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Abstract: Heat waves and the related heat stress can increase human morbidity and mortality, decrease human 
productivity and increase building energy consumption for cooling. There is a need for sustainable systems to reduce heat 
stress in urban areas. Evaporative cooling by water spray systems is increasingly used for this purpose. However, the 
evaluation of the cooling potential of such systems is difficult. To our knowledge, a systematic investigation of the cooling 
potential of such a system in an actual urban area has not yet been performed. This paper presents high-resolution 
Computational Fluid Dynamics (CFD) simulations based on the 3D unsteady Reynolds-Averaged Navier-Stokes 
equations to assess the cooling potential by a water spray system with 15 hollow-cone nozzles. The system is numerically 
implemented for a courtyard in the Bergpolder Zuid region of Rotterdam, the Netherlands and operated during the heat 
wave period of July 2006. The simulations are validated based on wind-tunnel measurements of an evaporative cooling 
process and satellite imagery data during the heat wave period. The Universal Thermal Climate Index (UTCI) is used to 
assess the heat stress reduction due to evaporative cooling. The results show that for given values of injected water flow 
rate (ṁw = 9.0 l/min) and height of the spray system (H = 3 m), a maximum temperature reduction and UTCI reduction 
of about 7 and 5C are achieved at pedestrian height. In addition, a thermal comfort improvement from strong heat stress 
(without spray system) to moderate heat stress up to a distance of 5m from the spray line is obtained. 
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1 Introduction 

Climate change is expected to increase the frequency and the intensity of heat waves (Kovats and Hajat, 2008). Major 
heat waves, such as the European heat waves of 2003 and 2006, might occur more frequently and could become common 
events by 2040 (Kovats and Hajat, 2008; Stott et al., 2004). Increased heat waves and heat stress will cause increased 
heat-related morbidity and mortality, as illustrated for the hot summers of 2003 and 2006 (Fischer et al., 2004; Haines et 
al., 2006). During the summer of 2003, more than 70,000 heat-related deaths were reported in Europe (Robine et al., 
2008). Due to increased intensity and frequency of heat waves, cooling energy demand in summer is expected to increase 
by 72% worldwide by 2100 (Isaac and Van Vuuren, 2009). These problems are potentially aggravated by the urban heat 
island effect (UHI) (Oke, 1982; Grimmond and Oke, 1991; Mirzaei and Haghighat, 2010; Allegrini et al., 2012; 
Heusinkveld et al., 2013).  

Several urban scale adaptation measures, such as vegetation, increased short-wave reflectivity of surfaces and 
evaporative cooling can be employed to decrease high temperatures in urban areas (Akbari et al., 1997; Gromke et al., 
2015; Rizwan et al., 2008; Rosenfeld et al., 1995). Among the proposed measures, the use of water spray systems for 
evaporative cooling is becoming more popular (Huang et al., 2011; Sureshkumar et al., 2008a). Water spraying can be an 
effective and economical tool for improving both indoor and outdoor thermal comfort. Most available adaptation 
measures such as vegetation and increased short-wave reflectivity are so-called passive systems, which normally have 
effects all year long with little or no controllability. While they clearly can provide positive effects during warm seasons, 
they may lead to increased building energy consumption in the winter season. (Loonen et al., 2013; Taleghani et al., 2014; 
van Hooff et al., 2014, 2016). Water spray systems, on the other hand, are flexible in use with dynamic controls and can 
be easily integrated in various projects (Pearlmutter et al., 1996).  

The two-phase flow in water spray systems is very complex as the evaporation process depends on several physical 
parameters, which are not easily varied independently (Ashgriz, 2011; Lefebvre, 1989; Montazeri et al., 2015a, 2015b). 
Given the complexities involved in evaluating the performance of water spray systems, most previous studies were 
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performed using field measurements. They evaluated the influence of different physical parameters on the performance 
of water spray systems, such as ambient air temperature and air humidity (Huang et al., 2011; Nishimura et al., 1998), 
solar radiation (Takahashi et al., 2010), elapsed time under influence of spray (Farnham et al., 2015) and nozzle spray 
characteristics. However, field measurements are usually only performed in a limited number of points in space. In 
addition, there is almost no or limited control over the boundary conditions. This is, however, very important given the 
wide range of parameters influencing the performance of evaporative cooling systems. 

Numerical simulation by Computational Fluid Dynamics (CFD) can be a useful tool to investigate the two-phase flow 
in spray systems. The use of CFD for the evaluation of urban meteorology and microclimate has seen a rapid growth in 
the past 50 years (Blocken, 2014). This growth has been strongly supported by the development of best practice guidelines 
for CFD applications for urban areas (Blocken, 2015; Casey and Wintergerste, 2000; Franke et al., 2007; Tominaga et 
al., 2008) and is illustrated by a large number of review, overview and position papers (e.g. (Blocken, 2015, 2014; Blocken 
and Carmeliet, 2004; Mochida and Lun, 2008; Murakami, 1997; Murakami et al., 1999; Ramponi and Blocken, 2012; 
Stathopoulos, 2002, 1997; Tominaga and Stathopoulos, 2013; Toparlar et al., 2015)). As a result, CFD is increasingly 
used to evaluate the potential of sustainable and renewable energy systems (e.g. (Calautit et al., 2013; Montazeri, 2011; 
Montazeri et al., 2010; Montazeri and Azizian, 2009)), including the cooling performance of water spray systems (Kang 
and Strand, 2013; Montazeri et al., 2015a, 2015b; Sureshkumar et al., 2008b). However, to our knowledge, a systematic 
investigation of the cooling potential of water spray systems in an actual urban area has not yet been performed. Therefore, 
the current paper presents CFD simulations on a high-resolution grid to assess the cooling potential of a water spray 
system with hollow-cone nozzles for a courtyard in the Bergpolder Zuid region of the Dutch city of Rotterdam, the 
Netherlands in July 2006, when one of the major European heat waves occurred. In addition, the impact of the injected 
water flow rate and the height of the spray system on its cooling performance is investigated. 

In Section 2, the Bergpolder Zuid region is described. Section 3 presents the validation study for the evaporative 
cooling model. In Section 4, the CFD simulations for Bergpolder Zuid are outlined. Section 5 presents a parametric 
analysis for evaporative cooling in Bergpolder Zuid. Finally, discussion (Section 6) and conclusions (Section 7) are 
provided. 

2 Urban area and surroundings  

Following the reports of the Intergovernmental Panel on Climate Change (IPCC), more and more research organizations 
and consortia have started to focus on climate adaptation (Parry et al., 2007). One of these was the Climate Proof Cities 
(CPC) research consortium composed of universities, research institutes, policy makers and city officials investigating 
the application of urban scale adaptation measures in the Netherlands (Albers et al., 2015). One of the focus areas was 
the Bergpolder Zuid region in Rotterdam, located in the Noord district of the city (Fig. 1). 

Rotterdam is subjected to an oceanic climate influenced by the Atlantic Ocean and the North Sea, which is similar in 
the rest of the country. Based on the Köppen-Geiger classification (Strahler and Strahler, 1984), the climate of the 
Netherlands is Cfb, a climate with moderate winters and moderately warm summers, though heat waves are becoming 
more and more frequent. 

The Bergpolder Zuid region consists of both residential and office buildings with narrow streets and surrounded by 
large avenues (Fig. 1c). Most of the streets in the region are narrow with an aspect ratio between 1:1 and 2:1. Note that 
the aspect ratio is defined here as the ratio of the adjacent building height to the street width. The average building height 
is about 12.6 m where the lowest building is 2.8 m and the highest building is 51.0 m. No significant vegetation or water 
bodies are present in the region. 

The Bergpolder Zuid region is bordered by the central district of Rotterdam in the south and mainly green fields to 
the north, until the city of Delft (located in the northwest). Based on the updated Davenport roughness classification 
(Wieringa, 1992), the aerodynamic roughness length (z0) of the surroundings, which is necessary as input for the CFD 
simulations, is determined as shown in Fig. 2. The z0 value is determined as a spatial average of the z0 values of the 
different patches of roughness (land use) of the terrain within a 10 km radius upstream of the urban area (Fig. 2). 

3 Evaporative cooling validation study 

Due to lack of high-resolution experimental data for water spray systems in urban areas, the wind-tunnel measurements 
of dry-bulb temperature (DBT) and wet-bulb temperature (WBT) during evaporative cooling by a hollow-cone nozzle 
spray system by Sureshkumar et al. (Sureshkumar et al., 2008a) are used for CFD validation. Because this validation 
study has been published as a separate paper (Montazeri et al., 2015a), only the headlines are briefly repeated here.  

3.1. Wind-tunnel measurements  

The measurements were conducted in an open-circuit wind tunnel with a test section of 1.9 m length and a cross-section 
of 0.585 × 0.585 m2 (Fig. 3). A uniform approach-flow mean wind speed was employed. The inlet air dry-bulb temperature 
(DBT) and wet-bulb temperature (WBT) were measured by two thermocouples placed upstream of the spray nozzle. The 
outlet DBT and WBT variations were recorded with thermocouples at nine positions across the outlet plane of the test 
section (Fig. 3). The inlet and outlet water temperatures were obtained with two thermocouples upstream of the nozzle 



and at the outlet plane, respectively. A pressure gauge was also installed upstream of the nozzle to monitor the water 
pressure. 

The impact of nozzle opening on the cooling performance of the spray system was evaluated with four nozzles with 
different discharge openings of 3, 4, 5 and 5.5 mm. Each nozzle was installed in the middle of a cross-section of the test 
section and designed in a way that the exiting water forms a hollow-cone sheet disintegrating into droplets. The droplet 
diameter distribution was determined using an image-analyzing technique. The experiments were conducted for 36 cases; 
four different nozzle discharge diameters (i.e. D = 3, 4, 5 and 5.5 mm), three inlet nozzle gauge pressures (P = 1, 2 and 3 
bar) and three inlet air velocity values (V = 1, 2 and 3 m/s). The inlet water temperature, Tin, varied between 33 and 36 
C for all cases. The cases with nozzle discharge diameter of 4 mm and gauge pressure P = 3 bar are withheld for the 
validation study since droplet size distribution data are also available for these cases. A list of some main parameters of 
these cases, including the half-cone angle, /2, and the inlet water flow rate, ṁw, is presented in Table 1.   

3.2. CFD simulations and validation  

A 3D computational domain representative of the wind-tunnel test section is generated. The domain has a width, height 
and length of 0.585 m, 0.585 m and 1.9 m, respectively. The geometry and the computational grid are generated using 
the commercial Gambit 2.4.6 software. The resulting grid has 1,018,725 hexahedral cells. More information is provided 
in Ref. (Montazeri et al., 2015a). 

In the simulations, the mean velocity inlet boundary condition for the continuous phase is a uniform profile according 
to the measured data (= U). As the turbulence characteristics of the flow were not reported in (Sureshkumar et al., 2008a), 
a turbulence intensity, I, of 10% is assumed for the inlet flow, which is relevant for practical applications and for 
atmospheric boundary layer wind flow. The turbulent kinetic energy k is calculated from U and I using Eq. (1). The 
turbulence dissipation rate, , is given by Eq. (2). The turbulence length scale, l (m), in this equation is taken as l = 0.07DH 
where DH is the hydraulic diameter of the domain which is equal to the width of the test section (= 0.585 m).   
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A constant temperature equal to the measured DBT is imposed at the inlet. A fixed vapor mass fraction is also calculated 
based on the experimental data and imposed at the inlet as a boundary condition for the vapor transport equation. The 
vapor mass fraction for the moist air can be taken as x/(x+1) where x (kgvapour/kgdry-air) is the humidity ratio of air. The 
walls of the computational domain are modeled as no-slip walls with zero equivalent sand-grain roughness height kS = 0 
m in the roughness modification of the wall functions (Cebeci and Bradshaw, 1977). The standard wall functions by 
Launder and Spalding (Launder and Spalding, 1974) are applied. The adiabatic thermal boundary condition is used for 
these surfaces. Zero static gauge pressure is applied at the outlet plane. 

For impinging drops, the so-called “reflected” boundary condition is imposed at the walls. For the outlet plane, the 
“escape” boundary condition is considered where the droplets leave the domain with their current conditions (i.e. velocity, 
temperature and vapor mass fraction at the outlet plane) and trajectory calculations are terminated (ANSYS Inc., 2009). 

The size distribution of the droplets is described by the Rosin-Rammler model (Rosin and Rammler, 1933). For the 
current experimental data,  and n are 369 µm and 3.67, respectively (Montazeri et al., 2015a). The smallest droplet 
diameter to be considered in the size distribution of the Rosin-Rammler model is 74 µm, corresponding to the minimum 
resolution of the droplet measurements. The largest droplet diameter is 518 µm, based on the largest droplet diameter in 
the samples (Sureshkumar et al., 2008a). 20 discrete droplet diameters, ND, are assumed to be injected from each droplet 
stream into the domain. The droplet diameters are distributed at equally spaced intervals of (Dmax-Dmin)/ND. The spherical 
drag law provided by Morsi and Alexander (Morsi and Alexander, 1972) is used to estimate the drag coefficients acting 
on the droplets.  

The water droplets are injected into the computational domain using a virtual 4 mm diameter nozzle positioned in the 
middle of the inlet plane of the domain and oriented horizontally in the downstream direction. The total mass flow rate 
and temperature of the injected water droplets are imposed according to the experimental data (Table 1). The hollow cone 
spray model provided by ANSYS/Fluent 12.1 (ANSYS Inc., 2009) is used.  

A fully coupled approach is adopted in solving the continuous and discrete phases of the flow. Also concerning the 
discrete phase, the droplet momentum, heat and mass transfer equations are solved in a fully coupled manner. For the 
continuous phase flow, the 3D steady RANS equations for conservation of mass, momentum and energy are solved in 
combination with the realizable k- turbulence model by Shih et al. (Shih et al., 1995) for closure. The SIMPLE algorithm 
is used for pressure-velocity coupling, pressure interpolation is second order and second-order discretization schemes are 
used for both the convection terms and the viscous terms of the equations. Lagrangian trajectory simulations are 
performed for the discrete phase.  

Fig. 4 presents a comparison between the CFD results for the three cases, shown in Table 1, and the wind-tunnel 
experiments (Sureshkumar et al., 2008a). The comparison is performed for the DBT and WBT values at the nine 



measurement points. The results show a good agreement, within 10% for DBT and 5% for WBT. More information on 
the results and sensitivity of the results to the computational parameters can be found in Ref. (Montazeri et al., 2015a). 

4 CFD simulations of urban microclimate 

4.1. Computational geometry  

The computational domain is the combination of a circular inner subdomain, which contains the explicitly modeled 
buildings, i.e. with their actual shape and size, and a surrounding outer hexagonal subdomain (Fig. 5a). The diameter of 
the circular subdomain is 1200 meter. The edges of the hexagon are 1200 m and the height is 400 meter. The buildings 
inside the computational domain are represented in three levels of detail depending on their distance to the area of interest, 
which is the Bergpolder Zuid region. The buildings within the Bergpolder Zuid region are modeled with high resolution 
where geometrical details as small as 1 meter edge length are explicitly represented (Figure 5). For the buildings located 
in the remaining regions of Bergpolder, the resolution detail is lowered to 3-meter edge length. Finally, the remaining 
surrounding buildings are included with a resolution of 8-meter edge length and some of the courtyards are omitted from 
representation. Outside the circular subdomain, the obstacles that might affect the flow are not modeled explicitly but 
implicitly using appropriate roughness parameters in the standard wall functions, as recommended by best practice 
guidelines (Blocken, 2015). This is explained further in section 4.3.  

A water spray system is employed in a courtyard where a relatively high air and surface temperature is observed from 
the simulations without water spray. The location of the courtyard is shown in Fig. 5c. The system consists of 15 hollow-
cone spray nozzles, which are installed equidistantly at 0.5 m intervals on a single horizontal line at H = 3 m from ground 
level (Fig. 6). 

4.2. Computational grid 

The computational grid is generated by the surface-grid extrusion technique by van Hooff and Blocken (van Hooff and 
Blocken, 2010a). This procedure allows a large degree of control over the quality of the grid and its individual cells. It 
consists of only hexahedral and prismatic cells and does not contain any tetrahedral or pyramid cells. It was also used 
successfully in previous studies for complex building and urban configurations (e.g. (Blocken et al., 2012; Montazeri et 
al., 2013; Montazeri and Blocken, 2013; van Hooff and Blocken, 2010b)). The grid on the building and ground surfaces 
of Bergpolder Zuid and immediate surroundings is shown in Fig. 7b. It is fine in Bergpolder Zuid itself with a minimum 
cell size of 4.1  10-2 m3 and coarser further away from this region, where the minimum cell size is 2.4  10 m3. It is 
important to note that the grid has been constructed in agreement with best practice guidelines (Franke et al., 2007; 
Tominaga et al., 2008; Tucker and Mosquera, 2001). This includes the use of only hexahedral and prismatic cells, a 
minimum number of 10 cells along building edges and between neighboring buildings and wall-adjacent cell faces that 
are as much as possible either parallel or perpendicular to the walls. The computational domain contains a total of 
6,610,456 cells.  

4.3. Boundary conditions 

For each of the outer faces of the hexagonal subdomain, a velocity inlet or pressure outlet boundary condition is imposed, 
depending on the hourly wind direction. Hourly meteorological data for the days under study are acquired from the Royal 
Dutch Meteorological Institute (KNMI) (Fig. 8). The meteorological data were recorded by the KNMI Rotterdam weather 
station, located 4 km northwest of Bergpolder Zuid, near Rotterdam airport. 

At the inlets, vertical profiles for the mean wind speed (U(z) (m/s)), turbulent kinetic energy (k(z) (m2/s2)) and 
turbulence dissipation rate (ε(z) (m2/s3)) are imposed using the following equations (Richards and Hoxey, 1993): 
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where z0 (m) denotes the aerodynamic roughness length estimated using the Updated Davenport roughness classification 
(Fig. 2). Depending on wind direction, z0 is defined as either 1.0 m (for the wind directions south, southeast and southwest) 
or 0.5 m (for the remaining wind directions) (Fig. 2). κ is the von Karman constant (= 0.41), u* (m/s) is the friction velocity 
and Cμ is a model constant (= 0.09). The reference wind speed is the wind speed at 10 m height (U10). In addition, a 
constant air temperature is imposed at the inlets. For the simulations with evaporative cooling, a fixed vapor mass fraction 
is imposed at the inlets. For the discrete phase, the escape boundary condition is used for the walls and the outlets.   



The standard wall functions by Launder and Spalding (Launder and Spalding, 1974) are employed in combination 
with the equivalent sand-grain based roughness modification by Cebeci and Bradshaw (Cebeci and Bradshaw, 1977). The 
roughness height (kS) and the roughness constant (CS) are calculated based on the appropriate relationship with z0 derived 
by Blocken et al. (Blocken et al., 2007) for ANSYS/Fluent: 

 

ௌ
଴

ௌ
 (6) 

 
In line with this equation, for the hexagonal subdomain, kS = 1.39 m, CS = 3.5 (for z0 = 0.5 m) and kS = 1.39 m, CS = 7 
(for z0 = 1 m). Inside the circular subdomain, where the buildings are modeled explicitly, i.e. with their main shape, the 
ground plane and building walls are modeled as smooth walls with z0 = 0 m. 

A 10 m thick earth layer is modeled implicitly for the ground surface of the domain and at 10 m depth of this layer, a 
constant temperature of 10°C is imposed. In addition, the evapotranspiration from the ground plane is considered with a 
constant sink value of 80 W/m2 during morning and afternoon (6:00-11:00 and 15:00-18:00) and 130 W/m2 during noon 
(11:00-15:00). This assumption is in accordance with the observations from previous measurement studies considering 
heat fluxes inside dense urban areas (Grimmond and Oke, 1991; Offerle et al., 2006). The building walls are represented 
by brick layers with 0.4 m thickness and inside the buildings, a constant indoor air temperature of 24°C is imposed. The 
interior surface has a constant convective heat transfer coefficient and emissivity of 8 W/m2K and 0.95, respectively. The 
top of the computational domain is modeled as a free slip wall and zero static pressure is imposed at the outlets. 

4.4. CFD simulations of urban microclimate without evaporative cooling 

The 3D Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations are solved in combination with the energy 
equation. Closure is obtained by the realizable k- model. Conduction, convection and radiation are considered in the 
simulations, fully coupled with the wind flow. At the solid boundaries, a one-directional conduction equation is used. 
Natural convection is modeled with the Boussinesq approximation (Bejan, 2013) and for the radiation the P-1 radiation 
model is employed (ANSYS Inc., 2009). Solar load parameters such as the sun direction vector and the diffuse portion of 
the total radiation approaching the surface are calculated with the implemented solar calculator of ANSYS/Fluent 
(ANSYS Inc., 2009). The solar calculator considers a beam using the position of the sun at any time during a year and 
applies a radiative heat flux at the wall type boundaries that are outside the shadow. The absorption of the radiative heat 
by the surfaces depends on the absorptivity values, which are listed in Table 2. Pressure-velocity coupling is performed 
with the Semi-Implicit Method for Pressure Linked Equations (SIMPLE). For all convection and viscous terms, second-
order discretization schemes are used. Unsteady simulations are performed with a time step of 900 seconds and with 60 
iterations per time step, based on a time-step sensitivity analysis. For the temporal discretization, second-order implicit 
time integration is used. 

The CFD simulations are performed for 15-19 July, 2006. To compare the simulation results with satellite imagery 
results, 90 sampling points are specified on the building roofs and street surfaces of the computational domain of 
Bergpolder Zuid to extract spatially averaged values from the CFD simulations. The sampling points are positioned on 
the building and ground surfaces. The selection and number of these sampling points are based on a sensitivity analysis 
reported in Toparlar et al. (Toparlar et al., 2015).  

The results from the CFD simulations are compared with surface temperatures in Rotterdam obtained from thermal 
images from the NOAA-AVHRR satellite (Klok et al., 2012) taken during the same period as the CFD simulation. 
Although the AVHRR has a high temporal resolution which can monitor the diurnal behavior of surface temperatures, its 
spatial resolution is limited to 1.1 km. Therefore, the satellite results are spatially averaged surface temperatures for the 
districts of Rotterdam. As there is only a single value reported for each district, values for the standard deviation, minimum 
or maximum surface temperatures cannot be assessed. Data are available for 42 specific times within these five days. In 
this study, the results are compared with the satellite imagery data of the Noord region in Rotterdam that includes 
Bergpolder Zuid. 

The comparison between the CFD simulations and the satellite imagery data is provided in Fig. 9. The simulations 
can repeat the diurnal variation with a fairly good agreement. The average absolute difference of surface temperatures is 
around 2.2 °C. The maximum difference occurs around 14:00 h on 18th of July, where CFD overestimates the measured 
values by 6.3°C. The exact reasons for these deviations are not clear, but they are probably caused by a combination of 
the following limitations, as pointed out by Toparlar et al. (Toparlar et al., 2015): 

- The one-directional wall conduction approach is used at the wall boundaries. In this case, the effect of planar 
conduction is omitted and thus, the ground level is more prone to sudden changes in temperature, which might 
explain the difference in daily surface temperature variance. 

- The comparison between measurement and CFD simulations is based on hourly averaged meteorological data. 
Hourly data might not be sufficient to produce accurate results. This is especially the case within the days where 
the hourly variation of wind speed and solar radiation is high.    



- The influence of the thermal stratification of the atmospheric boundary layer (ABL) is not taken into 
consideration in the simulations. Because of this assumption, the simulated flow field might deviate from the 
actual one in the urban environment.   

- Clouds were not included in the simulations but patch clouds might have been present locally during the 
measurements. 

- The satellite imagery data as adopted from Klok et al. (Klok et al., 2012) presents a single value for a specific 
moment and for an entire district. The modeled Bergpolder Zuid region in Rotterdam constitutes only 20% of 
the complete Noord district. Therefore, local conditions in the complete district of Noord might not be similar 
to the conditions inside Bergpolder Zuid region at all times.  

Contours of wind speed and air temperature at 1.75 m height (pedestrian height) at 12:00 h on July 17 are provided in 
Fig. 10. The temperature distribution is consistent with the wind speed distribution. In the regions with low wind speeds, 
air temperatures are relatively higher. This is the case for courtyards, for example, where wind speed can be significantly 
reduced. Fig. 11a shows the wind speed distribution at pedestrian height inside the courtyard where the spray system will 
be employed (Fig. 6). The velocity vector field in a vertical plane along the spray line is shown in Fig 11b. The flow in 
the courtyard is dominated by a recirculation zone.  

4.5. CFD simulations of urban microclimate with evaporative cooling 

For the simulations with evaporative cooling, the Lagrangian model for droplets and the species equations for water vapor 
are added.  

The total injected water flow rate from the nozzles is 9.0 l/min (case 3 in Table 3). The Rosin-Rammler model (Rosin 
and Rammler, 1933) is used to describe the size distribution of the droplets in the CFD simulations. The smallest and 
largest droplet diameters to be considered in the size distribution of the Rosin-Rammler model are 10 and 60 µm, 
respectively. The mean of the Rosin-Rammler distribution,  and the spread parameter, n are 20 µm and 3.5, respectively. 
The injected water temperature is 25 C.  

The droplets are injected into the domain and trajectory calculations are performed at 12:00 h on July 17. The 3D 
steady RANS equations are solved for conservation of momentum, heat and mass. Note that all boundary conditions (i.e. 
meteorological conditions) are fixed, identical to those at 12:00 h. Inlet mean wind speed is 3 m/s, wind direction is 80, 
inlet air temperature is 29.7 °C and inlet air relative humidity is 33%. In this case, the vapor mass fraction at the inlet is 
about 8.5  10-3. The droplets are treated in a steady-state fashion. The discrete phase interacts with the continuous phase 
in a fully coupled manner and the discrete phase model source terms are updated after each continuous phase iteration. 
The correlation by Morsi and Alexander (Morsi and Alexander, 1972) is used for the droplet drag coefficients. To solve 
the equations of motion for the droplets, the Automated Tracking Scheme Selection is adopted to be able to switch 
between higher order and lower order tracking schemes. This mechanism can improve the accuracy and stability of the 
simulations (ANSYS Inc., 2009). In this study, trapezoidal and implicit schemes are used for higher-order and lower-
order schemes, respectively. 

The impact of evaporative cooling by a water spray system on human heat stress depends on the complex interaction 
between different climatic variables (Saneinejad et al., 2012) and spray characteristics (Farnham et al., 2015; Montazeri 
et al., 2015b). It can be assessed by the Universal Thermal Climate Index (UTCI) (Fiala et al., 2012; Jendritzky et al., 
2012) which is a heat stress/thermal comfort indicator for outdoor and semi-enclosed environments. It is an equivalent 
temperature, derived based on the Fiala multi-node model (Fiala et al., 2001, 1999), which reflects the human 
physiological reaction to meteorological parameters including air temperature and humidity, wind speed and mean radiant 
temperature, Tmrt (Bröde et al., 2012). In this study, the first three quantities are a direct output of the CFD simulations. 
A constant Tmrt value is assumed in the courtyard before and after spraying water, Tmrt = 45 C, in accordance with the 
results of previous simulation studies for the city of Rotterdam (Dai and Schnabel, 2013) and on-site measurements for 
similar urban areas (e.g. (Tan et al., 2013)). The UTCI values can be categorized into ten levels of thermal stress ranging 
from “extreme cold stress” to “extreme heat stress” (Table 4 (Bröde et al., 2012)). 

To evaluate the cooling performance of the spray system inside the courtyard (Figs. 5c and 6), the results are compared 
for two cases, with and without spray system. Figs. 12a and c show the distributions of air temperature and vapor mass 
fraction across a horizontal plane (1.75 m from ground height) for the case without spray system. The results are provided 
for 12:00 h on July 17. A relatively uniform air temperature distribution can be observed at this height, where the wind 
speed is relatively low (0.5 – 1.5 m/s) (Fig. 11a). Note that the air temperature is 2-4 C higher than the inlet air 
temperature (meteorological data) at the same time (i.e. 30 C). In this case, the average UTCI at this height is almost 
constant (34.4 C), which indicates the “strong heat stress” level (Table 4). 

Figs. 12b and d present the results when the spray system is in operation. In this case, the injected water flow rate is 
୵ = 9.0 l/min and the system is installed at H = 3 m. It can be seen that the maximum temperature reduction (about 7 

C) occurs underneath the spray system in the middle of the spray line. From these figures, the relatively symmetric air 
temperature and humidity (vapor mass fraction) distributions on both sides of the spray line can be clearly observed. 
However, a clockwise circulation flow, when viewed from the positive y-axis (Fig. 11b), in the courtyard leads to the 
advection of the cool air and moisture to the right-hand side of the courtyard. The spray system retains some cooling 



effect away from the nozzles. For example, the temperature reduction is more than 2 C up to a distance of 8 m away 
from the spray line. 

5. CFD simulations for parametric analysis 

5.1. Impact of water flow rate  

Fig. 13 shows the distributions of air temperature and vapor mass fraction at pedestrian height for ୵ = 2.25, 4.50, 9.0 
l/min (cases 1 – 3 in Table 3). The height of the spray system is identical (H = 3 m) for the three cases. The maximum 
temperature reduction and vapor mass fraction increase are achieved at the same position underneath the spray line. By 
increasing ୵ from 2.25 to 9.0 l/min, the air temperature reduces across the plane monotonically, while the vapor mass 
fraction increases.  

Fig. 14 presents the profiles of the air temperature, vapor mass fraction and UTCI variation along a line at pedestrian 
height in the middle of the courtyard for the different values of ୵. The maximum air temperature reduction increases 
from about 1 to 7 C as ୵ increases from 2.25 to 9.0 l/min. In addition, for higher values of ୵, the cooling effect 
extends further away from the spray line. For example, 8 m away from the spray line the temperature reduction is more 
than 2 and 1 C for the cases with ୵ = 9.0 and 4.45 l/min, while no cooling effect is observed for the case with ୵ = 
2.25 l/min. The UTCI reduction, as an indicator for heat stress reduction, is shown in Fig. 14c. The maximum UTCI 
reduction increases from about 1 C for ୵ = 2.25 l/min to about 5 C for ୵ = 9.0 l/min. For the case with the highest 
injected water flow rate, this reduction leads to an improvement from strong heat stress (without spray system) to moderate 
heat stress up to a distance of 5 m from the spray line (Table 4). 

5.2. Impact of height of the spray system  

The height of a water spray system can affect the cooling performance of the system, but also wetting of people and 
surfaces (Farnham et al., 2011). In this subsection, results for H = 3, 4 and 5 m (cases 3 – 5 in Table 3) are presented. The 
distributions of air temperature and vapor mass fraction at the horizontal plane at pedestrian height are shown in Fig. 15. 
By increasing H, the maximum cooling effect of the spray system on the target zone (pedestrian height) decreases 
monotonically. Note that complete evaporation takes place for the three cases. 

Fig. 16 indicates the profiles of the air temperature, vapor mass fraction and UTCI variations along a horizontal line 
in the middle of the domain (pedestrian height) for different values of H. The maximum air temperature reduction 
decreases by about 2 C as H increases from 3 m to 5 m. In this case, the maximum UTCI reduction also decreases from 
about 5 to 3 C, respectively.   

6. Discussion  

This paper presents CFD simulations on a high-resolution grid to assess the cooling potential of a water spray system 
with hollow-cone nozzles for a courtyard in an actual urban area. However, the accuracy and reliability of CFD 
simulations are of concern and solution verification and validation studies are imperative (Blocken, 2014). This requires 
high-resolution high-quality full-scale or reduced-scale measurements. However, such measurement data for water spray 
systems in an actual urban area is lacking. Therefore, so-called sub-configuration validation has been used in the present 
research. Sub-configuration validation refers to performing validation for simpler generic building configurations that 
represent sub-configurations of the more complex urban configuration. For these generic configurations, wind-tunnel 
measurements are generally available in the literature. The confidence extracted from this validation study can be used to 
support the application of CFD with similar computational parameters for the more complex urban configuration. 

In the present study, a water spray system is employed in a courtyard with a relatively low wind speed (1.2 m/s) and 
high air temperature (32-34 °C). Research shows that higher values of air speed relative to the water droplets can improve 
the cooling performance of water spray systems (Montazeri et al., 2015b). On the other hand, in areas with a relatively 
high wind speed, water droplets might be blown sideways, which could lead to a lower cooling effect in the intended 
target zone.    

This study has been performed in a relatively low atmospheric humidity (RH = 33%). It should be noted that in the 
Netherlands the warmest period of the year usually coincides with relatively low values of relative humidity. During the 
major European heat wave in 2006, for example, the relative humidity during daytime (when most cooling for outdoor 
environments is needed) was less than 45% in the Dutch city of Rotterdam, while the air temperature was higher than 30 
C. Further research is needed to quantify the cooling performance of water spray systems in more humid climate 
conditions.  

In this study, the cooling performance of a water spray system consisting of several spray nozzles is evaluated for a 
public space (building and street scale). Further research needs to be performed to assess the performance of such systems 
at the building scale, in which a spray system can be used in combination with a fan.   

During the design of similar evaporative cooling systems, special attention needs to be paid to the quality of air in 
zones under the influence of the system. For instance, the risk of bacterial growth in humid environments is a well-known 
issue. This can be done, for example, using on-site measurements. In addition, using clean water is essential to ensure it 



does not affect the quality of the air. In some cases, the supply water is required to be chlorinated (Farnham et al., 2015). 
Further research needs to be performed to investigate the importance of water quality in mist spraying systems.  

7. Conclusions 

This paper presents high-resolution Computational Fluid Dynamics (CFD) simulations based on the 3D unsteady 
Reynolds-Averaged Navier-Stokes equations to assess the cooling potential and heat stress reduction by a water spray 
system with 15 hollow-cone nozzles. The system is numerically implemented in the Bergpolder Zuid region of the Dutch 
city of Rotterdam and operated at a specific moment during the heat wave period of July 2006. To simulate the two-phase 
flow, the Lagrangian-Eulerian approach is implemented. The CFD simulations are validated based on wind-tunnel 
measurements of an evaporative cooling process and on field measurements of surface temperatures during the heat wave 
period (without water spraying). The Universal Thermal Climate Index (UTCI) is used to assess the heat stress 
improvement due to evaporative cooling.  

The results show that for given values of injected water flow rate (ṁw = 9.0 l/min) and height of the spray system (H 
= 3 m), a maximum temperature reduction and UTCI reduction of about 7 and 5 C are achieved at pedestrian height 
(1.75 m) in the courtyard. In addition, a thermal comfort improvement from strong heat stress (without spray system) to 
moderate heat stress up to a distance of 5 m from the spray line is observed.   

From the research presented in this paper it can be concluded that CFD simulations can be used to provide accurate 
and reliable data on urban microclimate for the evaluation of heat stress and of evaporative cooling as a measure to reduce 
heat stress in urban areas. As the need for climate adaptation increases, it will become important for landscape architects 
and urban planners to integrate climate change adaptation measures in both new designs and redesigns of landscapes and 
urban areas. This paper has demonstrated that evaporative cooling by water spray systems can be an effective adaptation 
measure. Landscape architects and urban planners are encouraged to consider aesthetically acceptable ways of integrating 
water spray systems in new designs or redesigns wherever deemed necessary and appropriate. 
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Figures 

 

Fig. 1 Case study area at various spatial scales. (a) The Netherlands. (b) The city of Rotterdam. (c) Bergpolder Zuid 
district. (d) Aerial view of the district. (Figures modified from Google Maps). 

 

 

Fig. 2 Terrain surrounding the modeled urban area with a radius of 10 km. The estimated aerodynamic roughness length 
(z0) is shown for different upstream fetches. The computational domain used in this study is represented by the black 
hexagon in the middle. 



 

 

Fig. 3 Evaporative cooling validation study: computational domain including spray nozzle and measurement points 
(dimensions in meter). 

 

 

 

 

 

 

 

Fig. 4 Comparison of calculated (CFD) and measured (Sureshkumar et al., 2008a) (a-c) DBT and (d-f) WBT for case 1, 
2 and 3, respectively. 

 

 

 



 

 

 

Fig. 5 (a) Computational domain and geometry. Different colors represent different categories of buildings in terms of 
detail in modeling; (b) Building and street surfaces as in the computational domain; (c) top view of the Bergpolder Zuid 
region. 

 

 

Fig. 6 Perspective view and section of the courtyard along with the water spray system (dimensions in meter). 

 

 



 

 

Fig. 7 (a) Aerial view of the Bergpolder Zuid region (Source: Google Maps). (b) Computational grid on the building 
surfaces and on part of the ground surface. The intensity of black lines indicates areas with a higher grid resolution (total 
number of cells: 6,610,456). 

 

 

 

 

Fig. 8 Meteorological data (of KNMI-Rotterdam weather station) during 15, 16, 17, 18 and 19 July 2006. Acquired from 
the hourly dataset of KNMI for: (a) air temperature; (b) relative humidity; (c) wind speed and (d) solar radiation. 

 

 

 

 



 
 

 

 

 

Fig. 9 Urban microclimate validation study: Comparison of average surface temperatures for five consecutive days from 
CFD simulation and satellite imagery. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 (a) Air velocity and (b) air temperature distribution at pedestrian height (1.75 m) for July 17, 2006: 12:00 h. 

 



 

 

Fig. 11 (a) Wind speed distribution in a horizontal plane at a height of 1.75 m above ground level, and  (b) velocity vector 
field in a vertical plane in the courtyard for the case without spray. 

 

 

 

 

 

 

Fig. 12 Air temperature distribution in a horizontal plane at a height of 1.75 m above ground level for the case (a) without 
and (b) with spray (July 17, 2006: 12.00 h). (c,d) Same for vapor mass fraction. The dashed line indicates the spray line. 

 



 

 

Fig. 13 Influence of water flow rate: air temperature distribution in a horizontal plane at a height of 1.75 m above ground 
level for (a) ୵ = 9.0 l/min; (b) ୵ = 4.50 l/min and (c) ୵ = 2.25 l/min. (d-f) Same for vapor mass fraction (July 17, 
2006: 12:00 h). The dashed line indicates the spray line. 

 

 

Fig. 14 Profiles of relative changes in (a) air temperature, (b) vapor mass fraction and (c) UTCI variations along line at 
height 1.75 m for different water flow rate ୵. 



 

 

Fig. 15 Influence of height of spray system (H): air temperature distribution in a horizontal plane at a height of 1.75 m 
above ground level for (a) H = 3 m; (b) H = 4 m and (c) H = 5 m. (d-f) Same for vapor mass fraction (July 17, 2006: 12:00 
h). The dashed line indicates the spray line. 

 

 

Fig. 16 Profiles of relative changes in (a) air temperature, (b) vapor mass fraction and (c) UTCI variations along line at 
height 1.75 m for different heights of spray system (H). 



 
Tables 

 

    Table 1. List of some main parameters of the cases. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Table 2. Specifications of the materials used in this study. 

Material  
Density 
[kg/m3] 

Specific heat  
[J/kgK] 

Thermal 
conductivity 
[W/mK] 

Absorptivity Emissivity 

Earth 1150 650 1.5 0.60 0.90 
Brick  1400 900 1.7 0.75 0.88 

 
 
 
 
 

case 

Inlet air  Water  Spray nozzle 

V 
 (m/s) 

DBT 
(C) 

WBT 
(C) 

 
P 

 (bar) 
Tin 

 (C) 

	

(lit/min) 
 

D 
(mm) 

/2  
(deg.) 

1 1 41.4 18.9  3 35.1 12.5  4.0 22.0 

2 2 39.1 18.5  3 35.0 12.5  4.0 20.0 

3 3 39.2 18.7  3 35.2 12.5  4.0 18.0 

Table 3. List of main parameters of the cases including water velocity (Vw), temperature (Tw), flow rate ( ୵) and half-
cone angle (/2). 

case 
H 

[m] 
Vw 

[m/s] 
Tw 

[C] 
୵ 

[l/min] 
/2 

[deg] 

Droplet size distribution (Rosin-Rammler) 

 

[µm] 
n 

Dmin 

[µm] 

Dmax 

[µm] 
N 

1 3 15 25 2.25 20 20 3.5 10 60 20 

2 3 15 25 4.50 20 20 3.5 10 60 20 

3 3 15 25 9.0 20 20 3.5 10 60 20 

4 4 15 25 9.0 20 20 3.5 10 60 20 

5 5 15 25 9.0 20 20 3.5 10 60 20 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. UTCI equivalent temperature categorized in terms of thermal stress (Bröde et al., 
2012). 

UTCI range (C) Stress category 

> 46 extreme heat stress 

38 – 46 very strong heat stress 

32 – 38 strong heat stress 

26 – 32 moderate heat stress 

9 – 26 no thermal stress 

0 – 9 slight cold stress 

-13 – 0 moderate cold stress 

-13 – -27 strong cold stress 

-27 – -40 very strong cold stress 

< -40 extreme cold stress 


