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ABSTRACT

Provision of shelter and comfort is fundamental to design of the built environment. While
increasingly complex models of environmental conditions are being included in the commercial design
process, often Wind-Driven Rain (WDR) intrusion into occupied spaces remains a key complaint
particularly for public buildings such as transport terminals and sports stadia. This paper outlines a
computational procedure for WDR intrusion modelling based on the Eulerian multiphase method.
Specifically, the WDR Eulerian multiphase method is reviewed, key model parameters are discussed
and the associated statistical analysis of historical meteorological data is included.

1. Introduction

Numerical modelling of Wind-Driven Rain (WDR) has generally been based on the Lagrangian
particle (LP) tracking method originally proposed by Choi (1993). Several extensions to this approach
have been suggested, as summarized by Blocken and Carmeliet (2004). These approaches consist of
(a) steady-state wind-flow using 3D RANS and turbulent model; (b) injection of one way coupled LP for
discrete drop diameters; (c) Calculation of raindrop trajectories; (d) iteratively analyze raindrop
trajectories to get Specific Catch Ratios (SCR); (e) calculate the Global Catch Ratio (GCR) from SCR and
horizontal raindrop size distribution. The catch ratio is analogous to a percentage of horizontal rainfall
intensity and similar to the Driving Rain Index discussed by Lawson (2001). Numerically calculating
catch ratios is particularly troublesome using LP tracking, where the droplets that impinge on the edges
of a given area must be tracked back to their initial horizontal area and the area ratio calculated (refer
Figure 1) for each surface of interest and weather condition.

Wind

.............

Figure 1: Stream tube bounded by raindrop trajectories
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In multiphase flow a phase represents a continuous field of material with similar inertial response to
and interaction with the primary flow field. While LP tracking is analogous to raindrop motion, the
concept of multiphase flow for rain motion requires explanation. Here a series of continuous fields are
created corresponding to a pre-defined raindrop diameter. The phase volume fraction (ay,) represents
the density of raindrops of a given diameter (k) in each control volume and the phase velocity field
(u,,) represents the velocity of those raindrops. Mass and momentum equations can therefore be
defined where gravitational and drag momentum source terms are specified for the given drop
diameter. This approach is considerably easier to implement than LP tracking, particularly since SCR
and GCR can be directly calculated from field values for complex geometry, making it a viable
commercial design tool.

In pursuit of a commercial design tool the current paper is based on the multiphase Euler method of
Kubilay et. al. (2013, 2015) briefly outlined in Section 4. However, where previous authors have focused
on accurate recreation of WDR for a given rain event, the current paper focuses on environmental
conditions (Section 3) and post-processing (Section 4) that yield rain intrusion contours that can be
easily understood by building designers and stakeholders. Given that building design is often discussed
under typical and worst-case environmental conditions, these descriptions are reflected in the
statistical definitions and subsequent simulations.

2. Raindrop Physics

Raindrops and their motion are characterized by rainfall intensity, size distribution and
aerodynamic drag. Rainfall intensity, discussed further in Section 3, usually refers to rainfall measured
through a horizontal orifice and is expressed millimeters (of height per unit area) per hour.

Rain consists of a spectrum of raindrop diameters. Several empirical studies of raindrop diameter
distribution were undertaken in the mid-20™ century. Best (1950) conducted a literature survey and
numerous on-site measurements and remains an authoritative reference on raindrop size distribution.
A graph of raindrop probability density based on Best (1950) is provided in Figure 2.

Aerodynamic drag is a function of shape, frontal area, surface roughness and velocity. At lower
velocities a raindrop can retain a smooth spherical shape due to surface tension of the droplet;
however, as the raindrop approaches terminal velocity it is deformed by aerodynamic forces, altering
the drag coefficient. Droplet drag coefficients were studied by Gunn & Kinzer (1949) and are shown in
Figure 2 as a function of droplet Reynolds number (Re,.) defined as

d
Re, = 2% |u, —u, | (1)

where d is drop diameter, p, is density, u,, is air viscosity, u,. is drop velocity and u, is the air velocity.
Any falling object will reach terminal velocity when the gravitational force balances with aerodynamic
drag force. The associated water droplet terminal velocities from Gunn & Kinzer (1949) are also
included in Figure 2 below. Further information on raindrop physics is provided by Lawson (2001)
together with empirical calculation methods for wind-driven rain in the UK.
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Figure 2: Raindrop size distribution (Best, 1950), terminal velocity and drag coefficient

3. Environmental Conditions

While rainfall intensity is usually defined in mm/hr it can vary over much shorter time periods.
In Australia rain data is typically recorded at Bureau of Meteorology (BoM) automatic weather stations
and reported in millimeters for given observation periods. While hourly BoM data is naturally
equivalent to mm/hr this often yields an erroneously low rainfall intensity as rain events are often
discontinuous across the hour. Very small sampling periods may also give unrealistic results if the
rainfall depth gauge cannot register a reading during low intensity events. A more realistic rainfall
intensity is obtained by using 5-minute BoM recordings. Multiplying by twelve converts the 5-min
durations into continuous hourly equivalent rainfall intensity. Simultaneous average wind speed and
direction recordings are also available.

In the following discussion the 5-min dataset from Melbourne Airport between October 19*" 1997 and
September 19™ 2017 has been used. The dataset is first cleaned to remove invalid recordings and the
percentage of non-zero rainfall recordings calculated, in this case 1.31% = 114 hrs/yr. It should be
emphasized that 114 hrs/yr represents a set of 1368 5-min duration rainfall events occurring over a
year rather than the number of hours per year in which any rain may occur. For Melbourne airport the
maximum rainfall intensity is 129.6mm/hr (equivalent hourly intensity based on 5-min duration) with
50% percentile of 2.4mm/hr and 95 percentile at 9.6mm/hr, corresponding to classification of light
and heavy rain, respectively (refer Table 1 below).
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Table 1: Rainfall intensity classifications, AMS (2012)

Classification Rainfall intensity (mm/hr)
Light <2.6
Medium 26to7.6
Heavy >7.6

A statistical analysis of wind during non-zero rainfall events is then undertaken. An example wind-rose
during rain events for Melbourne Airport is shown in Figure 3. Given the complex interaction between
raindrop diameters, trajectories and wind speed, an appropriate return period is difficult to define.
Lawson (2001) discusses rainfall probability of occurrence and the expected angle of rainfall incidence

for the UK, however application to numerical simulation of Australian conditions is not immediately
obvious.

In the current paper, typical wind-driven rain conditions are defined as the 50" percentile rain intensity
combined with the 50" percentile wind speed recorded during rain events. For worst-case wind-driven
rain conditions the 95" percentile wind speed (occurring during rain events) are identified as a
reasonable worst-case wind; however, since smaller drops are more easily driven by winds and the
distribution of raindrop diameters skews towards smaller drops for lower intensity events, the worst-
case wind-driven rain conditions were defined as 95" percentile wind speed with 50" percentile
rainfall intensity. While the above definition of worst-case does not include extreme weather events
where heavy rainfall is accompanied by very strong winds, it is argued these statistical definitions
represent relevant wind-driven rain conditions for building design purposes.

Figure 3: Wind rose during rain events at Melbourne Airport between 1997 and 2017

4. Numerical Modelling

The steady Atmospheric Boundary Layer (ABL) numerical model used in this work is
documented in Jones et. al. (2017, 2018). Comparison between the simulated wind speed and
turbulence intensity with the AS1170.2 (Standards Australia, 2011) shows less than 10% difference in
both mean velocity and turbulence intensity is maintained through an empty domain.
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A basic overview of the multiphase Euler method is given below. The governing equations for each rain
phase are described by the mass and momentum equations,

a
% + Vau,, =0 (2)

daguy,
at

3uqg CqRe
+ V(apy, - uyr,) = arg + g r;z%(ua —-u,,) (3)

where a; and u,, are the phase fraction and velocity for the k™" phase of rain, g is gravitational
acceleration, p, is the rain water density, u, is the dynamic air viscosity and C,; is droplet drag
coefficient. Note the two sources of rain momentum are gravitational acceleration (first term on right-
hand side of Egn. 3) and raindrop drag forces (second term on RHS of Egn. 3).

By splitting the rain phase velocity vector into mean and fluctuating components the usual Reynolds
averaging process can be followed and Reynolds stress closure achieved with a rain phase Boussinesq
eddy viscosity. The rain eddy viscosity can be related to the air turbulent viscosity using the Melville &
Bray (1979) response (relaxation time) scales as a function of raindrop diameter and aerodynamic
properties. A full derivation and description of this technique is given by Kubilay (2015).

Rain phase boundary conditions require definition of phase velocity and volume fraction. In the far-
field raindrops are assumed to undisturbed by buildings and terrain. The vertical velocity is set to the
raindrop terminal velocity and the horizontal velocity set equal to the local wind speed so that the
relative rain speed is simply the terminal velocity. The volumetric ratio for phase k at the free-field
boundaries is set to

_ Rnfn(Rpa)
=T @ (4)

Where V; is terminal velocity, Ry, is the horizontal rainfall intensity and f;, is the probability density of
raindrop size from Best (1950) as illustrated in Figure 2.

Specific catch ratio (for each raindrop diameter) on a wall can simply be calculated as a ratio of the
local phase fraction to the far-field phase fraction,

Rp (k) Rpfr(k)

where 1, is the phase velocity normal to the wall. By multiplying the specific catch ratio by the
probability density and integrating over all raindrops the GCR is recovered,

n= fd fh(th d)nddd (6)

Ruwar(k V(K

5. WDR Intrusion

Wind is simulated from 16 cardinal directions following the methods in Jones et. al. (2017,
2018) with ABL reference velocity of 10m/s at 10m reference height. To simulate typical WDR
conditions the velocity, turbulent viscosity, turbulent kinetic energy and dissipation are scaled from
10m/s to the 50™ percentile wind speed for each direction described in Section 3. Using these frozen
wind fields, a WDR simulation is conducted with 50" percentile rainfall intensity for each direction and
the SCR and GCR calculated on each wall. A composite of typical rain intrusion patterns for all directions
(Ntotar) is then created by multiplying the GCR for each wind direction (n(8)) by the probability of rain
occurrence in that direction (A(8)) and summing over all directions,

Neotat = Jpey A(6)min((6), 1)d6 (7)

Note for the purposes of rain intrusion the GCR is limited to 1 in Equation 7 so that high rainfall intensity
does not artificially skew results for low probability directions. This procedure is repeated for the 95
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percentile wind speed for each direction to obtain worst-case overall rain intrusion pattern. The typical
and worst-case rain intrusion fields (1:0¢41) are then plotted as contours across the occupied spaces.

6. Conclusions

This paper briefly reviewed properties of rainfall events and raindrop aerodynamics. A
commercially viable design tool was then outlined based on the multiphase Euler method of Kubilay
et. al. (2013, 2015). Statistical definitions were given for typical and worst-case wind-driven rain
conditions. A rain intrusion post-processing algorithm was proposed that provides an easily
understood visual representation of rain intrusion for typical and worst-case rain intrusion conditions.
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