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Abstract 

Adaptation to climate change on an urban scale is important as increases in temperature will be 

inevitable according to future climate scenarios. In this study Computational Fluid Dynamics (CFD) 

simulations are performed for the Bergpolder Zuid district in Rotterdam, the Netherlands. The 

simulations take into account wind flow, solar radiation, convective and long-wave radiative heat 

transfer, and evaporative cooling. Two validation studies are performed; one for the surface 

temperatures and one for the evaporative cooling. In the final stage, a comparative study is performed 

and it is concluded that evaporative cooling can locally reduce the air temperature at pedestrian height 

(1.8 meters) by 0.9-2.0
°
C.  

1 Introduction 

The Intergovernmental Panel on Climate Change (IPCC) have published several assessment reports 

about the future of climate change, based on different emission scenarios. According to these reports, 

the global mean temperature is likely to rise by 1.1
°
C to 2.9

°
C for the lowest emission scenario and by 

2.4
°
C to 6.4

°
C for the highest emission scenario (worst case for the 21

st
 century) (IPCC, 2007; 

Nakicenovic et al., 2000). The climate change scenarios are used to assess the possible consequences 

in the future and according to the report by the Climate Cost Project, the consequences can be very 

severe for people, economy and infrastructure (ClimateCOST, 2011).  

Large cities and metropolises release more heat to the atmosphere than their suburban or rural 

surroundings and as a consequence, local temperatures rise accordingly. These regions with higher 

temperature than their rural surroundings are called urban heat islands. Increase of the temperature 

inside the urban regions depends on how dense the built area is (Oke, 1982). As the temperature is 

even higher in urban areas compared to rural regions, possible health problems might rise accordingly 

(Tan et al., 2010). Moreover, the increase in temperature might result in increase of building energy 

consumption levels, especially due to cooling loads (Ihara et al., 2008; Kolokotroni et al., 2012). In 

order to reduce the local air temperature rise in urban areas and to avoid negative consequences, 

adaptation measures (e.g. evaporative cooling, vegetation) on building or street scale can be 

implemented (Bowler et al., 2010; Davies et al., 2008; Nishimura et al., 1998; Robitu et al., 2006). 

The majority of the studies investigating the urban heat island effect use field measurements or small-

scale experiments to assess the influence of urban structure on local climate. However, both the urban 

heat island effect and the influence of climate change adaptation measures can be assessed 

computationally (Blocken et al., 2011; Moonen et al., 2012) which would enable researchers to 

conduct scenario analysis.  
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This study is a part of the Climate Proof Cities (CPC)
1
 research programme which is studying the 

effects of climate change adaptation measures at the building and street scale. In this study, the region 

under consideration is Bergpolder Zuid, which is located in the Noord district of Rotterdam. The 

region is now subject to renovation and the CPC consortium aims to apply climate change adaptation 

measures to avoid possible problems caused by extreme meteorological conditions. In the current state, 

the region has little vegetation and negligible open waters. Mainly, the paved roads along the streets 

are covered with asphalt and buildings are covered with dark red colored bricks. Because of the dense 

urban structure and the low water permeability of construction materials, the region shows the 

common symptoms of the urban heat island effect (Klok et al., 2012).  

This paper presents a numerical study in which the potential effect of evaporative cooling on the 

outdoor air temperature is assessed for the Bergpolder Zuid district in Rotterdam, the Netherlands.  

2 Methodology 

In order to calculate air temperatures in the urban area and to evaluate evaporative cooling as an 

adaptation measure, Computational Fluid Dynamics (CFD) simulations are performed. A 

computational model of the Bergpolder Zuid district in Rotterdam with its surroundings is generated. 

For the generation of the high quality grid, CFD best practice guidelines are used (Franke et al., 2007; 

Tominaga et al., 2008; van Hooff and Blocken, 2010). The simulations consider wind flow, solar 

radiation, convective and long-wave radiative heat transfer, and evaporative cooling. Simulations are 

performed using the 3D Reynolds-averaged Navier-Stokes equations (RANS) in combination with the 

standard k- turbulence model (Jones and Launder, 1972) and standard wall functions (Launder and 

Spalding, 1974).  

In order to model the Bergpolder Zuid region, drawings from the Rotterdam Municipality are used and 

the region is discretized by control volumes (Figure 1). After the construction of the geometrical 

model, simulations are performed using the ANSYS Fluent software (ANSYS Inc., 2009).  

 

Figure 1: (a) Aerial view of the Bergpolder district (taken from south). (b) The corresponding 

computational grid on the building and ground surfaces within the computational domain (6,307,876 

cells). The black areas indicate regions with higher mesh resolution. 
 

Model validation is performed for the urban surface temperature values and for the evaporative 

cooling model used in this study. The experimental data for the validation of urban surface 

temperatures and the evaporative cooling model are acquired from Klok et al. (2012) and Iskra & 

Simonson (2007), respectively. After successful validation, a comparative study is performed. The 

                                                      
1
 For information about the CPC: http://knowledgeforclimate.climateresearchnetherlands.nl/climateproofcities 
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comparative study evaluates the effect of evaporative cooling under the meteorological conditions of 

16
th
 of July 2003. This specific date is chosen as it was the hottest day in Rotterdam during the 2003 

European heat wave and it can be considered as a representative day resembling future meteorological 

conditions. For the evaluation, three water ponds are modeled inside the Bergpolder Zuid region (two 

in courtyards, one on a rooftop). The dimensions of the water ponds are 30 x 25 x 0.3 m
3
 (large water 

pond), 25 x 25 x 0.3 m
3
 (roof pond) and 25 x 20 x 0.3 m

3
 (small water pond). In order to assess the 

effectiveness of evaporative cooling, simulations are performed with and without the implementation 

of these water ponds (see Figure 2). 

 

Figure 2: A representation of the simulated water ponds within Bergpolder Zuid region 

3 CFD simulations: Computational model and parameters 

According to the best practice guidelines by Franke et al. (2007) and Tominaga et al. (2008), the 

maximum building height within the urban region is significant for the dimensioning of the 

computational domain. The highest building in Bergpolder Zuid is 51 meters. The computational 

domain has the dimensions of L x W x H = 1900 x 1754 x 400 m
3
. 

At the inlet of the domain, a logarithmic mean wind speed profile is imposed:       
  

 

 
    

    

  
 . 

Where U(z) is the mean wind speed over height z (m/s), u
*
 is the atmospheric boundary layer friction 

velocity (m/s), κ is the von Kármán constant (=0.40), z is the height (m) and z0 is the aerodynamic 

roughness length, which is 0.5 m 1.0 m, depending on the wind direction. The z0 value is determined 

with respect to the updated Davenport roughness classification (Wieringa, 1992).  

Apart from the logarithmic velocity profile, turbulence parameters k (turbulent kinetic energy)(m
2
/s

2
) 

and ε (turbulence dissipation rate)(m
2
/s

3
) are defined. The profile for the turbulent kinetic energy is 

defined by:                     
  (α = 1). Where Iu is the streamwise turbulence intensity, and α is 

a parameter in the range of 0.5 to 1.5. In this study, α value is chosen as 1.0, as recommended by 

previous studies (Ramponi and Blocken, 2012; Tominaga et al., 2008). When z0 = 0.5 m, the inlet 

streamwise turbulence intensity ranges from 0.29 at pedestrian height (z = 1.7 m) to 0.05 at gradient 

height (z = 400 m). When z0 = 1.0 m, the inlet streamwise turbulence intensity ranges from 0.39 at 

pedestrian height to 0.08 at gradient height.  

At the inlet, the ε is defined by:          
              . At the outlet of the domain, zero static 

pressure is imposed. The top and lateral sides of the domain are modeled as slip walls (zero normal 

velocity and zero normal gradients of all variables).  
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The standard wall functions by Launder & Spalding (1974) are used in this study in combination with 

the sand-grain based roughness modification (Cebeci and Bradshaw, 1977). The wall functions and the 

roughness modification are used for building and ground surfaces. Special attention is given to the 

relationship between kS (equivalent sand-grain roughness height), CS (roughness constant), and 

aerodynamic roughness length (z0) (Blocken et al., 2007) kS   
        

  
 . 

The radiation model P-1 is used (ANSYS Inc., 2009) and buoyancy effects within the domain are 

calculated by the Boussinesq approximation. Thermal settings at the inlet and outlet boundaries are 

specified as constant temperatures depending on the meteorological data, which is obtained from the 

Royal Dutch Meteorological Institute (KNMI).  

At the ground surface, mixed thermal settings (considering conduction, convection and radiation) are 

specified with a so-called “free stream” temperature of 10°C. Free stream temperature of a solid zone 

means the assumed temperature outside of the domain, near that specific solid. A generic earth 

material is specified with thickness = 20 m, density = 1450 kg/m
3
, thermal conductivity = 1.5 W/mK, 

and specific heat = 1260 J/kgK. At top of the ground surface, the reflective properties of light colored 

concrete are imposed with emissivity = 0.91 and solar absorptivity = 0.6. The aim of this selection is 

to represent the ground layer as a thick earth layer with concrete finishing at the top. The reason for 

the choice of concrete material on the top of ground zone is mentioned in the discussion section.  

For the building walls, a generic construction is assumed with 0.3 meter thick brick layer which has a 

conductivity of 1.3 W/mK. The free stream temperature of the building facades is specified as 23°C. 

The reason for this choice is to represent the interior of the buildings as air-conditioned zones during 

summer.  

In addition to air temperature, other meteorological conditions like wind speed (m/s), wind direction 

and solar radiation (W/m
2
) (see Table 1) are determined from the hourly statistics as acquired from the 

KNMI.  

For calculating the moisture transfer, transport equations are employed. For the evaporative cooling 

model, the surfaces with water ponds are defined as separate wall-film type boundaries with zero-

velocity injections. The injections are used for defining the water volumes with zero velocity. At these 

boundaries, static water volumes with a constant temperature of 20°C are imposed. The calculations 

take into account the temperature of the water and dimensions of the water pond. As a result of the 

ambient temperature near the water ponds, water is subject to evaporation from the pond surfaces.  

The pressure-velocity coupling is performed with the SIMPLEC algorithm (ANSYS Inc., 2009) and 

second order discretization schemes are used throughout (momentum, energy, moisture transfer). 

4 CFD simulations: Model validation 

Two separate validation studies are performed. The first focuses on the surface temperatures in the 

computational domain. In the study by Klok et al. (2012) the surface temperatures in Rotterdam were 

measured for every district using sattellite images. The resolution of the sattelite measurements is 1 

km x 1 km and thus, the results are reported for every district. Bergpolder Zuid region is inside the 

Noord district of Rotterdam and therefore for comparison, the results from this district are used. The 

measurements were performed during the July 2006 heat wave on different dates and times. The exact 

dates and times are specified in Table 1. The simulation cases are set according to the KNMI 

measurements (from Rotterdam measurement station) and the results are compared with the 

measurements by Klok et al. (2012). 
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10 simulations are performed for different dates and times. For all these cases, Klok et al. (2012) 

present an average surface temperature value for the entire district. In order to have a comparison with 

this value, 25 arbitrary data points are positioned inside the computational domain, on the surfaces of 

streets and courtyards. The resulting average from these data points is compared with the 

measurements.  

It can be observed from Table 1 that the simulation results show a fairly good agreement with the 

sattelite measuerments. The difference between measured and simulated surface temperatures are 

within 0.14°C to 2.28°C. A comparison chart is provided in Figure 2. The biggest difference in the 

prediction of surface temperatures is found for the last three simulations. The reason for this difference 

is that at the 18
th
 of July, the meteorological conditions varied intensively throughout the day. As the 

sattelite measurements are instantenous, the hourly data is not detailistic enough to provide accurate 

boundary conditions for the simulations. 

Table 1: Data table for the validation study focused on surface temperatures 

Simulation 

# 

Date/Time 

(all dates in 

2006) 

Air 

temperature 

(°C)(KNMI) 

Radiation 

(W/m
2
) 

(KNMI) 

Wind speed 

(m/s) at 10 

m (KNMI) 

Wind direction 

(0°:North, 90°: 

East) (KNMI) 

Surface 

temperature (°C) 

(Klok et al. 2012) 

Surface 

temperature (°C) 

(simulations) 

1 16.07 / 11:55 26.6 825 4.5 70 36.8 37.4 

2 16.07 / 12:19 27.4 863.89 4.5 70 39.0 39.0 

3 16.07 / 14:07 28.5 802.77 4.5 110 38.5 38.9 

4 16.07 / 17:59 28.3 580.55 4.5 90 32.5 32.3 

5 17.07 / 11:56 29.1 844.44 3 90 38.9 40.7 

6 17.07 / 13:56 30.5 783.33 3 50 43.0 43.1 

7 17.07 / 17:34 26.9 236.11 3 350 33.2 31.9 

8 18.07 / 11:29 32 813.89 4 80 39.0 41.3 

9 18.07 / 13:13 34.4 763.89 4.5 100 39.6 41.4 

10 18.07 / 15:27 34.6 533.33 4 90 38.9 40.8 

 

 

Figure 3: The comparison of surface temperatures based on simulation and measurement results.  
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The second validation case is performed to validate the evaporative cooling model used in this 

research by using the wind tunnel study by Iskra & Simonson (2007). In the study of Iskra & 

Simonson (2007), a duct flow over a water tray (depth 0.03 m) is investigated (see Figure 4). The 

evaporated species from the water tray is carried away whereas temperature and relative humidity are 

measured at two data points: one at the inlet and the other at the outlet region. A CFD setup, which is 

similar to the experimental model used in the wind tunnel study by Iskra & Simonson is created. The 

generated two-dimensional CFD setup has a duct with a height of 0.0205 m. The inlet and outlet 

regions are 0.9 m long whereas the test section including the water tray is 0.6 m long. Along the height, 

the domain is divided into 10 grid cells and in total 2900 cells are created. The flow is described with a 

parabolic Poiseuille velocity profile where the mean air velocity is 0.64 m/s and the highest air 

velocity is 1.28 m/s. The airflow is solved by the 2 D steady RANS equations and the standard k-ε 

turbulence model (Jones and Launder, 1972).  

Zero static pressure is imposed at the outlet of the domain. Top and bottom boundaries (duct walls) are 

defined as walls with a constant temperature of 23°C. Water in the water tray has a constant 

temperature of 20°C with a width of 0.6 m and a depth of 0.03 m (Iskra and Simonson, 2007).  

The relative humidity and temperature values at the inlet and outlet are reported over time until the 

changes in these values became negligible. Therefore the aim in the steady state CFD simulations is to 

have similar results with the final values of relative humidity and temperature.  

According to the results of the wind tunnel study, after considerable time has passed and an 

equilibrium has been reached, the relative humidity at the outlet is measured as 27.9% and the 

temperature is measured as 20.5°C. In the CFD simulations, at the equilibrium state, the relative 

humidity is calculated as 27.3% and temperature as 20.7°C. The results of the CFD simulations 

showed relatively good agreement with the wind tunnel measurements for the target variables. 

Therefore the evaporative cooling model used in this study is considered as reliable for the use in the 

comparative study. 

 

Figure 4: Representation of the experimental setup as used in the study by Iskra & Simonson (2007). 

5 CFD simulations: Comparative study 

After the validation of numerically predicted surface temperatures and the evaporative cooling model, 

a comparative study is performed. The study investigates the effect of evaporative cooling by 

modeling three water ponds (two in courtyards and one on a roof top) at separate locations in the 

Bergpolder Zuid district. The meteorological conditions in this comparative study are taken equal to 

those measured by the KNMI on the 16
th
 of July, 2003 in Rotterdam at 14:00. At this date and time, 

the air temperature is 33.6
°
C, wind direction is 150

o
 (South-South-East), wind velocity is 3 m/s (at 10 

meter height - zref) and the solar radiation is 900 W/m
2
. This specific date and time was the hottest day 

during the 2006 summer in Rotterdam.  

Dimensions of the water ponds are 30 x 25 x 0.3 m
3
 (large water pond), 25 x 20 x 0.3 m

3
 (small water 

pond and 25 x 25 x 0.3 m
3
 (roof pond) with a constant water temperature of 20°C. The water 

temperature is taken same as the average daily (day and night) temperature.  
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For the comparison of water ponds inside the courtyards, the target variable is the air temperature at 

1.8 m height inside the courtyards. For the water pond at the roof top, the air temperature is compared 

at an altitude 0.5 m higher than the roof. Again, similar to the surface temperature validation, some 

data points are defined around the ponds: 10 points around the large water pond (at 1.8 m), 8 points 

around the small water pond (at 1.8 m) and 12 data points around the roof pond (0.5 m higher than 

rooftop).  

When all the conditions are kept the same, the decrease in temperature is: 

- between 1.4°C to 2.0°C around the large water pond (air temperature at 1.8 m); 

- between 1.0°C to 1.5°C around the small water pond (air temperature at 1.8 m); 

- between 2.7°C to 3.9°C around the roof pond (air temperature at 0.5 m higher than roof). 

The results show that the size of the water pond has significant influence on the cooling potential 

within a courtyard. In addition, the differences in the measurement height lead to different temperature 

values, which can be concluded as the cooling effect is more profound closer to the pond surface. 

These results are in accordance with the results from previous studies about evaporative cooling such 

as Nishimura et al. (1998) and Robitu et al. (2004). Study by Nishimura et al. (1998) investigated 

artificial water facilities in Osaka city and the measurement results from their study have shown that 

the evaporative cooling was able to reduce air temperature near the studied pond by 4°C to 5°C, being 

most effective when the water was sprayed. Study by Robitu et al. have investigated the performance 

of a small water pond (4 x 4 x 0.5 m
3
) using CFD and it was reported that the temperature decrease at 

human height (=1.7 m in that study) was around 0.9°C and much more significant closer to the water 

pond. 

6 Discussion 

The urban geometry, which was subject to simulations, is generated based on the drawings from the 

Rotterdam Municipality. However, although the buildings and dimensioning of the urban structure is 

realistic, elements such as trees, street poles cars and similar obstacles are not taken into account in the 

CFD simulations. The shading effect of such obstacles is represented by assigning a low solar 

absorptivity value to the ground surface. That is why, although the main color of the streets was dark 

(due to asphalt), a material with lighter color (concrete) was chosen to represent the shading effect. 

In the current state of this study, the grid resolution was determined based on previous grid 

convergence studies and best practice guidelines. In order to be sure whether results are independent 

of grid resolution, future work will include a grid-sensitivity analysis. 

In this study, the effect of evaporation is calculated with steady state simulations with the inclusion of 

water film on the adjacent wall. Another option would be to model water ponds explicitly with actual 

water volumes inside the computational domain. However, for a study which is performed on an urban 

region, such an application might be too detailed and increase the computational demand significantly. 

7 Conclusions 

In this study, a computational analysis of evaporative cooling on the outdoor air temperature is 

assessed for the Bergpolder Zuid district in Rotterdam, the Netherlands. The simulations have taken 

into account wind flow, heat transfer, solar radiation and evaporative cooling. To support the 

simulations, two validation studies are conducted for urban surface temperatures and evaporative 

cooling model. Both validation studies showed good accordance between the CFD simulations and 

measurements. After the validation studies, a comparative study is conducted where the effectivenes 
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of evaporative cooling is investigated by implementing three water ponds to the Bergpolder Zuid 

simulation setup.  

According to this study, the following conclusions can be made:  
 

1) Evaporative cooling implementations in an urban region can decrease the temperature by 0.9
°
C to 

2.0
°
C (at z = 1.8 m) inside the courtyards and 2.7

°
C to 3.9

°
C on rooftops (at 0.5 m above the roof); 

2) The effectiveness of the water ponds is positively linked with their sizes. 

3) The cooling effect of water ponds is more profound when the data is collected at lower heights. 

References 

ANSYS Inc., 2009. ANSYS FLUENT 12.0 Theory Guide. 

Blocken, B., Stathopoulos, T., Carmeliet, J., 2007. CFD simulation of the atmospheric boundary layer: wall function 

problems. Atmospheric Environment 41, 238–252. 

Blocken, B., Stathopoulos, T., Carmeliet, J., Hensen, J., 2011. Application of CFD in building performance simulation for the 

outdoor environment: an overview. Journal of Building Performance Simulation 4, 157–184. 

Bowler, D.E., Buyung-Ali, L., Knight, T.M., Pullin, A.S., 2010. Urban greening to cool towns and cities: A systematic 

review of the empirical evidence. Landscape and Urban Planning 97, 147–155. 

Cebeci, T., Bradshaw, P., 1977. Momentum Transfer in Boundary Layers. Hemisphere Publishing Corporation, New York. 

ClimateCOST, 2011. The ClimateCost Project: The full costs of climate change. 

Davies, M., Steadman, P., Oreszczyn, T., 2008. Strategies for the modification of the urban climate and the consequent 

impact on building energy use. Energy Policy 36, 4548–4551. 

Franke, J., Hellsten, A., Schlünzen, H., Carissimo, B., 2007. Best practice guideline for the CFD simulation of flows in the 

urban environment. 

Ihara, T., Kikegawa, Y., Asahi, K., Genchi, Y., Kondo, H., 2008. Changes in year-round air temperature and annual energy 

consumption in office building areas by urban heat-island countermeasures and energy-saving measures. Applied 

Energy 85, 12–25. 

IPCC, 2007. Climate change 2007: The physical science basis. 

Iskra, C.R., Simonson, C.J., 2007. Convective mass transfer coefficient for a hydrodynamically developed airflow in a short 

rectangular duct. International Journal of Heat and Mass Transfer 50, 2376–2393. 

Jones, W., Launder, B.E., 1972. The prediction of laminarization with a two-equation model of turbulence. International 

Journal of Heat and Mass Transfer 15, 301–314. 

Klok, L., Zwart, S., Verhagen, H., Mauri, E., 2012. The surface heat island of Rotterdam and its relationship with urban 

surface characteristics. Resources, Conservation and Recycling 64, 23–29. 

Kolokotroni, M., Ren, X., Davies, M., Mavrogianni, A., 2012. London’s urban heat island: Impact on current and future 

energy consumption in office buildings. Energy and Buildings 47, 302–311. 

Launder, B.E., Spalding, D.B., 1974. The numerical computation of turbulent flows. Computer Methods in Applied 

Mechanics and Engineering 3, 269–289. 

Moonen, P., Defraeye, T., Dorer, V., Blocken, B., Carmeliet, J., 2012. Urban Physics: Effect of the micro-climate on 

comfort, health and energy demand. Frontiers of Architectural Research 1, 197–228. 

Nakicenovic, N., Alcamo, J., Davis, G., Grubler, A., Kram, T., La Rovere, E., 2000. IPCC special report on emissions 

scenarios (SRES). 

Nishimura, N., Nomura, T., Iyota, H., Kimoto, S., 1998. Novel water facilities for creation of comfortable urban 

mircometeorology. Solar Energy 64, 197–207. 

Oke, T.R., 1982. The energetic basis of the urban heat island. Quarterly Journal of the Royal Meteorological Society 108, 1–

24. 

Ramponi, R., Blocken, B., 2012. CFD simulation of cross-ventilation for a generic isolated building: Impact of computational 

parameters. Building and Environment 53, 34–48. 

Robitu, M., Musy, M., Inard, C., Groleau, D., 2006. Modeling the influence of vegetation and water pond on urban 

microclimate. Solar Energy 80, 435–447. 

Tan, J., Zheng, Y., Tang, X., Guo, C., Li, L., Song, G., Zhen, X., Yuan, D., Kalkstein, A.J., Li, F., 2010. The urban heat 

island and its impact on heat waves and human health in Shanghai. International Journal of Biometeorology 54, 75–84. 

Tominaga, Y., Mochida, A., Yoshie, R., Kataoka, H., Nozu, T., Yoshikawa, M., Shirasawa, T., 2008. AIJ guidelines for 

practical applications of CFD to pedestrian wind environment around buildings. Journal of Wind Engineering and 

Industrial Aerodynamics 96, 1749–1761. 

Van Hooff, T., Blocken, B., 2010. Coupled urban wind flow and indoor natural ventilation modelling on a high-resolution 

grid: A case study for the Amsterdam ArenA stadium. Environmental Modelling & Software 25, 51–65. 

Wieringa, J., 1992. Updating the Davenport roughness classification. Journal of Wind Engineering and Industrial 

Aerodynamics 44, 357–368. 
 


