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Full-scale measurements and numeric simulations of driving rain
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ABSTRACT: Results of full-scale measurements and c.f.d. simulations of driving rain on a building facade a
of wind at one position at 0.5 m from the facade surface, along with reference measurements, are presel
The wind is simulated by a standafde model, and the results are compared with measurements quantitativel
and qualitatively. The applied model of driving rain takes drop trajectories and raindrop spectra into accou
The simulated driving rain is compared with 10-min measurements of driving rain.

1 INTRODUCTION are presented.

Many factors determine the deterioration of building
envelopes. Heat and moisture transfer, dry and we# DRIVING RAIN
deposition of chemical substances, design deficiencyhe general model on driving rain used in this study,
and imperfections affect the performance and durahas been described in van Mook et al. (1997). Such an
bility of facades, and the costs of maintenance. To deapproach is also used in e.g. Bookelmann and Wisse
sign good buildings with regard to durable envelopes(1992), Choi (1993), Sankaran and Paterson (1995)
knowlegde of the exposure to the local outdoor cli-and Hangan and Surry (1998). A brief summary defin-
mate is primordial. One of the parameters is drivinging the quantities and symbols used in this paper is
rain, defined as rain that is carried by wind and driverprovided here.
onto the building envelope. The horizontal rain intensitig, [mm/s] is the rate
A standard method for building designers to esti-Of rain water falling through a horizontal plane dur-
mate driving-rain quantities (BSI 1992) is available ing @ certain period in the undisturbed wind flow, and
only in the UK. There are few other tools and data€duals to the summation of the masses of all the drops
available, useful for the estimation of driving rain and falling through that plane:
for laboratory tests of building materials and struc- ©
_tures. In the last decao_le computational fluid dynam- R, :/ h(D)dD, 1)
ics (c.f.d.) became available. To our knowledge, only
a single attempt has been made to compare driving- 0
rain c.f.d. simulations with wind tunnel experiments with @,(D) = horizontal drop mass spectrum
(Hangan and Surry 1998). [kg m 2 s 1 m1] ie. the total mass of raindrops
Since December 1997 full-scale measurements ofvith diametersD [m] falling on a horizontal plane in
wind and driving rain on the west facade of the Mainthe undisturbed wind flow.
Building of the Eindhoven University of Technol-  The horizontal drop mass spectrum can be calcu-
ogy (TUE) are carried out, along with reference meaiated from the drop number spectrum(D) [m—3
surents of wind and rain. The aim is to determine them1]:
functior_l of driving-rain guantities as f_unction of refer- @ (D) = nn(D)Vsa (D)pT_TD{ (2)
ence wind and rain parameters. In this paper, results of 6
the full-scale measurements and results of c.f.d. simwith vig (D) = terminal velocity [m s'] of a drop,
ulations of wind and driving rain of the same situation andp = density [kg m °] of water.
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Figure 1: Test site, measurement positidnsP7 and definition ofx-y-z directions.

Before a raindrop impinges on a building facade,with Kk = obstruction factor [-] depending on
it has travelled from the clouds downwards, and itsbuilding geometry,a = free driving-rain ratio
trajectory has been determined by the wind field, thgs m~1 mm~? h?], with a constant value of 0.22 (Lacy
gravitational force and drag forces. A fraction of the 1965), andb = a constant, which according to Lacy
drops of a certain sizB will impinge on a particular (1965) equals to 0.88, here we assume 1.
position on the facade:

3 SITE AND MEASUREMENT SET-UP

D
n(b) = ﬁ]r((D))7 (3)  Full-scale experiments have been carried out at the
Main Building on the campus of the TUE. The di-
with n(D) = catch ratio [-] per drop sizeps (D) =  mensions of the Main Building are: (height) 44.5 m,
drop mass spectrum [kg ™ s~ m~1], impinging on  (width) 167 m and (depth) 20 m. Figure 1 shows the
the building envelope. west facade of the Main Building: driving rain is mea-
Thus, the actual driving-rain intensif§gr on the  sured at two position®5 andPs, and wind velocity
building is: is measured near the facade at positian
o The site is suited because the prevailing direction
Rar :/ n(D)@n(D)dD. (4) for wind and rain is between south and west. There
5 are no large obstacles in south-west to west direction.

The fetch in this direction is rough (roughness length
Unfortunately, one can not measure the drop masgs 1 + 0.4 m. with a displacement height of 10 m

spectruntpy (D) on the building envelope. Therefore, (Geyrts 1997)), and consists mainly of trees over a

a driving-rain ratick is defined as: distance of 400 m. The nearest high-rise building in
Ryr this direction is 500 m away. The wind characteristics
k= Ry (3)  of the site have been presented in Geurts (1997).

The reference wind velocity is measured at 45 m
height (from ground level) on a mast, located 127 m
westwards from the Main Building (figure 1, position
P1). The mast is standing on the Auditorium, which
is 14 m high, 77 m long and 56 m wide, and which is
located at 72 m from the Main Building.

In Lacy (1965) and BS 8104 (BSI 1992) the fol-
lowing relationship between the driving-rain intensity
and the reference wind speddm s~ is assumed:

— = kaUu, (6)



The reference horizontal rain intensity is measured e The three-dimensional computational domain is

by two tipping-bucket rain gauges on the roof of the
Auditorium at position®2 andP3. Since December
1998, a disdrometer (a device to measure the rain-
drop spectrum) has been installed next to one of the
tipping-bucket rain gaugesy).

The two driving-rain gauges at positiohs andP6
have been develloped at the TUE. They are identi-
cal and consist mainly of (1) a teflon coated collec-
tor (a shallow plate on which raindrops impinge and
are supposed to drip downwards), (2) a wiper which
improves the coagulation and dripping-down of the
drops on the collector, (3) a reservoir on a balance to
measure the collected rain water, see figure 2. Com-
parison of this type of driving-rain gauge with other
types has been discussed in van Mook (1998), and
will be discussed in Hjberg et al. (1998).

At positionP4, an ultrasonic anemometer is placed
on an arm, by which the distance to the facade surface
can be adjusted between 0.25 and 1.25 m.

Table 1 gives an overview of the instrumentation
and the applied output sample rates.

4 SIMULATION METHOD

4.1 Wnd calculation method

Simulations of the wind around the Main Building
have been performed by a commercially available
c.f.d. packagd-luent (version 4.4). The used model
is a standard-€ model (Fluent Inc. 1995). Some im-
portant features are as follows:

¢ Except forC, = 0.032, the standard values of
the K-& model have been applied. Tl con-

1190 m long in east-west direction, 1477 m long
in north-south direction and 225 m high. It is de-
vided into 95, 96 and 47 cells respectively.

Figure 3 shows the computational grid. The first
grid cells on the facade of the Main Building
have a thickness of 0.25 m. Care is taken to keep
the grid expansion factor of two successive grid
lines between 0.7 and 1.3.

The grid is a so-called structured grid, so that un-
desired large expansion factors and cell aspect
ratios are inevitable in some parts of the grid.

The profile of the wind coming into the domain
is described by:

U<20(2) = l:)*: In (%) forz<20m (7)
and:
Uy z—d
U>20(2) = O—4In . forz>20m (8)

with u(z) = horizontal wind velocity [m s1] at
heightz [m] above ground levelzy = roughness

Table 1: Measurement positions and instrumentation. The
reference quantities (at the Auditorium) are marked with
an asterisk. See also figure 1.

stant has been adapted according to the findingsPosition

of Bottema (1993), who also compared his sim-

quantity/instrument
[output sample rate]

ulations favourably with wind tunnel measure-
ments.
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Figure 2: Driving-rain gauge, with driving-rain collector
II, wind deflector, reservoir (3 litres) and balance. Left:

foreplate with the round catchment area (0.4%2 Right:
backplate and the inside.

P1*

p2*

p3*

p3*

p3*

P4

wind velocity (3d) / Solent Research Ul-
trasonic Anemometer [1 / min]

horizontal rain intensity / Young tipping
bucket rain gauge 52202 [2 / min]
horizontal rain intensity / Young tipping
bucket rain gauge 52202 [2 / min]
duration of horizontal rain / home-made
rain indicator [2 / min]

horizontal raindrop spectrum / Parsivel
M300 (IMK Karlsruhe) [2 / min]

wind velocity (3d) at 50-125 cm from fa-
cade surface / Solent Windmaster 1086M
Ultrasonic Anemometer [1/ S]

driving-rain intensity / driving-rain collec-
tor Il with wiper + balance [2 / min]
driving-rain intensity / driving-rain collec-
tor Il with wiper + balance [2 / min]




has also implications for the the computational grid:
the dimensions of the grid cells in which drop trajec-
u.1 = friction velocity [m s 1] yielded from tory deviations will occur, should be smaller than the
U<20(20) = u>20(20), d = displacement height stopping distance of the smallest drop. This implies a
[m]. maximum dimension of 0.5 m near the facade, i.e. the
approximate stopping distancé D m for a 0.5 mm
dropat2m s (van Mook et al. 1997). Dispersion of
drops due to the turbulence of wind is not taken into

length [m] forz> 20 m,zy 1 = roughness length
[m] for z< 20 m,u, = friction velocity [m s™1],

The values ofp = 1.0 m andd = 10 m have been
determined by measurements on the site (Geurt
1997). The split-up of the wind profile is nec-

essary to account for the displacement hejht 2ccount. _ _ _
of 10 m; otherwise, the wind profile below 10 After the calculation of drop trajectories, catch ra-

m height would be undetermined. Moreover, thetios N(D) are calculated by determining the number
fetch consists of a park up to a distance of 4ocof drops released in the undisturbed wind field per
m from the Main Building (therefore a estimated Square metre, and the number of drops impinged on a

201 of 0.1 m) and buildings west from the park ¢hosen position on the building facade per square me-
with a height of~20 m. tre. A total of~20,000 drops (wittD = 0.5, 1.0, 1.5,

... 6.0 mm) were released in the computation domain,
for every of the three chosen reference wind speeds
Unref = 3.5, 5.7 and 11.2 ms, and two wind direc-
tions®g = 270° (= normal to the facade) art.¢ =

The friction velocity u, is based on the wind
speedU;g at Eindhoven airport~5 km west-
ward from the Main Building, withz = 10 m,
Zp = 0.03 m andd = 0 m) and the measured ra-
tio u(45) /U0 = 1.13 (Geurts 1997), which is in

agreement to the internal boundary layer mode RESULTS AND DI ION
of Simiu and Scanlan (1986, p. 67). '2 . V\ASnLch S SCUSSIO

As the facade consists of a smooth glassThe simulations have been compared in mainly three
cladding, a value of 0.0005 m is assumed for itsyays:

roughness length.
e Normalised wind velocities: Figure 4a shows the
wind speed at 50 cm from the facade at position

4.2 Driving-rain calculation method

The calculations of the drop trajectories have also
been performed by the same c.f.d. pack&deent

(version 4.4). The trajectories were calculated after
the wind flow was calculated for a chosen geometry
and reference wind speed. The trajectory calculation
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Figure 3: Computational grid. View from south-west. From
left to right: the Auditorium, the Main Building and build-
ing T.

P4, Ugpspa, Normalised by the horizontal wind
speedJn e at positionP1.

The simulated wind speedsapsps (figure 4a)
are (just) within the standard deviation of the
measurements. The larger deviations are found
at wind directions of< 240°, due to the wake

of building T. Building T (figures 1 and 3) has
the same height as the Main Building. When
building T is included in the computational do-
main, the results compare better with the mea-
surements.

Figures 4b-d show the normalised velocity com-
ponents at 50 cm from the facade at positdn
See figure 1 for the definition of they-z axis
system. The predictions made by the simulations
(with inclusion of building T in the grid) o)y p4

are within the standard deviation of the measure-
ments. But this does not apply for the vertical
component)yps, Which is the second most im-
portant contribution to the wind speedmt. In

this case one should be carefull interpreting the
measured data: the ultrasonic anemometerat



I = 10-min mean and standard dev.
<& = simulation without building T
O = simulation with building T
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Figure 4: Measured and simulated wind velocities at 50 cm from the facade at p@<itioormalised by the reference
wind speedJyref, as function of the reference wind directidpy. Figure 4a: the normalised wind speldghsps. Figure
4b-d: the normalised velocity componekiga, Uypa andU,ps.

is positioned vertically, and in this direction, the  The general difficulties of the standakde model
vertical wind is mostly obstructed by the housing with the simulation of recirculation on the leeward
of the anemometer. sides and the (over-)production of turbulent kinetic
energy at the windward edges of a building have been
e Mean pressure coefficients: Data from previ- pointed out in the literature (see e.g. Murakami et al.
ous wind tunnel and full-scale measurements 0f1992)). Literature also points out, though, that gen-
mean pressure coefficients on the west facade d#rally the wind speed values at the windward side of
the Main Building (Geurts 1997) are compareda building are simulated in good agreement to (wind
with the simulation results of the current study tunnel) measurements. Seen this, the general difficul-
in figure 5. ties, and the use of a structured grid with inevitably
_ o non-ideally shaped grid cells, the simulations of the
The simulated pressure coefficients at the edgeﬁresent study seem to compare well enough with the

show large deviations from the measurementsy,qaq rements to proceed to the driving-rain calcula-
This might be caused by too large or non-ideally;qno

formed grid cells near the edges.

e Qualitatively: The simulations show recircula-
tion on the roof and side facades.
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Figure 5: Measured (Geurts 1997) and simulated (current

ulations, one will see that the raindrop spectrum may
be this parameter.

Figure 7 gives the catch ratip(D) as function of
facade positionB5 andP6, a reference wind direction
of 240¢° (= 3¢° from the normal of the facade) and
three reference wind speeds. The shape of the catch
ratio as function of the drop diameter is as expected:
smaller drops are less likely to impinge on the build-
ing facade because they are more easily carried by the
wind than thicker drops. In the figure is also visible
that an increase of the reference wind speed causes
more drops to hit the facade. To calculate driving-
rain ratiosk one needs horizontal raindrop spectra
nh(D). Unfortunately, usable data from the disdrome-
ter have not yet been obtained, so raindrop spectra
known from literature will be used here (Marshall and
Palmer 1948), (Ulbrich 1983). See figure 8.
The resulting driving-rain ratiok, calculated from

study) mean pressure coefficients as function of the posi-

tion on the facade, at 72% of building height. The north 0.5 . . : .
edge of the west facade is represented by the relative posi-
tion Xe = 1, the south edge by, = 0. —oa}
5.2 Drivingrain 2 P
Figure 6a shows the measured driving-rain ratos -(%0'3“ [
(eq. 5), at facade positidrd as function of the refer- % Lt
ence wind velocity component normal to the facade 1% S A .
(Uy.ref), measured ap1. The 10-min values in this 5 Ty
graph show a large scatter, although the data has been <0.1 = ,g R
selected by the following criteria: (1) wind from west *: e
225 < Py < 315, (2) a maximum r.m.s. wind di- oL : *E # 6 : 8 —
rection Oy < 5°, (3) a minimum for the reference a. ref. wind velocity normal to facade [m/s]
horizontal rain intensityrR, > 0.02 mm/h, and, (4) a
maximum relative difference in rain intensiBy, at 0.25 ; ;
the two reference positio’2 andP3:
— 0.2} e
|Rn,p3 — Rnp2| <02 g ' : .
Rhp2 SOABE e
By criterium 3 and 4 the relative error R, is lim- § .
ited; the other criteria have been defined to make a [ ® , * b Lt
comparison with the simulation possible. ;g *
The measured driving-rain ratidsas function of S0.08[ ¢
the reference horizontal rain intensi®y also show
scatter. Figure 6b shows this for the data of figure 6a, 0 1 2 3 4 .

which have been additionally selected for reference p.

wind speeds 5 Up e < 7 M

s 1. The driving-rain

ref. horizontal rain intensity [mm/h]

ratios do not show a clear dependency to the horizonFigure 6: Measured driving-rain ratids(10-min values)
tal rain intensity. From figures 6a and 6b one can conat the facade positioR5, as function of (a) the reference
clude that an other parameter plays a role in drivingvind velocity compontent normal to the facadg.s and
rain. Below, with the results of the driving-rain sim- (b) the reference horizontal rain intensiy.
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the mentioned horizontal raindrop spectra, are shown
in figure 9 with the mean and standard deviation of
the measured driving-rain ratios of figure 6a. Two ob-
servations are made: Firstly, several of the simulated

measurements: I = mean and stand. dek.
simulations : V=0.1 mm/hg =1 mm/h,
O =5mm/h Ry)

catch ratios folJy e < 6 M s 1 are well outside of

the standard deviation range of the measurements. An
explanation might be that the chosen raindrop spectra

are not realistic. For a reference wind spé&ggly <
4 m s1, the overestimation of the simulated driving-

P5 P6
Uy =31ms?! ®g=240 ——— -
Uy =5.0 S, Oy =240 ....... -
Uy,ref =95m S_l, cDref =240 4 e O--

0.5

0.4f .

o
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Figure 7: Simulated catch ratig(D) at facade positionB5
andPé6 for wind direction®,g = 240 .
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Figure 8: Horizontal drop mass spectrug{D) per drop
size interval for reference horizontal rain intensitigs=
0.1, 1.0 and 5.0 mm/h and two raindrop spectra.
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Figure 9: Measured and simulated driving-rain ratost
the facade positio®5, as function of the reference wind
velocity compontent normal to the facadg.s and the ref-
erence horizontal rain intensig. Cf. figure 6a.

rain ratio is apparent, and this may to be due to not yet
investigated errors in the simulation of wind velocity
field and raindrop trajectories.

Secondly, the influence of the shape of the raindrop
spectrum is also visible in the simulated catch ratios
of figure 9: different raindrop spectra with the same
rain intensity yield different catch ratios. This is an in-
dication for the previously stated assumption that the
driving-rain ratiok does not primarily depend on the
horizontal rain intensity but on the raindrop spectrum.

Finally, a note is made on the relationship fomu-
lated in Lacy (1965) and BS 8104 (BSI 1992) (eq. 6)
with regard to the measurements of the present study.
The measured catch ratios of figure 6a can be well
fitted in a linear relationship like eq. 6, provided that
one should tak&ly ¢ for U and account fok = 0 at
Uyret <~2ms 1.

6 CONCLUSIONS

In spite of the limitations of the appliel-¢ model

and the practically limited number of grid cells of
the applied structured grid, the simulated wind speed
at the facade is within the standard deviation of the
measurements. The simulated mean pressure coeffi-
cient at the windward facade agrees well with mea-
surements of previous studies at the Main Building
of the TUE. However, the mean pressure coefficient
is overestimated at the edges of the windward facade.



With raindrop spectra known from literature, driving  on building facades. Ph. D. thesis, Eindhoven Uni-
rain is simulated. Some of the simulated driving-rain  versity of Technology.

ratios are well outside the standard deviation of theHangan H. and D. Surry (1998). Wind-driven rain on
measured driving-rain ratio, especially at low wind buildir’1gs: A C-FD-E approach. IRroceedings of
speeds Wyrer < 4 m s71). A further investigation e ath UK Conference on Wind Engineering, Bris-

should bring clarity, whether it is mainly due to er- (UK), 2—4 September 1998, pp. 23-28. Wind
rors in the calculation of the wind velocity field, the Enginee:ring Society. ’

drop trajectories or the chosen raindrop spectra. )
The 10-min values of the driving-rain ratkshow a Hogberg, A'z M. K. qug_h, a”?' F. van Mook (1998_)'
A comparison of driving rain measurements with

large scatter, even selected for a refererence wind ve-
different gauges. Paper accepted & Sympo-

locity intervalUy e, @ maximum r.m.s. wind direction _ ¢ Build hvsies in th : :
O, and a minimum horizontal rain intensigs. The sium of Building Physics in the Nordic Countries,
Goteborg, 24-26 August 1999.

standard deviation df as function ofUy ¢ is ~50%
of the mean value df. The scatter of 10-min values Lacy, R. (1965). Driving-rain maps and the onslaught
of k does not only seem to depend on the mentioned of rain on buildings. [rRILEM/CIB Symposium on
parameters but is presumably also due to variations in Moisture in Buildings, Helsinki (SF).

raindrop spectra, as is also visible in the simulationsy;arshall. 3. and W. Palmer (1948). The distribution
Further research will include raindrop spectrum mea- ¢ rain’drops with sizeJournal of Meteorology 5
surements by a disdrometer to verify this. 165-166.
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