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Abstract

Three different calculation models for wind-drivezin (WDR) on buildings are compared for two case
studies for which full-scale measurements are abél The models are the semi-empirical model 80O
standard for WDR (ISO), the semi-empirical modelSigsaube and Burnett (SB) and the CFD model by Choi
extended by Blocken and Carmeliet. This paper Buildther on two generic studies in which these eted
were compared based on model theory and basedeorapiplication for idealized building configurati®

and for constant wind and rain conditions. In thesgnt study, the models are applied to calculaDdRvEn

the facades of a low-rise test building and a moental tower building for actual transient rain etgeMhe
spatial and temporal distributions of WDR at thadviard facade are determined and the model resdts
compared with each other and with the full-scal@asueements. The agreement between the CFD resdlts a
the measurements is on average 20-25%, wheredS@and SB models show large discrepancies at many
facade positions, up to a factor 2 to 5. The idettion of the reasons for the discrepancies &eldeon the
previous generic studies and on the detailed inébion provided by the validated CFD simulationseTh
reasons include: (1) the ISO and SB model do ri& bato account the wind-blocking effect; (2) they not
model the variation of shelter by roof overhan@danction of the wind speed and; (3) they onlyvide
information for a limited number of building geormries. In spite of these deficiencies, these mopeiside a
strong basis for further development. The deficiencan be addressed with CFD, and it is suggekstd
future research should focus on improving the sempirical models based on the detailed results of
validated CFD simulations.

Keywords: wind-driven rain; driving rain; comparative evaliget; standard; airflow; facade
1. Introduction

The three most extensive and most frequently uakdilation models for wind-driven rain (WDR) on
buildings are the semi-empirical model in the IS@r8ard for WDR (ISO 2009), the semi-empirical mdue
Straube (1998) and Straube and Burnett (2000)l@€ED model by Choi (1991, 1993, 1994a, 1994k)wlas
extended into the time domain by Blocken and Caen&002, 2007a). These models are referred i8@s SB
and CFD, respectively. They can be used to assed&/DR exposure of actual building facades, fongxa to
provide boundary conditions for numerical heat ara$s transfer simulations in porous facade comgenen
However, little is known about the accuracy of thesdels. To the knowledge of the authors, a coisgar
study of these models for actual buildings (casdiss) has not yet been performed. In earlier esjdi
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comparison of the theory of the models and a companf model performance by application to generic
idealized buildings were provided (Blocken and Caliet 2010; Blocken et al. 2010). In the presemgrathe
models are compared by applying them to deternfi@espatial and temporal distribution of WDR on t@atual
buildings for actual, transient rain events. Thstfbuilding is the rectangular test building oNFEF

Byggforsk and the Norwegian University of Scienod &echnology (NTNU) in Voll, Trondheim, Norway.
WDR measurements on this building were reportetidne et al. (2007) and CFD simulations were made by
Abuku et al. (2009a). The second building is theeoof the St. Hubertus Hunting Lodge, a monumental
building in the “De Hoge Veluwe” national park imet Netherlands. WDR measurements and CFD simugation
of WDR on this building were made by Briggen et(aD09). These two buildings are selected in thidys
because of: (1) the availability of high-qualitypeximental WDR data and of CFD simulations of WR;the
previous validation of the CFD results based onfigR measurements; and (3) the differences in mgld
geometry (low-rise versus high-rise building).

The intention of this paper is to compare the pentmce of the CFD, ISO and SB models in actual
situations. In such situations, many influencingapeeters of WDR, including building geometricalalkstand
variable wind and rain conditions, interact. Trasicesult in complex WDR distributions in space tintk.
Obtaining a clear insight in the reasons for tHtedénces between the models in such cases mighivdmired
by this complex interaction of parameters. Thihésreason why a systematic approach was adoptedich a
previous paper (Blocken and Carmeliet 2010) hassfed in detail on a comparison of model theory afritie
model implementation of the influencing WDR paragensf to identify the intrinsic model capabilitiasda
limitations. In a follow-up paper (Blocken et aDID), additional and specific model capabilitied an
deficiencies have been made clear by applicatiaghethree models to four idealized buildings. TRriswledge
is used in the present paper for the analysis afahperformance in two actual case studies. Indisedactual
purpose for which these models were developedrardded and for which they are used is to assesd/(DR
exposure of actual buildings under actual wind r&id conditions.

Section 2 describes the two buildings, their sunthngs and the measurement set-up. In sectiont&1,
three WDR models are presented with focus on thdRw@efficient. Section 3.2 summarizes the main
conclusions of the two previous studies (Blocket @armeliet 2010, Blocken et al. 2010). The WDR aisd
are applied to the low-rise test building in settband to the high-rise tower building in sectiorSections 6
(discussion) and 7 (conclusions) conclude the paper

2. Description of buildings, surroundings and measement set-up
2.1. Low-rise rectangular test building, Voll, Tireim, Norway

The low-rise test building is located at the fistdtion of SINTEF and NTNU. It is a rectangularlting
with flat roof and overall dimensions (L x W x Hij D1.3 x 4.8 x 4.3 m3. The building facades facdhrdinal
wind directions. The facade under study is orieqedectly west and was, at the time when the nreasents
were taken, fully exposed to the oncoming wind. €stimated aerodynamic roughness lengtis about 0.03
m. Fig. 1 shows the west facade, the facade dimessind the positions and numbers of the WDR gai{hme
et al. 2007). The length of the roof overhang 810n. The field station is equipped with instrunsetat measure
the relevant meteorological data. Reference wirddp], (m/s) and wind directiof, (degrees clockwise
from north) are measured on top of a 10 m mast cyypeanemometer and a wind vane, respectivelyirA ra
gauge measures horizontal rainfall intensity Hght wall-mounted WDR gauges with a circularection plate
made of aluminium and a catch area of 0.0314 m(idiameter = 0.2 m) are positioned on the westda
(Fig. 1). For more details, see Nore et al. (2080)data were gathered on an hourly basis (asaltref 1-
minute or 10-minute values that were averaged eaeh hour). Earlier research has indicated thatskeof
hourly data in WDR calculations should be avoidé@wdealing with cumuliform rain (Blocken and Caliete
2007a, 2008). Therefore, in this and in previousliss using these data (Abuku et al. 2009a), nzémts were
chosen that are clearly of the stratiform type.

2.2. Tower of St. Hubertus Hunting Lodge, de Hogleiwe, The Netherlands

The St. Hubertus Hunting Lodge consists of a lesg-rectangular volume with wings that stretch out
diagonally and with a characteristic tower in thiddie of the building (Fig. 2; Briggen et al. 2009he total
building height is 34.5 m. From the fourth floor, tipe tower is rectangular with dimensions 4.8Xm. There
are no other buildings in the immediate vicinityf the building is surrounded by a forest. Theranslongated
clear-cut in the forest, southwest of the buildwgh a length of about 600 m. For the forest,thkie of 3 is
estimated to be 1 m whereas that of the clearscestimated to be 0.05 m. The measurement setagisted of
a meteorological mast positioned in such a wayithmeasured SW wind without disturbance by thddiog or
the trees in its immediate vicinity (Briggen et2009). The meteorological mast was equipped with a



ultrasonic anemometer, providing values @f Bhd 0. R, was measured by a rain gauge shielded by a wind
screen to reduce the wind error. The rain gaugeplead at the same location as the meteorologieat.

WDR gauges (0.2 x 0.2 m?2 catch area, made of gjtest according to the WDR gauge design guidelbyes
Blocken and Carmeliet (2006a)) were installed attdwer facades (Fig. 2a). Most gauges were posidi@n
the SW facade, because SW is the prevailing wirecton at this location, especially during raireets. All
data were gathered on a 1-minute basis and wenenaitds averaged over 10-minute intervals. More
information can be found in (Briggen et al. 2009).

3. Wind-driven rain models
3.1. Model equations

The input meteorological data for the models cdagi§ hourly or 10-minute values ofi§Jj 10 and R.
These hourly or 10-minute intervals are referredsdime steps. For the purpose of comparisonemesent
each model based on the same equation (Eq. (Lighwahows calculating the WDR intensity,{ for each time
step:

Ry = XU, xR %% xcos 1)
wherea is the WDR coefficient and is the angle — in a horizontal plane — betweerre¢ference wind direction
j 10and the normal to the facade. Depending on theeindiferent expressions fer have to be used (Blocken
and Carmeliet, 2010). In the CFD modlis given by:

- R @)
U,, Xcos

whereh is the catch ratio from the CFD simulation, whishlefined as the ratio,g/R,. For every time step and
for every position at the facade, the catch ratfor the specific combination of reference windegpewind
direction and horizontal rainfall intensity {§)j 10, R,) for that time step, is extracted from pre-caltedacatch
ratio charts (see Blocken and Carmeliet 2002).dteh ratich is a linear function of i for those facade
positions that are not sheltered by projection$sicroof overhang (Blocken and Carmeliet 2008).skich
positions,a is independent of {4 (see Eq. 2). Both anda are a function of R

The WDR coefficient in the ISO model is:

= §>‘CR >3C, O XW 3)

where G is the roughness coefficient; e topography coefficient, O the obstruction dactnd W the wall
factor. G takes into account the change of mean wind spetn aite due to the height above the ground and
the upstream roughness of the terrain. It is ghwen

Cr(2) = KRInZi forzsz,, 7 Cr(2) = Cg(zy,) forz<zy, (4)

min
0

where z is the height above groung, tKe terrain factor and,z a minimum height. Values for these parameters
are provided in the ISO Standard (ISO, 2009). Feurin categories are distinguished. For exanifptegerrain
category |, g=0.01 m, ki, = 0.17 and g, = 2 m, and for terrain category I, 2 0.05 m, kk =0.19 and g, = 4
m. The topography coefficient;@akes into account the increase of mean wind speedisolated hills and
escarpments. The obstruction factor O takes intownrtt the shelter of the wall by the nearest olstdhe wall
factor W tries to take into account the type oflWlagight, roof overhang) and the variation of WBE&oss the
surface of the wall. Some values for W taken from iSO Standard are shown in Fig. 3a. G, O and W are
constant in time, i.e. they do not vary with vagyinind and rain conditions @il j 10, Ry)-

The WDR coefficient in the SB model is:

z

= DRF.RAF. 5 xR 012 )

where DRF is the driving rain function, RAF therraidmittance factor, z the height above groundbatic



power-law exponent of the mean wind-speed probileesponding to the terrain roughness of the hujjdiite.
RAF values have been published by Straube (1998F#aube and Burnett (2000), but — to the bestauige
of the authors — only for three types of buildigsillustrated in Figs. 3d-f. The RAF is constantiine; it does
not vary with Yo, j 10 and R. The DRF on the other hand, does vary in timegmithat it is a function of R
The DRF is calculated as the inverse of the terhviecity of water droplet fall { given by the equation by
Dingle and Lee (1972):

V,(d) = - 0.166033+4.91844d - 0.88801612+ 0.0548881® £ 9.20m/s (6)

where d is the raindrop diameter. Concerning thaéoehof d, Straube and Burnett (2000) suggest theian
diameter from the raindrop spectrum by Best (1950):

d = 1.105R,%?* @)

For each model, the WDR sum,{Sin mm or L/m?2) for each time step is obtained byltiplying R,qr with
the duration of the time steptj. The accumulated (total) WDR at the end of #ia event, Sy w1 iS given by:

S = (R

wdr tot

x 1) 8

wdr

where the summation extends over all time stepisdmain event.
3.2. Main conclusions on model performance fronvignes studies

The main conclusions from the previous comparagtueies (Blocken and Carmeliet, 2010; Blocken ¢t al
2010) are summarized below in support of the aigmbfsmodel performance in this paper. The conohsi
concern the ISO and SB model, when contrastedthtlfCFD model, which was shown to provide accurate
results in previous validation studies (e.g. Blotlk@ad Carmeliet 2002, 2006b, 2007b; Tang and Dawni@904;
Abuku et al. 2009a; Briggen et al. 2009).

1. The ISO and SB model only provide information (tastW and RAF) for a few building types;

2. The ISO model does not take into account the vanaif a along the width of the facade (see Fig. 3a-c);

3. Instead of providing a single value for the RARE 8B model provides a minimum and maximum limie(se
Fig. 3d-f). For some facade positions, these vabaesd a wide range, which limits the predictiveataility
of this model;

4. In the SB model, the RAF values at the top edgeveniical edge of the facade are (much) too laKgse
that the factors W and RAF have exactly the sarfiaiien (Blocken and Carmeliet 2010), but that the
differences between these factors for similar ogd and building positions can go up to a fact¢h).5

5. In the SB model, for low Rthe dependency of the DRF opiRtoo strong;

6. The wind-blocking effect (Blocken and Carmeliet 86Dis not reproduced by the ISO and the SB model.
The wind-blocking effect refers to the decreasapstream streamwise wind speed, and thereforeobtbe
WDR intensity, due to the presence of the buildifige reason is that the building acts as an olisdruc
(blockage) to the wind flow. This effect increasath the overall building dimensions. A measuretfo
relevant overall building dimensions is the builiiscaling length (BSL):

1

BSL = (BL B;)5 )

where B is the larger and 8is the smaller dimension of the windward facadee BSL was defined by
Wilson (1989) for estimating the dimensions of fleaeirculation regions on building roofs. Blockerag
(2010) have related the wind-blocking effect to B®L (see Eq. (9)). For the buildings investigatezhn be
stated that the higher the BSL, the larger the vhilotking effect. And the larger the wind-blockiaffect,
the lower the WDR exposure of the facade.

7. The increase @ with increasing Ris reproduced by the CFD model. The ISO model do¢predict this
dependency, while the SB shows the opposite tréadréase with increasing)R

4. Model application for the low-rise rectangular st building

4.1. CFD model



The CFD model by Choi (1991, 1993, 1994a, 1994k thie time extension by Blocken and Carmeliet
(2002, 2007a) was used. 3D steady RANS simulatidtisthe realizable ke model (Shih et al. 1995) and with
non-equilibrium wall functions (Kim and Choudhur995) were performed with the commercial CFD code
Fluent 6.2 by Abuku et al. (2009a). The simulatiarese conducted following the CFD best practicalglines
by Franke et al. (2007) and Tominaga et al. (20@84d)the recommendations by Blocken et al. (2020@7b)
for CFD simulation of equilibrium neutral atmospicdvoundary layer flow with this code. The compiaaal
grid with 1.6 million tetrahedral cells was basedguid-sensitivity analysis. The raindrop trajeaer specific
catch ratio and catch ratio were all calculatedhwiithor-written program codes (see Blocken anan€ket
2006b). The raindrop-size distribution by Best (@p&as adopted. The simulations were made with
aerodynamic roughness leng=z0.03 m, for Yy=1, 2, 3, 4, 5, 6, 8 and 10 m/s, &pr 0, 22.5, 45 and 67.5°
and forR=0.1,0.5,1, 2, 3,4,5, 6,8, 10, 12, 15, Zald 30 mm/h. The catch ratio) @nd WDR coefficient
(a) (Eq. 2) were calculated at every position atwiest facade (resolution 0.05 x 0.05 m?) for théedént
combinations of &, g and R. These values fa were used in Eqg. (1), together with the meteoricklglata of
the rain event, to determine the WDR intensityitierent facade positions. The WDR intensities were
converted to the accumulated WDRy&.: by EQ. (8). The results are presented in sectién 4

4.2. 1SO model

The ISO model was applied to calculate WDR at thsitipns of the WDR gauges (Fig. 1); this required
determining the factors in Eq. (3). In this mod&j,is only specified for z= 0.01, 0.05, 0.3 and 1 m (ISO 2009).
To obtain results forgz= 0.03 m in the present study, we calculated #@ WDR coefficient as the average of
the WDR coefficients forez= 0.01 m andgz= 0.05 m. G and O are equal to one. The ISO model does not
provide wall factors for the present building caufiation, which is a one-storey building with ftabf and roof
overhang. Therefore, for all positions except WH &vid W6, we adopted the wall factors from the “starey
building with flat roof” (Fig. 3a). For W1, W5 and/6, which are located immediately below the rooéiang,
the value from Fig. 3c was taken as: W = 0.3. Th# factors at the positions of the WDR gauges are
summarized in Table 1. Inserting all coefficientsl dactors in Eq. (3) yields the WDR coefficientto be used
in Eq. (1). Note thaa by the ISO model is independent ofldnd R and also independent of the position along
the width of the facade.

4.3. Model by Straube and Burnett

Applying the SB model requires determining thedastin Eq. (5). The DRF is a function of,Rs explained
in section 3.1. The SB model does not provide RAKies for a low-rise building with flat roof andofo
overhang (see Fig. 3d-f). Therefore, the RAF vailues: determined by combining Figs. 3d and 3f, wtike
latter was used for the positions immediately betbaroof overhang (W1, W5, W6). Together with kieéght
above ground, the minimum and maximum RAF valugkepositions of the WDR gauges are given in Table
As power-law exponenh (= 0.15) corresponding t@ z 0.03 m was used. Eq. (5) yields the WDR coedfiti
a, to be used in Eqg. (1). Note traby the SB model is dependent of But independent of {4

4.4. Comparison of temporal distribution of windwem rain

Fig. 4a shows the meteorological data record ostraiform rain event. Wind speed during rain was
average 3.5 m/s, but could go up to 10 m/s. Winection during rain was on average slightly obliqmué¢he
west facadej (1o = 245°;g = 25°) and horizontal rainfall intensity was ligttie average jRwas only 0.32 mm/h
(value obtained by averaging during rain only; zexo values were excluded).

Fig. 4b shows the measured and calculated temgstaibution of WDR at position W7. A conservative
estimate of the measurement error at the end obiheevent is ki, = 0.5 mm (Abuku et al. 2009a).
Qualitatively, the temporal distribution is wellgglicted by each of the models. This is logical beeahe
product “UgRycosy” or “U 10R.>#cogy” appears in the equations of each model (see E§. Quantitatively,
very large differences are observed. The CFD resultl the measurement results are in very goo@ iagia.

The ISO model however provides large overestimatmfrabout 100%. The range between SBmin and SBmax
is very large. Therefore the SB model does notigemuseful quantitative information at this positio

As the product “WR.cogy” or “U1R,>%*cosy” appears in the equations of each model, thereiffees
between the models originate from differences mWDR coefficienta. Fig. 4c shows the temporal variation of
a at position W7 (hourly values). The valueag§-p varies between 0 and about 0.07 s/m. The valagsgfis
about 0.08 s/m and is constant in timggmin IS Z€ro, an@spgmaxranges between 0 (whep R0 mm/h) and
about 0.12 s/m. Note that 0.12 s/m is the uppét fon asgmay It is determined by the lower limit for,Rwhich
is 0.1 mm/h (the resolution of the tipping buclegistration system). Because this is the lowestevaf R, that



can be measured, Eq. (5) can — for this buildimgtyield any value higher than 0.12 s/m. In rgalitdividual
values for bottacrp andasgmaxCan be higher. Fig. 4c shows tlaatp takes various values in the range 0 — 0.07
s/m, whileasgmaxappears to be either between 0.1 and 0.12 s/equal to 0. The reason for this is more clearly
shown in Fig. 4d.

Fig. 4d illustrates the variation atrp, asgmax@ndasgmin in relation to Yo and R. The value oBcgpvaries
significantly with both parameters, especially ifmv U;o and/or low R. asgmax0n the other hand only varies at
low R,.. A distinction is made in the following discussibetween the dependencyaxrpon Ujp and its
dependency on\R

The variation ofcep With U;g shows a specific pattern. Note that without rosdériangacgp would not
depend on L, because in that case, as previously mentioned;atch ratid is a linear function of ) (see
Fig. 4 in (Blocken and Carmeliet 2008)). With raverhang howevescgp at position W7 decreases with
decreasing k). The reason is that, agddflecreases, the raindrop trajectories become nestieal, and then the
roof overhang is more effective in sheltering flaisade position from rain. The decreasagf, between g, =
3 and 10 m/s is limited. Between those values ofivgipeed, the roof overhang only prevents the small
raindrops from reaching position W7. The fact thatll drops are the first to be influenced by thef r
overhang and to be kept away from the facade hexrs flsown in earlier research (see specific catit gaaphs
in Fig. 12a-b in (Blocken and Carmeliet 2002)).®&elJ,, = 3 m/s,acrp strongly decreases, because the roof
overhang now also shelters position W7 from thgdadrops. Below i = 1 m/s, position W7 is completely
sheltered from rain. This specific behaviour, inaththe degree of shelter by the roof overhangegawnith Ug,
is not taken into account by the ISO and the SBehdelg. 4d shows thatsgmaxOnly varies with R, and not
with U;o. As mentioned before,so does neither vary with 4 nor with R..

Also the variation ofcrp With R, is very pronounced. The decreas@gfp with R, is also present if there is
no roof overhang (see Blocken et al. 2010), bigtiihore pronounced when a roof overhang is pre3det.
reason is that, as mentioned before, at a givgnsthaller raindrops are the first to be kept awaynfthe facade
by the roof overhang, and that the fraction of $enahindrops in the rain increases with decreaBin(Best
1950). Fig. 4a illustrates which couples, ¢\R,) occur during the rain event. Especially for thiese values of
Ry, the differences betweertrp andasgmaxin Fig. 4d are large. This explains the type ofation in Fig. 4b
and 4c, and the reason for the large differencesdsn the results in these figures.

4.5. Comparison of spatial distribution of windggh rain

Fig. 5 shows the comparison of measurements acdlatibns at the end of the rain event. It shovesr#tio of
accumulated WDR (&0 to accumulated horizontal rainfall,(g§= 20.3 mm) at the positions of the WDR
gauges. A conservative error estimate for the nredswatio is gy = Eya/Sh 1ot = 0.5 mm/20.3 mm = 0.02. The
following observations are made:

1. Fig. 5a: the measured ratios increase from thebotb the top, except for positions W5 and W6, whée
shelter by the roof overhang causes a decreaslng.v&lso position W1 is influenced by the roof dvang,
but in spite of this it still receives more WDR th&/2, because WDR is swept sideways near the gorner
which reduces the effective shelter (Blocken anch@diet 2002). The measured ratios also signifigant
increase from the centre of the facade (e.g. positiv7, WA4) to the vertical edge (e.g. W2).

2. Fig. 5b shows contours of the ratio across theefaicade, as obtained by CFD. The distributiamois
symmetrical due to the slightly oblique wind diieat The maximum ratio occurs near the top of the
windward (right) corner. The wetting gradients arest pronounced below the vertical edge, wheredtie
increases from 0 to 0.15 due to the presence abtifeoverhang. The narrow horizontal hatched negib
the top of the facade indicates complete sheltenfrain. At the positions of the WDR gauges, th®CF
results increase from bottom to top, except foitjms W1, W5 and W6. They also increase from thietie
of the facade to the vertical edge, very similamgasurement results. The CFD results and the
measurements are also in quite good quantitatikeeagent, except at positions W1, W5 and W6. The
discrepancies at these positions are — at leathy paattributed to the fact that they are situatethe region
where the wetting gradients are most pronounceis. fiakes the results very sensitive to the exaettion
at the facade. It indicates that modelling thetshiglg effect provided by roof overhang, even v@tRD, is
difficult to achieve.

3. Fig. 5c shows the results by the ISO model. The ratreases from bottom to top of the facade, pkae
the positions W1, W5 and W6. It does not increasmfithe centre of the facade to the vertical etlgeause
the ISO model does not take this variation intcoaot (see Figs. 3a-c). The ISO model shows large
overestimations at positions W4, W5, W6 and W7.8Reg section 4.4, this is attributed to (1) thetfthat
the ISO results — just as the SBmax results — ddake the variation of shelter withy4into account, and (2)
the fact that the ISO model does not correctlyadpce the variation a with R, (Fig. 4d). Given these



limitations, and the fact that the ISO model doetsaonsider the increase aftowards the vertical edge, the
relatively close agreement with the measuremeposition W1 is considered coincidental.

4. Figs. 5d-e display the results by the SB model. fire ratios (SBmin) show a different pattern thiaa
measurement results and the results by the othdelsiolrhe max. ratios (SBmax) show the increase wit
height, except at the top positions W1, W5 and Wich qualitatively corresponds to the measurements
SBmax also shows the increase from the centreedfaitade to the vertical edge, except from posifiéhto
position W3 and from W6 to W1. The results by SBiomerestimate the measurements at positions W2, and
are zero at most other positions. The maximumsg&Bmax) are up to several times larger than the
measurement results, for the same reasons as meshiove (section 4.4 and Fig. 4d). Due to ttgelar
differences between SBmin and SBmax, the SB maoukst dot provide useful quantitative information.

5. Model application for the tower of St. HubertusHunting Lodge

5.1. CFD model

3D steady RANS simulations with the realizable kodel and with the standard wall functions by Léem
and Spalding (1974) were performed with the comiae@FD code Fluent 6.3 by Briggen et al. (2009eT
simulations were conducted following the CFD bestfice guidelines by Franke et al. (2007) and Tamga et
al. (2008a) and the recommendations by Blockeh é2@07a, 2007b) for CFD simulation of equilibrium
neutral atmospheric boundary layer flow with thosle. The computational grid with 2.1 million teteainal cells
was based on grid-sensitivity analysis. This am@&iosimulation details can be found in (Briggealget2009).
The inlet profiles are based on a logarithmic laithw, = 1 m (dense forest), but, as mentioned by Briggjeai.
(2009), the local zof the clear-cut south-west of and around thedingl is much lower (short grasg;»>20.05
m). This is taken into account by specifying theieglent sand-grain roughness height of the botibthe
computational domain according to this lowgwralue, using the relation by Blocken et al. (200&amulations
were only made for the SW wind direction and far 8\W facadeq= 0°). The values dfi anda (Eq. 2) were
calculated at every position at this facade (ragmi0.08 x 0.08 m2). All other settings and chéeéistics of the
simulations are similar to those given in sectioh 4

5.2. ISO model

Determining the value for Orequires determining the terrain category, whichat straightforward here,
because of the heterogeneous character of théntéctaar-cut surrounded by forest). Note thatupdated
Davenport roughness classification by Wieringa g)9@8commendsez= 1 m for “mature” forests, while the
ISO recommends,z= 0.3 m for “permanent” forests. This differenoevalues serves to illustrate the uncertainty
involved in selecting zvalues, even if the terrain would be homogene®hbs.situation is further complicated
by the location of the measurements, which wereengddhe building site itself. As concluded fromeamlier
study (Blocken and Carmeliet 2010), the ISO modslanes that the meteorological data are “airfigldlies,
i.e. measured at an exposed site, and the valugkfisrused to modify these airfield values in cassrobother
or rougher terrain. First, the relevant terrairegaty for the building and the measurement sefarfW wind,
is determined. The presence of the clear-cut ailise the development of an internal boundary I@ger). The
height of the IBL, fy_, as a function of the distance to the roughnessition, x, can be estimated by Eq. (10)
(Jensen et al. 1984):

0.8

o~ g3 X (10)
ZO ZO
where g" is the largest of the two roughness lengths (=ifi this case). For SW wind, the upstream length of
the clear-cut is about 600 m, which yielgs k= 50 m. This means that according to this equathmbuilding
as well as the meteorological mast are completélyimthe IBL with z = 0.05 m. Therefore, terrain category Il,
corresponding to thiszalue, is used. For this terrain category,a£10 m height is equal to 1. This implies that
the measurement data,(l&ndj ;o) do not need to be transformed, prior to beingldee the ISO model
(Blocken and Carmeliet 2010). It is recognized thqt (10) only provides an approximation of thegheiof the
IBL. Given that the roughness transition is in fabtinstead of 2D, Eq. (10) might provide estimdtedhg_
that are too large.

The other two factors,Cand O, are equal to one. The wall factors arentdéikem Fig. 3b for a multi-storey
building, although the 1ISO does not provide watitéas for a facade that is triangular at the tag.(Ba). The
wall factors at the positions of the WDR gaugesgiven in Table 2.

5.3. Model by Straube and Burnett



The RAF values are taken from Fig. 3e, which seappsopriate, because H >> W applies for the tower.
However, these values are strictly not applicabtepbsitions 6 and 7, situated at the triangulat pbthe
facade. The values at the positions of the WDR gawand at the two additional positions (Fig. 2a&)lested in
Table 2. For terrain category b,is 0.16.

5.4. Comparison of temporal distribution of windvém rain

The rain event is shown in Fig. 6a. It is charasegt by a series of individual showers. Wind speezh
average 1.3 m/s and wind direction during rainniy glightly oblique to the SW facadg % 0°). R, ranges from
0 to 4.5 mm/h, and is on average equal to 1.2 nipefto R values excluded). Fig. 6b shows the measured and
calculated temporal distribution of WDR at posit®nA conservative measurement error estimatg,s=£0.2
mm (Briggen et al. 2009). All models qualitativegproduce the temporal variation. QuantitativellzDC
somewhat underestimates the measured values. B@l@s an estimate that is about four times toq lohile
SBmin is larger than both the measurements an@®i@results. Fig. 6¢ shows the temporal variatiba at
the same position, and Fig. 6d shows the variafawith U, and R. As opposed to the previous building,
acrp does not range from zero, but from a lower bourah{zero value) to its maximum value. From Figuve 6
it is clear that position 3 is not sheltered byihomtal projections such as a roof overhang, aaceforeacep is
not a function of W. It is a function of R but only for low R values. It is observed that the overall difference
betweeracgp on one hand, anasgmaxandasgmin ON the other hand, are very large. The reasothisiis
discussed in the next section.

5.5. Comparison of spatial distribution of windghn rain

Fig. 7 shows the comparison of measurements acdlatibns at the end of the rain event at the postof
the WDR gauges (1-5) and at the two additionaltimos near the top of the facade (6-7). A consérgat
estimate for the error in the measurementgds=<0.02 (Briggen et al. 2009). The following obs#ions are
made:

1. Fig. 7a: the measured ratios increase from bottwtag, and from the middle of the facade to thesid he
value at position 5 is slightly higher than at piosi 3, because the wind direction is a bit lowert 225°.
Data at position 2 are not available due to equigmelfunctioning.

2. Fig. 7b: the CFD results also show the increask gight and the increase from the middle to tHessiThe
agreement between CFD simulations and measuretisegued, except at position 1. As mentioned by
Briggen et al. (2009), this can, at least partjdiky attributed to turbulent dispersion, which wasincluded
in the CFD simulations and which can have a sigaift effect in regions where the raindrop trajeetoare
almost parallel to the facade, which is the case pesition 1.

3. Fig. 7c shows that the results by the ISO modelpr® four times smaller than the measurements. Th
same observation was made in Fig. 6b. This podopeance appears to be in contradiction to theequit
good performance by the ISO model for the two iidedl high-rise buildings in (Blocken et al. 201Bpr
these buildings, a good agreement between CFD%@désults was found. The reason for this different
performance is the wind-blocking effect (see cosidn 6 in section 3.2). This effect is presentaality but
it is not reproduced by the ISO model. As mentioimesection 3.2, Blocken et al. (2010) have reldted
wind-blocking effect to the building scaling lenddee Eq. (9)). The higher the BSL, the largeiired-
blocking effect. The larger the wind-blocking etiethe lower the WDR exposure of the facade. Fer th
generic building models in (Blocken et al. 2016 BSL for the high-rise wide building (50 x 50 m&s
50 m, while the BSL for the high-rise tower (80 &2) was 31.7 m. For the present tower (rougt8yx4.
34.5 m, when neglecting the wider bottom part),BISt is only 9.3 m. As a result, the actual (meadyr
WDR coefficients at this tower are much higher. @anng CFD WDR coefficients has indeed shown that
those for the present tower are about two to ttinees larger than those for the generic buildimgthe
previous paper. The problem is that the ISO modekdot take this wind-blocking effect into account
Therefore, while it provided fairly good results fbe high-rise buildings with BSL equal to 31.7amd 50
m, it provides large underestimations for the boddn this study with BSL = 9.3 m. The most proleab
reason is that the wall factors in the ISO modéliclv were based on measurements, were obtained from
measurements on buildings with larger BSL values tie present tower.

4. Fig. 7d-e: SBmin and SBmax show the increase of VéRposure with height and from the middle of the
facade to the sides. As is the case for the ISOeintite SB model also does not take the wind-blogki
effect into account. This could cause this modellso underestimate the WDR exposure. Howeverigearl
research has shown that the SB model provides Rédes that are (much) too large in the vicinityhaf
top and side edges of high-rise buildings withaagular facades (see conclusion 4 in section Btse
two effects compensate each other to some extenin Ispite of this SBmin still overestimates the



measurements at positions 3, 4 and 5. It also stigrates the CFD results at these positions. Ootiner
hand, it does not overestimate the CFD values sitipps 6 and 7. The reason is that these positiozn
reality much more exposed, as the top of the facatteangular (less wind-blocking) instead of eegjular.
This causes a very high WDR exposure, as showhéZED results. The CFD value at the top is even
larger than the value by SBmax. Note that stri¢tlg, SB model does not provide wall factors forrsuc
positions.

6. Discussion
6.1. Intercomparison of calculation models

For both case studies, the agreement between re@asnts and CFD is quite good (on average 20-25%),
while the discrepancies are significantly largertfe 1ISO and SB model (up to a factor 2 to 5)ntifging the
reasons for these discrepancies is not easy, betaisemporal and spatial distribution of WDR atual
buildings is the result of the complex interactafra large number of influencing parameters, incigduilding
geometrical details such as roof overhang and bigriaind and rain conditions. Due to this complgxit
would not have been possible to obtain clear camhs from the comparison of the different WDR o&ton
models in this paper, without prior knowledge & ttapabilities and deficiencies of these modelgnatysed in
the two previous studies. The seven main conclgdiam these studies have been summarized in ReX:)
and they have contributed to explaining the diffiees in results obtained with different modelsadidition, the
validated CFD results have been used to providbduinsight in the deficiencies of the ISO andr8&del by
analysing the spatial and temporal distributiothef WDR coefficients.

The ISO and SB model only provide information (éastW and RAF) for a few building types. These do
not include buildings with both a flat roof andaof overhang (such as the low-rise rectangular tésit
building) and buildings with facades that deviatenf the simple rectangular shape (such as thefttpeo
monumental tower building). For some of these apfitions, W and RAF can be estimated by combining
several building configurations provided by the 18&@ SB model. However, these choices are sometjoits
arbitrary. The high sensitivity of the results hese choices detracts from the applicability atidbiity of the
ISO and SB model.

The ISO model does not take into account the variaif the WDR coefficient along the width of trectde.
This variation however is rather pronounced for\odl building and very pronounced for the toweiilBing.
The SB model provides min. and max. values for R&Bulting in min. and max. values of accumulatddRV
For some facade positions, these values cover a naitye, which limits the predictive capabilitytbis model.
This applies for most WDR gauge positions at thetvigcade of the Voll building and for positionarid 2 of
the tower building.

The wind-blocking effect is not reproduced by tB®land SB models. This means that the ISO and SB
model might provide large discrepancies for buiginvith a BSL that deviates from that of the bui@ti used
for the establishment of the ISO and SB modelsthen parameters. Indeed, the ISO and SB model were
developed based on measurements on a series af batldings, but it is not clear which buildingseetly.
Deviations are likely for buildings with a ratharaommon shape, e.g. very slender buildings suthea®wer
building in this study.

An important note is made concerning the intendsglaf the ISO and SB models. The ISO model strictly
only guides the calculation of the average annoedunt of WDR and the amount of WDR in the worstlispe
three years. But since it provides a quantitatieasure, it seems logical to also apply it to deieeritVDR
amounts or intensities for any spell within a yédote that this is done implicitly within the IS@geedure to
determine the annual and spell indices. The ISOefioals been used in this way in building physisgagch to
provide boundary conditions for heat, air and moisi{HAM) analysis. The SB model explicitly stathat it is
intended to provide boundary conditions for HAM lgs&s. Both models however contain warnings conogrn
their use and accuracy.

At least equally important as highlighting the d&fncies of these models, is pointing to their gadud
importance. Both the ISO and SB model were develdi@sed on WDR measurements only. The development
of such extensive semi-empirical models based casorements only was undoubtedly a very difficidkiand
these efforts are very praiseworthy. The modelsigea strong basis for further development and
improvement. Based on their comparison with motaitésl information from CFD simulations, as donetiis
paper and its predecessors, these semi-empiriadélsnoan be further improved. In particular, futwerk
needs to focus on exploring the limits of the aggdility of the semi-empirical models. The followithree
important improvements are suggested: (1) takitgaccount the wind-blocking effect by a buildilegg. by
adding a factor that is based on the BSL; (2) @kiio account the effect of wind speed on thetshglrovided
by roof overhangse.g. by a shelter parameter that depends on spadd; ang3) providing wall factors for a
larger number of different building configurations.



6.2. Status and trends of wind-driven rain researc@WE

The topic of the Special Issue in which this papgrublished is “Status and Trends in Computati®¥edd
Engineering”. Therefore, this subsection has beeied to briefly discuss the status and trends oRNMEsearch
in CWE. First, some brief information on the higtat development of computational WDR researchvsmy
as a summary from the review by Blocken and Caphé&li004). Next, a short view on the correspongiagus
and trends in this area is provided. The focusithe assessment of the impinging WDR intensitpuaifding
facades, because this is also the topic of thiepdhe status and trends in other interesting coatipnal
WDR topics, such as WDR absorption by porous bugldhaterials and other contact and surface pher@men
(e.g. Abuku et al. 2009b) and WDR shelter by réofsports stadia and other constructions (e.g.Heoff et al.
2010) are not addressed.

WDR research can be performed with three main caiegof methods: (1) measurements, (2) semi-
empirical models and (3) numerical simulation baseCFD. An extensive review on these categorigspu
2003, is provided in (Blocken and Carmeliet 2004¢asurements have always been the primary toolDRW
research. However, they are time-consuming, experssid prone to error, and measurements for aircerta
building at a certain building site have very liedtapplicability to other buildings at other sit€berefore,
researchers started developing semi-empirical tlon models, the earliest versions of which dnebaited to
Hoppestad (1955) in Norway and Lacy (1965) in thé Uhese models have been progressively improved an
have led to the present advanced semi-empiricakiMndStraube (1998) and Straube and Burnett (2800)to
the advanced semi-empirical model in the ISO Stahfta WDR (ISO 2009). In the 70-ies, these advance
semi-empirical models did not yet exist, and ther&domings of the semi-empirical models at thaketitogether
with the complexity of WDR on buildings, drove rasehers to explore the interaction between WDR and
buildings by numerical simulation. Already in 198gndberg (1974) calculated the movements of rapslr
around a building model based on a flow patteraioled by wind tunnel modeling. The first actual C&fibrt
was made by Souster (1979), who studied raindapdiories based on computed flow patterns arolind 2
buildings. However, it were the pioneering effditsChoi (1991, 1993, 1994a, 1994b) that initiatesl adoption
of CFD as a tool for WDR research by the Wind Eegiing and Building Physics communities. Further
developments included the extension of Choi's metihto the time domain (Blocken and Carmeliet 2002,
2007a) and a series of validation studies, eithsetl on wind tunnel experiments (Hangan 1999) dulbscale
measurements (van Mook 2002, Blocken and Carnfieé2, 2006b, 2007, Tang and Davidson 2004, Abuku et
al. 2009a, Briggen et al. 2009). The topic of thespnt paper marks a recent trend, in which vai&i-D
simulations are used to evaluate semi-empiricalatsavhich in turn will allow these models to bepimved
based on the more detailed CFD results. Withoutgyoito too much detail, a few (expected) trendé/DR
research in CWE are mentioned.

Up to now, most CFD simulations of WDR have beerfigpgened with steady RANS models and for isolated
buildings. Two exceptions are the studies by Karzigiet al. (1997) and Blocken et al. (2009), inchtsteady
RANS models were applied for a two-building configtion. Given the general deficiencies of steadyNSA
modelling to accurately reproduce the separated Waw beyond the windward building edges and i th
building wake (Murakami 1993, Tominaga et al. 200&large-Eddy Simulation (LES) or hybrid Unsteady
RANS (URANS)/LES will need to be explored. This lvelso allow a more straightforward and accurate
representation of the turbulent dispersion of redpd. Most CFD WDR simulations up to now have been
conducted based on Lagrangian particle trackinghferaindrops. As the combination of this approaith
LES might lead to a very large computational cbEtS combined with an Eulerian approach for WDR éthou
be explored to strongly decrease the computatiexggnse. In this “Eulerian-Eulerian” approach, réie phase,
just like the air phase, is treated as a contindaformation on Eulerian-Eulerian modeling can barfd in
(Shirolkar et al. 1996, Loth 2000, Zhang and Ched7). Note that at the time of the revision of {héper, a
first RANS study employing Eulerian-Eulerian modéel of WDR has been published in this journal (Hyian
and Li 2010), in which this approach is succesgfudllidated using the experimental data for the-tse
VLIET building by Blocken and Carmeliet (2005).

7. Conclusions

Three calculation models for wind-driven rain (WDiRposition on building facades have been compared
for two case studies, for which full-scale measwets are available. The three models are the 186datd
model (ISO), the Straube and Burnett model (SB)taedCFD model by Choi, extended by Blocken and
Carmeliet (CFD). The two buildings are the low-ri&al test building and the monumental tower of Bte
Hubertus Hunting Lodge. The intention of this papeas to compare the performance of the modelssessing
the exposure of actual buildings to actual wind eaid conditions, because this is the reason wagethmodels
were developed and are applied.
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The spatial and temporal distributions of WDR & windward facade have been determined and thelmode
results have been compared with each other andtwétfull-scale measurements. The agreement bettheen
CFD results and the measurements is quite godaofibr buildings (on average 20-25%), apart fromrédggons
just below the roof overhang of the Voll buildingdathe bottom part of the monumental tower. Thieias
attributed to the fact that the turbulent disparsibthe raindrops was not modelled. The ISO and®®8el
however show large discrepancies with the measurenagé most facade positions, up to a factor 2 {bhe
identification of the reasons for these discrepaseias supported by the conclusions from two presvgeneric
comparison studies.

The main reasons for the discrepancies by the I®IC58 model in the two case studies are the foligwi
- The ISO and SB model only provide information orlvigctors and rain admittance factors for a fevilding

types. It is not clear what factors should be usedhe particular geometry of the Voll buildingdafor the
triangular-shaped upper part of the tower, whidéspart that receives most WDR.
- The ISO model does not take into account the vanaif the WDR exposure along the width of the tieca
- The ISO and SB model do not take into account timel\wlocking effect, which is especially importdat the
slender tower building.
- The ISO and SB model do not take into account #r@tion of shelter by roof overhang with wind spee
- The rain admittance factors by the SB model atdpeedge and vertical facade edges are too large.
While this paper has highlighted a number of imaotrdeficiencies of the ISO and SB models, it sthéna
noted that these models are nevertheless veryblaluBhese developments have provided a very strasis
for further development and improvement of semi-eitgd models based on validated CFD simulatiohss |
hoped that the present study can contribute tethether improvements.

Notation

B., Bs larger and smaller dimension of windward facadg (

Cr roughness coefficient (-)

Cr topography coefficient (-)

Ewar conservative error estimate foS(mm)

€udr conservative error estimate for the ratjQ/, (-)

k turbulent kinetic energy (m2%

L, W, H length, width, height of building (m)

(0] obstruction factor (-)

Ry horizontal rainfall intensity, i.e. through a rmontal plane (Lmh™* or mmh?)
Ruar wind-driven rain intensity (LiAh* or mmh?)

S horizontal rainfall amount, i.e. through a horitarplane (Ln? or mm)

Swdr wind-driven rain amount (Lfior mm)

Ui reference wind speed at 10 m height in the upstrerdisturbed flow (mY
W wall factor (-)

W1, W2, ... names for positions of gauges at Voll buildingaide (-)

z height above ground (m)

Z aerodynamic roughness length (m)

z largest of two aerodynamic roughness lengthsratighness transition (m)

a wind-driven rain coefficient (st

b power-law exponent (-)

Dt time step length (s)

e turbulence dissipation rate ("n¥js

h catch ratio (-)

q angle between the wind direction and the norméhé facade/wall (° from north)

j 10 wind direction at 10 m height in the upstream shdbed flow (° from north)
BSL Building Scaling Length

CFD Computational Fluid Dynamics

DRF Driving Rain Function

ISO International Organization for Standardization
HAM Heat Air and Moisture

IBL Internal Boundary Layer

RAF Rain Admittance Factor

RANS Reynolds-Averaged Navier-Stokes

SB Straube and Burnett

WDR Wind-Driven Rain
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Fig. 1. West facade of the rectangular Voll testding and the positions and numbers (W1 to W8hefwind-
driven rain gauges at the facade. Dimensions ame iRoof overhang length is 0.34 m.
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Fig. 2. (a) South-west facade of Hunting LodgeHsibertus and the positions and numbers of the wngen
rain gauges (1-5) and of two additional positionitheut gauges (6-7) at the SW facade; (b) crosscsea-A’

(indicated in Fig. 2a) of the building. Dimensiare in m.
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Fig. 3. (a-c) ISO Standard wall factors (W) on wiadward facade of a two-storey building with ftabf, a
multi-storey building with flat roof and a two-s&yr eaves building (modified from ISO (2009)); (d=®ntours
of Straube and Burnett’s rain admittance factor Firén the windward facade of a wide low-rise buitgivith
flat roof, a high-rise building and a low-rise lifig with pitched roof (Straube 1998, Straube andchBtt
2000).
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Fig. 4. Results for the Voll building and rain evén (a) Meteorological data record (hourly datg)
Temporal distribution of cumulative wind-driven mat position W7 from experiments and CFD, ISO 8&d
models; (c) Temporal distribution of wind-driverimaoefficienta at position W7 for CFD, ISO and SB
models; (d) Variation o& at position W7 with gy and R according to CFD and SB model.

16



(a) Experiments

B.29] 3
2
0[0.26] w40[0.20] W7O
6p.24] ws0[015]
(b) CFD (c) ISO Standard (ISO)
U0 (VW1 W50 025
0.05 0.7 0.5 vz "*l0.24
0[0.17] VZ wo[0.31]  WOfg 34
0.15 O we0|(0.15
(d) Straube and Burnett — MIN (SBmin) (e) Straube and Burnett — MAX (SBmax)
Wi wsol 0.00 W w50 0.18
go.17 S T, 3[0.30 Weo 30

Slo.41]  we[0.00] wolg g Slo6s] woloat] worr
ws0[0.00 50.38] we0[0.38

Fig. 5. Experimental and calculation results at ehdain event A: spatial distribution across thimdward
facade of the ratio of accumulated wind-driven taimccumulated horizontal rainfall.
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Fig. 6. Results for tower building and rain event®) Meteorological data record (10-minute dafh);
Temporal distribution of cumulative wind-driven maat position 3 from experiments and CFD, ISO aBd S
models; (c) Temporal distribution of wind-driverimaoefficienta at position 3 for CFD, ISO and SB
models; (d) Variation o& at position 3 with g, and R, according to CFD and SB model.
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Fig. 7. Experimental and calculation results at ehchin event B: spatial distribution across thedward
facade of the ratio of accumulated wind-driven tairaccumulated horizontal rainfall.
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Table 1. Data for positions at the west facadehefYoll building: height z, wall factor W and maxim and
minimum rain admittance factor RAF, as obtainedrfiéig. 3.

w1 w2 W3 w4 W5 w6 w7 w8

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

z (m) 3.4 2.45 1.4 2.45 3.75 3.4 2.45 14
w 0.3 0.4 0.2 0.4 0.3 0.3 0.4 0.2
RAF_min 0.2 0.5 0 0 0 0.2 0 0

RAF_max  0.35 0.8 0.5 0.5 0.2 0.35 0.5 0.5

Table 2. Data for positions at the south-west facafithe tower St. Hubertus: height z, wall fact@rand
maximum and minimum rain admittance factor RAFphsined from Fig. 3.

SWi SwW2 SW3 Sw4 SW5 SW6 sSw7

(mm) (mm) (mm) (mm) (mm) (mm) (mm)

z (m) 185 245 295 295 295 322 345
W 0.2 0.2 0.2 0.2 0.2 0.5 0.5
RAF_min 0 0 0.8 0.5 0.8 0.5 0.8
RAF_max 05 0.5 1 0.8 1 0.8 1
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