailed information.

Cronshaw, in 1971 [200], provided some more infdiamaon the same BRS project as reported by Harriso
and Bonshor [199]. He mentioned that the experignamre set up because of differences of opinionitabo
runoff from wall surfaces. In particular, the prdj@imed at investigating the influence of surfeedures and
their effect on rainwater runoff. Measurements ddR/and runoff were made on four different walls. Wivas
measured at 1 m below the top and 3 m above griewet| and runoff was measured only at 3 m abooee
level. All positions were centrally in the width tbfe wall. The equipment to measure runoff wadra ra
collection gutter of 1 m length (Fig. 17). No otligfiormation and no quantitative results were régahrbut the
author emphasized thatuch simple studies can only be used to build vera general picture of the situation,
since there are many influences very difficultderitify accurately at the microscélérom the experiments,
Cronshaw [200] concluded that under conditions otlerate exposure, the run-off down the face ofnthkis
considerably less than the volume of WDR striking wall, even when the latter is saturated.

To the knowledge of the authors, the most exterfédle measurements of rainwater runoff were regubit
1976 by Beijer and Johansson [39] in a Swedishrtepat was briefly summarised in the English paper
Beijer [40] in 1977. Their intention was to provisiormation to explain surface soiling of facade® to
rainwater runoff. For four buildings at four diféert locations in the Stockholm area, on-site measants were
made of impinging WDR intensities and of the raaglrunoff amounts. Figure 18 shows one of the funo
gauges used. Some results for the building at tliei$nalm site are discussed here. The buildingcatéd on a
street in a central urban area, therefore the iwalbmewhat sheltered from WDR. It is 20 m high #relfacade
exterior consists of concrete panels (Fig. 19a)dBl@iled information on the building geometry arthe
surrounding buildings was provided. For the corepanels, Beijer and Johansson [39] mentioneduwe\waflthe
capillary absorption coefficient in dry condition0.020-0.040 kgm&S. However, they reported that, due to
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initial moisture content, the actual values shddcchanged to about 0.007-0.020 kgfmp39]. The positions of
the WDR gauges and the runoff gauges are showigurd-19a and c. WDR was measured at five heigids a
runoff at four heights. Figure 19b shows the meadrofiles of WDR intensity at the four sites. \étBeijer
and Johansson [39] reported several difficultied problems associated with the measurements, Wes®ne
particular rain spell that was quite exceptional afso well recorded. This was the spell off 289September,
1973 : ‘the driving rain exemplified had — and this was suml — a fairly constant and considerable intensity
over an hout[39]. The corresponding WDR profile for the Séeheim site is indicated in Figure 19b. The
measured WDR intensity, &g, was 1 mm/h at a height of 18.5 m. Figure 19brbleshows that the top of the
facade receives most WDR, which is consistent wi¢hinformation in Section 3 and with the “whiteshing”
at the top of the facade as shown in Figure 19acahéjure 19d shows the measured (cumulative)ffigoom Q
at different heights at 18, 36 and 72 min. aftergtart of the rain. As the top of the facade reximost WDR,
runoff will start first at this position. As runoficcumulates on its way down, a maximum runoff imfeund at
a certain distance from the top (Figure 19d), aftleich it decreases to zero, at the point wherestimace is not
yet capillary saturated and no runoff film has geveloped. Measured runoff was between 1-10 L/(mhj¢h
indicates the volume of water passing a horizdintelof 1 m length, per hour. Note that Figure %&b shows
some calculation results, which will be addressefdction 6 of this paper.

A different type of field experiments consists imslated WDR and runoff on actual (on-site) builglin
facades [12-14]. In addition, also laboratory ekpents have been performed, which are briefly dbsdrin the
next section.

5.2. Laboratory experiments

Laboratory experiments of rainwater runoff haverbaknost exclusively focused on testing rain pextitn of
different types of horizontal and vertical joints.

Sasaki [183] (1971) discussed the importance airktory tests for evaluating enclosure elementerims
of rain penetration. He addressed two water-leakagfanethods used in North America: the staticasd the
dynamic test. An important requirement for a goaid penetration test is that it should simulatelsiteral
deflection of runoff water across the facade — astioned in section 4 — and its accumulation iniearjoints.
While the static test cannot simulate these feafuhe dynamic test can reproduce pressure variasiod lateral
runoff flows. Wind is generated by a large fan thiatvs a high-velocity stream of air against thecmen
surface. WDR can be simulated by injecting watepdrinto this air stream. Large water quantitiel egiuse
runoff. Runoff water can also be released at tpeofdhe specimen. The lateral air streams caueeala
deflection of runoff water. Ishikawa [201] (1974rformed tests with a set-up similar to that ofe&afl83].

Isaksen [184] (1972) reported the characteristicsthe different development stages of the aréfigiind
and WDR chamber at the Norwegian Building Rese#nstitute (NBRI) in Trondheim. The set-up included
side wind device, which applied gusts of horizomtald parallel to the specimen surface, to stuseffects on
the lateral movement of runoff water. This NBRI-aptwith side wind parallel to the facade was aised by
Bielek [187] in 1977, who tested the lateral defftat of runoff water at a facade specimen with fwotruding
vertical nibs of different geometry. The resultseveonverted into a chart, from which the optimial meight
can be extracted, as a function of wind speed, géical shape and surface texture.

A different type of laboratory test was reported@xyuper [139] in 1974, who investigated the shegldih
runoff water from various projection shapes. Theant of water shed was found to be a function efghape
and size of the projection and the velocity of ttneoff water striking it.

Many other valuable laboratory experiments for @metration have been reported, only a few of whie
mentioned here: Day et al. (1955 [202]), Skeen {1[2D3]), Vos and Tammes (1976 [204]), Beauliealet
(2001 [205]), Lacasse et al. (2003 [206]), Lac42683 [207]) and Derome et al. (2007 [208]).

Baskaran and Brown (1995 [209]) examined threearebefacilities for — among others — rain penetrati
testing. Sahal and Lacasse (2008 [210]) provideovanview of water penetration test standards.

Apart from field measurements, Beijer [40] alsofpened laboratory tests of runoff on vertical sada of
concrete, similar to those in the field experimehts suggested Eq. (8) for the mean velocity offithe (v) in
m/s:

v = 13/q, ®)

where q is the runoff rate in m3/(ms), and Eq. (9) for ften thickness in mm:
d = 004/q, 9)

where g is the runoff rate in L/(mh). These equations shio&t the maximum measured runoff amount of 10
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L/(mh) corresponds to a local averaged runoff vigjaaf 80 m/h (0.022 m/s) (averaged over the hedftihe
water film), and a runoff film thickness of aboul® mm. Note that these values are very small.

Finally, a few relatively new full-scale testing:fiities for rainwater penetration testing facédii are
mentioned (in alphabetical order): the Dynamic Wabting Facility of NRC-IRC [211], the Hurricane
Simulator and High-Flow Loading Actuator at the Bsity of Florida [212-215], the Insurance Indttfior
Business & Home Safety (IBHS) Research Center [2h6]the Wall of Wind at Florida International
University [217]. Some of these facilities are uésd- among others — hurricane WDR research. titimah,
the Insurance Research Lab for Better Homes dbttieersity of Western Ontario [218-220] allows dktd
investigation of the spatial variation of wind ppese and the development of naturally cracked paalels and
interfaces, which are important for WDR penetratiesearch.

6. Analytical and numerical modelling of rainwaterrunoff

Only a limited number of analytical and numericabdals for runoff have been developed in building
engineering and building physics. They are generambined with a water absorption model, becaumsmany
building facades absorption and runoff are coupledtesses.

6.1. Analytical models of rain absorption and runof

Analytical models of rain absorption and runoff eeeported by Beijer and Johansson in 1976 [39]eBE10],
El-Shimi et al. in 1980 [42], Hall and Kalimeris 1982 and 1984 [122, 221] and Hall and Hoff in 20021]. In
1976, Beijer and Johansson [39] proposed a simpédytical model for absorption, which is identicals
explained below, to the sharp front model describedetail by Hall and Hoff [131]. Beijer and Jotsaon [39]
and Beijer [40] mentioned that the model is base&g. (10):

Gue = AWt (10)

where Gps is the amount of water taken up by capillary actper surface unit (kg/m?2), A is the capillary
absorption coefficient (kg/Mid) and t the time. However, care should be takemearing the application of Eq.
(10). Beijer and Johansson [39], Hall and Kalimé§ti22, 221] and Hall and Hoff [131] correctly memtithat
Eqg. (10) is only valid for free water uptake (ineodirection into a homogeneously porous materiad),“full
water provision” or “infinite water reservoir”, whethe absorption flux is determined by the abseeptapacity
by the material. However, especially for dry ormedry walls, the WDR intensity will generally bewer than
the momentary absorptive capacity. In that cadethal impinging rainwater will be absorbed and thisl
continue until the WDR intensity exceeds the abbeogpcapacity. Note that this absorptive capacigrdases
over time due to rainwater uptake, but that thisrelese is not described by Eg. (10). This is intresh to the
model by EI-Shimi et al. [189] that incorrectly asges Eq. (10) to be valid during rainwater uptakesn at low
WDR intensities.

The simplified WDR absorption by Beijer and Johamsg9] and Hall and Hoff [131] is briefly describbe
below. It is based on the sharp front model in cioiiion with a two-stage absorption process folsvaktted
by WDR. Note that pressure infiltration, where wimrdgravity pushes the film into the porous mediismot
considered here. Note that the capillary diffugii, of most porous materials varies so strongly wighid
content that the capillary absorption profiles aften very steep-fronted [131], which justifiepresenting the
wetted front region by a rectangular profile. Tisishe so-called Sharp Front (SF) approximatiorictvis
essentially the Green-Ampt model of soil physica2(224]. The SF model allows relatively simple gtiahl
descriptions of many wetting processes, such agethbwalls subjected to a constant WDR inten3ihe basic
assumption is that the wetted region can be coreides having a uniform and constant water corftentthe
capillary water content g« Note that the validity of this model dependsloa material type and that more
complex models exist [114-138].

The first stage in the two-stage absorption processists of WDR absorption by the wall with a dans
flux boundary condition. As long as the moisturateat at the wetted surface is below the capilfaojsture
content w, the absorption flux gsis equal to the supplied flux,g, on condition that the supply flux is
sufficiently small, which is generally the case WIDR and a relatively dry wall:

gabs = gwdr (ll)

For a constant WDR ratg,g, the cumulative amount of absorbed water at tiise t

Gabs(t) = gwdrt (12)
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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
[131]:

A2
t = 13
f 2g\fvdr ( )

Where A is the capillary absorption coefficient fkg<). Starting from this moment, the boundary conditio
switches to a capillary saturation boundary cooditiThe WDR flux is then divided into two comporserd part
that is absorbed and a part which is in excesstlatduns off. At timest the cumulative amount of absorbed
water is:

A2
Gabs(tf ) = gwdr tf = 29 (14)
wdr

Hall and Hoff [131] indicate that, since SF watentent profiles are always rectangular, the sththeosystem
at t is identical with that which would be obtainedhé surface had been put in contact with a freemat
reservoir (as in a sorptivity test) at some eatlieet. The cumulative amount of absorbed water at theg ts
then given by [131]:

Gud ) = AV (15)
Combining Eq. (14) and Eg. (15) yields:

AZ ot
4g\3vdr 2

(16)

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

Oabs = —fF— 7

Note that the time t in Eq. (17) is the time frdme start of the WDR event. Eq. (17) provides aiocowoius
transition of the absorbed flux from Eq. (11) to ELj7). Some important limitations of this simaifi model are
mentioned:

1) The model assumes that, at the start of the rantethe material is initially dry. If this is ntte case, initial
moisture content can be taken into account by lmgethe capillary moisture coefficient A. This feet
approach as used by Beijer and Johansson [39kHé)] and Blocken and Carmeliet [50].

2) The model does not take limited material thickries account. It assumes that, before and aftdacer
saturation, the moisture front can freely penetiratize the material. Note however that this thiclsssoften
very limited. Blocken and Carmeliet [50] found aximaum moisture front penetration depth of only fné
when simulating the experiments by Beijer and Jekan [39] for concrete panels (Figure 19).

3) The model assumes that capillary absorption itself1D process, perpendicular to the wall surfadgle in
reality, some 2D effects will be present, althotiggse have been shown to be limited for plane
homogeneous walls [225].

For taking into account runoff, the 1D SF modeld®e® be extended with a 2D mass balance. Thidespl

taking into account the rainwater runoff flux comiftom higher facade parts in every calculationenod

control volume on the facade. This can simply beedioy adding the runoff flux.gos to the impinging WDR

intensity g4 The mass balances then allow calculating theftfilickness h at every point along the wall.
Beijer and Johansson [39] compared this modeldw thinwater runoff measurements (Fig. 19¢). Rer t

high initial moisture content prior to the measuesns in Figure 19, laboratory measurements indicatéo be
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0.007 kg/(Ms”?). Using this model in combination with the WDR reegements in Figure 19b and the adjusted
value for A, they obtained a good agreement betwaulations and measurements for this partiaalar spell
with the quite steady WDR impingement rate (Figd)19

Beijer [40] also used this model and the measur@RwWhtensity profiles (Fig. 19c) to develop a diagr
that allows a rough estimate of the conditionsoimzurrence of rainwater runoff and the occurrerfaaiowater
runoff reaching the ground (bottom of the wall)gF20).

6.2. Numerical models for rain absorption

Already in 1982, Hall and Kalimeris [122] applieddadicated finite element model to the unsaturdli@s
equation to determine absorption rates and ruabéfst The runoff was calculated based on the nadaade:

@ — Rwdr - Qaps (18)
dx u

where h is the film thickness (m), x the distanteng the wall surface (downwards; m) and u the midan
velocity parallel to the surface. Based on this elpthey found that runoff films are normally 0.13Gnm thick
with a mean runoff velocity of 0.025 to 0.25 m/® (® 900 m/h). Note that this corresponds to WD{Rnsities
between 4 and 80 mm/h. These values agree well thidbe by Beijer [40] mentioned in section 5.2:aloc
averaged runoff velocity of 0.022 m/s (80 m/h) f@ged over the height of the water film) and a flifibm
thickness of about 0.12 mm. Hall and Kalimeris [R2Iso compared the absorption rates and runoéfsrat
calculated by the finite element model with thobtamed by the SF model, showing a close agreement.
Note that many other finite element or control voumodels for rainwater absorption in porous maleri
were developed in the past decades [114-138]. Tineskels reflect the current state of the art in efioty the
combined heat, air and moisture transfer in potuikling materials and building components and wisted
above. However, at the time of writing this paped # the best of our knowledge, none of these tsadelude
runoff models. In some of the models however, rfisofalculated to be removed from the rain loathat
location of WDR impingement, although the runoff@amt is not used as a supply term for lower faqzates.

6.3. Numerical model for runoff

In 2012, Blocken and Carmeliet [50] published theiplementation of a simplified numerical model for
rainwater runoff from building facades in combioatiwvith the simplified SF absorption model. Theatffin
model is represented by a first-order hyperbolitipedifferential equation with the film thickness primary
variable. It was derived from the continuity eqaatito which the WDR intensity and the capillargaiption
flux by the wall are added as source and sink teamd from the adoption of the parabolic velocitgfite of the
Nusselt solution as the film flow velocity profi€ig. 21):

ufy) = %sin (2hNy- yz) (29)

In this equation, y is the coordinate perpendictdathe wall, gthe gravitational constant (m/sf)the kinematic
viscosity (m?#/s)b the angle to the horizontal) and tihe film thickness according to the Nusselt solutiThe
derivation of the Nusselt solution from the Navi&ipkes equations can be found in the literatuge [226]).
Strictly, the Nusselt solution is only valid foretthin film flow of an isothermal Newtonian liquwith constant
densityr and kinematic viscosity down an inclined plane under the action of gravitiiere the flow is steady
and parallel (laminar) and the film thickness isstant in space (no undulatory behaviour). It siaged that
the liquid surface is uncontaminated and that th&iation on the liquid surface is negligible. &ddition, the
spanwise gradients are assumed to be negligilllacieg the problem to 2D. The Nusselt solution efiere
represents the flow of a film, with in-plane dimemms that are much larger than the film thickn&ss.(19) was
used to develop a transient equation describindlthehickness h as a function of the distance dake wall x
and time t (Fig. 22, Eq. 20):

2 -
:l-[_:] + ﬂ:l-[_: — gwdr gabs (20)

Eqg. (20) is a non linear, first order, hyperbolartpal differential equation with the film thicknes(x,t) as
primary variable. Two major assumptions underlis thodel: (1) the adoption of the Nusselt solufion
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statistically-steady, developed films, in spiteaofual wave behaviour, and (2) the adoption of\hsselt
solution for transient, developing films, in spitethe actual moving contact line complexity. Indeas opposed
to the Nusselt conditions, the film thickness wgi#nerally not be constant and the flow will genlgrabt be
steady. It is expected that the Nusselt solutiangst violated for developing films and for filmstkvstrong
undulatory (wavy) behaviour. Both above-mentioniedpéifications are directly related to surface tens
effects and discussed in detail in [50].

Concerning the first assumption, strictly, the Nalissolution is only applicable at very low Reyn®ld
numbers (e.g. Re < 5). At higher Reynolds numhetseriments as well as simulations by many autteos
[227-236]) have shown that the flow is hydrodynaatflicunstable. In spite of the presence of wavesyn
authors have theoretically and experimentally coméd that the Nusselt solution quite accuratelydess the
time-averaged film characteristics, such as themtigiakness and the mean velocity of the film, etreugh
instantaneously, large deviations can occur [2ZB23/]. It was shown that the Nusselt solution goad
approximation for representing the time-averagegperties of thin film flow, up to film Reynolds numars of
1000. The relationship Re= gy/n implies that the Nusselt solution can thus be wgetb runoff rates ofyg=
4705 L/mh, which is a very high threshold unlikedybe exceeded except for very exceptional WDR sven

Concerning the second assumption, it is unlikel the Nusselt solution is valid at the moving fiiront of
developing films. Because detailed experimentaddatory data on developing films could not be foimthe
published literature, Blocken and Carmeliet [50ifpened a comparison study in which the resultdhefentire
runoff model (including Nusselt solution and sirfipll SF absorption model) were compared with the
experiments by Beijer and Johansson [39]. While liecognized that these experimental data areamot
comprehensive that this effort could be called “elodhlidation”, it was — at present and with thaited
amount of available experimental data — considarealuable effort in terms of at least model evidua The
results in Figure 23 show a satisfactory agreentakitg into account the significant uncertainfi@solved in
modelling the complex real-life runoff processalidition, it is mentioned that the model is angnét model, in
which at any time, mass is conserved. The calallfiita thicknesses with this model also agreed wth the
values measured by Beijer [40]: for,£3x = 1 L/mh: i, = 0.041 mm versusghjer = 0.048 mm; for Qnor = 10
L/mh: hy = 0.104 mm versusshjer = 0.128 mm. The above-mentioned facts therefoggest that also the
general downward movement of the film is predictétth fairly good accuracy

The results of the numerical model were also usgatdvide some insights in the runoff and absorptio
processes. Figure 24a repeats the profile of WEhgity from the experiments by Beijer and Joharj86h
Figure 24b illustrates the variation of the filmictkness with time. Film formation only starts afsrout 3 min
(see Eq. 13 with A = 0.006 kg/mM%and g, = 1.15 L/mzh at height 20 m), after which the filnickness
continues to grow and the film travels down thelwlm thickness growth is most pronounced duttimgj first
12 minutes. The maximum film thickness during thie ispell is 0.077 mm. It was also found that aal?5
minutes after the start of the rain spell, the meslocity of the film front decreases, due to tbhenbined effect
of larger absorption rates (larger A values) angeloWDR intensity at lower parts of the wall. Thienfdoes not
reach the bottom part of the wall, not even afeminutes of uninterrupted WDR. Figure 24c shoves th
(cumulative) runoff sum Q and Figure 24d shows(thenulative) sum of absorbed watey,¢at different time
steps. As long as runoff does not occur, the boyndandition at the wall is a flux boundary conditi all
WDR is taken up by absorption;,g= dvar- This explains the similarity between the profitdgy,q, and Gpsfor
the first few minutes. When runoff occurs, the badany condition switched from a constant flux tooastant
moisture content condition. The available supplyater for potential absorption is provided by btita
impinging WDR and the runoff water from the higlpart of the wall. The excess water — which is Hstoebed
—is added to the runoff sum Q.

Finally, note that another simplified model, fom@rop adhesion and runoff on non-porous matetigbses
on a drop-by-drop basis, was developed and applje8locken and Carmeliet [238], and later extentgd
Carmeliet et al. [239] to include droplet evaparati This model was used to study rainwater adheaiah
runoff from window glass surfaces, to provide baarydconditions for glass staining. It was also usedssess
the accuracy of WDR measurements by plate-type egguand to assess the evaporation of the impinge& W
raindrop from the gauge collection area [238].

7. Discussion

The intention of this paper was to provide a dethileview mainly focused on the process of runtefli. It did
not attempt to include the large body of researohkvan the topic of water droplet impact on surfaoe on the
topic of rainwater absorption by porous buildingtengls. It also did not focus on the topic of raenetration
through joints in masonry walls and curtain wallle review did also not address research topicsemvhanoff
is applied and/or involved, such as indirect evapee cooling, self-cleaning action of surface augd and
leaching of surface coatings. However, it is impottto note that the review did provide basic infation on
the boundary conditions necessary for studies ebehtopics. Below, some additional consideratiores a
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provided, as well as some directions for futureagesh.

The information provided in this review paper serwe answer a frequently asked question amongst
researchers and facade designers about rundfieh WDR hits a (non-porous) curtain wall of a higte
building, when it subsequently runs down the wall accumulates on its way down, why are large stieaf
rainwater run-off not observed at the bottom pdrttee facade (at street level)Beveral answers have been
suggested in the past, ranging from “evaporatiém™splashing of rainwater running down the waff the wall
by small facade details”. Based on the presenierewf the state of the art, we believe that tightrianswer to
this question is the combination of the type of WRLtting pattern and the surface tension by whicdBRV
water adheres to the walls. Concerning the wefpiaigern, earlier research has indicated that fiighly non-
uniform and that the top corners and top edges uillihg facades receive the highest WDR intensities
Moreover, recent research [100] has shown thatcédpefor high and wide buildings, the lower fasagarts
receive much less WDR due to the wind-blocking aff&vhen runoff occurs on a facade with uniform eniat
characteristics across the facade, it will gengrsiart at the positions of highest WDR intensitg, the top
corners and top edges. The rainwater film that foahthese positions will then run down and megtveill
areas where mechanisms like adhesion (and absoifptigporous material surfaces) and evaporationst@amn or
stop the film progression.

Without attempting to be complete and focusingrenlarger-scale process of runoff itself, which alze®
been the topic of this paper, the following maisk&for the future can be defined:

- Establishing high-quality experimental data set$V@iR impingement and WDR runoff on building facades
composed of different materials. These data camsbd to gain further insight in the processes ofRVD
impingement and runoff and to validate numericatlgis of runoff and rainwater absorption. To beahlé
for validation, not only an assessment of measunéecuracy (and measurement errors) but also
completeness of the data and complete reportitigeoéxperimental conditions are essential. Compéeste
of the data refers to the fact that not only WDR amoff on the facade need to be measured, bat als
reference wind speed, wind direction, horizontaifed! intensity, temperature and relative humidity
Complete reporting of the experimental conditiogfers to urban and building geometry, facade gegmet
facade material characteristics, etc.

Integrating runoff models in state of the art HAbUes. A particular challenge in this respect isviide

range of time scales that need to be covered im sinculations. While HAM transfer simulations (watht

WDR) are typically conducted at time steps of anri{@orresponding to the resolution of standard

meteorological data), WDR uptake needs to be medslith much smaller time steps, down to a few

seconds [121]. Earlier runoff simulations [50] wéeesed on time steps down to 0.01 s, althouglhoitlshbe
mentioned that these were based on explicit rdtt@ar implicit discretisation. Nevertheless, effitig
addressing the wide range of time scales is anitapbchallenge for implementation of runoff in HAM
models. As a first step, the relatively simple riimoodel presented in section 6.3 can be inserteHHAM
codes. More complex runoff models including theeef§ of surface tension have been developed arigdpp
in other research areas such as chemical and grengieering, and these models could also beratt
into HAM models. This will allow modelling the ireility of wetting fronts and the formation of fiegs, as
shown in Figure 15d-f and Figure 16. However, ddd be noted that the disciplines and situationstiich
these models have been applied so far are oftgactetl to much less influencing parameters thaines
case for rainwater runoff on building facades. Vagy large number of influencing parameters fonwaiter
runoff and the resulting complexity and uncertaioyld be an indication that less complex runoftiele
should be preferred, and that maybe the simpleffumadel based on the Nusselt solution could be
sufficient to extend state of the art HAM modelshwiainwater runoff.

Investigating the importance of atmospheric paransetuch as temperature and relative humidity en th

rainwater runoff process, because these paranetarsave a very large influence on the resultingstace

content of the wall.

8. Summary and conclusions

Rainwater runoff from building facades is a compgbeacess governed by a wide range of urban, bgjdin
material and meteorological parameters. Givendbiaplexity and the wide range of influencing parters it
is not surprising that despite research efforts\sjpay over almost a century, wind-driven rain (WD
rainwater runoff are still very active researchjsats. Accurate knowledge of rainwater runoff igortant for
hygrothermal and durability analyses of buildingddes, assessment of indirect evaporative coolingaber
films on facades to mitigate outdoor and indoorrbeating, assessment of the self-cleaning actidaaafde
surface coatings and leaching of particles fronfiesar coatings that enter the water cycle as hamardo
pollutants. Research on rainwater runoff is perfedrby field observations, field measurements, latooy
measurements and analytical and numerical modelling
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Most research on rainwater runoff was based od fibservations, which most often consisted of aguiusi
investigation of the reasons for differential sugf&oiling. These observations have shown thatfrgeoerally
starts at the top of the facade, where WDR integssdre highest. Although it has been reportedrthvaff tends
to occur in streams, the images of surface sopiiterns on facades generally seem to indicatéte gpiform
wetting front, in which instabilities are visible &ingers but these do not extend down from theofdpe
facade. Field observations are very important beedley have provided and continue to provide vatyable
gualitative information on runoff, which is veryffiult to obtain in any other way.

Only very little quantitative experimental infornat is available. The few quantitative field expeeints
that have been reported provide valuable informatimt much more experimental data is needed torgare
insight in runoff processes and for validation afmerical models. In particular, given the very widage of
influencing parameters, it is important that futeserimental campaigns give special attentiorotopeteness
of the data and experimental reporting, in whidhedevant urban, building, facade and meteorolalgic
parameters are measured, documented and repogieokdtory experiments allow reducing the number of
influencing parameters, and can therefore provigeortant data for the initial understanding of rfippocesses
and for the initial validation of numerical modetfowever, a full validation study of numerical mtgishould
be based on field experiments, in which the modafsbe tested under the full range of influenciatameters.

Analytical and numerical modelling of runoff hasfao been restricted to relatively simple modelsdubon
the Nusselt solution. More complex runoff modelseand have been developed and applied in otlseareh
areas such as chemical and process engineeringg\oythe situations in which these models have bee
applied are often subjected to much less influempisrameters than is the case for rainwater ruroffuilding
facades. The very large number of influencing patens for rainwater runoff and the resulting comjtleand
uncertainly could be an indication that less compienoff models should be preferred, and that siiepl
models based on the Nusselt solution could becseiffi to extend state of the art HAM models witimnaater
runoff. To the knowledge of the authors, currentNiAodels do not yet contain runoff models. The
development, validation and implementation of rdimeddels into HAM models is an important task floe t
future.
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FIGURE CAPTIONS

Figure 1: Royal Festival Hall, London. (a) Afterilding completion. (b) After a few yeéfs of exposuio
atmospheric pollution and wind-driven rain depasitand runoff across the facade (from [37], repceduwith
permission).

a building wall b building wall
Vv
Vsplash adn
O Vevap q Vabs
8 V,
Vsplash runoff

Figure 2: Schematic representation of the two pangind-driven rain research: (a) assessmentefrtipinging
wind-driven rain intensity (before raindrop impaat)d (b) assessment of the response of the buildatigat
and after raindrop impact).
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Figure 3: Schematic representation of spreadirlgsbpg and bouncing of a raindrop on a solid arydsdrface
(from [110], reproduced with permission).
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Figure 4: (a) Definition of horizontal rainfall iesity. The rain falls to the ground in homogenesimsl
conditions and the raindrop trajectories are palrétl each other. (b) Definition of wind-drivenmantensity on
a building. Raindrop trajectories are not pardtietach other.
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Figure 5. Building configurations and dimensions $udy of the wind-blocking effect: (a) Low-riseilic
building: LxBxH = 10x10x10 m3; (b) Wide medium-rigeiilding slab: LxBxH = 100x10x20 m3; (c) High-rise
building slab: LxBxH = 50x10x60 m3; (d) Tower buitg: LxBxH = 20x20x80m3 (based on [100], reproduced

with permission).
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Figure 6. Trajectories of 1 mm diameter raindrapghe U, = 10 m/s wind flow pattern in a vertical plane
through the centre of the building (based on [18&)roduced with permission).
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a (LxBxH = 10x10x10 m?) b (LxBxH = 100x10x20 m?)
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Figure 7. Spatial distribution of the catch ratwass the windward facade for the four building fagurations,
for reference wind speed;§)= 10 m/s and horizontal rainfall intensity R 1 mm/h (based on [100], reproduced

with permission).
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Figure 8. Smoke visualization test in a wind tun@ghoke is injected into the airstream from sméflaes in
the windward face of the slab illustrating the dign of the flow (from [179], reproduced with pegsion)
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Figure 9. Artist impression of observed rainwateraff on a windwa

Figure 10. Differential surface soiling by whitestéang (WW) and dirt-washing (DW). Dirt washing is
preceded by runoff over surfaces with dirt accurtiofa(DA) (from [186]).
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Figure 11. Vertical cross-sections with indicatafrsurface tension effects for (a) low, (b) moderand (c) high
runoff flow rate (from [186]).

Figure 12. Design details for free dripping of rifneater at a discontinuity: (a) inclined soffify)(drip detalil;
(c) flashing; (d) T-mullion (from [186]).
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Figure 13. Modified design drawing of drip detail Wiollet-Le-Duc (Dictionnaire raisonné de l'aratture
francaise du Xle au XVle siécle, Tome 6) (modiffemn [193]).
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Figure 14. Example of a recommended profile typevirtical guidance of runoff streams by El-Shimiaé¢
(from [189], reproduced with permission).
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Figure 15. Surface soiling on historical and corgerary buildings: (a-b) City Hall, Leuven. (c) Cegait
Railway Station, Antwerp. (d-f) Contemporary builds with very visible soiling patterns. Dark colsumdicate
soiled areas, light colours indicate areas thatHaaen cleaned by runoff (Fig. f from [189], reproed with
permission).

34



Figure 16. (a) Schematic representation of smatiiozd walls in study by Kuntz and van Mier [19&pb-c)
Wetting patterns with front instability (“fingers”jb) less capillary action yielding long and navrbngers; (c)
more capillary action yielding shorter and widergiers. The patterns correspond to wetting, notngpiDark
colour indicates wetted areas and light colourdatiis dry areas (from [198], reproduced with pesiorg.
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Figure 17. Gauges for measurement of wind-driven (plate-type gauge on the left) and runoff (cdtlen
gutter on the right) (from [200]).

Figure 18. Runoff gauge used by Beijer and Joham@som [39]).
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Figure 19. Measurements of wind-driven rain impimgat and rainwater runoff by Beijer and Johans4&76)
on a concrete building facade in the Stockholm &84 (a) Photograph of building facade with iration of
balconies and positions of gauges. (b) Measured--diiven rain intensity profile at four buildingscluding
the building in Fig. a. (c) Schematic representatd building facade, surface soiling pattern amdifoon of
gauges. (d) Measured and calculated runoff sunfSemtember 29, 1973, at 18, 36 and 72 min. aftesttre of
the rain (from [39]).
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Figure 20. Diagram with maximum capillary water @iption coefficient ¢ for occurrence of rain runoff (A-
axis) and for rain runoff reaching the ground (Bsgxor various wind-driven rain amounts and duas (t in
hours) The single lines indicate the time afteralibA or B will take place during “unusual rain”. &friple lines
indicate the time after which A or B will occur dlg “extremely unusual rain” (from [40]).

Figure 21: Schematic representation of thin filmafi down an inclined wall. Note: figure not to egfrom
[50], reproduced with permission).
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Figure 22. Schematic presentation and symbolshforfim runoff along a vertical wall with the windriven
rain intensity and the capillary absorption fluxsasirce and sink (from [50], reproduced with pegsiais).

Figure 23. Comparison of numerical and experimengsults for the runoff sum at 18, 36 and 72 misaiiter
the start of the rain (from [50], reproduced widrmission).
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Figure 24. (a) Wind-driven rain intensity duringti2 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) sum bkarbed water
(from [50], reproduced with permission).
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