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ABSTRACT 
This paper is a status report of driving rain studies at three universities: 
Eindhoven University of Technology, Katholieke Universiteit Leuven and 
Chalmers University of Technology. An increased insight in driving rain is 
being obtained by applying a combination of experimental and numerical 
techniques to three full-scale buildings with different geometry and environment 
topology. Topics addressed in this paper are: experimental accuracy of driving 
rain gauges, numerical simulation of driving rain on buildings and full-scale 
experimental verification of the numerical method. 

1. INTRODUCTION 
Driving rain has been a research subject for many years. While the efforts 
originally focused on measurements with driving rain gauges, the past decade saw 
the arrival of CPD techniques in driving rain studies. CPD simulations conducted 
by Choi (1993; 1994), Wisse (1994), Sankaran and Paterson (1995), Lakehal et al. 
(1995), Karagiozis et al; (1997), van Mook et al. (1997), Hangan (1999), van Mook 
(1999), Blocken and Carmeliet (2000a; 2000b; 2000c), Etyemezian et al. (2000) 
extended the existing knowledge. Up to now, few attempts have been made for 
experimental verification. Hangan (1999) compared numerical simulations with 
wind tunnel experiments. A systematic approach combining both driving rain 
measurements and CPD simulations on full-scale buildings was first employed at 
Eindhoven University of Technology (hereafter: TUE) (van Mook et al. 1997; van 
Mook 1998; 1999). The Katholieke Universiteit Leuven (hereafter: KUL) (Blocken 
and Carmeliet 2000a; 2000b; 2000c) and Chalmers University of Technology 
(hereafter: CTH) (Hogberg 1998; 1999; Hogberg et al. 1999) adopted this idea and 
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joined forces with the TIJE in what has become a close co-operation research 
project. This paper will give a brief overview of the progress made in driving rain 
research at TIJE, KUL and CTH. Only the main topics are addressed here. An 
extensive reference list is added for the interested reader. 

2. EINDHOVEN UNIVERSITY OF TECHNOLOGY 
2.1. TUE main building 

The Main Building on the campus is the focus of driving rain study at the 
TUE. The building is situated in an urban environment. Figure la shows the 
west facade and the building dimensions (depth= 20 m). Driving rain gauges are 
positioned at P4/5n and P6. Wind and rain characteristics are measured 
upstream of the west facade. 
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Figure 1 (a) West facade of the TUE Main Building. Driving rain gauges are 
present at positions P415n and P6. (b) Cumulative amount of driving rain 
collected by 4 different driving rain gauges on a 5 month period (1998). 

2.2. Accuracy of driving rain gauges 
Every researcher develops her or his own driving rain gauge because there 

is no standard. Any reference dealing with the errors of a given type of driving 
rain gauge has not been found. In 1998, a comparative study was conducted at 
the TUE to examine the performance of 4 different driving rain gauges. They 
were mounted as closely as possible together at positions P415n (Figure la) and 
were subjected to natural driving rain (Hogberg et al. 1999). The results were 
astonishing: errors up to 100% were reported between different gauges. Figure 
lb shows that the TIJE-1 gauge measures about half of the driving rain amount 
measured by the TIJE-11 gauge. Both gauges are identical except that TIJE-11 is 
equipped with a wiper to remove the drops (adhesive water) from the gauge area 
(van Mook 1998; Hogberg et al. 1999). When a rain event stops, drops that 
remain stuck on the gauge area evaporate and are not measured. Based on this 
observation, evaporation is expected to be the main error source. 

2.3. Numerical simulation - experimental verification 
CFD driving rain simulations were performed for the west facade of the 

TUE Main Building. Simulation details and the favourable comparison of 
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simulated and measured wind velocities are reported in (van Mook 1999). Figure 
2a and 2b show simulated driving rain ratios on the west facade. The driving rain 
ratio or catch ratio is defined as the ratio of the driving rain amount (l/m2) to the 
rainfall amount (l/m2) (i.e. on a horizontal surface). Wind speed at roof height is 3.5 
mis, wind direction is west, rainfall intensity is 1 mm/hr and the raindrop spectrum 
is assumed to confirm with (Wessels 1972) with parameter A= 0.88. Calculations 
were made with and without turbulent drop dispersion modelling. Differences 
appear to be very large. The reason is that without turbulent dispersion 
modelling, drops in the calculation tend to fly a long way closely parallel to the 
facade without hitting it. Turbulent dispersion causes the drops to deviate from 
these parallel trajectories and hit the facade. The important influence of 
turbulent dispersion modelling in such cases was also indicated by Lakehal et al. 
(1995). Figure 3a-b shows 5 minute measured and simulated driving rain 
intensities as a function of horizontal rain intensity (wind speed range 4-5 mis, 
wind perpendicular to facade +/-15°). Measurements were made by TUE-II gauges 
(with wiper). The calculations included turbulent drop dispersion. The shape of the 
assumed spectra is based on the 10%-precentile (0) and 90%-percentile (0) of the 
measurements of Wessels (1972) in De Bilt (NL). The simulation results at position 
P6 are closer to the measurements as at position P4/5. Differences can be explained 
by errors in the wind velocity calculations, drop trajectory calculations, the 
assumed raindrop spectra and the fact that the calculation of turbulent drop 
dispersion in the k-£ model depends on isotropic k, which is not the case near 
surfaces like facades. 

Rh= 1.0 mm h-1, A= 0.88 

r:1m1rnvm1!11~1,~irn;rn•~mr11 .............................................. ::: 

b Rh= LO mm h-1 , A= 0.88 

k= 0 0.05 0.1 0. 1 !5 0.2 0.25 0.3 

Figure 2 Driving rain ratio at the west facade of the Main building. Wind 
speed= 3.5 mis, wind direction perpendicular to the facade, rainfall intensity= 1 
mm/hr. (a) without and (b) with turbulent dispersion modelling. 
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Figure 3 Measured (x) and simulated (0/0) 5 minute driving rain intensities Rr 
as a function of rainfall intensity Rii. (a) at position P4/5 and (b) position P6. 

3. KATHOLIEKE UNIVERSITEIT LEUVEN 
3.1. VLIET test building 

The VLIET test building is situated on the campus of the KUL in a 
suburban environment. Dimensions: (length) 25.2m, (width) 7.2m, (height) 
sloped roof: 7.8m, flat roof: 4.3m. Figure 4a displays the south-west facade with 
roof overhang length and driving rain gauge positions. Wind and rain 
characteristics are measured on site. 
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Figure 4 (a) VLIET test building, south-west facade. Roof overhang length. 
Numbers and positions of driving rain gauges. (b) Driving rain gauge accuracy: 
numerically simulated and measured quantities of adhesion/collected water. 

3.2. Accuracy of driving rain gauges 
Building further on the knowledge obtained from the comparative study at 

the TUE, a model was developed to simulate the behaviour of drops that impinge 
on gauge catch areas (sticking, coagulation, run-off). This model allowed us to 
investigate the error (i.e. the amount of adhesive water). Figure 4b presents results 
for the gauge type used by the KUL (0.2 * 0.2 m2 catch area made of plexi). The 
curve 'adhesion water' is a measure for the error at different total impinged driving 
rain amounts. The spectrum of Best (1950) with Rh= 1 mm/hr was adopted in the 
model. In figure 4b, also some measured values of adhesion water after different 
real rain events are given. For total driving rain amounts < 0.14 Vm2, all drops 

- 136 -



appear to remain stuck on the gauge area and nothing is collected. Above 0.21Jm2, 
the absolute error for this gauge type is in the order of magnitude of 0.1 l/m2. For 
other gauge types (i.e. other surface materials), slightly other results will be 
obtained. In order to reduce the relative error, only rain events characterised by 
sufficiently high driving rain amounts will be used for experimental verification. 

3.3. Numerical simulation - experimental verification 
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Figure 5 (a) Rain event: 10 minute data record (wind speed, direction, rainfall 
intensity) during 1 day. (b) Corresponding experimentally and numerically 
determined driving rain amount at gauge position 7. 
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Figure 6 Numerical and experimental results for the spatial distribution of the 
driving rain (catch) ratio at the end of the rain event in figure 5a. The numerical and 
experimental values at the driving rain gauge positions are printed in italics. 
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The simulation technique developed by Choi was extended for estimating 
driving rain loads for transient rain events (Blocken and Carmeliet 2000a; 2000b ), 
including the development of a new averaging technique for wind and rain data. 
Results for a 1 day rain event are given in figure 5b and figure 6. Figure 5a displays 
the wind and rain data record (rainfall sum = 13.6 mm). Figure 5b shows the 
corresponding driving rain load (measured and CPD calculated) at gauge position 
7. The spatial distribution of the catch ratio at the south-west facade at the end of 
the rain event is calculated and given in figure 6: contour lines. A distinct wetting 
pattern is found, with the black areas indicating areas sheltered by roof overhang, 
and the highest catch ratios occurring at the top (where roof overhang is 0) and side 
edges. The numerical values at the gauge positions are additionally indicated (in 
boxes). Comparing these values with the measurement values, a good agreement is 
obtained except at gauge position 1, where a high wetting gradient is present and 
hence accurate prediction is difficult. The numerical accuracy was ensured by grid 
sensitivity analysis. The discrepancies found can not only be due to gauge accuracy 
(absolute error for driving rain amount= 2*0.lmm, for catch ratio: 0.2mm/13.6mm 
= 0.015) but are to our opinion caused by two assumptions in the numerical 
method: the raindrop spectrum of Best and neglecting turbulent dispersion of 
raindrops, although concerning the latter, the problem of raindrop trajectories 
parallel with the facade was only encountered for the smallest drop sizes (0.3 - 0.5 
mm diameter)-probably due to the limited height of the building. 

4. CHALMERS UNIVERSITY OF TECHNOLOGY 
4.1. Fiskeback field station 

I S-Efacade I I N-E facade I 

111 I 111 m11 rn I 
7.2m 22.lm 

Figure 7 Fiskeback field station. Building dimensions and positions of driving 
rain gauges on the S-E facade (black square areas). 

Fiskeback field station is situated on the Swedish west coast. Building 
dimensions and positions of driving rain gauges are given in figure 7. Whereas 
the TUE and KUL research specifically focuses on driving rain, the CTII 
research is broader and aims at a complete and comprehensive microclimate 
description (Hogberg 1998). All necessary characteristics are measured on site. 

4.2. Accuracy of driving rain gauges - numerical simulation 
Two gauge types have been developed at CTH (Hogberg 1999), the first of 

which was part of the comparative test at the TUE. The second type was 
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constructed as a pyramid-shaped driving rain gauge with tilted surfaces to be built 
into the wall. Using this gauge, Hogberg was able to study the influence of drop 
splashing on gauge accuracy. Whereas no splashing could be detected during wind 
tunnel experiments carried out by the current authors at the CSTB in Nantes (wind 
speed up to 8 mis, raindrops from 0.5 to 3 mm diameter), significant differences 
where found at wind speed 8-10 mis during very heavy rain (Hogberg 1999). This 
might indicate that drop splashing only becomes important for the very large drops 
(4- 6 mm diameter) that are associated with very heavy rain events. Hogberg also 
correctly indicates that the pyramid gauge, due to the presence of 5 collection faces, 
suffers from an increased evaporation error (larger amount of adhesive water). 
Topics currently studied by CTH are potential flow modelling in driving rain 
estimation and the reliability of the British Standard BS8104 (1992). Numerical 
CFO simulations for Fiskeback field station are currently in progress and will be 
published in the near future. 

S. CONCLUSIONS 
Full-scale numerical-experimental driving rain studies carried out at three 
universities are leading to an increased knowledge on driving rain: 
• Investigating the accuracy of driving rain gauges has shown that measuring 

driving rain is not as easy as it might seem (evaporation, splashing). 
Evaporation can easily cause errors up to 100% and more, which is alarming 
when we realise that all existing empirical formulae as well as the current 
standards for driving rain (BSI 1992; CEN 1997) are based on measurements, 
the accuracy of which is unknown. 

• Therefore, rain events for the verification of numerical simulations must be 
selected carefully (large driving rain amount to reduce relative evaporation 
error, no heavy driving rain events to make sure splashing is limited). 

• Numerical simulations yield promising results. The main difficulties are 
modelling turbulent dispersion and fact that the raindrop spectrum is not 
known. The latter problem is currently being tackled by the use of a 
disdrometer. Special care for turbulent dispersion modelling is required in 
simulation cases where raindrop trajectories tend to be parallel to building 
surfaces (wide high-rise buildings (e.g. TUE building), street canyons (e.g. 
Lakehal et al. 1995)). 
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