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ABSTRACT: Three different calculation models for wind-driven rain (WDR) are compared: the
semi-empirical model in the ISO standard for WDR (ISO), the semi-empirical model by Straube
and Burnett (SB) and the CFD model by Choi, extended by Blocken and Carmeliet. This paper
builds further on the comparison of these models for idealized building configurations and fixed
wind and rain conditions in [Blocken et al., 2010. Comparison of calculation models for wind-
driven rain deposition on building facades, Atmospheric Environment 44(14): 1714-1725]. In the
present paper, these models are applied to a high-rise monumental tower building, for a transient
rain event, and the model results are compared with full-scale measurements. The agreement be-
tween the CFD results and the measurements is quite good at the upper part of the facade, while
the ISO and SB model show large discrepancies at these facade positions.

1 INTRODUCTION

Three different calculation models for wind-driven rain (WDR) on buildings are compared: the
semi-empirical model in the ISO Standard for WDR (ISO, 2009), the semi-empirical model by
Straube (1998) and Straube and Burnett (2000) and the CFD model by Choi (1991, 1993, 1994)
that was extended into the time domain by Blocken and Carmeliet (2002, 2007). These models
are referred to as ISO, SB and CFD, respectively. The theory of the models and a comparison of
model performance by application to generic, idealized buildings were provided in earlier studies
(Blocken and Carmeliet 2010; Blocken et al. 2010). In the present paper, the models are applied
to determine the spatial and temporal distribution of WDR on the south-west facade of a real
building for a real, transient rain event. This real building is the tower of the Hunting Lodge St.
Hubertus, a monumental building in the national park “De Hoge Veluwe” in the Netherlands.

2 DESCRIPTION OF BUILDING, SURROUNDINGS AND MEASUREMENT SET-UP

The Hunting Lodge St. Hubertus consists of a low-rise rectangular volume with wings that
stretch out diagonally and with a characteristic tower in the middle of the building (Fig. 1; Brig-
gen et al. 2009). The total building height is 34.5 m. From the fourth floor up, the tower is rec-
tangular with dimensions 4.8 x 4.2 m®. There are no other buildings in the immediate vicinity, but
the building is surrounded by a forest. There is an elongated clear-cut in the forest, SW of the
building, with a length of about 600 m. The aerodynamic roughness length z, of the forest is es-
timated 1 m, while that of the clear-cut is estimated 0.05 m. The measurement set-up consisted of
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a meteorological mast positioned in such a way that it measured SW wind without disturbance by
the building and the trees in its immediate vicinity (Briggen et al., 2009). The meteorological
mast was equipped with an ultrasonic anemometer, providing the reference wind speed and wind
direction at 10 m height: U;( and ¢,o. Reference rainfall intensity Ry, was measured by a rain
gauge shielded by a wind screen. It was placed at the same location as the meteorological mast.
WDR gauges (0.2 x 0.2 m? catch area, made of sheet glass according to the WDR gauge design
guidelines by Blocken and Carmeliet (2006a)) were installed at the tower facades (Fig. 1). Most
gauges were positioned on the SW facade, because SW is the prevailing wind direction. All data
were gathered on a 1-minute basis and afterwards averaged over 10-minute intervals. More in-
formation can be found in (Briggen et al., 2009).

(a)
south-cast north-cast north-west

- Recessed outer
o +— facade parts

345m

south-west

Figure 1. (a) South-west facade of Hunting Lodge St. Hubertus and the positions and numbers of the wind-driven
rain gauges (1-5), and of two additional positions without gauges (6-7) at the SW facade; (b) cross section A-A’ (in-
dicated in Fig. 1a) of the building. Dimensions in meter.

3 WIND-DRIVEN RAIN MODELS

3.1 Model equations

The input meteorological data consist of 10-minute values of U, @19 and Ry,. These hourly or 10-
minute intervals are called time steps. For the purpose of comparison, each model calculates the
WDR intensity Ryq: for each time step by:

R = a-U, -R ™ cosd (1)

wdr

where a is the WDR coefficient and 6 is the angle — in a horizontal plane — between the wind di-
rection and the normal to the facade. Depending on the model, different expressions for a have to
be used (Blocken and Carmeliet, 2010).
For wind perpendicular to the facade (0 = 0°), the WDR coefficient in the CFD model is:
0.12
o = n-RyT )
UIO

where 1 is the catch ratio from the CFD simulation, which is defined as the ratio Ryq/Rp.
The WDR coefficient in the ISO model is:
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o = %-CRCT-O-W 3)

where Cg is the roughness coefficient, Cr the topography coefficient, O the obstruction factor and
W the wall factor. Cr takes into account the change of mean wind speed at the site due to the
height above the ground and the upstream roughness of the terrain. It is given by:

C.(2) = K, 1n(iJ forz>z_ 3 Cu(z) = Cu(z,,) forz<z, )

Z

where z is the height above ground, Kr the terrain factor and znyi» @ minimum height. Values for
these parameters are provided in the Standard (ISO, 2009). For example, for zo = 0.01 m: Kg =
0.17 and zyin = 2 m, and for zp = 0.05 m: Kg = 0.19 and z,i, = 4 m. The topography coefficient
takes into account the increase of mean wind speed over isolated hills and escarpments. The ob-
struction factor O takes into account the shelter of the wall by the nearest obstacle. The wall fac-
tor W tries to take into account the type of the wall (height, roof overhang) and the variation of
WDR across the surface of the wall. Some values for W are shown in Figure 2a-c.

The WDR coefficient in the SB model is:

i
o = DRF.RAF.(%) RO (5)

(a) (b) ()

05fortop2.5m

Pitched roof (= 20°%)
0.2 typical overhang 350 mm

Uh 03
04 0.3
0.2 0.3
Two-storey building with flat roof Multi-storey building with flat roof Two-storey eaves wall
(pitch < 20%) (pitch < 20°)
(d) (e) 09-1.0+ ®

<020

M 02010035

35
0.3510 0.50 g
L <03 N

Low-rise building with HW << 1 Tall building (> 10 m) with HW >> 1

Figure 2. (a-c) ISO wall factors (W) on the windward facade of a two-storey building with flat roof, a multi-storey
building with flat roof and a two-storey eaves building (modified from ISO (2009)); (d-f) Contours of Straube and
Burnett’s rain admittance factor (RAF) on the windward facades of a wide low-rise building with flat roof, a high-
rise building and a low-rise building with pitched roof (Straube, 1998, Straube and Burnett, 2000).
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where DREF is the driving rain function, RAF the rain admittance factor and 3 the power-law ex-
ponent corresponding to the terrain roughness of the building site. The RAF is constant in time,
while the DRF varies in time. RAF values have been published by Straube (1998) and Straube
and Burnett (2000), but only for three types of buildings: see Figure 2d-f. The DRF is calculated
as the inverse of the terminal velocity of fall Vi, given by the equation by Dingle and Lee (1972):

V, (d) = —0.166033 + 4.91844 d — 0.888016 d* + 0.054888 d*> < 9.20 m/s (6)

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

d = 1.105R,**? (7)

For each model, the WDR sum (S,q4: in mm) for each time step is obtained by multiplying
Ryar with the time step length At. The accumulated (total) WDR at the end of the rain event is:

Swdr,tot = Z (R wdr At) (8)

3.2 Main conclusions on model performance from previous studies

The main conclusions from the previous comparison studies (Blocken and Carmeliet, 2010;
Blocken et al., 2010) are summarized, below to support the analysis of model performance in this
paper. The conclusions concern the ISO and SB model, when contrasted with the CFD model,
which was shown to provide accurate results in validation studies (e.g. Blocken and Carmeliet,
2002, 2006b, Tang and Davidson, 2004, Abuku et al., 2009).

1 The ISO and SB model only provide information (factors W and RAF) for a few building
types,;

2 The ISO model does not take into account the variation of a along the width of the facade;

3 Instead of providing a single value for the RAF, the SB model provides a minimum and
maximum limit. For some facade positions, these values bound a wide range, which limits the
predictive capability of this model;

4 1In the SB model, the RAF values at the top edge and vertical edge of the facade are too large,
and for low Ry, the dependency of the DRF on Ry, is too strong;

5 The wind-blocking effect (Blocken and Carmeliet, 2006b) is not reproduced by the ISO and
the SB model. The wind-blocking effect refers to the decrease of upstream streamwise wind
speed, and therefore also of the WDR intensity, with an increase of the building scaling length
(BSL):

1

BSL = (BL B52)5 ©)

where By is the larger and Bg is the smaller dimension of the windward facade. The BSL was
defined by Wilson (1989) for estimating the dimensions of flow recirculation regions on build-
ing roofs.

6. The increase of a with increasing Ry, can be reproduced by the CFD model. The ISO model
does not predict this dependency, while the SB shows the opposite trend (decrease with in-
creasing Ry).
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4 MODEL APPLICATION
4.1 CFD model

3D steady RANS simulations with the realizable k-¢ model (Shih et al., 1995) were performed
with the commercial CFD code Fluent 6.3 by Briggen et al. (2009). The simulations were con-
ducted following the CFD best practice guidelines by Franke et al. (2007) and Tominaga et al.
(2008) and the recommendations by Blocken et al. (2007) for CFD simulation of neutral atmos-
pheric boundary layer flow with this code. The simulation details, including the grid-sensitivity
analysis, can be found in (Briggen et al., 2009). Simulations were only made for SW wind direc-
tion and for the SW facade (0 = 0°). The raindrop trajectories, specific catch ratio and catch ratio
were all calculated with author-written program codes (Blocken and Carmeliet, 2006b). The
raindrop-size distribution by Best (1950) was adopted. The simulations were made for Ujo =1, 2,
3,5and 10 m/s and for R, =0.1,0.5, 1, 2, 3,4, 5, 6, 8, 10, 12, 15, 20, 25 and 30 mm/h. n and o
(Eq. 2) were calculated at every position at the west facade (resolution 0.08 x 0.08 m?) for all the
different combinations of Ujo and Ry. These values for a are used in Eq. (1), together with the
meteorological data of the rain event, to determine the WDR intensity at different facade posi-
tions. The WDR intensities are converted to the accumulated WDR Sy 10t by Eq. (8).

4.2 1SO model

Cr, Cr and O are determined. CR is calculate using the parameters for terrain category II (ISO,
2009). Cr and O are equal to one in this case. The wall factors are taken from Figure 2b for a
multi-storey building, although the ISO standard does not provide wall factors for a facade that is
triangular at the top (Figure 1a).

4.3 Model by Straube and Burnett

The RAF values are taken from Figure 2e, which seems appropriate, because H >> W applies for
the tower. However, these values are strictly not applicable for positions 6 and 7, situated at the
triangular part of the facade. The value of 3 that corresponds to terrain category II in the ISO
model is 0.16.

4.4 Comparison of temporal distribution of wind-driven rain

The rain event is shown in Figure 3a. It is characterized by a series of individual showers. Wind
speed is on average 1.3 m/s and wind direction during rain is only slightly oblique to the SW fa-
cade (6 = 0°). Ry ranges from 0 to 4.5 mm/h, and is on average equal to 1.2 mm/h (zero Ry, values
excluded). Figure 3b shows the measured and calculated temporal distribution of WDR at posi-
tion 3. A conservative measurement error estimate is Eyq: = 0.2 mm (Briggen et al., 2009). All
models qualitatively reproduce the temporal variation. Quantitatively, CFD somewhat underesti-
mates the measured values. ISO provides an estimate that is about four times too low, while
SBmin is larger than both the measurements and the CFD results. Figure 3¢ shows the temporal
variation of a at the same position, and Figure 3d shows the variation with U and Ry, at position
3. Note that the overall differences between ocrp on one hand, and oyso and olspmax and CLspmin ON
the other hand, are very large. The reason for this is discussed in the next section.

4.5 Comparison of spatial distribution of wind-driven rain

Figure 4 compares measurements and calculations at the end of the rain event, at the positions of
the WDR gauges (1-5) and at two additional positions near the top of the facade (6-7).
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Figure 3. (a) Meteorological data record (10-minute data); (b) Temporal distribution of cumulative wind-driven rain
at position 3 from experiments and CFD, ISO and SB models; (c) Temporal distribution of wind-driven rain coeffi-
cient o at position 3 for CFD, ISO and SB models; (d) Variation of a at position 3 with U;q and Ry, according to
CFD and SB model.

A conservative estimate for the error in the measured ratios is eyq, = 0.02. The observations are:

1

Figure 4a: the measured ratios increase from bottom to top, and from the middle of the facade
to the sides. The value at position 5 is slightly higher than at position 3, because the wind di-
rection is a bit lower than 225° (= south-west). Data at position 2 are not available due to
equipment malfunctioning.

Figure 4b: the CFD results also show the increase with height and from the middle to the
sides. The agreement between CFD simulations and measurements is good, except at position
1. As mentioned by Briggen et al. (2009), this can be attributed to turbulent dispersion, which
can have a significant effect in regions where the raindrop trajectories are almost parallel to
the facade, which is the case at the lower part of high-rise buildings, such as near position 1.
Figure 4c: the results by the ISO model are up to four times smaller than the measurements.
The same observation was made in Figure 3b. This poor performance appears to be in contra-
diction to the quite good performance by the ISO model for two idealized high-rise buildings
in an earlier study (Blocken et al., 2010). The reason for this different performance is the
wind-blocking effect (see statement nr. 5 in section 3.2). This effect is present in reality but
not reproduced by the ISO model (Blocken et al., 2010). The larger the wind-blocking effect,
the lower the WDR exposure of the facade. In the previous study, the BSL values were 50 m
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and 31.7 m, while in the present study (when neglecting the wider bottom part of the build-
ing), the BSL is only 9.3 m. As a result, the actual WDR coefficients at this tower are much
higher. Comparing CFD WDR coefficients has indeed shown that those for the present tower
are about two to three times larger than those for the buildings in the previous study. The ISO
model does not take the wind-blocking effect into account. Therefore, while it provides fairly
good results for the high-rise buildings with BSL equal to 31.7 m and 50 m, it provides large
underestimations for BSL = 9.3 m.

4 Figure 4d-e: SBmin and SBmax show the increase of WDR exposure with height and from the
middle of the facade to the sides. Just like the ISO model, also the SB model does not take the
wind-blocking effect into account. This could cause this model to also underestimate the
WDR exposure. However, the SB model in general provides RAF values that are (much) too
large in the vicinity of the top and side edges of high-rise buildings with rectangular facades
(see statement 4 in section 3.2). These two effects compensate each other to some extent, but
in spite of this, SBmin still overestimates the measurements at positions 3, 4 and 5. It also
overestimates the CFD results at these positions. On the other hand, it does not overestimate
the CFD values at positions 6 and 7. The reason is that these positions are in reality much
more exposed, as the top of the facade is triangular (less wind-blocking) instead of rectangu-
lar. This causes a very high WDR exposure, as shown by the CFD results. The CFD value at
the top is even larger than the value by SBmax. Note however, that strictly, the SB model does
not provide wall factors for such positions at the top of triangular facades.

(a) Experiments (b) CFD (c) I1ISO (d) SBmin (e) SBmax

Fig. 4. Experimental and calculation results at end of the rain event in Figure 3a: spatial distribution of ratio of ac-
cumulated wind-driven rain to accumulated horizontal rainfall.

5 CONCLUSIONS

Three calculation models for wind-driven rain (WDR) have been compared by application to a

real building and for a transient rain event: the ISO Standard for WDR (ISO), the Straube and

Burnett model (SB) and the CFD model by Choi, extended by Blocken and Carmeliet (CFD).

The main conclusions of the comparison are:

1 The agreement between measurements and CFD is quite good at the upper part of the build-
ing, while the discrepancies between the measurements and the ISO and SB models are large.



The Fifth International Symposium on Computational Wind Engineering (CWE2010)
Chapel Hill, North Carolina, USA May 23-27, 2010

2 These discrepancies can be explained based on the six main conclusions from two previous
studies. The main reasons however are the wind-blocking effect, which is reproduced by CFD
but not by the ISO and SB models, and the fact that the SB model strongly overestimates the
RAF at vertical and top edges of buildings.

3 The capabilities and deficiencies of the ISO and SB model, as identified in this paper, should
be considered when applying these models for WDR deposition calculations.
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