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1  
Introduction  

1.1 Problem statement 
Climate change is expected to present a number of challenges for the built 
environment, such as increased demand for summer cooling and heat-stress related 
morbidity and mortality [1]. Cooling energy demand, for example, is expected to 
increase by 72% wordwide by 2100 [2]. Climate change will also increase the 
frequency and the intensity of heat waves [3]. Major European heat waves, such as 
those of 2003 and 2006, will occur more frequently in the future and it could become a 
common event by 2040 [3,4]. Increased heat waves and heat stress are likely to cause 
increased heat-related morbidity and mortality as occurred in the hot summers of 
2003 and 2006 [5,6]. Fig. 1.1, reproduced from a study by Garssen et al. [7], for 
example shows a very strong correlation between the average weekly maximum 
outdoor air temperature and the number of deaths in the Netherlands during June-
September 2003. During the summer of 2006 more than 70,000 heat-related deaths 
were also reported in Europe [8]. These problems are aggravated by the urban heat 
island effect (UHI) [9,10]. The term urban heat island is used for urban areas that 
exhibit higher temperatures than their rural surroundings. This is because urban areas 
retain and release more heat to their local environment [11]. Adaptation strategies 
such as evaporative cooling therefore need to be evaluated and implemented to 
reduce heat stress in the outdoor and indoor built environment.  
 This thesis focuses on evaporative cooling as a climate change adaptation strategy. 
A distinction is made between direct evaporative cooling (DEC) and indirect 
evaporative cooling (IEC). DEC refers to the evaporation of water in the air-stream 
that serves the target zone. This can be achieved for example by forcing air to flow 
over a large surface area of over-wetted pads before entering the building [12]. It 
normally provides a lower air temperature and higher absolute humidity. DEC 
systems such as misting fans [13] and evaporative towers [14–16] can be integrated in 
buildings and are used at the building scale. In addition, DEC systems can be 
implemented at a larger scale (building and street scale) using artificial water ponds 
with waterfalls and fountains [17], roadways wetted by water [18] and mist spraying 
systems [19]. In this thesis, the focus is on mist spraying systems for outdoor 
environments (Figs. 1.2a-b).  
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 In a mist spraying system, a cloud of very fine water droplets is produced using 
atomization nozzles. This enhances mixing and increases the contact surface area 
between the air and the water droplets resulting in a higher rate of evaporation, 
yielding greater cooling of the air. 
  Evaporative cooling by mist spraying systems is increasingly used to achieve 
immediate cooling and to enhance the thermal comfort in outdoor and indoor 
environments [19,20]. Compared to other climate change adaptation strategies such as 
high-albedo surfaces, vegetated roofs and increased thermal resistance [21], it 
introduces a number of advantages. It is an environmentally-friendly and cost-
effective technique to improve the quality of indoor and outdoor environments 
because it makes use of passive cooling with relatively simple system components 
[14]. A mist spraying system is unobtrusive which gives building designers and urban 
planners much flexibility for innovative system design concepts, and it allows easy 
integration in existing city infrastructures or renovation projects. The effect is 
controllable and can be employed in a dynamic way to operate only when cooling is 
desired. Most other climate change and/or urban heat island (UHI) 
mitigation/adaptation approaches, such as high-albedo surfaces, have an effect all 
year long, which implies they have a positive effect in warm seasons, but also negative 
side-effects such as increased energy consumption in winter [22,23].  
 Indirect evaporative cooling (IEC) refers to cooling down the exterior building 
surfaces by evaporation, in order to reduce the heat flux to the inside and the resulting 
indoor air temperature. In contrast to DEC, passive indirect evaporative cooling does 
not increase the absolute humidity of the target zone. The cooled elements, building 
surfaces, for example, act as heat sinks and absorb heat penetrating into the building 
through its envelope or heat generated indoors [12]. Research shows that roof ponds 
[24–26] and roof spray [27] (Fig. 1.2c), for example, can be used effectively to provide 
cooling in buildings. 

 
Figure 1.1 Mortality and average maximum temperature per week in the Netherlands during 

June-September 2003 (Modified from [7]). 
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 Recently, a new IEC technology has been developed, which consists of sprinkling 
water on external wall and roof surfaces covered by a super-hydrophilic TiO2 coating. 
This coating promotes the formation of a water film at the surfaces [28]. Porous 
materials applied on roofs are another example of IEC systems in which the moisture 
absorption and evaporation qualities of porous materials are used to reduce the roof 
surface temperature [29,30]. During periods of precipitation, rainwater penetrates 
through the porous layer and is stored within the layer. The stored rainwater can be 
released back into the atmosphere via evaporation during hot periods. In this thesis, 
the performance of IEC is investigated by establishing of water droplets on facade 
surfaces of a building (Fig. 1.2d). 

                                                           
1 http://www.cycbiz.org 
2 http://www.buildingdata.energy.gov 
3 Modified from http://www.freevectorvip.com 

 
 

Figure 1.2 Direct evaporative cooling: (a) using a water spray system in an urban area1, (b) 
schematic view of complex case study used in this thesis. Indirect evaporative cooling: (c) using 

roof water spray for a building2 (b) schematic view of using water films on surfaces of an 
isolated building3. 
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 The complex two-phase flow in a mist spraying system is influenced by many 
physical parameters such as continuous phase velocity, temperature and relative 
humidity, drop size distribution, velocity and temperature of droplets and continuous 
phase-droplet and droplet-droplet interactions. Similarly, the cooling performance of 
an IEC system using water films (water droplets) on building surfaces is governed by 
water film temperature and thickness, short-wave and long-wave radiation, building 
surface material, exterior and interior convective heat transfer coefficients, etc. 
Therefore, the evaluation of the performance of evaporative cooling systems is a 
difficult task. For assessing the potential and performance of evaporative cooling 
systems, DEC and IEC, in outdoor and indoor environments, different methods are 
used: (1) on-site (full-scale) measurements, (2) wind-tunnel measurements, (3) 
numerical simulation with Computational Fluid Dynamics (CFD), and (4) theoretical 
modeling.  
 

‐ Full-scale (on-site) measurements offer the advantage that the real situation is 
studied and the full complexity of the problem is taken into account. However, 
full-scale measurements are usually only performed in a limited number of 
points in space. In addition, there is 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, which 
are not easily varied independently. In spite of the aforementioned limitations, 
a large number of studies on cooling performance of DEC and IEC systems 
have been performed using on-site (full-scale) measurements.   

 
‐ Wind-tunnel measurements allow a strong degree of control over the 

boundary conditions, however at the expense of – sometimes incompatible – 
similarity requirements. Furthermore, wind-tunnel measurements are usually 
also only performed in a limited set of points in space [31]. Compared to on-site 
measurements, the use of reduced-scale wind-tunnel measurements for 
investigation of DEC and IEC systems, especially for complex urban areas, is 
very limited. 

 
‐ Computational Fluid Dynamics (CFD) is a useful tool for investigating 

complex fluid flows. This is especially the case for the complex two-phase flow 
in mist spraying systems as the evaporation process depends on many physical 
parameters that are not easily varied independently. CFD is capable of 
providing whole-flow field data, i.e. data on the relevant parameters of the two 
phases in all points of the computational domain. In addition, it provides a high 
level of control over the boundary conditions. However, the accuracy and 
reliability of CFD simulations are of concern and solution verification and 
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validation studies are imperative [31,32]. CFD has been used on several 
occasions in the past to evaluate the performance of spraying systems for 
different applications. In the vast majority of these studies, the Lagrangian-
Eulerian (LE) approach has been used in which the continuous phase (air in this 
study) is represented in an Eulerian reference frame while the discrete phase 
(water droplets in this study) is represented in a Lagrangian reference frame. 
However, a detailed evaluation of the LE approach for predicting evaporative 
cooling has not yet been performed.   

 
‐ Theoretical models are based on energy balances for building surfaces. These 

models have been used in several studies to evaluate the cooling performace of 
IEC systems such as water ponds [33,34].  

 Although many studies have been conducted to evaluate the performance of 
passive evaporative cooling techniques, accurate models for DEC and IEC are still 
lacking. It is important that the models are validated and applied to real and complex 
case studies, to evaluate their effectiveness. In addition, IEC models require accurate 
knowledge of convective heat and moisture transfer coefficients at building surfaces. 
Previous research has shown that the current practice of using simplified and constant 
convective heat and moisture transfer coefficients at the building envelope surfaces is 
invalid and can lead to significant errors [35–37].  

1.2 Research objectives 
This thesis aims to explore the benefits of direct and indirect evaporative cooling as 
climate change adaptation measures. The overall objective is to develop, validate and 
apply high-resolution computational models to investigate the performance of 
evaporative cooling in the built environment. This objective can be split up in the 
following sub-objectives: 

1. Develop and validate CFD models for wind flow in urban areas;  
2. Develop and validate CFD models for direct evaporative cooling;  
3. Investigate the performance of direct evaporative cooling for a real complex 

case study; 
4. Develop and validate CFD models for convective heat (and mass) transfer 

coefficients on building surfaces; 
5. Investigate the performance of indirect evaporative cooling for a simple 

isolated building. 

1.3 Methodology 
In this thesis, the study on DEC will focus on water spray systems (with a hollow-cone 
nozzle configuration) near building surfaces and in public spaces (streets) to achieve 
immediate cooling. For this purpose, high-resolution CFD simulations are employed 
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and the influence of the outdoor air temperature, air humidity ratio, air velocity, water 
temperature and droplet size distribution on cooling performance of such systems is 
investigated. This is performed at five levels:  

1- CFD validation of wind flow around an isolated building: CFD simulation of 
air (wind) flow is the first step in computational analysis of evaporative 
cooling in urban areas. The validation is performed using so-called sub-
configuration validation [38,39]. It 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 scientific 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.  

2- CFD simulation of wind flow in a complex urban area. 
3- CFD validation of evaporation models: systematic evaluation of the 

Lagrangian-Eulerian approach for evaporative cooling provided by the use of 
a mist spraying system is performed. 

4- Parametric analysis of DEC: to assess the importance of the parameters, which 
affect the performance of passive evaporative cooling, a detailed parametric 
analysis is conducted.  

5- CFD simulation of DEC for a real complex case study: high-resolution CFD of 
DEC in the Bergpolder Zuid district of the Dutch city of Rotterdam will be 
performed to evaluate the potential of DEC applied in complex urban 
environments.  
 

 The study on IEC will focus on the establishment of water droplets on hydrophilic 
and hydrophobic facade surfaces (by spraying). A theoretical model is used to 
evaluate the cooling performance of such a system for an isolated building. CFD is 
used for accurate modeling of convective heat transfer coefficients (CHTC) on the 
building surfaces. This part of the thesis is performed in three levels: 

1- CFD validation of CHTC for a reduced scale wall-mounted cubic obstacle. 
2- CFD simulation of CHTC for isolated buildings with different geometry. 
3- Cooling performance evaluation of IEC for an isolated building using 

theoretical models.   

1.4 Thesis outline 
The thesis consists of three parts: (I) CFD simulation of wind flow in urban areas; (II) 
CFD simulation of direct evaporative cooling (DEC); (III) Theoretical modeling of 
indirect evaporative cooling (IEC).  
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Part (I): CFD simulation of wind flow in urban areas 

This part is based on two journal papers:  
‐ Chapter 2: Montazeri H and Blocken B. CFD simulation of wind-induced 

pressure coefficients on buildings with and without balconies: Validation 
and sensitivity analysis. Building and Environment 60 (2013) 137-149. 

‐ Chapter 3: Montazeri H, Blocken B, Janssen WD, van Hooff T. CFD 
evaluation of new second-skin facade concept for wind comfort on building 
balconies: case study for the Park Tower in Antwerp. Building and 
Environment 68 (2013) 179-192. 

 
The computational modeling of wind flow is the first step in analysis of evaporative 
cooling. In addition, in an urban area many historical and contemporary building 
facades are characterized by protrusions and recessions. These details are important 
because they can drastically change the flow pattern and the overall pressure 
distribution, convective heat and mass transfer coefficients, etc, on the facade.  In 
Chapter 2, CFD simulation of a simple isolated building and of a more complex 
isolated building, an apartment with balconies, is performed and experimental wind-
tunnel results published in the literature are used for validation of the CFD 
simulations. Chapter 3 presents high-resolution CFD simulations of wind flow in a 
complex urban area.  

Part (II): CFD simulation of direct evaporative cooling 

This part is based on three journal papers:  
‐ Chapter 4: Montazeri H, Blocken B, Hensen JLM. Evaporative cooling by 

water spray systems: CFD simulation, experimental validation and 
sensitivity analysis. Building and Environment 83 (2015) 129-141.  

‐ Chapter 5: Montazeri H, Blocken B, Hensen JLM. CFD analysis of the 
impact of physical parameters on evaporative cooling by a mist spray 
system. Applied Thermal Engineering 75 (2015) 608-622. 

‐ Chapter 6: Montazeri H, Toparlar, Y, Blocken B, Hensen JLM. CFD analysis 
of evaporative cooling by water spray systems as a climate change 
adaptation measure: case study for Bergpolder Zuid. Submitted. 

 
Chapter 4 presents a systematic evaluation of the Lagrangian-Eulerian approach for 
evaporative cooling provided by the use of a water spray system with a hollow-cone 
nozzle configuration. The evaluation is based on grid-sensitivity analysis and 
validated using wind-tunnel measurements. This chapter also presents a sensitivity 
analysis focused on the impact of the turbulence model for the continuous phase, the 
number of particle streams for the discrete phase and the nozzle spray angle. In 
Chapter 5, the impact of several physical parameters is investigated: inlet air 
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temperature, inlet air humidity ratio, inlet air velocity, inlet water temperature and 
inlet droplet size distribution. In Chapter 6, the potential of DEC applied for a 
complex urban environment is evaluated. The CFD models, validated in the previous 
chapters, are integrated to evaluate the cooling performance of a water spray system 
(with a hollow-cone nozzle configuration) for the Dutch city Rotterdam in July 2006, 
when the major European heat wave occurred.  

Part (III): Theoretical modeling of indirect evaporative cooling 

This part is based on two journal papers:  
‐ Chapter 7: Montazeri H, Blocken B, Derome D, Carmeliet J, Hensen JLM. 

CFD analysis of forced convective heat transfer coefficients at windward 
building facades: influence of building geometry. Submitted.  

‐ Chapter 8: Montazeri H, Blocken B, Hensen JLM. Theoretical modeling of 
indirect evaporative cooling for an isolated low-rise building.  

 
The focus of this part is on theoretical modeling of IEC. As the knowledge of the 
convective heat transfer coefficient (CHTC) and mass transfer coefficient (CMTC) at 
exterior building surfaces is essential for evaporative cooling modeling, Chapter 7 
presents high-resolution CFD simulation of forced CHTC at the windward facade of 
buildings with different geometry. The results of this chapter are implemented to 
model IEC for a simple isolated building by establishing of water droplets on the 
facades. The results are described in Chapter 8.  
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CFD simulation of wind flow in 
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2  
CFD simulation of wind flow: 

isolated building  
 

 
This chapter has been published as: 
 
CFD simulation of wind-induced pressure coefficients on buildings with and without 
balconies: validation and sensitivity analysis 

 
Montazeri H., Blocken B. Building and Environment 60 (2013): 137-149 
 

Abstract: Knowledge of the pressure distribution on building walls is important for 
the evaluation of wind loads and natural ventilation. Wind-induced pressure 
distributions are influenced by a wide range of factors including approach-flow 
conditions, urban surroundings and building geometry. Computational Fluid 
Dynamics (CFD) can be a valuable tool for determining mean wind pressure 
coefficients on building facades. However, while many CFD studies of mean wind 
pressure on buildings have been performed in the past, the vast majority of these 
studies focused on simple building geometries without facade details such as 
balconies. These details however can drastically influence the flow pattern and the 
overall pressure distribution on the facade. This paper presents a systematic 
evaluation of 3D steady Reynolds-Averaged Navier-Stokes (RANS) CFD for 
predicting mean wind pressure distributions on windward and leeward surfaces of a 
medium-rise building with and without balconies. The evaluation is based on a grid-
sensitivity analysis and on validation with wind-tunnel measurements. It is shown 
that building balconies can lead to very strong changes in wind pressure distribution, 
because they introduce multiple areas of flow separation and recirculation across the 
facade. The results show that steady RANS, in spite of its limitations, can accurately 
reproduce the mean wind pressure distribution across the windward facade of the 
building. The average deviations from the wind-tunnel measurements are 12% and 
10% for the building with and without balconies, respectively. In addition, also the 
important impact of the reference static pressure and the turbulence model are 
demonstrated. 
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2.1 Introduction 
Knowledge of the pressure distribution on building walls is essential to evaluate 
wind-induced natural ventilation and to assess wind loads on building walls and 
building components (e.g. [1-8]). As an example, Building Energy Simulation (BES) 
programs require pressure coefficient data as input for analysing ventilation and 
infiltration flow rates [2]. Similarly, design standards need data with a high accuracy 
for effective-cost designs and reduction of wind damage and cost to building 
components [9-10].     
 The pressure distribution on building walls is influenced by a wide range of factors 
including approach-flow conditions [11-13], urban surroundings [14], building 
geometry [1] and wind direction [15]. In particular, building facade details such as 
balconies and other protrusions can affect the peak and mean surface pressure 
distributions on buildings walls and roofs [16-18].  
 Pressure coefficients can be determined using full-scale on-site measurements [15, 
19-26], reduced-scale wind-tunnel measurements [27-32] or numerical simulation with 
Computational Fluid Dynamics (CFD) [13, 16, 33-37]. Full-scale measurements offer 
the advantage that the real situation is studied and the full complexity of the problem 
is taken into account. However, full-scale measurements are usually only performed 
in a limited number of points in space. In addition, there is no or only limited control 
over the boundary conditions [38]. Reduced-scale wind-tunnel measurements allow a 
strong degree of control over the boundary conditions, however at the expense of – 
sometimes incompatible – similarity requirements. Furthermore, wind-tunnel 
measurements are usually also only performed in a limited set of points in space [13]. 
CFD on the other hand provides whole-flow field data, i.e. data on the relevant 
parameters in all points of the computational domain [5,39-40]. Unlike wind-tunnel 
testing, CFD does not suffer from potentially incompatible similarity requirements 
because simulations can be conducted at full scale. CFD simulations easily allow 
parametric studies to evaluate alternative design configurations, especially when the 
different configurations are all a priori embedded within the same computational 
domain and grid (see e.g. [41]). CFD is increasingly used to study a wide range of 
atmospheric and environmental processes. Examples are pedestrian wind comfort and 
wind safety around buildings [40, 42-46], natural ventilation of buildings [5, 41, 47-53], 
air pollutant dispersion [54-58], convective heat transfer [59-61], etc. In some of these 
studies, CFD was applied and evaluated in detail, including verification, validation 
and sensitivity analyses. CFD has also been used on many occasions in the past to 
determine mean wind-induced pressure distributions on building facades. However, 
the vast majority of these studies focused on relatively simple building shapes and 
plane, smooth facades without protrusions or recessions (e.g. [34-36, 62-63]). 
Nevertheless, many historical and contemporary building facades are characterized 
by protrusions and recessions. To the best of our knowledge, a detailed evaluation of 
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steady Reynolds-averaged Navier-Stokes (RANS) CFD has not yet been performed for 
mean wind pressure distributions on such building facades.  
 This chapter therefore presents a systematic and detailed evaluation of 3D steady 
RANS CFD for predicting mean wind pressure distributions on building facades with 
and without balconies for both normal and obliquely approach-flow conditions. The 
evaluation is based on a grid-sensitivity analysis and on validation with wind-tunnel 
measurements by Chand et al. [17]. The impact of several computational parameters is 
also investigated, including the resolution of the computational grid, the reference 
static pressure and the turbulence model.  
 In Section 2.2, the wind tunnel experiments by Chand et al. [17] are briefly 
outlined. Section 2.3 presents the computational settings and parameters for the 
reference case, and the validation of the CFD results with the wind-tunnel 
measurements. In Section 2.4, the sensitivity analysis is performed, including the 
influence of building balconies on the wind pressure distribution. A discussion on the 
limitations of the study is given in Section 2.5. The main conclusions are presented in 
Section 2.6. 

2.2 Wind tunnel experiments 
Atmospheric boundary layer wind-tunnel measurements of wind-induced surface 
pressure on the facades of a medium-rise building were conducted by Chand et al. 
[17]. The open-circuit wind-tunnel was 14 m long and had a test section of 2.5 × 1.8 
m2. The atmospheric boundary layer was generated by a combination of three devices: 
vortex generators, a grid of horizontal rods and a set of roughness elements on the 
floor of the test section. The resulting vertical profile of mean wind speed at the 
location of the building (but without building model present) is represented by a log 
law with aerodynamic roughness length z0 = 0.008 m (model scale, corresponding to 
0.24 m in full scale) and a friction velocity u*ABL = 0.73 m/s. The measured incident 
longitudinal turbulence intensity ranges from 13% near ground level to about 3% at 
gradient height. Because these profiles were measured at the (virtual) location of the 
building, they represent the incident, rather than the approach-flow conditions. Using 
the incident-flow conditions in CFD is important for simulation accuracy [64]. The 
upstream wind velocity, measured at building height, was equal to 7.1 m/s, yielding a 
building Reynolds number of 250,000 which is well above the critical value of 11,000 
for Reynolds number independent flow [65].  
 The building at scale 1:30 had dimensions width × depth × height = 0.60 × 0.25 × 
0.50 m3 (reduced scale, see Fig. 2.1) corresponding to full-scale dimensions 18 × 7.5 × 
15 m3, resulting in a blockage ratio of about 6.6%. To evaluate the effect of building 
balconies on the mean pressure coefficient, measurements were carried out for a 
building with and without balconies. Three balconies with width 0.15 m, depth 0.05 m 
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and height 0.03 m were positioned at every one of the five floors, except the ground 
floor (Fig. 2.1).  
 Mean surface pressures were measured along three vertical lines on the windward 
and leeward facade. Each measurement line was positioned in the middle of the 
balconies and 45 holes were drilled at equidistant points along it (Fig. 2.1). In the 
remainder of this paper, we will refer to these vertical lines as “edge lines” and 
“centre line”. The measurements were performed with a scanning valve and a digital 
micro-manometer. Upstream static and dynamic pressures were measured with a 
Pitot tube mounted 0.90 m upstream of the model and at building height. During the 
surface pressure measurements, the static tube was connected to the negative port of 
the scanning valve. So, the manometer indicated the pressure differences of surface 
pressure and free stream static pressure. The results of the wind-tunnel measurements 
will be shown together with the validation in the next sections. 

2.3 CFD simulations: reference case 
A reference case is defined as a starting point for the sensitivity analysis. It includes a 
fixed choice for the computational geometry and grid, boundary conditions and 
turbulence model, as outlined below.  

2.3.1 Computational geometry and grid 

A computational model was made of the reduced-scale building model used in the 
wind-tunnel measurements. The dimensions of the computational domain were 
chosen based on the best practice guidelines by Franke et al. [66] and Tominaga et al. 
[67]. The upstream domain length is 5H = 2.5 m. The resulting dimensions of the 
domain were W × D × H = 10.6 × 10.25 × 3 m3, which corresponds to 318 × 307.5 × 90 
m3 in full scale. The computational grid was created using the surface-grid extrusion 

Figure 2.1  Geometry of building model and balconies (dimensions in meter at model scale). 
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technique presented by van Hooff and Blocken [41]. The procedure was executed with 
the aid of the pre-processor Gambit 2.4.6, resulting in a hybrid grid with 2,102,250 
prismatic and hexahedral cells. The grid is shown in Fig. 2.2a-c. 20 and 10 cells are 
used along the width and depth of the balconies, respectively, as shown in Fig. 2.2c. A 
maximum stretching ratio of 1.2 controls the cells located in the immediate 
surroundings of the building model. The grid resolution resulted from a grid-
sensitivity analysis that will be outlined in Section 2.4.1. The minimum and maximum 
cell volumes in the domain are approximately 5 × 10-8 m³ and 7.5 × 10-2 m³, 
respectively. The distance from the centre point of the wall adjacent cell to the wall, 
for the windward, leeward and ground plane is 0.0017 m, 0.0022 m and 0.0025 m, 
respectively. This corresponds to y* values between 20 and 350. As standard wall 
functions are used in this study, these values ensure that the centre point of the wall-
adjacent cell is placed in the logarithmic layer. The domain shape (Fig. 2.2a) allows 
modelling different wind directions (0° and 45°, corresponding to the experiments).  

2.3.2 Boundary conditions 

For wind direction θ = 0°, plane 1 in Fig. 2.2 is the inlet plane, plane 3 the outlet plane 
and planes 2 and 4 are the side planes. In the simulations the inlet boundary 
conditions (mean velocity U, turbulent kinetic energy k and turbulence dissipation 
rate  were based on the measured incident vertical profiles of mean wind speed U 
and longitudinal turbulence intensity Iu (Fig. 2.3) The turbulent kinetic energy k was 
calculated from U and Iu using Eq. (2.1), where ɑ is a parameter in the range between 
0.5 and 1.5 [50]. In this study, as recommended by Tominaga et al. [67], ɑ 1 is 
chosen. The turbulence dissipation rate  is given by Eq. (2.2), with κ the von Karman 
constant (= 0.42).  
 

ɑ  (2.1)

∗

 (2.2)

Figure	2.2	Computational grid. (a) Grid at bottom and side faces of computational domain. (b) 
Grid at building surfaces and ground surface. (c) Detail of grid near balconies.	



20 

 

Chapter 2

 For the ground surface, the standard wall functions by Launder and Spalding [68] 
with roughness modification by Cebeci and Bradshaw [69] are used. The values of the 
roughness parameters, i.e. the sand-grain roughness height ks (m) and the roughness 
constant Cs, were determined using their consistency relationship with the 
aerodynamic roughness length z0 derived by Blocken et al. [70]. For Fluent 6.3, this 
relationship is: 

9.793
 (2.3) 

 Given the upstream domain length of 5H, the roughness parameters are taken to 
reproduce the roughness of the wind-tunnel turntable, which is considered to be 
smooth and for which z0 = 0.0018 m is assumed. The selected (reduced-scale) values 
according to Eq. (2.3) are ks = 0.0025 m and Cs = 7.0. Standard wall functions are also 
used at the building surfaces, but with zero roughness height ks = 0 (Cs = 0.5). Zero 
static pressure is applied at the outlet plane. Symmetry conditions, i.e. zero normal 
velocity and zero normal gradients of all variables, are applied at the top and lateral 
sides of the domain. As recommended by Blocken et al. [70-72], the absence of 
unintended streamwise gradients (i.e. horizontal inhomogeneity) in the vertical 
profiles of mean wind speed and the turbulence parameters was confirmed by 
performing simulations in an empty domain (i.e. without building present).  

2.3.3 Solver settings 

The commercial CFD code Fluent 6.3.26 was used to perform the simulations. The 3D 
steady RANS equations were solved in combination with the realizable k− ɛ 
turbulence model by Shih et al. [73]. The SIMPLE algorithm was used for pressure-
velocity coupling, pressure interpolation was second order and second-order 
discretization schemes were used for both the convection terms and the viscous terms 

Figure 2.3 (a) Measured profile (dotted line) and fitted log law profile (solid line) of ratio of 
mean wind speed U to mean wind speed UH at building height. Inlet vertical profile of (b) 

turbulent kinetic energy k and (c) turbulence dissipation rate . 
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of the governing equations. Convergence was assumed to obtain when all the scaled 
residuals levelled off and reached a minimum of 10-6 for x, y momentum, 10-5 for y 
momentum and 10-4 for k, ε and continuity.  

2.3.4 Results and comparison with wind tunnel experiments 

The CFD results for the reference case are compared with the wind-tunnel 
measurements by Chand et al. [17]. The pressure coefficients are computed as Cp = (P-
P0)/(0.5×Uref²) where P is the pressure at the surface, P0 the reference static pressure,  
= 1.225 kg/m³ the air density and Uref is the reference wind speed at building height 
(Uref = 7.1 m/s at z = 0.5 m). Fig. 2.4 provides the CFD results of static pressure along a 
vertical line 0.9 m upstream of the building, where the Pitot tube for the reference 
static pressure was mounted in the experiment. It can be seen that the static pressure 
at building height is about 4.3 Pa. Note that Chand et al. [17] did not report the static 
pressure that they used to calculate the CP values. In the present study, we used the 
value of 4.3 Pa for this purpose.  
 Fig. 2.5 compares the CFD results and the wind-tunnel results of CP along the 
vertical measurement lines at the facade (shown in Fig. 2.1) for the case with 
balconies. The general agreement is quite good. For the lines at the windward facade 
(Fig. 2.5a and 2.5b), the average absolute deviation between CFD results and 
measurements is 0.052 and 0.072 for the edge lines and centre line, respectively. In 
particular the vertical CP gradients (increase and decrease of CP along these vertical 
lines) due to the presence of the balconies are quite well reproduced. Note that there 
are some discrepancies especially at the lower half of the facade at edge lines, where 
CFD overestimates CP, and at the upper half of the facade at the centre line, where 
CFD provides underestimations. The exact reasons for this are not clear, but it is 
possible that the expected acceleration of the flow over the smooth turntable of the 
wind tunnel, directly upstream of the building model, has had some effect on the 

Figure 2.4  Simulated vertical profile of static pressure upstream of the building. 
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measurement values. Overall, in spite of the well-known deficiencies of steady RANS 
CFD to reproduce separating and recirculating flow [67, 74], the agreement between 
the CFD and the wind-tunnel results is considered to be good. Also at the leeward 
facade, the agreement is quite good (Fig. 2.5c and 2.5d). The average absolute 
deviation between CFD results and measurements is 0.069 and 0.070 for the edge lines 
and centre line, respectively. Note that there is a systematic underestimation of the 
absolute value of CP by CFD at the leeward facade. 

2.4 CFD simulations: sensitivity analysis   
To analyse the sensitivity of the results to various geometrical and computational 
parameters, systematic changes are made to the reference case that was outlined in the 
previous section. In every section, one of the geometrical or computational parameters 
is varied, while all others are kept identical to those in the reference case. 

2.4.1 Impact of computational grid resolution 

Performing a grid-sensitivity analysis is important to reduce the discretisation errors 
and the computational time. In this study, a grid-sensitivity analysis was performed 

 
Figure 2.5  Comparison of pressure coefficient (CP) by CFD simulation results and wind-tunnel 
experiments along (a) edge lines on windward facade; (b) center line on windward facade; (c) 

edge lines on leeward facade; (d) center line on leeward facade. 
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based on two additional grids; a coarser grid and a finer grid. Coarsening and refining 
was performed with an overall linear factor √2. As mentioned before, the basic mesh 
had 2,102,250 cells. The coarse grid had 720,937 cells, while the fine grid had 6,755,370 
cells. The three grids are shown in Fig. 2.6. The results for CP on the three grids are 
compared in Fig. 2.7, indicating only a very limited dependence of the results on the 
grid resolution. The average absolute deviation between the CFD results and the 
measurements for the edge lines is 0.056, 0.052 and 0.052 for the coarse, basic and fine 
grid, respectively. For the centre line, the average absolute deviations are 0.068, 0.072 
and 0.073. A small deviation is between the coarse grid and basic grid for the upper 
part of the building, and between fine grid and basic grid for the space between the 
third and fourth floors. Negligible grid sensitivity is found for the other parts. 
Therefore, the basic grid is retained for further analysis. 

2.4.2 Impact of reference static pressure 

As mentioned before, the actual value of the reference static pressure in the wind- 
tunnel is not known, as it was not reported in the paper by Chand et al. [17]. The 
paper does mention that it was measured by a Pitot tube placed 0.9 m upstream of the 
building and at building height. In the present paper, the CFD result of the static 
pressure at this position of the Pitot tube was used as the reference static pressure (see 
subsection 2.3.4). In the wind-tunnel experiments, it was assumed that the presence of 
the model had no influence on the measurement of upstream static pressure at this 
position. However, the simulation results (see Fig. 2.4) showed that the model affects 
the upstream flow causing an increase in static pressure. To illustrate the importance 
of a correct reference value for this static pressure, Fig. 2.8 shows the results obtained 

Figure 2.6 Computational grids for grid-sensitivity analysis. (a,d) Coarse grid; (b,e) basic grid; 
(c,f) fine grid. 
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with Pref = 1, 3, 5 and 7 Pa. For the edge lines, the average absolute deviations between 
CFD results and the measurements are 0.165, 0.103, 0.052 and 0.051, for 1, 3, 5 and 7 
Pa, respectively. For the center line, these deviations are 0.122, 0.076, 0.072 and 0.099. 
These results show that a small change in the upstream static pressure can lead to 
very large deviations in CP. This implies that accurate values for this reference static 
pressure are crucial for a successful CFD validation effort. For CFD validation 
purposes, it is important that the position of Pref is the same as in the experiments. In 
general, a reference position that is outside the wind-flow pattern disturbed by the 
building model should be used.  
 
2.4.3 Impact of turbulence model 

3D steady RANS simulations were made in combination with five turbulence models: 

Figure 2.7 Results for grid-sensitivity analysis: pressure coefficient (CP) values along (a) edge 
line and (b) center line for the three grids. 

Figure 2.8 Impact of static reference pressure on CFD simulation results of pressure coefficient 
(CP) along (a) edge line and (b) center line. 
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(1) the standard k−ε model (Sk−	ε) [75]; (2) the realizable k−	ε model (Rk−	ε) [73]; (3) 
the renormalization Group k−	ε model (RNG k−	ε) [76-77]; (4) the standard k−ω model 
(Sk−ω) [78] and (5) the Reynolds Stress Model (RSM) [79]. For the standard k−ω 
model, the inlet vertical profile for ω is determined from that of k and ε using Eq. (2.4), 
where Cµ is a constant equal to 0.09. For the RSM model, the Reynolds stress 
components are obtained from the turbulent kinetic energy k assuming isotropy of 
turbulence (see Eq. (2.5)): 
 

 (2.4)

						 1,2,3      

0.0 
(2.5)

  
 The results are shown in Fig. 2.9. The average absolute deviations for the edge lines 
and centre line for each turbulence model are given in Table 2.1.  

Figure 2.9 Impact of turbulence model on CFD simulation results of pressure coefficient (CP) 
along (a and b) edge line and (c and d) center line. 
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 The differences between the models are most pronounced near ground level, 
where the RNG k- model tends to overestimate the pressure variations. The standard 
k−ω model generally provides a slight overestimate of the pressure, while the results 
of the RSM are very close to those of the standard and realizable k- model. 

2.4.4 Impact of balconies for perpendicular approach-flow 

The impact of building balconies on CP is investigated by comparing simulations for 
buildings with and without balconies. This subsection presents the results for 
perpendicular approach-flow. The results are displayed in Figs. 2.5, 2.10, 2.11 and 
2.12. The following observations are made: 

 Table 2.1 The average absolute deviations for the edge line and center line 
for each turbulence model. 

 

Turbulence model Edge line Centre line 
Standard k−ɛ model 0.044 0.071 
Realizable k−ɛ model 0.052 0.072 
RNG k−ɛ model 0.067 0.070 
Standard k−ω model 0.098 0.087 
Reynolds Stress model 0.064 0.067 

Figure 2.10 Comparison of pressure coefficient (CP) by CFD simulation results and wind-tunnel 
experiments for building without balconies along (a) edge lines on windward facade; (b) center 

line on windward facade; (c) edge lines on leeward facade; (d) center line on leeward facade. 
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Figure 2.11 (a) Pressure coefficient (CP) distribution across windward facade of building with 
balconies, for wind direction perpendicular to the windward facade. (b) Velocity vector field in 
cross-section (center plane). (c) (CP) distribution for building without balconies. (d) Same as (b), 

but for building without balconies. 

Figure 2.12 Impact of balconies on the surface-averaged pressure coefficients (CP) for each 
balcony space, for wind direction perpendicular to the windward facade. The surface averaged 

CP for the case (a) with balconies and (b) without balconies. (c) The relative percentage 
difference of surface-averaged CP for the two cases. 
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 Fig. 2.10 compares the simulated and measured Cp along the edge lines and center 
line for the facade without balconies. For both the windward and the leeward 
facade, a good to very good agreement with the measurements is obtained. The 
main deviations are again found at the lower half of the facade. The average 
absolute deviations in Figs. 2.10a, 2.10b, 2.10c and 2.10d are 0.045, 0.046, 0.039 and 
0.055, respectively. 

 Comparing Figs. 2.5 and 2.10 clearly shows the very large impact of the building 
balconies on the Cp distribution. The presence of the balconies yields a very 
different CP profile along the height of the building facade, with a succession of 
lower and higher pressure zones, caused by the multitude of flow separation and 
recirculation areas induced by the balconies. 

 Fig. 2.11 compares the simulated distribution of Cp across the entire windward 
facade for the case with and without balconies. This figure confirms the much 
larger complexity of the CP distribution across the facade with balconies. In 
particular: 

(1) For the second and third row of balconies, the presence of these balconies generally 
leads to an increase in CP. The reason is the direct impingement of the flow onto 
these balconies and onto the facade behind them, yielding a large stagnation area. 
To some extent, the balconies act as compartments with a nearly constant pressure. 
This effect is most pronounced for the third row of balconies, but also present for 
the second row.  

(2) For the first and fourth row of balconies, flow separation and reattachment can 
lead to local increases and decreases in CP. Especially for the side balconies, large 
gradients are observed. 

 Fig. 2.12 shows the impact of balconies on the surface-averaged pressure 
coefficients for each balcony space. The width of the surfaces is equal to the width 
of each balcony, i.e. 0.15 m. The height of the surfaces is 0.1 m. The surface-
averaged Cp values are presented for the two cases: with balconies (Fig. 2.12a) and 
without balconies (Fig. 2.12b). Fig. 2.12c also shows the relative percentage 
difference of surface-averaged Cp for the two cases. The results show that the 
presence of the fourth row of balconies leads to a substantial decrease in the 
surface-average Cp of about 30%. The third row of balconies, however, is situated 
closer to the stagnation area and the change in surface-averaged Cp is therefore 
negligible. For the second and first row of balconies, their presence substantially 
increases the surface-averaged Cp except for the middle balconies. 

2.4.5 Impact of building balconies for oblique approach-flow 

Simulations and measurements were also made for oblique flow (wind direction 45°). 
The results are provided in Figs. 2.13, 2.14, 2.15 and 2.16. The following observations 
are made: 
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Figure 2.12 Comparison of pressure coefficient (CP) by CFD simulation results and wind-tunnel 
experiments for building without balconies and for oblique wind direction 45, along: (a) 

windward upstream edge line, (b) windward center line, (c) windward downstream edge line, 
(d-f) same lines at leeward facade. 

Figure 2.13 Comparison of pressure coefficient (CP) by CFD simulation results and wind-tunnel 
experiments for building with balconies and for oblique wind direction 45, along: (a) 

windward upstream edge line, (b) windward center line, (c) windward downstream edge line, 
(d-f) same lines at leeward facade . 
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 Figs. 2.13a-c compare the simulated and measured Cp along the vertical lines in the 
middle and at the edges of the windward facade. A good to very good agreement 
is obtained between the simulations and the measurements. The average absolute 
deviations in Figs. 2.13a, b and c are 0.028, 0.029 and 0.028, respectively.  

 Figs. 2.13d-f compare the simulated and measured Cp for the leeward facade. Here, 
as opposed to the case with perpendicular flow, the agreement is not good. The 
average absolute deviations in Figs. 2.13d, e and f are 0.095, 0.155 and 0.068, 
respectively.  

 Figs. 2.14a-c show the results for the windward facade with balconies. The average 
absolute deviations in Figs. 2.14a, b and c are 0.035, 0.058 and 0.039, respectively.  

 Figs. 2.14d-f show the results for the leeward facade with balconies, with averaged 
absolute deviations of 0.095, 0.156 and 0.068, respectively.  

 Overall, a good agreement is obtained, although locally some significant 
discrepancies are noted. Comparing Fig. 2.13 and 2.14 again clearly shows the large 
impact of the building balconies on the Cp distribution.  

 Fig. 2.15 finally compares the simulated distribution of Cp across the entire 
windward facade for the case with and without balconies. The complexity of the 
distribution is directly attributable to multiple areas of flow separation, 
recirculation and reattachment on the windward building facade. 
 
Fig. 2.16 shows the results on the surface-averaged pressure coefficients. The 

results show that the impact of balconies for oblique flow is much more complex than 
for perpendicular flow. 

Figure 2.14 (a) Pressure coefficient (CP) distribution across windward facade of building with 
balconies, for wind direction at 45 to the windward facade. (b) CP distribution for building 

without balconies. 
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2.5 Discussion 
It is important to mention the three main limitations of this study.  
(1) The study only considered steady RANS CFD simulations, as the purpose was to 

investigate how well steady RANS CFD would be able to reproduce wind 
pressure distributions across building facades, especially for facades with 
balconies. In spite of the well-known deficiencies of steady RANS, a good 
agreement was obtained between CFD simulations and wind-tunnel 
measurements, both for the windward facade without balconies and for the 
windward facade with balconies. Also for the leeward facade and for 
perpendicular wind, a good agreement was obtained. However, larger deviations 
were obtained for wind pressures on the leeward facade for oblique wind. 
Obtaining a better agreement here would necessitate the use of Large Eddy 
Simulation (LES), which however is much more computationally expensive than 
steady RANS. 

(2) Only an isolated medium-rise building was considered. Further work should 
assess the accuracy of steady RANS to reproduce the effect of balconies on 
pressure distributions on high-rise buildings, and on buildings surrounded by 
other buildings.  

(3) The explicit focus of the study was the assessment of steady RANS CFD for a 
given building geometry with given balcony geometries. Future work could 
focus on optimal balcony design. In order to optimize the arrangement of 
balconies, a parametric analysis needs to be performed. This optimization should 
be done by taking the impact of different factors into account such as building 
geometry, position, dimension and number of balconies, etc. Besides the impact 
of balconies on the surface pressure distribution of the building, to achieve an 
optimum arrangement of balconies, wind comfort and wind safety assessment 
also need to be studied. 

Figure 2.15 Impact of balconies on the surface-averaged pressure coefficients for each balcony 
space, for wind direction at 45 to the windward facade. The surface-averaged CP for the case 
(a) with balconies and (b) without balconies. (c) The relative percentage difference of surface-

averaged CP for the two cases. 
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 In spite of these limitations, the present study has analyzed the possibilities and 
limitations of steady RANS for assessing the effect of balconies on wind-induced 
pressure coefficients. It has also investigated the effect of the balconies on these 
coefficients by comparing simulations for buildings with and without balconies. 
Finally, also a detailed sensitivity study has been performed, including the most 
important computational parameters such as computational grid, turbulence model, 
approach-flow mean velocity profile and wind direction. Note that the focus of this 
paper was explicitly on the pressure distribution across the building facade. Further 
studies could include analysis of the static pressure distribution in the area around the 
building (i.e. not at the building facade) and of the wind-velocity pattern.  

2.6 Conclusions 
This paper has presented a systematic evaluation of 3D steady RANS CFD for the 
prediction of the mean wind pressure distribution on windward and leeward surfaces 
of a medium-rise building with and without balconies. The evaluation is based on a 
grid-sensitivity analysis and on validation with wind-tunnel measurements. The 
study was motivated by the lack of knowledge on the accuracy and reliability of CFD 
for determining mean wind pressure coefficients on building facades with balconies. 
Although indeed many CFD studies of mean wind pressure distributions on buildings 
have been performed in the past, the vast majority of these studies focused on simple 
building geometries without facade details such as balconies. These details however 
are important because they can drastically change the flow pattern and the overall 
pressure distribution on the facade. In addition, many historical and contemporary 
building facades are characterized by protrusions and recessions.  

The present study has shown that 3D steady RANS CFD, in spite of its limitations, 
is suitable to predict the wind-induced mean pressures at windward building facades 
with (and without) balconies. It has also been shown that the presence of building 
balconies can indeed lead to very strong changes in wind pressure distribution on 
these windward facades, because the balconies introduce multiple areas of flow 
separation, recirculation and reattachment. 3D steady RANS CFD has also been 
shown to provide accurate predictions of the mean wind pressure at the leeward wall 
in case of a perpendicular approach flow wind direction. This however is not the case 
for oblique flow, where large discrepancies with the wind-tunnel measurements have 
been found. Finally, also the impact of the turbulence model, the reference static 
pressure and the wind direction have been investigated, and it has been shown that a 
careful selection of these parameters is very important for accurate and reliable 
results. 
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Abstract: High wind speed around high-rise buildings can lead to wind discomfort or 
wind danger at building balconies. This paper presents the evaluation of a new facade 
concept that is intended to significantly reduce the wind speed and therefore improve 
wind comfort on the balconies of high-rise buildings. The concept consists of a 
staggered semi-open second-skin facade in front of the balconies, which partly shields 
them from the wind. The concept is evaluated for the new 78 m high Park Tower in 
the urban area of Antwerp, where it will be implemented. 3D steady Reynolds-
averaged Navier-Stokes Computational Fluid Dynamics (CFD) simulations are 
performed for the case with and without this facade concept. The simulations are 
made with the realizable k-ε turbulence model on a high-resolution grid. Validation is 
conducted using wind-tunnel measurements of surface pressure distribution on a 
building model with balconies. Wind comfort for the Park Tower is assessed with the 
Dutch wind nuisance standard NEN8100 for the case with and without the second-
skin facade concept. The analysis shows that this concept is effective in providing a 
zone with pressure equalization at the balconies. The related reduction in pressure 
gradients across the width of the facade strongly decreases the local wind speed. At 
many positions along the balconies this yields a wind comfort improvement of one or 
even two classes in the Dutch wind nuisance standard compared to the situation 
without implementation of this concept. 
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3.1 Introduction 
Wind comfort and wind safety for pedestrians are important requirements in urban 
areas [1-12]. Many urban authorities recognize this importance and only grant a 
permit for a new building after a wind comfort and wind safety assessment study has 
shown a sufficient degree of comfort and safety. Wind comfort assessment studies 
consist of combining statistical meteorological data with aerodynamic information 
and a comfort criterion. The aerodynamic information is needed to transform the 
statistical meteorological data from the weather station to the location of interest at the 
building site, after which it is combined with a comfort criterion to judge local wind 
comfort. The aerodynamic information usually consists of two parts: the terrain-
related contribution and the design-related contribution. The terrain-related 
contribution represents the change in wind statistics from the meteorological site to a 
reference location near the building site. The design-related contribution represents 
the change in wind statistics due to the local urban design, i.e. the configuration of the 
buildings. It can be obtained by either wind-tunnel testing or numerical simulation 
with Computational Fluid Dynamics (CFD).  
 CFD offers some specific advantages compared to wind tunnel testing. It does not 
suffer from scaling problems and similarity constraints, because simulations can be 
performed at full scale. This can become important when flow at a wide range of 
relevant length scales needs to be considered, such as flow around facade details such 
as balconies on a building that is part of a large urban area, as will be the case in this 
paper. CFD also provides whole-flow field data, i.e. information on the relevant 
parameters at every position in the model, while wind-tunnel measurements are 
generally only performed at a limited number of selected positions. However, the 
reliability and accuracy of CFD are important concerns, and solution verification and 
validation studies are imperative. Recently, the use of CFD in wind comfort studies 
has received strong support from several international initiatives that focused on the 
establishment of general best practice guidelines (e.g. [6,9,13-17]). Strong support has 
also been provided by specific guidelines such as those for the validation of 
simulations of urban wind flow [18,19], the simulation of equilibrium atmospheric 
boundary layers (e.g. [20-27]) and the generation of high-resolution and high-quality 
computational grids (e.g. [28,29]).  
 In the past, several CFD studies of pedestrian-level wind conditions around 
buildings and/or in complex urban environments have been performed [1-5,7-
12,23,30-45]. The majority of these studies were conducted with the 3D steady 
Reynolds-averaged Navier-Stokes (RANS) approach. Most previous studies on 
pedestrian-level wind conditions included validation by comparison of the CFD 
results with wind-tunnel measurements for the same building or urban configuration 
[3,5,7,8,31-33,36-38,41]. A smaller number of previous studies provided a comparison 
with field measurements [7,11,44,45]. Other studies applied so-called sub-
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configuration validation [40,43], which is also the approach that is used in the present 
paper. 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.  
 Although many studies of pedestrian-level wind speed conditions have been 
performed in the past, they almost exclusively focused on wind speed near ground-
level. To the best of our knowledge, only one CFD study has yet been published with 
focus on wind conditions on building balconies [46]. In this pioneering paper on CFD 
applications in wind engineering, Murakami [46] numerically assesses the impact of 
providing a solid partition fence at the corner of a balcony area. Attention for wind 
conditions and wind comfort at building balconies on high-rise buildings is important, 
because they can be exposed to strong winds and comfort and safety of the 
pedestrians at the balconies needs to be ensured. In order to reduce wind discomfort 
on balconies, different measures can be taken, such as closing the balcony or adding 
partition walls, as in the study by Murakami [46]. Recently a new facade concept was 
developed by ELD Partnership, which provides another way of shielding the balcony 
area from strong winds. It consists of a staggered semi-open second-skin facade that 
partly shields the balconies from the wind (Fig. 3.1a-c). The concept is intended to 
provide a semi-outdoor environment at the balconies, which also includes significant 
improvement of wind comfort on the building balconies. The concept is implemented 
in the Park Tower (“Parktoren”), which is a new 78 m high-rise building in the urban 
area of Antwerp, Flanders, Belgium (Fig. 3.1d). In this paper, the performance of this 
concept for this tower is evaluated by CFD simulations based on the 3D steady RANS 
equations and application of the Dutch wind nuisance standard NEN8100, and by 
comparing the results for the situation with and without application of this new 
facade concept. The CFD simulations are subjected to a detailed validation study 
based on the sub-configuration validation methodology mentioned above.  
 In Section 3.2, the building and facade geometry and the building surroundings are 
described. Section 3.3 presents the CFD validation study. In Section 3.4, the 
computational settings and parameters for the case study of the Park Tower are 
outlined. The computational results are presented in Section 3.5, and wind comfort is 
assessed with the Standard in Section 3.6. Finally, a discussion (Section 3.7) and 
conclusions (Section 3.8) are provided. 
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3.2 Description of building and surroundings 
The new high-rise building Park Tower (“Parktoren”) is located in Park Spoor Noord 
in the northern part of the city of Antwerp, Flanders, Belgium. The tower is north-
south oriented and surrounded by other high-rise and low-rise buildings (Fig. 3.1d). It 
has dimensions L  W  H = 21.87  50.88  78.18 m³ (Fig. 3.2). The depth of the 
balconies on the north, east, south and west side of the tower is 1.32 m, 1.3 m, 1.59 m 
and 1.56 m, respectively. The facade concept is a second-skin concept, where a second 
outer skin is placed in front of the first and inner skin. The inner skin acts as 
traditional facade and the outer skin as a wind shield for the balconies between both 
skins (Figs. 3.1, 3.2). The second skin consists of a staggered semi-open glass facade, as 
indicated in Fig. 3.1a-c. It has a permanent solid glass balustrade of 1.2 m high, while 
above this 1.2 m, solid glass facade panels are applied in a staggered configuration. 
The width of the openings in the second-skin facade ranges from 0.69 to 2.45 m. The 
porosities of the north, east, west and south facade are 20%, 18%, 20% and 18%, 

 

Figure 3.1 (a) Building facade with second-skin staggered facade concept. (b) Bottom of Park 
Tower with the second-skin concept, view from south-east. (c) Full view from south. (d) View of 
Park Tower (red), other new buildings under development (white) and already existing urban 

surroundings at the time of writing this paper. 
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respectively. Note that no partition walls are present in the balcony area, and that this 
area is completely open for wind flow all along the circumference of the facade. For 
the comparison study, a reference high-rise building with only the 1.2 m high and 
non-porous balustrade will be considered.  
 Fig. 3.1d shows a perspective view of some of the surrounding buildings. The 
buildings in “white” are all part of the new developments in this area. A plan view of 
the surrounding buildings is shown in Fig. 3.3 on a grid of about 1000 by 630 m². In 
the immediate vicinity of the Park Tower the high-rise buildings A, B, C and D have a 
height of 79 m, and building E is 58 m high. 
 Fig. 3.4 shows a plan view of the wider surroundings with a radius of 10 km 

 

Figure 3.2 (a,b) Geometry of Park Tower and of part of second-skin facade. Dimensions in 
meter. 

Figure 3.3 Top view of Park Tower and wider surroundings in a rectangular area of 630 to 1000 
m2 with indication of building heights. Dimensions in meter. 
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around the building under study. The computational domain is indicated by the 
central black rectangle in the figure. This view with indication of the land use is 
needed to estimate the value of the aerodynamic roughness length z0 for all 12 wind 
direction intervals that will be studied. Given the gradual development of internal 
boundary layers due to roughness changes, a 10 km fetch is required to determine z0. 
This estimate is made for twelve wind direction sectors, based on the updated 
Davenport roughness classification [46]. These z0 values are an important parameter 
in the inlet profiles for the CFD simulations and as a measure for the equivalent sand-
grain roughness parameters to be inserted into the wall functions.  

3.3 CFD validation study 
CFD simulations based on the 3D steady RANS equations in combination with a 
turbulence model require validation. As mentioned before, the present study employs 
“sub-configuration validation”. Because the validation study has been published as a 
separate paper [47], only the headlines are briefly repeated here.  

3.3.1 Wind-tunnel measurements 

Atmospheric boundary layer wind-tunnel measurements of wind-induced surface 
pressure on the facade of a reduced-scale model (1:30) of a medium-rise building were 
reported by Chand et al. [48]. The incident vertical profile of mean wind speed (i.e. at 
the location of the model at the turntable) can be described by a logarithmic law with 

Figure 3.4 Surroundings of Park Tower in a 10 km radius with associated aerodynamic 
roughness length z0. The computational domain used in this study is indicated by the black 

rectangle at the center of the circle. 
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aerodynamic roughness length z0 = 0.008 m and friction velocity u* = 0.72 m/s. 
Longitudinal turbulence intensity ranged from 13% near ground level to about 3% at 
gradient height. The building had dimensions wm dm  hm = 0.25  0.60  0.50 m3 
(reduced scale, see Fig. 3.5a) corresponding to full-scale dimensions Wm Dm  Hm = 
7.5  18  15 m3. Three balconies were positioned at each floor. Each balcony has 
length 0.15 m, width 0.05 m and height 0.03 m (reduced scale) corresponding to full-
scale dimensions 4.5 m, 1.5 m and 0.9 m, respectively. Surface pressures were 
measured along three vertical lines on the windward and leeward facade. Each line 
was positioned at the middle of the balconies and 45 pressure taps were implemented 
along these lines. Pressure coefficients Cp were related to the incident wind speed at 
building height (Uref = 7.1 m/s).  

3.3.2 CFD simulations: computational settings and parameters 

A computational model was made of the reduced-scale building model used in the 
wind-tunnel measurements. The CFD simulations were performed following the best 
practice guidelines by Franke et al. [6,14] and Tominaga et al. [9]. The size of the 
computational domain was chosen according to [6,9,14]. The computational grid was 
created using the surface-grid extrusion technique [29]. The grid resolution resulted 
from a grid-sensitivity analysis, yielding a hybrid grid with 2,102,250 prismatic and 
hexahedral cells. Part of the grid is shown in Fig. 3.5b.  
 A total number of 20 and 10 cells were used along the width and depth of the 
balconies, respectively. More information about the grid can be found in [47]. The inlet 
boundary conditions (mean wind speed U, turbulent kinetic energy k and turbulence 
dissipation rate ) were based on the measured incident vertical profiles of mean wind 
speed U and longitudinal turbulence intensity Iu. The commercial CFD code Fluent 
6.3.26 was used to perform the simulations. The 3D steady RANS equations were 
solved in combination with the realizable k−ɛ turbulence model by Shih et al. [49]. 

Figure 3.5 (a) Wind-tunnel model of building with balconies for CFD validation and three 
vertical lines for pressure measurements (reduced-scale dimensions in m); (b) Computational 

grid at building surfaces and ground surface (2,102,250 cells). 
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The SIMPLE algorithm was used for pressure-velocity coupling, pressure 
interpolation was second order and second-order discretization schemes were used 
for both the convection terms and the viscous terms of the governing equations. More 
information about solver settings is given in [47]. Convergence was obtained when all 
the scaled residuals levelled off and reached a minimum of 10-6 for x, y momentum, 
10-5 for z momentum and 10-4 for k, ɛ and continuity.  

3.3.3 Comparison between CFD simulations and wind-tunnel measurements 

The CFD results are compared with the wind-tunnel measurements in terms of the 
pressure coefficient: 

2
ref

0
P

U5.0

PP
C




  (3.1) 

where P is the pressure at the surface, P0 the reference static pressure,  = 1.225 kg/m³ 
the air density and Uref  the reference wind speed at building height (Uref = 7.1 m/s at 
z = 0.5 m). Figs. 3.6a-b compare the numerically simulated and measured Cp at the 
windward facade for wind direction 0°, showing a very close agreement, with average 
absolute deviations of 0.052 and 0.072, respectively, which corresponds to relative 
deviations of 14% and 11%.  

Figure 3.6 CFD validation: comparison of simulated and measured pressure coefficient (CP) for 
perpendicular wind direction (0º) along: (a) windward edge lines; (b) windward center line; (c) 

leeward edge lines; (d) leeward center line. 
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Figs. 3.6c-d provide the same comparison for the leeward facade. The average 
absolute deviations are 0.069 and 0.070, respectively, which corresponds to relative 
deviations of 14% and 15%. Especially for the leeward facade, the fairly good 
agreement between simulations and measurements is remarkable, because it is known 
that steady RANS CFD is generally deficient in reproducing the wind-flow pattern 
downstream of windward facades [42,51]. Nevertheless, the deviation is still 
significant, and it indicates that the numerically predicted back pressure level shows a 
higher recovery compared to the experimental results. This is attributed to the weaker 
wake structure behind the building in the CFD simulations. This is a deficiency of 
steady RANS modelling, as outlined in [42,51]. Regardless of the origin of this 
deviation, it is important to note that in the present paper the focus is on the wind 
speed at the windward facades rather than at the leeward facades. At first sight, this 
might seem strange in the framework of a wind comfort study that uses wind 
statistics in which all wind directions are represented. However, the focus on wind 
speed at the windward facades is justified, because in wind comfort studies the 
positions with high wind speed are important, i.e. positions where a certain threshold 
wind speed is exceeded. The other positions, such as leeward balconies, are therefore 
less important. The reason is that the wind speed will be much lower there and will 
therefore not contribute substantially to the wind comfort exceedance probability, as 
outlined by Blocken et al. [11] and Janssen et al. [45]. Fig. 3.7 shows that also for 
oblique incident wind (45°), CFD simulations and wind-tunnel measurements show a 
good agreement for the windward facade. The average absolute deviations in Fig. 
3.7a-c are 0.028, 0.029 and 0.028, respectively.  
 The conclusion from the validation study is that the 3D steady RANS equations in 
combination with the realizable k- model, high-resolution grid, standard wall 
functions and second-order discretization schemes can provide a satisfactory 
representation of wind pressure at the windward facade of a building with balconies. 
Therefore, the same approach with the same turbulence models, wall functions, 
discretization schemes and a similar computational grid will be used in the case study. 

Figure 3.7 CFD validation: comparison of simulated and measured pressure coefficient (CP) for 
oblique wind direction (45º) along: (a) windward upstream edge line; (b) windward center line; 

(c) windward downstream edge line. 
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Note that a validation study based on surface pressures across the facade is 
considered appropriate here because these pressures drive the near-wall wind flow at 
the balconies across this facade. 

3.4 CFD simulations for case study: computational settings and 
parameters 

3.4.1 Computational geometry and domain 

The Park Tower and its urban surroundings are placed in a computational domain 
with dimensions Wd  Dd  Hd = 2076  1963  400 m3. This actual computational 
domain consists of a subdomain containing the explicitly modelled buildings (i.e. 
those included in the computational domain with their actual main dimensions) and 
an additional downstream subdomain, as shown in Fig. 3.8. The explicitly modelled 
buildings are the tower itself and the surrounding buildings in a rectangle of 1037 by 
632 m² around the tower. The tower is modelled in detail, including second-skin 
facade with the details of the staggered facade elements as shown in Fig. 3.2, while the 
surrounding buildings are included only with their main shape.  
 Special attention is given to the generation of a high-quality and high-resolution 
grid. The grid is constructed using the surface-grid extrusion technique presented by 
van Hooff and Blocken [29], which 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. This technique was used 
successfully in previous studies for a wide range of applications [11,29,44,45,52-56]. 
The grid resolution at the building balconies is based on the one used in the validation 
study, with at least 10 cells across the depth of the balconies. A typical cell size at the 

Figure 3.8 Computational domain for wind directions 180° to 270°, consisting of a basic domain 
and an additional downstream domain. Dimensions in meter. 
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balconies is 0.1 m. The resulting grid has a total of 16,292,495 hexahedral and 
prismatic cells. The computational geometry and grid are depicted in Fig. 3.9 and 3.10. 
For comparison purposes, a similar computational domain and grid are made for the 
Park Tower without second-skin facade. This grid consists of 15,536,529 hexahedral 
and prismatic cells (Fig. 3.10c-d).  

Figure 3.9 (a) Aerial view of the Park Tower (red) and surrounding buildings. (b) 
Corresponding computational geometry and (c) high-resolution grid (16,292,495 cells). 
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3.4.2 Boundary conditions and solver settings 

At the inlet of the domain, neutral atmospheric boundary layer inflow profiles of 
mean wind speed U (m/s), turbulent kinetic energy k (m²/s²) and turbulence 
dissipation rate  (m²/s³) are imposed (Eqs. (3.2-3.4)). These profiles are based on the 
aerodynamic roughness length z0 of the upstream terrain that is not included in the 
computational domain. Fig. 3.4 shows this terrain and the estimated values of z0 for 
different approach-flow wind directions. In Eq. (3.2) and (3.4),  is the von Karman 
constant (= 0.42). For z0 = 0.25 m, z0 = 0.5 m and z0 = 1 m the inlet longitudinal 
turbulence intensity (Iu) ranges from 22%, 29% and 39% at pedestrian height (z = 1.75 
m) to 3%, 5% and 8% at gradient height, respectively. The corresponding values of 
u*ABL, for a reference wind speed at 10 m height of 5 m/s, are 0.54, 0.66 and 0.83. The 
turbulent kinetic energy k is calculated from U and Iu using Eq. (3.3) and assuming 
that the standard deviations of the turbulent fluctuations in the three directions are 
similar (u = v = w).    

Figure 3.10 Detail of computational grid near the south-west corner of the 15th floor for the case 
(a,b) with second-skin facade concept (16,292,495 cells) and (c,d) without this concept 

(15,536,529 cells). 
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 For the ground surface, the standard wall functions by Launder and Spalding [57] 
with roughness modification by Cebeci and Bradshaw [58] are used. The values of the 
roughness parameters, i.e. the sand-grain roughness height ks (m) and the roughness 
constant Cs, are determined using their consistency relationship with the aerodynamic 
roughness length z0 derived by Blocken et al. [21]. For Fluent 6.3, this relationship is: 

s

0
s C

z793.9
k   (3.5)

 Standard wall functions are also used at the building surfaces, but with zero 
roughness height ks = 0 (Cs = 0.5). Zero static pressure is applied at the outlet plane. 
Symmetry conditions, i.e. zero normal velocity and zero normal gradients of all 
variables, are applied at the top and lateral sides of the domain.  

The solver settings are identical to those in the validation study reported in Section 
3.3. The 3D steady RANS equations with the realizable k-ε turbulence model are 
solved for the 12 wind directions  = 0-330° in 30° intervals. Convergence is obtained 
when the scaled residuals showed no further reduction with increasing number of 
iterations and at that time the residuals reached the following minimum values; x-, y- 
and z-momentum: 10-7, k and ε: 10-6 and continuity: 10-5. 

3.5 CFD simulations for the case study: results  
Fig. 3.11 shows a perspective view of contours of the amplification factor in horizontal 
planes at different heights. The amplification factor is defined as the ratio between the 
local mean wind speed and the “undisturbed” mean wind speed at the same height, 
i.e. the wind speed that would occur without the buildings present. The amplification 
factor is therefore a direct indication of the influence of the buildings on the local 
wind-flow pattern. The planes are taken at the 15th, 10th and 5th floor, at 1.7 m above 
the balcony floors. The wind direction is 210°, which is the prevailing wind direction 
in Antwerp. Fig. 3.11a, c and e show the results for the case of the tower with second-
skin facade concept, while Fig. 3.11b, d and f show the results for the reference case. 
Especially for the long west facade, clearly a substantial reduction of the amplification 
factor is achieved at the balconies behind the second-skin facade.  
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 To analyze this in more detail, Fig. 3.12 provides a top view of the same horizontal 
cross-sections and for the same wind direction. By comparing the results with and 
without the second-skin concept, the following observations are made, which apply at 
every floor: 
(1)  At the west (windward) facade, the second-skin concept provides a more uniform 

and also lower value of the amplification factor.  
(2)  At the south (windward) facade, the amplification factor does not become more 

uniform, but overall it is reduced.  

Figure 3.11 Perspective view of contours of amplification factor in a horizontal plane at a height 
of 1.7 m above floor level for wind direction 210°: (a,c,e) 15th, 10th and 5th floor of the tower with 

second-skin facade concept; (b,d,f) same for case without this concept. 
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(3)  At the north and east (leeward) facades, the second-skin concept increases the 
amplification factor.  

(4)  Overall, the second-skin facade seems to provide a more uniform amplification 
factor over the entire balcony area, i.e. the whole circumference of the building. 
An exception to this are the north-west and south-east corner, where pressure 
short-circuiting between windward and leeward facade parts very locally yields 
a local amplification factor of about 1. It should be noted that no partition walls 
are present in the balcony area, and that this area is completely open for wind 
flow all along the circumference of the facade. 

 Fig. 3.13 displays contours of the pressure coefficient Cp = (P-P0)/(0.5Uref²) in the 
same horizontal planes as in Fig. 3.12. Note that P is the static air pressure. The figures 
show that the second-skin facade acts as a semi-permeable barrier that provides some 
degree of pressure equalization at the balcony area between the two facade layers. 
While Fig. 3.13b shows large pressure gradients along the south facade wall, in Fig. 
3.13a the second-skin facade shifts those gradients away from the balconies to the 
outside of the second facade. Similar observations are made for the other floors and – 

 
 

Figure 3.12 Top view of contours of amplification factor in a horizontal plane at a height of 1.7 
m above balcony level for wind direction 210°: (a,c,e) 15th, 10th and 5th floor of the tower with 

second-skin facade concept; (b,d,f) Same for case without this concept. 
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to a lesser extent – for the west facade. The reduction of these pressure gradients along 
the south and west facades leads to lower wind speed and lower amplification factors 
along these facades. Conversely, the second-skin facade increases the pressure 
gradients at the balconies at the leeward facades, which explains the increased 
amplification factors at these balconies. 
 Similar results are obtained for the other wind directions, although somewhat less 
pronounced, because of the shielding effect by surrounding buildings that is present 
for many of the other wind directions, as can be seen in Fig. 3.1d. 
 The effect of the second-skin facade concept on mean wind speed can be indicated 
more clearly by Fig. 3.14, which shows contours of the ratio of mean wind speed 
without second-skin facade concept and mean wind speed with this concept, in a 
horizontal plane at a height of 1.7 m above balcony level for wind directions 210° and 
90°, and for three floors: 15th, 10th and 5th floor. Note that the higher this ratio, the 
more effective the shielding effect by the second-skin facade concept. However, for a 
complete indication of the effectiveness of the second-skin facade concept, Fig. 3.14 
should be combined with Fig. 3.12, because in terms of wind comfort, reductions in 

 
 

Figure 3.13 Top view of contours of static pressure coefficient in a horizontal plane at a height 
of 1.7 m above balcony level for wind direction 210°: (a,c,e) 15th, 10th and 5th floor of the tower 

with second-skin facade concept; (b,d,f) Same for case without this concept. 
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mean wind speed will be more effective at those positions where the amplification 
factors are the highest. 

3.6 Assessment of wind comfort  
Wind comfort assessment in this case study is performed with the Dutch standard for 
wind comfort and wind safety [59,60]. This standard was developed based on 
extensive research work by Verkaik [61,62], Willemsen and Wisse [63,64], Wisse and 
Willemsen [65], Wisse et al. [66], and others. It contains an improved and verified 
transformation model for the terrain-related contribution (see Section 3.1) that can 
provide the wind statistics at every location in the Netherlands, however without 
including the local building aerodynamic effects, which are part of the so-called 
design related contribution and which were presented in Section 3.5 of this chapter. 
Although thermal comfort is also important [5,67], wind comfort and safety generally 
only refer to the mechanical effects of wind on people [1,64,68]. In the standard, the 
comfort criterion has a threshold of the mean wind speed UTHR = 5 m/s for all types of 
activities. 

Figure 3.14 Top view of contours of ratio of mean wind speed without second-skin facade 
concept and mean wind speed with this concept, in a horizontal plane at a height of 1.7 m above 

balcony level for wind directions 210° and 90°, and for three floors: 15th, 10th and 5th floor. 
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 Depending on the type of activity and the maximum allowed discomfort 
probability, the code defines fives grades of wind comfort A–E (see Table 3.1). 
Although the standard does not specify requirements for balconies, one could assume 
that class A or B are required, which implies P < 5% and a good or moderate comfort 
for sitting. To determine the exceedance probability, three steps have to be taken for 
each of the 12 wind directions. 
(1) Obtain wind speed ratios (γ = U/Uref,60m) from the CFD simulations. The reference 

wind speed value (Uref,60m) is the value of the inlet mean wind speed profile at a 
height of 60 m. Note that this wind speed ratio differs from the amplification factor 
that was used to present the results in the previous section; 

(2) Convert threshold wind speed at pedestrian level to a threshold wind speed at a 
height of 60 m (UTHR,60m = UTHR/γ); 

(3) Determine the percentage of time that the threshold value for the hourly mean 
wind speed at 60 m is exceeded according to the wind statistics. For the present 
study, the wind statistics of Eindhoven are used, given its proximity to Antwerp 
and the absence of statistical meteorological data for Antwerp. The wind statistics 
for the 12 wind directions for Eindhoven are provided by the Dutch Practice 
Guideline NPR 6097. The wind statistics are displayed in Fig. 3.15. The wind rose 
clearly shows that south-west is the prevailing wind direction, and that this is even 
more pronounced for high wind speed (Fig. 3.15b). 

 The total discomfort probability is the sum of the probabilities for the 12 wind 
directions. Fig. 3.16 shows these discomfort probabilities for the 5th, 10th and 15th floor. 
The dominance of the south-west wind direction is reflected by the similarity between 
Fig. 3.12 and 3.16. By comparing the results with and without the second-skin concept, 
the following observations are made:  
(1) At the west (windward) facade, the second-skin concept substantially reduces the 

exceedance probabilities. The size of the reductions is very location dependent, but 
at many positions it exceeds a factor 2.  

(2) At the south (windward) facade, also significant reductions are observed, which 
are most pronounced for the highest (15th) floor.  

(3) At the north and east (leeward) facades, the second-skin concept increases the 
exceedance probability. This is also most pronounced for the highest floor. 

 
Table 3.1 Criteria for wind comfort according to NEN 8100 [12] 

P(UTHR > 5 m/s) 
(in % hours per year) 

Quality Class 
Activity 
Traversing Strolling Sitting 

< 2.5 A Good Good Good 
2.5 – 5.0 B Good Good Moderate 
5.0 – 10 C Good  Moderate Poor 
10 – 20 D Moderate  Poor Poor 
> 20 E Poor Poor Poor 
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Figure 3.15 Wind roses for Eindhoven meteorological station to be used for Antwerp. (a) 
Standard wind rose with frequency distribution of the hourly mean wind speed. (b) Wind rose 

with exceedance probability of the 5 m/s threshold at pedestrian height of 1.7 m, based on 
virtual open field conditions with z0 = 0.03 m. 

Figure 3.16 Top view of contours of exceedance probability for wind nuisance in a horizontal 
plane at a height of 1.7 m above balcony level: (a,c,e) 15th, 10th and 5th floor of the tower with 

second-skin facade concept; (b,d,f) same for case without this concept. 
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 Finally, Fig. 3.17 labels the balconies according to the five quality classes in Table 
3.1 of the Standard. For sitting, class A is good and class B is moderate, while classes 
C-E are considered to represent a poor wind comfort for this activity. The figure 
shows that the second-skin facade concept substantially improves the wind comfort 
on the balconies on the west and south facade, and that this improvement is most 
pronounced for the highest floors. At most positions, the wind comfort improves with 
one class, and at some positions even with two classes. On the other hand, the concept 
causes some decrease in wind comfort on the balconies at the leeward facade. This is 
for example clear at the east facade at the 15th floor, where the wind comfort at a large 
part of the balconies shifts from class A to class B. 

3.7 Discussion 
In the validation study, relative deviations for the windward facade for wind direction 
0° were 12%, while the relative deviations for the leeward facade were 15%. The latter 
fairly large deviations could incite some concern about the accuracy of steady RANS 
with the realizable k- model for wind comfort studies at building balconies. 
However, it is important to stress that in the present paper the focus is on the wind 

 
 

Figure 3.17 Top view of contours of wind comfort quality classes according to NEN8100 in a 
horizontal plane at a height of 1.7 m above balcony level: (a,c,e) 15th, 10th and 5th floor of the 

tower with second-skin facade concept; (b,d,f) Same for case without this concept. 
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speed at the windward facades rather than at the leeward facades. At first sight, this 
might seem strange in the framework of a wind comfort study that uses wind 
statistics in which all wind directions are represented. However, the focus on wind 
speed at the windward facades is justified, because in wind comfort studies the 
positions with high wind speed are important, i.e. positions where a certain threshold 
wind speed is exceeded. The other positions, such as leeward balconies, are therefore 
less important. The reason is that the wind speed will be much lower there and will 
therefore not contribute substantially to the wind comfort exceedance probability, as 
outlined by Blocken et al. [11] and Janssen et al. [45]. 
 Some important limitations of this study are mentioned.  
 The 3D steady RANS equations have been solved with the realizable k- model. It 

is important to note that steady RANS CFD is generally deficient in reproducing 
the wind-flow pattern downstream of windward facades [30,42]. Nevertheless, this 
approach is used in this paper, because the accuracy of the wind-flow pattern at 
side and the leeward facades is less important in wind comfort studies. The reason 
is that wind comfort studies typically focus on high wind speed positions, i.e. 
where a certain threshold wind speed is (5 m/s in the present study) is exceeded. 
Other positions do not contribute significantly to the exceedance probabilities, as 
explained earlier in [11,45].  

 The validation study focused on mean wind pressure coefficients on the building 
facade. In terms of wind conditions and wind comfort, a validation study focused 
on mean wind speed would have been more powerful. Unfortunately, high-quality 
experimental data on mean wind speed on balconies could not be found in the 
literature. Therefore, this study has limited itself to validation based on mean wind 
pressure coefficients.  

 No grid-sensitivity analysis was performed. However, special attention was paid 
to generating a high-resolution and high-quality computational grid. The grid was 
made using the surface-grid extrusion technique [29] and taking into account best 
practice guidelines for grid generation [6,9,13,28]. In addition, the grid resolution 
has been taken either similar or higher than in previous studies for which grid-
sensitivity analyses were performed [11,28,45].       

 Although thermal comfort is also important [5,67], wind comfort and safety 
generally only refer to the mechanical effects of wind on people [1,64,68].  

 The study has been performed for the wind statistics of Eindhoven, which are also 
representative for the nearby city of Antwerp.  

 The comfort criterion in the Dutch wind nuisance standard is based on a threshold 
mean wind speed of 5 m/s. It does not explicitly consider turbulent fluctuations. 
This is in line with the application of the 3D steady RANS approach, which only 
solves the mean flow field. Nevertheless, future research should focus on Large 
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Eddy Simulation (LES) to further evaluate the second-skin facade concept, 
especially concerning its effect on gustiness.   

 Two potential important limitations of the second-skin facade concept, that require 
further investigation, need to be mentioned: 
(1) The air flow that can be induced in the balcony area, due to the absence of partition 

walls (perpendicular to the façade) that would provide a compartmentalization of 
the balcony area. 

(2) The aerodynamically generated noise that could be a result of vortex shedding at 
the edges of the glass panels.  

 A more traditional approach of improving wind comfort on building balconies is 
the provision of partition walls or separating screens – often also applied for privacy 
reason - that are perpendicular to the facade. Future work on the second-skin facade 
concept will evaluate the further improvements that can be achieved by combining 
this concept with separating screens.  

3.8 Conclusions 
High wind speed around high-rise buildings can lead to wind discomfort or wind 
danger at building balconies. This paper has presented the evaluation of a new facade 
concept that is intended to significantly reduce the wind speed and therefore improve 
wind comfort on the balconies of high-rise buildings. The concept consists of a 
staggered semi-open second-skin facade in front of the balconies, which partly shields 
them from the wind. The concept is implemented in the Park Tower (“Parktoren”), 
which is a new 78 m high-rise building in the urban area of Antwerp, Flanders, 
Belgium. In this paper, the performance of this concept for this tower has been 
evaluated by CFD simulations based on the 3D steady RANS equations and 
application of the Dutch wind nuisance standard NEN8100, and by comparing the 
results for the situation with and without application of this new facade concept. The 
CFD simulations have been subjected to a detailed validation study based on the sub-
configuration validation methodology. 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. The analysis has shown that the second-skin facade concept is 
effective in providing a zone with pressure equalization at the balconies. The related 
reduction in pressure gradients across the width of the facade strongly decreases the 
local wind speed. At many positions along the balconies this yields a wind comfort 
improvement of one or even two classes in the Dutch wind nuisance standard 
compared to the situation without implementation of this concept. Future research 
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will consist of a further evaluation of the second-skin facade concept with Large Eddy 
Simulation and on additional improvement of the wind comfort on building balconies 
by combining this concept with separating screens.  
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CFD simulation of direct evaporative 
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This chapter has been published as: 
 
Evaporative cooling by water spray systems: CFD simulation, experimental validation 
and sensitivity analysis 
 
Montazeri H., Blocken B., Hensen J.L.M. Building and Environment 83 (2015) 129-141 
 

Abstract: Evaporative cooling by water spray is increasingly used as an efficient and 
environmentally-friendly approach to enhance thermal comfort in built environments. 
The complex two-phase flow in a water spray system is influenced by many factors 
such as continuous phase velocity, temperature and relative humidity patterns, 
droplet characteristics and continuous phase-droplet and droplet-droplet interactions. 
Computational Fluid Dynamics (CFD) can be a valuable tool for assessing the 
potential and performance of evaporative cooling by water spray systems in outdoor 
and indoor urban environments. This paper presents a systematic evaluation of the 
Lagrangian-Eulerian approach for evaporative cooling provided by the use of a water 
spray system with a hollow-cone nozzle configuration. The evaluation is based on 
grid-sensitivity analysis and validated using wind-tunnel measurements. This paper 
also presents a sensitivity analysis focused on the impact of the turbulence model for 
the continuous phase, the drag coefficient model, the number of particle streams for 
the discrete phase and the nozzle spray angle. The results show that CFD simulation 
of evaporation by the Lagrangian-Eulerian (3D steady RANS) approach, in spite of its 
limitations, can accurately predict the evaporation process, with local deviations from 
the wind-tunnel measurements within 10% for dry-bulb temperature, 5% for wet-bulb 
temperature and 7% for the specific enthalpy. The average deviations for all three 
variables are less than 3% in absolute values. The results of this paper are intended to 
support future CFD studies of evaporative cooling by water spray systems in outdoor 
and indoor urban environments. 
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4.1 Introduction 
As a result of climate change more buildings will be exposed to milder winters and 
hotter summers [1,2]. Research indicates that a major European heat wave, such as 
that of 2003, will occur more frequently in the future [3] and it could become a 
common event by 2040 [4]. Increased heat waves and heat stress are likely to cause 
increased illness and death as occurred in the hot summers of 2003 and 2006 [5]. These 
problems are aggravated by the urban heat island effect (UHI) [6,7]. The term urban 
heat island is used for urban areas which exhibit higher temperatures than their rural 
surroundings. Therefore, adaptation strategies such as evaporative cooling need to be 
evaluated and implemented to reduce heat stress in the outdoor and indoor urban 
environment.  
 Several research organizations and consortia have initiated projects regarding 
climate change adaptation in cities as the Intergovernmental Panel on Climate Change 
(IPCC) has expressed the importance of adaptation measures [8]. Climate Proof Cities 
(CPC) is one of these research consortia investigating the climate vulnerability of 
urban areas and the development of climate change adaptation measures [9]. The 
consortium consists of universities, research institutes, policy makers and city officials 
to perform both basic and applied science, the latter being an integrated and thorough 
analysis for several locations in the Netherlands. 
 Evaporative cooling by water spray is increasingly used as an efficient and 
environmentally-friendly approach to enhance thermal comfort in urban 
environments (outdoors and indoors) (e.g. [10,11]). In a water mist spray, a cloud of 
very fine water droplets is produced using atomization nozzles. It enhances mixing 
and increases the contact surface area between the air stream and the water droplets 
resulting in a higher rate of evaporation yielding greater cooling of the ambient air.  
 For assessing the potential and performance of evaporative cooling by water spray 
systems in outdoor and indoor environments, different methods can be used: (i) full-
scale measurements, (ii) wind-tunnel measurements, and (iii) numerical simulation 
with Computational Fluid Dynamics (CFD). Full-scale measurements offer the 
advantage that the real situation is studied and the full complexity of the problem is 
taken into account. However, full-scale measurements are usually only performed in a 
limited number of points in space. In addition, there is no or limited control over the 
boundary conditions. Reduced-scale wind-tunnel measurements allow a strong 
degree of control over the boundary conditions, however at the expense of – 
sometimes incompatible – similarity requirements. Furthermore, wind-tunnel 
measurements are usually also only performed in a limited set of points in space. CFD 
on the other hand provides whole-flow field data, i.e. data on the relevant parameters 
in all points of the computational domain [12–15]. Unlike wind-tunnel testing, CFD 
does not suffer from potentially incompatible similarity requirements because 
simulations can be conducted at full scale. CFD simulations easily allow parametric 
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studies to evaluate alternative design configurations, especially when the different 
configurations are all a priori embedded within the same computational domain and 
grid (see e.g. [14]). However, the accuracy and reliability of CFD are of concern, and 
verification and validation studies are imperative (e.g. [13,16–19]). CFD is increasingly 
used to study a wide range of atmospheric and environmental processes (e.g. [13,20–
22]). Examples include pedestrian wind comfort and wind safety around buildings 
[23–26], natural ventilation of buildings [12,14,27–35], air pollutant dispersion [36–39], 
wind-driven rain  [40] and convective heat transfer [41,42]. CFD has also been used on 
several occasions in the past to evaluate the performance of spray systems for 
different applications (e.g.[43–48]). In the vast majority of these studies the 
Lagrangian-Eulerian (LE) approach has been used in which the continuous phase (air 
in this study) is represented in an Eulerian reference frame while the discrete phase 
(water droplets in this study) is represented in a Lagrangian reference frame. The 
numerical implementation of this approach was introduced and applied by O’Rourke 
[49,50] and Dukowicz [51] for internal combustions engine applications. However, it 
has been developed and used for many other applications including evaporating 
spray systems. A comprehensive review of the LE method including its advantages 
over the Eulerian-Eulerian (EE) method, modelling issues and numerical 
implementation is provided by Subramaniam [52].  
 To the best of our knowledge, a detailed evaluation of the LE approach for 
predicting evaporative cooling has not yet been performed. This paper presents a 
systematic evaluation of the LE approach for predicting evaporative cooling provided 
by a water spray system with hollow-cone nozzle. The evaluation is based on grid-
sensitivity analysis and on validation with wind-tunnel measurements by 
Sureshkumar et al. [53]. This paper also presents a sensitivity analysis focused on the 
impact of the turbulence model for the continuous phase and the number of particle 
streams for the discrete phase. In addition, the important impact of nozzle spray angle 
is demonstrated.   
 The results of this paper are intended to support future CFD studies of evaporative 
cooling by water spray systems in outside and inside urban environments. 

4.2 Wind-tunnel experiments 
In the experiments by Sureshkumar et al. [53] the evaporative cooling performance of 
a hollow-cone nozzle spray system was investigated. The experiments were 
performed in an open-circuit wind-tunnel with a uniform mean wind speed. The test 
section of the wind tunnel was 1.9 m long with a cross section of 0.585 m × 0.585 m 
(Fig. 4.1a). The dry-bulb temperature (DBT) and wet-bulb temperature (WBT) 
variations of the air stream between the inlet plane of the test section, where the spray 
nozzle was installed, and its outlet plane were measured for different air flow 
conditions and spray characteristics.  
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 The inlet air DBT and WBT were measured by using two thermocouples placed 
upstream of the nozzle. Electric heaters were employed upstream of the tunnel blower 
to reduce the impacts of the background air temperature fluctuations. These 
fluctuations were limited within 0.3 C during each set of experiments. The outlet air 
DBT and WBT were measured using 18 thermocouples installed at the tunnel outlet 
(Fig. 4.1b). A thermal probe installed upstream of the spray nozzle was used to 
measure the air stream velocity. The maximum experimental uncertainty for the mean 
velocity was estimated to be less than 0.05 m/s for air velocity up to 2 m/s and 0.2 
m/s for air velocity between 2 and 4 m/s. 
 A drift eliminator with z-shaped plates was placed close to the tunnel outlet to 
collect the remaining water droplets in the air flow to avoid wetting of the 
thermocouples. The sump water was collected in a separate tank to avoid mixing of 
supply and sump water in order to keep the water inlet temperature constant during 
each set of experiments. The inlet and outlet water temperatures were measured using 
two thermocouples upstream of the nozzle and downstream of the drift eliminator, 
respectively. Water pressure was also measured by a pressure gauge upstream of the 
nozzle. 
 In order to evaluate the impact of nozzle characteristics on cooling performance of 
the spray system, four identical nozzles but with different discharge openings of 3, 4, 
5 and 5.5 mm were used. Each nozzle was installed in the middle of the test section 
(Fig. 4.1a) 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-analysing technique. The uncertainty of this technique for the mean droplet 
size was estimated to be 22 %. The half-cone angle was measured in still air and 
reported as a function of nozzle diameter, water pressure and background wind 

Figure 4.1 (a, b) Wind-tunnel measurement setup with measurement positions in the outlet 
plane (modified from [53]). Dimensions in meter. 
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speed. As the exact value of the half-cone angle was not reported by Sureshkumar et 
al. [53], in Sec. 4.4.3.3 the influence of this parameter will be investigated. No 
correlations between droplet size and velocity were given by Sureshkumar et al [53]. 
 The experiments were conducted in two periods of time to resemble different 
ambient (i.e. in the wind tunnel) conditions. The first set of experiments, which is used 
in the present study, were carried out in April-June representing a hot and dry climate 
condition in which DBT and humidity ratio (RH) ranged between 35 and 45 C, and 10 
and 35%, respectively. The second set was carried out in July-September representing 
hot-humid conditions with ambient DBT between 25 and 40 C and RH between 30% 
and 90%. The inlet water temperature varied between 33 and 36 C for the two 
ambient conditions. For each ambient condition, experiments were conducted for 36 
cases; four different nozzle discharge diameters (i.e. 3, 4, 5 and 5.5 mm), three inlet 
nozzle gauge pressures (1, 2 and 3 bar) and three background wind speeds (1, 2 and 3 
m/s). The three cases with a nozzle discharge diameter of 4 mm and a gauge pressure 
of 3 bar were taken since droplet size distribution data were also available for these 
cases. 

4.3 CFD simulation 
In this study the commercial software ANSYS/Fluent 12.1 [54] is used in which the 
Lagrangian-Eulerian approach is implemented to simulate multi-phase flows in 
sprays and atomizers. 

4.3.1 Computational geometry and grid 

A computational model was made of the wind-tunnel test section with dimensions 
0.585 m × 0.585 m × 1.9 m (Fig. 4.2a). Geometry and grid generation was executed 
with the pre-processor Gambit 2.4.6, resulting in a grid with 1,018,725 hexahedral cells 
(Fig. 4.2b). A stretching ratio of 1.05 controls the cells located in the immediate 
surroundings of the nozzle. The grid resolution resulted from a grid-sensitivity 
analysis that will be outlined in Section 4.4.1. The minimum and maximum cell 
volumes in the domain are approximately 1.9 × 10-8 m3 and 5.9 × 10-6 m3, respectively. 
The distance from the centre point of the wall adjacent cell to the walls is 0.006 m. This 
corresponds to y* values between 35 and 135 for the case with the maximum air inlet 
velocity (i.e. 3 m/s). As standard wall functions are used in this study, these values 
ensure that the centre point of the wall-adjacent cell is placed in the logarithmic region 
of the boundary layer. 

4.3.2 Boundary conditions 

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 by Sureshkumar et al. [53], a turbulence 
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intensity, I, of 10% is assumed for the inlet flow. The turbulent kinetic energy k is 
calculated from U and I using Eq. (4.1). The turbulence dissipation rate, , is given by 
Eq. (4.2) where Cµ is a constant (~ 0.09). The turbulence length scale, l, 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).   
 

  
 The thermal boundary condition at the inlet is a constant temperature. 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. Note that 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 modelled as no-slip 
walls with zero roughness height kS = 0. The standard wall functions [55] are applied. 
The adiabatic thermal boundary condition is used for these surfaces. Zero static gauge 
pressure is applied at the outlet plane. 
 Special attention is needed for the discrete phase boundary conditions to take the 
effect of the wind-tunnel walls into account. The phenomena occurring when droplets 
impinge on solid surfaces are complicated and depend on the physical properties of 
the droplets such as surface tension, viscosity, density, temperature and diameter, and 
on impingement conditions such as impact angle and velocity of droplets relative to 
the wall [56,57]. In addition, many studies were carried out to investigate the influence 
of wall characteristics such as roughness, temperature and wettability of the surface 
(e.g. [58]). A detailed review of the studies on droplet-wall impact can be found in 

Figure 4.2 (a) Computational domain (dimensions in meter). (b) Computational grid (1,018,725 
cells). 

.  (4.1) 

 (4.2) 
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Moreira et al. [59]. Depending on the mentioned conditions, droplets may float and be 
lost in a liquid film, may be reflected or may disintegrate into smaller droplets. As the 
temperature of the wall in the experiments by Sureshkumar et al. [53] is less than the 
boiling temperature and the Leidenfrost temperature of the droplets, for the 
simulations it is assumed that the droplets are entrained in a water film along the 
walls after impingement [60]. In this case, the “reflected” boundary condition is used 
and it is assumed that after impingement the normal momentum component is zero 
while the tangential component remains the same. The presence of a liquid on the 
surface changes the boundary condition and the impact leads to a liquid-liquid 
interaction. In this case, the impact characteristics depend on the surface roughness 
but also the film thickness compared with the droplet size [61]. However, the effect of 
the film thickness is not taken into account.  
 As mentioned in Section 4.2, a drift eliminator was used in the experiments near 
the outlet plane. In this study the drift eliminator is not included in the computational 
domain because a detailed description of its characteristics was not reported by 
Sureshkumar et al. [53]. However, the impact of such plates is taken into account by 
using the “escape” boundary condition at the outlet, assuming that the upstream 
impact of the drift eliminator on the air flow pattern is negligible. By using this 
boundary condition, 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 [54]. 

4.3.3 Droplet characteristics 

Geometric properties of droplets in a spray system are of the most important factors 
that affect the dynamic behavior of the droplets, but also the heat and mass transfer 
rates between the continuous and discrete phase. These geometric properties include 
size and shape of the droplets. In the experiments by Sureshkumar et al.  [53], an 
image-analyzing technique was used. Fig. 4.3a shows the discrete number density 
distribution for the case that the nozzle diameter and water pressure were 3 mm and 4 
bar, respectively. The arithmetic mean diameter, D10, and the Sauter mean diameter, 
D32, are about 198 and 293 µm, respectively, based on the representative drop 
diameters standardised by Mugele and Evans [62]: 
 

∞

∞  (4.3) 

 
where f D  is the number density distribution and p and q are positive integers.  

The droplet size distribution can be modelled in different ways, including semi-
empirical (i.e. Rosin-Rammler [63] and Nukiyama-Tanasawa [64]), maximum entropy 
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formalism (MEF) [65,66], discrete probability function (DPF) [67,68] and stochastic [69] 
models. Detailed discussions on methods for modelling drop size distribution along 
with their strengths and weaknesses can be found in the literature (e.g. [70,71]). The 
semi-empirical methods are the most common methods in which droplet size 
distribution is determined by fitting the measured data to pre-determined 
mathematical functions [70]. In the present work the Rosin-Rammler [63] model is 
used. This model assumes an exponential relationship between the droplet diameter, 
D, and the mass fraction of droplets with diameters greater than D, which can be 
expressed according to Eq. (4.4): 

 

 (4.4) 

 
where YD is the mass fraction of droplets with diameters greater than D, D the mean 
diameter and n the spread parameter as an indicator of the distribution width. In this 
study, the following steps are taken to obtain the Rosin-Rammler distribution:  
(1) YD is obtained from the mass density distribution f D . The mass density 

distribution is calculated using Eq. (4.5) in which the number density distribution 
f D  is related to f D  [72]: 

 (4.5) 

 
where N0 and M0 are the total number and total mass of the sample droplets. In 
this equation, m is the mass of a single droplet of diameter D and density ρ (i.e. 
πρD3/6). The results are shown in Fig. 4.3b. The calculated values of YD for each 
droplet size group are provided in Fig. 4.4.  

(2) The mean diameter,	D, is determined from Fig. 4.4 for YD = e-1 (i.e. when the 
droplet diameter, D, equals D). For the current experimental data D is 369 µm.  

(3) The spread parameter, n, for each diameter group is derived from Eq. (4.4) (i.e. n 
=  ln(-lnYD)/ln(D/D)). Averaging over these values yields the spread parameter 
for the Rosin-Rammler distribution, which is 3.67 for the current experimental 
data. This is within the range proposed by Lefebvre [73] for sprays, i.e. 1.5 < n < 
4. The Rosin-Rammler curve fit is shown in Fig. 4.4 (solid line). 

 In this study, 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. 20 diameters are also assumed to be injected from each 
droplet stream into the domain. This number was taken based on a sensitivity analysis 
(not shown in this chapter).   
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 The spherical drag law is used to estimate the drag coefficients acting on droplets. 
It assumes that the surface tension on the drop-fluid interface is strong enough to 
resist the tendency of the aerodynamic force to deform the drop (We << 1) (e.g. [74]). 
In this scenario, droplets are assumed to be non-deforming spheres and drag 
coefficients (Cd), as functions of the Reynolds number (Re), are estimated based on 
experimental drag data for solid spheres. Various correlations for the drag coefficient 
of spherical droplets (particles) can be found in the literature (e.g. [75–78]). In the 
present study the correlation by Morsi and Alexander [77] is used. This correlation 
proposes the following drag coefficients for a wide range of Reynolds numbers up to  
5  104:    
     

 (4.6) 

 
in which K1, K2 and K3 are three constants (Table 4.1). In this study, the spray is 
assumed to be dilute and the impact of collision of droplets is not taken into account. 
 

 
Figure 4.4 (a) Rosin-Rammler curve fit (solid line) and experimental data of YD (dots). 

 
Figure 4.3 (a) Discrete number density distribution for the case with nozzle diameter of 3 mm 

and water pressure of 4 bar [53]. (b) Mass density distribution obtained from Eq. (5). 
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Table 4.1 Drag coefficient model constants for different Reynolds numbers [75]. 

Re range K1 K2 K3 

 Re < 0.1 24.00 0.00 0.00 

 0.1< Re < 1 22.73 0.09 3.69 

 1 < Re < 10 29.17 -3.89 1.22 

10 < Re < 100 46.50 -116.67 0.62 

100 < Re < 1000 98.33 -2778.00 0.36 

1000 < Re < 5000 148.62 -47500.00 0.36 

5000 < Re < 10000 -490.546 578700.00 0.46 

10000 < Re < 50000 -1662.50 5416700.00 0.52 

 

4.3.4 Spray nozzle characteristics 

In this study the hollow cone spray model provided by ANSYS/Fluent 12.1 [54] is 
used. The water droplets are injected into the computational domain from a nozzle 
with 4 mm diameter positioned in the middle of the inlet plane of the computational 
domain and oriented horizontally in downstream direction. The total mass flow rate 
and temperature of the injected water droplets are imposed according to the 
experimental data (Table 4.2). The total number of droplet (particle) streams is 
assumed to be 300 meaning that they are released from 300 uniformly-distributed 
points on the nozzle opening perimeter. In order to ensure that the results are 
independent of the number of droplet streams, the impact of this factor will be 
investigated in section 4.4.3.2. The sheet velocity, U0, is used for the initial velocity of 
the droplet streams. U0 is calculated as Cv(2P/ρw)0.5 where Cv is the nozzle 
coefficient, P the pressure difference along the nozzle and supply pipe and ρw the 
water density. As recommended by Sureshkumar et al. [43] for the given nozzle Cv is 
approximately 0.9.  

4.3.5 Solver settings 

For the continuous phase flows, 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. [79]. 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. The 
discrete phase interacts with the continuous phase, and the discrete phase model 
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source terms are updated after each continuous phase iteration. To solve the equations 
of motion for the droplets, the Automated Tracking Scheme Selection is adopted to be 
able to switch between higher order lower order tracking schemes. This mechanism 
can improve the accuracy and stability of the simulations [52]. In this study, 
trapezoidal and implicit schemes are used for higher and lower order schemes, 
respectively. The solution of the droplet momentum, heat and mass transfer equations 
are solved in a fully coupled manner.  

4.3.6 List of cases 

Some main parameters of the three cases that are investigated in this study are given 
in Table 4.2. Case 3 is used for the sensitivity analysis.  

4.4 Results 

4.4.1 Grid-sensitivity analysis 

A grid-sensitivity analysis was performed based on two additional grids; a coarser 
grid and a finer grid. An overall linear factor 2 was used for coarsening and refining. 
The coarse grid had 360,000 cells, while the fine grid had 2,880,000 cells. The three 
grids are shown in Fig. 4.5. The DBT profiles along three lines at the outlet plane for 
the three grids are compared in Fig. 4.6. The concept of the grid-convergence index 
(GCI) by Roache is also used [80] (not shown in this figure). The results show a limited 
dependence of the DBT results on the grid resolution in the middle of the outlet plane 
with a maximum local GCI value of 0.17%. Negligible grid sensitivity is found for the 
other parts. In this case, the average discretization error (GCI) for the lines on the left, 
middle and right side of the outlet plane is 0.05, 0.10 and 0.05%, respectively. 
Therefore, the basic grid was retained for further analysis.  

4.4.2 Comparison of CFD results and wind-tunnel experiments 

The CFD results for the three cases in Table 4.2 are compared with the wind-tunnel 
experiments by Sureshkumar et al. [53]. The comparison is performed for the DBT, 
WBT and specific enthalpy values in the nine measurement points. Note that the 
specific enthalpy of moist air, h, can be expressed as: 

. .  (4.7) 

Table 4.2 List of some main parameters of the cases. 

case 
Inlet air Water Spray nozzle 

V (m/s) 
DBT 
(C) 

WBT 
(C) 

 
P 

 (bar) 
Tin  

(C) 
Tout  
(C) 

m
(l/min) 

 
D 

 (mm) 
/2  

(deg.) 

1 1 41.4 18.9  3 35.1 25.3 12.5  4.0 22.0 
2 2 39.1 18.5  3 35.0 25.2 12.5  4.0 20.0 
3 3 39.2 18.7  3 35.2 26.1 12.5  4.0 18.0 
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where hdry.air is the specific enthalpy of dry air (kJ/kgdry.air) given by Cp.T, where Cp is 
the specific heat capacity of air (kJ/kg K). x is the humidity ratio (kgvapour/kgdry.air) and 
hv the specific enthalpy of water vapor. The results in Fig. 4.7 show a good agreement, 
within 10% for DBT, 5% for WBT and 7% for the specific enthalpy for all cases. The 
exact reasons for these deviations are not clear, but they are probably caused by a 
combination of limitations of the LE approach and experimental uncertainties. Apart 
from the LE approach limitations, the impact of collision of droplets, droplets 
impingement on solid surfaces and the drift eliminator on the airflow are not 
considered into account in this study. For the experimental uncertainties, as 
mentioned by Sureshkumar et al. [53], the dominant uncertainty of the experiments is 
for the WBT measurements. According to Eq. 4.7, the deviation for h is highly 
dependent on the WBT deviations rather than the one for DBT. For example, for a case 
with DBT = 39 C and WBT = 19 C, 1C of change in DBT and WBT results in about 
0.06 and 6% deviations in h, respectively. This figure also indicates that the DBT 
increases by increasing the inlet velocity from 1 m/s (case 1) to 3 m/s (case 3). The 
higher inlet air velocity leads to a reduction in the residence time of droplets within 
the domain, resulting in less time for evaporation and higher outlet DBT. Note that 
the initial droplet velocities for the three cases are identical. However, the inlet DBT of 
the air in case 1 is higher than the other cases by more than 2 C. The inlet WBT is 
approximately the same for the three cases (Table 4.2). 

Figure 4.5 Computational grids for grid-sensitivity analysis. (a) Coarse grid (360,000 cells); (b) 
basic grid (1,018,725 cells) and (c) fine grid (2,880,000 cells). 

Figure 4.6 Results for grid-sensitivity analysis: DBT values along vertical lines (a) left, (b) 
middle and (c) right side of outlet plane for three grids. 
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 Fig. 4.8 shows the air speed (magnitude of 3D velocity), temperature and vapor 
mass fraction contours in the vertical center plane. The cross-sectional profiles of these 
parameters along vertical lines on the center plane of the domain are shown in Fig. 
4.9. Both figures show that the air speed increases considerably close to the spray as 
the momentum lost by the droplets is obtained by the air. The liquid water 
concentration in the air is relatively large close to the nozzle and therefore momentum 
exchange is more pronounced in this area. Ghosh and Hunt [81] explains that, away 
from the nozzle the air and droplets behave almost independently concerning 
momentum exchange. In addition, from Fig. 4.8 and Fig. 4.9 the symmetric velocity, 
temperature and mass fraction distributions can be clearly observed close to the 
nozzle, which is extended until about half the length of the domain. The high inertia 
of the droplets results in symmetric trajectories of the droplets close to the nozzle. 
However, farther downstream the nozzle, by the decreasing momentum of the 
droplets, gravity becomes relatively more pronounced, resulting in a downward 
movement of the droplets. This leads to asymmetric distributions of speed, 

Figure 4.7 Comparison of calculated (CFD) and measured (exp. [53]) (a-c) DBT, (b-f) WBT and 
(g-i) specific enthalpy for case 1, 2 and 3, respectively. 
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temperature and vapor mass fraction. The larger number of droplets is in the lower 
part of the domain, results in more cooling effects in this area. 
 Fig. 4.10a shows how the non-dimensional droplet mass flow rate changes along 
the domain. A gradual decrease of the droplet mass flow rate is clearly observed. At 
the outlet of the domain, more than 3% of the initial droplet mass flow has 
evaporated. The droplet mass flow rate is consistent with the droplet mean diameters, 
shown in Fig. 4.10b. It can be seen that D10, the arithmetic mean diameter and D32, the 
Sauter mean diameter decrease monotonically with increasing the distance from the 
inlet. As in this study the effect of droplet collision and secondary break up are not 
taken into account, this reduction in the mean diameters is mainly caused by the 
evaporation effects. The overall reduction of D10 and D32 within the domain is 4 and 1 
µm, respectively.  

 
 

                  
Figure 4.8 (a) Air velocity; (b) temperature and (c) vapor mass fraction distribution in cross-

section (center plane) for case 3. 
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Figure 4.9 (a) Air speed; (b) temperature and (c) vapor mass fraction along vertical lines in the 
center plane. 

Figure 4.10 Profiles of (a) normalized droplet mass flow rate and (b) arithmetic (D10) and Sauter 
(D32) mean diameters along the domain for case 3. 
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 In ANSYS/Fluent, the spray droplets are treated as parcels and each parcel 
includes a group of droplets, which all have the same characteristics such as 
temperature, diameter and speed. Fig. 4.11 shows the droplet (parcels) temperature 
and diameter distributions for three cross sections along the domain: x/L = 0.25, 0.5 
and 0.75. At the inlet, droplets with different diameters are injected with the same 
temperature, according to experimental data (Table 4.2). Farther downstream, the 
temperature of the droplets decreases considerably. This reduction is highly 
dependent on the droplet diameters. For example, halfway the domain (x/L = 0.5) the 
temperature reduction ranges from 13 C for the smallest droplets to about 4 C for 
the largest ones. Fig. 4.11 also shows that for x/L = 0.25 and 0.5, the temperature and 
diameter of the droplets with the same initial diameter change in an axisymmetric 
fashion. This is because of the symmetric flow field (Fig. 4.8) and symmetric droplet 
trajectories in the first half of the domain. A larger spread in the droplet temperatures 
can be seen at x/L = 0.75, because of the asymmetric behavior of the airflow and 
droplets close to the outlet. The evaporation along the domain causes the temperature 
of the droplets to reduce gradually and reach minimum values at the outlet of the 
domain. 

Figure 4.11 Droplet temperature distribution along the domain for three cross sections: (a) x/L 
= 0.25, (a) x/L = 0.50, (a) x/L = 0.75. (d-f) same for droplet diameter distribution. 
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 The difference between the sensible heat at different cross sections and the one at 
the inlet is presented in Fig. 4.12, as an indication of the evaporative cooling capacity 
of the spray system. The cooling increases gradually along the domain and reaches to 
about 8 kW at the outlet plane. The amount of cooling is related to the sensible heat 
convection from/to the droplets and the latent heat of evaporation. To gain insight 
into the performance of the spray system, the temperature difference needed to 
provide the same amount of cooling (i.e. 8 kW) with a sensible cooling process can be 
calculated using	Q mC ∆T.  In this case the temperature difference is about 6.5 C.  

4.4.3 Sensitivity analysis 

To analyze the sensitivity of the results to various computational and design 
parameters, systematic changes are made to the reference case (case 3), outlined in the 
previous section. In every sub-section, one of the computational and design 
parameters is varied, while all others are kept identical to those in the reference case.     

4.4.3.1 Impact of turbulence models 

3D steady RANS simulations of the continuous phase were made with five turbulence 
models: (1) the standard k- model (Sk-) [82]; (2) the realizable k- model (Rk-) [79]; 
(3) the renormalization Group k- model (RNG k-) [83,84]; (4) the standard k- model 
(Sk-) [85] and (5) the Reynolds Stress Model (RSM) [86]. For the standard k−ω model, 
the inlet vertical profile for ω is determined from that of k and  using Eq. (4.8), where 
Cµ is equal to 0.09. For the RSM model, the Reynolds stress components are obtained 
from the turbulent kinetic energy k assuming isotropy of turbulence (Eqs. (4.9) and 
(4.10)): 

 (4.8) 

2
3

			 1, 2, 3  (4.9) 

Figure 4.12 Profile of evaporative cooling capacity along the domain for case 3. 
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0.0 (4.10) 
  
 The effects of the turbulence models on the results of DBT, WBT and h are shown 
in Fig. 4.13. No turbulence model can be considered superior than the others. 

4.4.3.2 Impact of number of particle (droplet) streams 

In ANSYS/Fluent, the number of droplet streams is the number of locations along the 
nozzle perimeter where the parcels are injected into the computational domain. 
Although the injected droplet flow rate is independent of the number of streams, the 
less droplet streams, the lower the computational time that is required. However, a 
sufficiently large number of streams needs to be employed to ensure the accuracy of 
the results. Fig. 4.14 shows the influence of the number of streams on the numerical 
results. 10 streams lead to a high discrepancy between the CFD results and 
experimental data. In this case, the average deviations for DBT, WBT and h are 18.8, 
5.1 and 6.5%, respectively. By increasing the number of streams from 10 to 100, these 
deviations decrease considerably and reach to 3.1, 2.2 and 2.7% respectively. For this 
study, approximately 100 streams are considered sufficient for CFD results that are 
nearly independent of the number of droplet streams.    

4.4.3.3 Impact of spray nozzle angle 

The impact of the spray angle is investigated by comparing the CFD results for 
different half-cone angles. The results are provided in Fig. 4.15 for the angles ranging 
from 16 to 24, according to the experimental data. An increase in the half-cone angle 
provides a better agreement between the experimental data and the CFD results for all 
parameters. Note that the exact value of the spray angle was not reported by 
Sureshkumar et al.  [53]. 

4.5 Discussion 
This paper has presented a detailed and systematic analysis of the Lagrangian-
Eulerian approach for predicting evaporative cooling provided by a hollow-cone 
water spray system. It has analyzed the possibilities and limitations of the LE method 
for assessing the performance of a water spray system. A detailed sensitivity study 
was performed, for the important computational parameters: grid resolution, 
turbulence model for the continuous phase, number of particle streams for the discrete 
phase, and spray nozzle angle was demonstrated. It is important to mention the main 
limitations of this study.  
(1) The comparisons have been performed based on measured air DBT and WBT at 

the outlet of the domain.    
(2) The impacts of droplet deformation and secondary breakup have not been taken 

into account.   
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Figure 4.13 Impact of turbulence model on CFD simulation results of (a) DBT, (b) WBT and (c) 
specific enthalpy at the outlet plane (nine measurement points). 

Figure 4.14 Impact of number of particle streams on CFD simulation results of (a) DBT, (b) WBT 
and (c) specific enthalpy at the outlet plane (nine measurement points). 

Figure 4.15 Impact of cone angle on CFD simulation results of (a) DBT, (b) WBT and (c) specific 
enthalpy at the outlet plane (nine measurement points). 
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(3) The spray was assumed to be dilute and the impact of collision of droplets is not 
taken into account.  

 Further research is necessary to validate the performance of the LE approach in 
predicting droplet characteristics such as velocity, temperature and diameter. 
Different droplet deformation models and collision models also need to be 
investigated.  
 The validation study and sensitivity analysis provide confidence in the adopted 
approach and guidelines for accurate simulation of evaporative cooling by water 
spray systems. This is intended to support future CFD studies of evaporative cooling 
by water spray systems in outdoor and indoor urban environments. Future research 
will focus on CFD simulations of evaporative cooling as an adaptation measure for 
climate change in a real complex case study. For this purpose, water spray systems 
will be implemented near buildings and in public spaces (streets). CFD modeling will 
be employed to perform a parametric analysis for different air flow conditions and 
spray characteristics to evaluate the performance of the spray systems in mitigating 
the heat stress in the outdoor environment. The thermal comfort will be assessed with 
the Universal Thermal Climate Index (UTCI) [87].   

4.6 Conclusion 
This paper presents a systematic evaluation of the Lagrangian-Eulerian approach for 
predicting evaporative cooling provided by a water spray system. This work was 
motivated by lack of knowledge on the accuracy and reliability of CFD for 
determining evaporative cooling provided by water spray systems. The evaluation is 
based on a grid-sensitivity analysis and on validation with wind-tunnel 
measurements by Sureshkumar et al. [53].  
 The present study showed that CFD simulation of evaporation by using the 
Lagrangian-Eulerian (3D steady RANS) approach, in spite of its limitations, can 
accurately predict the evaporation process with an acceptable accuracy. The local 
deviations from the wind-tunnel measurements are within 10% for dry bulb 
temperature, 5% for wet bulb temperature and 7% for the specific enthalpy. The 
average deviations for all three variables are less than 3% in absolute values. The 
impact of the turbulence model for the continuous phase, the number of particle 
streams for the discrete phase and the half-cone angle have also been investigated, 
and it was demonstrated that the selection of these parameters is very important for 
accurate and reliable results. 

4.7 References 
[1] Van den Hurk B, Klein Tank A, Lenderink G, van Ulden A, Van Oldenborgh GJ, 

Katsman C, et al. KNMI climate change scenarios 2006 for the Netherlands. 
KNMI De Bilt; 2006. 



89 

 

CFD simulation of direct evaporative cooling: validation 

[2] Klein Tank AMG, Lenderink G. Climate change in the Netherlands; Supplements 
to the KNMI’06 scenarios. Bilt K Ned Meteorol Inst 2009. 

[3] Kovats RS, Hajat S. Heat stress and public health: a critical review. Annu Rev 
Public Health 2008;29:41–55. 

[4] Stott PA, Stone DA, Allen MR. Human contribution to the European heatwave of 
2003. Nature 2004;432:610–4. 

[5] Fischer PH, Brunekreef B, Lebret E. Air pollution related deaths during the 2003 
heat wave in the Netherlands. Atmos Environ 2004;38:1083–5. 

[6] Heusinkveld BG, Steeneveld GJ, Hove LWA, Jacobs CMJ, Holtslag AAM. Spatial 
variability of the Rotterdam urban heat island as influenced by urban land use. J 
Geophys Res Atmospheres 2013. 

[7] Oke TR. The energetic basis of the urban heat island. Q J R Meteorol Soc 
1982;108:1–24. 

[8] Parry ML. Climate Change 2007: Impacts, Adaptation and Vulnerability: 
Working Group II Contribution to the Fourth Assessment Report of the IPCC 
Intergovernmental Panel on Climate Change. vol. 4. Cambridge University Press; 
2007. 

[9] Albers RAW, Blocken B, Bosch PR. Overview of challenges and achievements in 
the Climate Proof Cities program. Build Environ 2014;this issue. 

[10] Wong NH, Chong AZ. Performance evaluation of misting fans in hot and humid 
climate. Build Environ 2010;45:2666–78. 

[11] Nishimura N, Nomura T, Iyota H, Kimoto S. Novel water facilities for creation of 
comfortable urban micrometeorology. Sol Energy 1998;64:197–207. 

[12] Chen Q. Ventilation performance prediction for buildings: A method overview 
and recent applications. Build Environ 2009;44:848–58. 

[13] Blocken B, Gualtieri C. Ten iterative steps for model development and evaluation 
applied to Computational Fluid Dynamics for Environmental Fluid Mechanics. 
Environ Model Softw 2012;33:1–22. 

[14] Van Hooff T, Blocken B. Coupled urban wind flow and indoor natural ventilation 
modelling on a high-resolution grid: A case study for the Amsterdam ArenA 
stadium. Environ Model Softw 2010;25:51–65. 

[15] Montazeri H, Blocken B. CFD simulation of wind-induced pressure coefficients 
on buildings with and without balconies: validation and sensitivity analysis. 
Build Environ 2012. 

[16] Franke J, Hellsten A, Schlünzen H, Carissimo B. Best practice guideline for the 
CFD simulation of flows in the urban environment. vol. 732, 2007, p. 51. 

[17] Tominaga Y, Mochida A, Yoshie R, Kataoka H, Nozu T, Yoshikawa M, et al. AIJ 
guidelines for practical applications of CFD to pedestrian wind environment 
around buildings. J Wind Eng Ind Aerodyn 2008;96:1749–61. 



90 

 

Chapter 4

[18] Schatzmann M, Leitl B. Issues with validation of urban flow and dispersion CFD 
models. J Wind Eng Ind Aerodyn 2011;99:169–86. 

[19] Casey M, Wintergerste T. Best Practice Guidelines: ERCOFTAC Special Interest 
Group on“ Quality and Trust in Industrial CFD.” ERCOFTAC; 2000. 

[20] Blocken B, Stathopoulos T, Carmeliet J, Hensen JLM. Application of 
computational fluid dynamics in building performance simulation for the 
outdoor environment: an overview. J Build Perform Simul 2011;4:157–84. 

[21] Moonen P, Defraeye T, Dorer V, Blocken B, Carmeliet J. Urban Physics: effect of 
the micro-climate on comfort, health and energy demand. Front Archit Res 2012. 

[22] Blocken B. 50 years of Computational Wind Engineering: Past, present and 
future. J Wind Eng Ind Aerodyn 2014:Accepted for publication. 

[23] Blocken B, Janssen WD, van Hooff T. CFD simulation for pedestrian wind 
comfort and wind safety in urban areas: General decision framework and case 
study for the Eindhoven University campus. Environ Model Softw 2012;30:15–34. 

[24] He J, Song C. Evaluation of pedestrian winds in urban area by numerical 
approach. J Wind Eng Ind Aerodyn 1999;81:295–309. 

[25] Yoshie R, Mochida A, Tominaga Y, Kataoka H, Harimoto K, Nozu T, et al. 
Cooperative project for CFD prediction of pedestrian wind environment in the 
Architectural Institute of Japan. J Wind Eng Ind Aerodyn 2007;95:1551–78. 

[26] Montazeri H, Blocken B, Janssen WD, van Hooff T. CFD evaluation of new 
second-skin facade concept for wind comfort on building balconies: Case study 
for the Park Tower in Antwerp. Build Environ 2013;68:179–92. 

[27] Van Hooff T, Blocken B, Aanen L, Bronsema B. A venturi-shaped roof for wind-
induced natural ventilation of buildings: wind tunnel and CFD evaluation of 
different design configurations. Build Environ 2011;46:1797–807. 

[28] Ramponi R, Blocken B. CFD simulation of cross-ventilation for a generic isolated 
building: impact of computational parameters. Build Environ 2012;53:34–48. 

[29] Evola G, Popov V. Computational analysis of wind driven natural ventilation in 
buildings. Energy Build 2006;38:491–501. 

[30] Jiang Y, Chen Q. Effect of fluctuating wind direction on cross natural ventilation 
in buildings from large eddy simulation. Build Environ 2002;37:379–86. 

[31] Norton T, Grant J, Fallon R, Sun D-W. Optimising the ventilation configuration of 
naturally ventilated livestock buildings for improved indoor environmental 
homogeneity. Build Environ 2010;45:983–95. 

[32] Montazeri H, Montazeri F, Azizian R, Mostafavi S. Two-sided wind catcher 
performance evaluation using experimental, numerical and analytical modeling. 
Renew Energy 2010;35:1424–35. 

[33] Montazeri H. Experimental and numerical study on natural ventilation 
performance of various multi-opening wind catchers. Build Environ 2011;46:370–
8. 



91 

 

CFD simulation of direct evaporative cooling: validation 

[34] Kato S, Murakami S, Mochida A, Akabayashi S, Tominaga Y. Velocity-pressure 
field of cross ventilation with open windows analyzed by wind tunnel and 
numerical simulation. J Wind Eng Ind Aerodyn 1992;44:2575–86. 

[35] Heiselberg P, Li Y, Andersen A, Bjerre M, Chen Z. Experimental and CFD 
evidence of multiple solutions in a naturally ventilated building. Indoor Air 
2004;14:43–54. 

[36] Gousseau P, Blocken B, Stathopoulos T, Van Heijst GJF. CFD simulation of near-
field pollutant dispersion on a high-resolution grid: a case study by LES and 
RANS for a building group in downtown Montreal. Atmos Environ 2011;45:428–
38. 

[37] Hanna SR, Brown MJ, Camelli FE, Chan ST, Coirier WJ, Kim S, et al. Detailed 
simulations of atmospheric flow and dispersion in downtown Manhattan: An 
application of five computational fluid dynamics models. Bull Am Meteorol Soc 
2006;87:1713–26. 

[38] Gromke C, Buccolieri R, Di Sabatino S, Ruck B. Dispersion study in a street 
canyon with tree planting by means of wind tunnel and numerical investigations 
- Evaluation of CFD data with experimental data. Atmos Environ 2008;42:8640–
50. 

[39] Tominaga Y, Stathopoulos T. CFD simulation of near-field pollutant dispersion in 
the urban environment: A review of current modeling techniques. Atmos 
Environ 2013;79:716–30. 

[40] Blocken B, Carmeliet J. A review of wind-driven rain research in building science. 
J Wind Eng Ind Aerodyn 2004;92:1079–130. 

[41] Blocken B, Defraeye T, Derome D, Carmeliet J. High-resolution CFD simulations 
for forced convective heat transfer coefficients at the facade of a low-rise 
building. Build Environ 2009;44:2396–412. 

[42] Allegrini J, Dorer V, Carmeliet J. Buoyant flows in street canyons: Validation of 
CFD simulations with wind tunnel measurements. Build Environ 2014;72:63–74. 

[43] Sureshkumar R, Kale SR, Dhar PL. Heat and mass transfer processes between a 
water spray and ambient air–II. Simulations. Appl Therm Eng 2008;28:361–71. 

[44] Kang D, Strand RK. Modeling of simultaneous heat and mass transfer within 
passive down-draft evaporative cooling (PDEC) towers with spray in FLUENT. 
Energy Build 2013;62:196–209. 

[45] Li X, Zbiciński I. A sensitivity study on CFD modeling of cocurrent spray-drying 
process. Dry Technol 2005;23:1681–91. 

[46] Saffari H, Hosseinnia SM. Two-phase Euler-Lagrange CFD simulation of 
evaporative cooling in a Wind Tower. Energy Build 2009;41:991–1000. 

[47] Dodge LG, Schwalb JA. Fuel spray evolution; Comparison of experiment and 
CFD simulation of nonevaporating spray. J Eng Gas Turbines PowerUSA 
1989;111. 



92 

 

Chapter 4

[48] Ahmadikia H, Moradi A, Hojjati M. Performance Analysis of a Wind-Catcher 
With Water Spray. Int J Green Energy 2012;9:160–73. 

[49] O’Rourke PJ. Collective drop effects on vaporizing liquid sprays. Los Alamos 
National Lab., NM (USA); 1981. 

[50] O’Rourke PJ. The KIVA computer program for multidimensional chemically 
reactive fluid flows with fuel sprays. Numer. Simul. Combust. Phenom., 
Springer; 1985, p. 74–89. 

[51] Dukowicz JK. A particle-fluid numerical model for liquid sprays. J Comput Phys 
1980;35:229–53. 

[52] Subramaniam S. Lagrangian–Eulerian methods for multiphase flows. Prog 
Energy Combust Sci 2013;39:215–45. 

[53] Sureshkumar R, Kale SR, Dhar PL. Heat and mass transfer processes between a 
water spray and ambient air–I. Experimental data. Appl Therm Eng 2008;28:349–
60. 

[54] ANSYS Inc. ANSYS Fluent 12.0 Theory Guide. 2009. 
[55] Launder BE, Spalding DB. The numerical computation of turbulent flows. 

Comput Methods Appl Mech Eng 1974;3:269–89. 
[56] Frohn A, Roth N. Dynamics of droplets. Springer; 2000. 
[57] Karl A, Frohn A. Experimental investigation of interaction processes between 

droplets and hot walls. Phys Fluids 2000;12:785. 
[58] Roisman IV, Horvat K, Tropea C. Spray impact: rim transverse instability 

initiating fingering and splash, and description of a secondary spray. Phys Fluids 
2006;18:102104. 

[59] Moreira ALN, Moita AS, Panao MR. Advances and challenges in explaining fuel 
spray impingement: How much of single droplet impact research is useful? Prog 
Energy Combust Sci 2010;36:554–80. 

[60] Anders K, Roth N, Frohn A. The velocity change of ethanol droplets during 
collision with a wall analysed by image processing. Exp Fluids 1993;15:91–6. 

[61] Tropea C, Marengo M. The impact of drops on walls and films. Multiph Sci 
Technol 1999;11. 

[62] Mugele RA, Evans HD. Droplet size distribution in sprays. Ind Eng Chem 
1951;43:1317–24. 

[63] Rosin P, Rammler E. The Laws Governing the Fineness of Powdered Coal. J Inst 
Fuel 1933;31:29–36. 

[64] Nukiyama S, Tanasawa, Y. Experiments on the atomization of liquids in an air 
stream 1939. 

[65] Sellens RW, Brzustowski TA. A prediction of the drop size distribution in a spray 
from first principles. At Spray Technol 1985;1:89–102. 

[66] Xianguo L, Tankino RS. Droplet size distribution: A derivation of a Nukiyama-
Tanasawa type distribution function. Combust Sci Technol 1987;56:65–76. 



93 

 

CFD simulation of direct evaporative cooling: validation 

[67] Sovani SD, Sojka PE, Sivathanu YR. Prediction of drop size distribution from first 
principles: The influence of fluctuations in relative velocity and liquid physical 
properties. At Sprays 1999;9:133–52. 

[68] Sovani SD, Sojka PE, Sivathanu YR. Prediction of drop size distribution from first 
principles: Joint PDF effects. At Sprays 2000;10:587–602. 

[69] Apte SV, Gorokhovski M, Moin P. LES of atomizing spray with stochastic 
modeling of secondary breakup. Int J Multiph Flow 2003;29:1503–22. 

[70] Ashgriz N. Handbook of atomization and sprays: theory and applications. 
Springer; 2011. 

[71] Babinsky E, Sojka PE. Modeling drop size distributions. Prog Energy Combust 
Sci 2002;28:303–29. 

[72] Fan L-S, Zhu C. Principles of gas-solid flows. Cambridge University Press; 2005. 
[73] Lefebvre AH. Properties of sprays. Part Part Syst Charact 1989;6:176–86. 
[74] Amsden AA, Orourke PJ, Butler TD. KIVA-2: A computer program for 

chemically reactive flows with sprays. NASA STIrecon Tech Rep N 1989;89:27975. 
[75] Khan AR, Richardson JF. The Resistance to Motion of a Solid Sphere in a Fluid. 

Chem Eng Commun 1987;62:135–50. 
[76] Haider A, Levenspiel O. Drag coefficient and terminal velocity of spherical and 

nonspherical particles. Powder Technol 1989;58:63–70. 
[77] Morsi SA, Alexander AJ. An investigation of particle trajectories in two-phase 

flow systems. J Fluid Mech 1972;55:193–208. 
[78] Kelbaliyev G, Ceylan K. Development of new empirical equations for estimation 

of drag coefficient, shape deformation, and rising velocity of gas bubbles or 
liquid drops. Chem Eng Commun 2007;194:1623–37. 

[79] Shih T-H, Liou WW, Shabbir A, Yang Z, Zhu J. A new k-ϵ eddy viscosity model 
for high reynolds number turbulent flows. Comput Fluids 1995;24:227–38. 

[80] Roache PJ. Perspective: a method for uniform reporting of grid refinement 
studies. J Fluids Eng 1994;116:405–13. 

[81] Ghosh S, Hunt JCR. Induced air velocity within droplet driven sprays. Proc R Soc 
Lond Ser Math Phys Sci 1994;444:105–27. 

[82] Jones WP, Launder BE. The prediction of laminarization with a two-equation 
model of turbulence. Int J Heat Mass Transf 1972;15:301–14. 

[83] Yakhot V, Orszag SA, Thangam S, Gatski TB, Speziale CG. Development of 
turbulence models for shear flows by a double expansion technique. Phys Fluids 
Fluid Dyn 1992;4:1510. 

[84] Choudhury D. Introduction to the renormalization group method and turbulence 
modeling. Fluent Incorporated; 1993. 

[85] Wilcox DC. Turbulence modeling for CFD. vol. 2. DCW industries La Canada; 
1998. 



94 

 

Chapter 4

[86] Launder BE, Reece GJ, Rodi W. Progress in the development of a Reynolds-stress 
turbulence closure. J Fluid Mech 1975;68:537–66. 

[87] Bröde P, Fiala D, Blażejczyk K, Holmér I, Jendritzky G, Kampmann B, et al. 
Deriving the operational procedure for the Universal Thermal Climate Index 
(UTCI). Int J Biometeorol 2012;56:481–94. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

5  
CFD analysis of direct evaporative cooling: 

parametric analysis 
 
 

This chapter has been published as: 
 
CFD analysis of the impact of physical parameters on evaporative cooling by a mist 
spray system 
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Abstract: The evaporation of droplets in a turbulent two-phase flow is of importance in 
many engineering applications. Water droplet evaporation in spray systems, for example, 
is increasingly used in public spaces and near building surfaces to achieve immediate 
cooling and enhance the thermal comfort in indoor and outdoor environments. The 
complex two-phase flow in such a system is influenced by many parameters such as 
continuous phase velocity, temperature and relative humidity, drop size distribution, 
velocity and temperature of the droplets and continuous phase-droplet and droplet-
droplet interactions. Most of these parameters are not easily varied independently. To gain 
insight into the performance of the system, however, detailed knowledge of the impact of 
every parameter is important. Computational Fluid Dynamics (CFD) is a useful tool for 
performing such parametric analyses. To the best of our knowledge, a detailed analysis of 
the cooling performance of a water spray system under different physical conditions has 
not yet been performed. This paper provides a systematic parametric analysis of the 
evaporative cooling provided by a water spray system with a hollow-cone nozzle 
configuration. The analysis is based on grid-sensitivity analysis and validation with wind-
tunnel measurements. The impact of several physical parameters is investigated: inlet air 
temperature, inlet air humidity ratio, inlet air velocity, inlet water temperature and inlet 
droplet size distribution. The results show that for a given value of inlet water temperature 
(35.2 C), as the temperature difference between the inlet air and the inlet water droplets 
increases from 0 C to 8 C, the sensible cooling capacity of the system improves by more 
than 40%. In addition, injecting water droplets with a temperature higher than the dry-
bulb temperature of the air can still provide cooling, although the amount of cooling 
reduces considerably compared to the case with water at lower temperatures. It is also 
shown that as , the mean of the Rosin-Rammler distribution, is reduced from 430 to 310 
mm, the cooling performance of the system is improved by more than 110%. For a given 
value of , the cooling is enhanced for wider drop-size distributions. 
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5.1 Introduction 
The evaporation of spray droplets in a turbulent two-phase flow is important for 
many engineering applications, such as internal combustion engines, spray drying, 
fire suppression and evaporative cooling. Evaporative cooling by water spray 
systems, for example, is increasingly used to achieve immediate cooling and to 
enhance the thermal comfort in outdoor and indoor environments (e.g. [1–6]). 
Compared to other micro-climate control techniques, evaporative cooling introduces a 
number of advantages. It is an environmentally-friendly and cost-effective technique 
to improve the quality of indoor and outdoor environments because it makes use of 
passive cooling with relatively simple system components [7]. Evaporative cooling 
systems are unobtrusive which gives building designers and urban planners much 
flexibility for innovative system design concepts, and it allows easy integration in 
existing city infrastructures or renovation projects. The effect is controllable and can 
be employed in a dynamic way to operate only when cooling is desired. Most other 
climate change and/or urban heat island (UHI) mitigation/adaptation approaches, 
such as high-albedo surfaces, have an effect all year long, which implies they have a 
positive effect in warm seasons, but also negative side-effects such as increased energy 
consumption in winter [8,9]. 
 In a water spray system, a cloud of very fine water droplets is produced using 
atomization nozzles. This enhances mixing and increases the contact surface area 
between the air and the water droplets resulting in a higher rate of evaporation, 
yielding greater cooling of the air. The complex two-phase flow in a water spray 
system is influenced by many physical parameters such as continuous phase velocity, 
temperature and relative humidity, drop size distribution, velocity and temperature of 
droplets and continuous phase-droplet and droplet-droplet interactions [10–13]. To 
gain insight into the performance of a water spray system, detailed knowledge of the 
impact of every aforementioned physical parameter is important.    
 Research on the cooling performance of water spray systems was mainly 
performed by full-scale measurements [15], wind-tunnel measurements [16] and 
Computational Fluid Dynamics (CFD) [13,17–19]. CFD is a useful tool for performing 
parametric studies for complex flows. This is especially the case for the two-phase 
flow in water sprays as the evaporation process depends on several physical 
parameters that are not easily varied independently. CFD also offers the advantage 
that the latent heat and sensible heat fluxes during the evaporation process can 
separately be determined. CFD is capable of providing whole-flow field data, i.e. data 
on the relevant parameters of the two phases in all points of the computational 
domain. In addition, it provides a high level of control over the boundary conditions. 
For this reason, CFD is increasingly used for basic and applied research in urban 
physics and environmental wind engineering, as demonstrated by several review 
papers  [20–28]. Example applications for which CFD is frequently used are pollutant 
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dispersion  [21,27], natural ventilation of buildings and streets  [29–36], wind-driven 
rain on buildings [20] and pedestrian-level wind comfort [22,37]. Although not in 
urban context, CFD has also been used on several occasions in the past to evaluate the 
performance of spray systems for different applications (e.g.[14,18,38–40]). In the vast 
majority of these studies, the Lagrangian-Eulerian (LE) approach has been used. This 
approach, which has several advantages over the Eulerian-Eulerian approach [41], is 
also used in the present paper. Detailed knowledge of the impact of both 
computational and physical parameters is important for the accuracy of CFD 
simulations and optimizing spray performance. Some previous studies already 
analyzed the impact of computational parameters for water spray systems [13,19]. For 
example, a systematic evaluation of the LE approach for predicting evaporative 
cooling provided by a water spray system was carried out by the present authors in 
Ref. [13]. Some previous studies also already analyzed the impact of physical 
parameters [12,18]. However, to the best of our knowledge, none of these studies 
included grid-sensitivity analysis, and none of them included a drop spectrum rather 
than a single drop size. 

Therefore, this paper investigates the impact of physical parameters, including 
drop spectra, based on grid-sensitivity analysis and detailed validation with wind-
tunnel experiments. It evaluates the evaporative cooling process provided by a water 
spray system with a hollow-cone nozzle configuration. The impact of the following 
physical parameters is investigated: inlet dry-bulb air temperature, inlet humidity 
ratio, inlet air velocity, inlet water temperature and inlet droplet size distribution.  
 In Section 5.2, the wind-tunnel experiments by Sureshkumar et al. [16] that are 
used for the validation study are briefly outlined. Section 5.3 presents an overview of 
the computational settings and parameters for the reference case. The validation of the 
CFD results with the wind-tunnel measurements is also presented in this section. In 
Section 5.4, the impact of the physical parameters is investigated. The limitations of 
the study are discussed in Section 5.5. The main conclusions are presented in section 
5.6. 

5.2 Wind-tunnel measurements 
The evaporative cooling performance of a hollow-cone nozzle spray system was 
investigated by Sureshkumar et al. [16] using wind-tunnel measurements. The 
experiments were performed in an open-circuit wind tunnel with a uniform approach-
flow mean wind speed. The test section of the wind tunnel was 1.9 m long with a cross 
section of 0.585 × 0.585 m2 (Fig. 5.1a). The inlet air dry-bulb temperature (DBT) and 
wet-bulb temperature (WBT) were measured by two thermocouples placed upstream 
of the spray nozzle. The exact position of the thermocouples was not provided by 
Sureshkumar et al. [16]. Note that only two thermocouples were used, but that the 
approach-flow is assumed to be of uniform characteristics due to upstream mixing in 
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the wind-tunnel. The outlet DBT and WBT variations were measured with 
thermocouples at nine positions across the outlet plane of the test section (Fig. 5.1b).  

Electric heaters were employed upstream of the tunnel blower to reduce the effect 
of the background air temperature fluctuations. These fluctuations were limited 
within 0.3 C during each set of experiments. A thermal probe installed upstream of 
the spray nozzle was used to measure the air stream velocity. The maximum 
experimental uncertainty for the mean velocity was estimated to be less than 0.05 
m/s for air velocity up to 2 m/s and 0.2 m/s for air velocity between 2 and 4 m/s. 

To avoid wetting of the thermocouples, the remaining water droplets in the air 
flow were collected by the use of a drift eliminator with z-shaped plates placed close 
to the tunnel outlet. The inlet and outlet water temperatures were measured using two 
thermocouples upstream of the nozzle and downstream of the drift eliminator, 
respectively. Water pressure was also measured by a pressure gauge upstream of the 
nozzle. 
 Four identical nozzles but with different discharge openings of 3, 4, 5 and 5.5 mm 
were used to evaluate the impact of nozzle characteristics on cooling performance of 
the spray system. Each nozzle was installed in the middle of a cross-section of the test 
section (Fig. 5.1a) 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 uncertainty of this technique for the mean 
droplet size was estimated to be 22 %. The impact of the mean of the droplet size 
distribution will be investigated in subsection 5.4.5.1. The half-cone angle was 
measured in still air and reported as a function of discharge opening, water pressure 
and inlet air velocity. No correlations between droplet size and velocity were given by 
Sureshkumar et al. [16]. 
 The experiments were conducted for 36 cases; four different nozzle discharge 

 
Figure 5.1 (a,b) Wind-tunnel measurement setup with measurement positions in the outlet 

plane (modified from [16]). Dimensions in meter. 
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diameters (i.e. 3, 4, 5 and 5.5 mm), three inlet nozzle gauge pressures (1, 2 and 3 bar) 
and three inlet air velocity values (1, 2 and 3 m/s). In the present study, the case with 
nozzle discharge diameter of 4 mm, gauge pressure of 3 bar and inlet air speed of 3 
m/s is withheld for the validation study since droplet size distribution data are also 
available for these cases. A list of some main parameters of the reference case is 
presented in Table 5.1. 

5.3 CFD simulations: reference case 
In this study the commercial CFD code ANSYS/Fluent 12.1 [42] is used in which the 
Lagrangian-Eulerian approach is implemented to simulate multi-phase flows in 
sprays and atomizers. 

5.3.1 Computational geometry and grid 

A computational model was made of the wind-tunnel test section with dimensions 
0.585 × 0.585 × 1.9 m3 (Fig. 5.2a). Geometry and grid generation was executed with the 
pre-processor Gambit 2.4.6, resulting in a grid with 1,018,725 hexahedral cells (Fig. 
5.2b). The minimum and maximum cell volumes in the domain are approximately 1.9 
× 10-8 m3 and 5.9 × 10-6 m3, respectively. The distance from the center point of the wall 
adjacent cell to the walls is 0.006 m. This corresponds to y* values between 35 and 135 
for the case with the maximum inlet air velocity (i.e. 3 m/s). As standard wall 
functions are used in this study, these values ensure that the center point of the wall-
adjacent cell is placed in the logarithmic region of the boundary layer. The grid 
resolution resulted from a grid-sensitivity analysis. More information about the grid 
can be found in Ref. [13]. 

5.3.2 Boundary conditions 

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 by Sureshkumar et al [16], a turbulence 
intensity, I, of 10% is assumed for the inlet flow, which is relevant for practical 
applications and for the atmospheric boundary layer wind flow. In addition, a 
sensitivity analysis done by the current authors (not shown in this paper) shows that 
the impact of the turbulence intensity (TI < 10%) on the results is negligible. The main 

Table 5.1 List of some main parameters of the reference case. D is the nozzle discharge 
diameter and  is the half-cone angle. 

Inlet air  Water  Spray nozzle 

V 
 (m/s) 

DBT 
(C) 

WBT 
(C) 

 
P  

(bar) 
Tin  

(C) 
Tout 
(C) (lit/min) 

 
D 

(mm) 
  

(deg.) 

3 39.2 18.7  3 35.2 26.1 12.5  4.0 18.0 
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reason for this could be related to the high inertia of droplets. The turbulent kinetic 
energy k is calculated from U and I using Eq. (5.1). The turbulence dissipation rate, ε, 
is given by Eq. (5.2) where Cµ is a constant (~ 0.09). The turbulence length scale, l, 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).   
 

.  (5.1) 

 (5.2) 

 
 The thermal boundary condition at the inlet is a constant temperature equal to the 
measured inlet DBT. 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 modelled as no-slip walls with zero equivalent sand-grain roughness 
height kS = 0 in the roughness modification of the wall functions [43]. The standard 
wall functions by Launder and Spalding [44] are applied. The adiabatic thermal 
boundary condition is used for these surfaces. Zero static gauge pressure is applied at 
the outlet plane. 
 The “reflected” boundary condition is imposed to take the effect of the wind-
tunnel walls on the impinging drops into account. Using this boundary condition, it is 
possible to define the amount of momentum in the directions normal and tangential to 
the wall that is retained by the particle after the collision with the boundary. In this 
study, it is assumed that after impingement the normal momentum component is zero 
while the tangential component remains the same. In this case, there will be a water 
film on the wall in the lower part of the domain. For the top of the domain, however, 

Figure 5.2 (a) Computational domain (dimensions in meter). (b) Computational grid (1,018,725 
cells). 
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droplets rebound and move downward under influence of gravity. When droplets 
impinge on solid surfaces, different phenomena can occur, which depend on the 
physical properties of the droplets such as surface tension, viscosity, density, 
temperature and diameter, and on impingement conditions such as impact angle and 
velocity of droplets relative to the wall [45–48]. In addition, many studies investigated 
the influence of wall characteristics such as roughness, temperature and wettability of 
the surface (e.g. Ref. [49]). A detailed review of studies on droplet-wall impact can be 
found in Moreira et al. [50]. Depending on the mentioned conditions, droplets may 
float and be lost in a liquid film, may be reflected or may disintegrate into smaller 
droplets. As the temperature of the wall in the experiments by Sureshkumar et al. [16] 
is less than the boiling temperature and the Leidenfrost temperature of the droplets, 
for the simulations it is assumed that the droplets are entrained in a water film along 
the walls after impingement [47]. The presence of a liquid on the surface changes the 
boundary condition and the impact leads to a liquid–liquid interaction. In this case, 
the impact characteristics depend on the surface roughness but also the film thickness 
compared with the droplet size [51]. However, the effect of the film thickness is not 
taken into account.  
 As mentioned in Section 5.2, in the experiments a drift eliminator was used near 
the outlet plane. In this study the drift eliminator is not included in the computational 
domain because a detailed description of its characteristics was not reported by 
Sureshkumar et al. [16]. However, the impact of such plates is taken into account by 
using the “escape” boundary condition at the outlet, assuming that the upstream 
impact of the drift eliminator on the air flow pattern is negligible. By using this 
boundary condition, 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 [42].  

5.3.3 Droplet characteristics 

In the experiments by Sureshkumar et al. [16], an image-analyzing technique was 
employed to determine the droplet size distribution. The Rosin-Rammler [52] model is 
used to describe the size distribution of the droplets in the CFD simulations. This 
model assumes an exponential relationship between the droplet diameter, D, and the 
mass fraction of droplets with diameters greater than D, which can be expressed as 
[53]: 
 

 (5.3) 

 
where YD is the mass fraction of droplets with diameters greater than D,  D the mean 
drop diameter and n the spread parameter as an indicator of the distribution width. 
For the current experimental data, D and n are 369 µm and 3.67, respectively [13]. The 
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experimental data and the Rosin-Rammler curve fit are shown in Fig. 5.3a. The Rosin-
Rammler volume density distribution of the droplets can be calculated as follows 
[54,55]:   
 

 (5.4) 

 
 Fig. 5.3b shows the results according to Eq. 5.4. The total number of droplet 
(particle) streams in the CFD simulations is assumed to be 300 meaning that they are 
released from 300 uniformly-distributed points on the nozzle opening perimeter. This 
number is taken based on the results of a sensitivity analysis provided in Ref. [13] by 
the same authors. The results of this analysis show that approximately 300 streams are 
needed to obtain CFD result that are nearly independent of the number of droplet 
streams. In this case, using a larger number of streams would increase the 
computational time without any considerable effect on the accuracy of CFD results. 
Using a lower number of streams, however, would lead to a high discrepancy 
between the CFD results and experimental data. In this study, 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 considered 518 µm, based on the largest droplet diameter 
in the samples [16]. 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 is used to estimate the drag coefficients acting on the 
droplets. Various correlations for the drag coefficient of spherical droplets (particles) 
can be found in the literature (e.g.[56–58]). In the present study the correlation by 
Morsi and Alexander [59] is used.  

Figure 5.3 (a) Rosin-Rammler curve fit (solid line) and experimental data of YD (dots). (b) Rosin-
Rammler volume density distribution. 
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 This correlation proposes the following drag coefficients for a wide range of 
Reynolds numbers up to 5  104: 
 

 (5.5) 

 
in which K1, K2 and K3 are constants (Table 5.2). 

The flux of droplet vapor into the air, N (kgmol/m2s), is calculated using the 
gradient of the vapor concentration between the droplet surface and the air (Eq. 5.6): 

 

, ,  (5.6) 
 
where kc is the mass transfer coefficient (m/s), Ci,s the vapor concentration at the 
droplet surface (kgmol/m3) and Ci, the vapor concentration in the bulk gas 
(kgmol/m3). The mass transfer coefficient is taken from the Sherwood number 
correlation [59]:   
 

,
2.0 0.6 . .  (5.7) 

 
where dp is the droplet diameter (m), Di,m diffusion coefficient of vapor in the air 
(m2/s), Red the Reynolds number based on the droplet diameter and the relative 
velocity. Sc is the Schmidt number (µ/Dm,i). Note that the mass of the droplet, in each 
time step t (sec.), is reduced with a rate of NApMwt in which Ap is surface area of 
the droplet (m2), Mw the molecular weight of water. Eq. (5.7) expresses the 
relationship between mass transfer coefficient and droplet diameter, which can be 
rewritten as: 

Table 5.2 Drag coefficient model constants for different Reynolds numbers [75]. 

Re range K1 K2 K3 

 Re < 0.1 24.00 0.00 0.00 

 0.1< Re < 1 22.73 0.09 3.69 

 1 < Re < 10 29.17 -3.89 1.22 

10 < Re < 100 46.50 -116.67 0.62 

100 < Re < 1000 98.33 -2778.00 0.36 

1000 < Re < 5000 148.62 -47500.00 0.36 

5000 < Re < 10000 -490.546 578700.00 0.46 

10000 < Re < 50000 -1662.50 5416700.00 0.52 



104 

 

Chapter 5

 

, 2.0 0.6
.

.  

 
(5.8) 

 In the simulations, shrinkage of the droplets is taken into account. Note that, as the 
drop diameter reduces, the transfer coefficient kc increases. The spray is assumed to be 
dilute and collision of droplets is not taken into account. 

5.3.4 Spray nozzle characteristics 

The water droplets are injected into the computational domain from a nozzle with 4 
mm diameter positioned in the middle of the inlet plane of the computational domain 
and oriented horizontally in downstream direction. The total mass flow rate and 
temperature of the injected water droplets are imposed according to the experimental 
data (Table 5.1). The hollow cone spray model provided by ANSYS/Fluent 12.1 [42] is 
used. In this model, the sheet velocity, U0, is used for the initial velocity of the droplet 
streams. U0 is calculated as Cv (2P/ρw)0.5 where Cv is the nozzle coefficient, P the 
pressure difference along the nozzle and supply pipe and ρw the water density. As 
recommended by Sureshkumar et al. [17], for the given nozzle Cv is approximately 0.9.  

5.3.5 Solver settings 

The continuous phase and discrete phase flows are solved in a fully coupled manner. 
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. [60]. The analysis of the sensitivity of the results to the 
turbulence model by Montazeri et al. [13] showed that none of the investigated 
turbulence models was superior over the others. 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. The 
discrete phase interacts with the continuous phase, and the discrete phase model 
source terms are updated after each continuous phase iteration. To solve the equations 
of motion for the droplets, the Automated Tracking Scheme Selection is adopted to be 
able to switch between higher order lower order tracking schemes. This mechanism 
can improve the accuracy and stability of the simulations [42]. In this study, 
trapezoidal and implicit schemes are used for higher and lower order schemes, 
respectively.  
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5.3.6 CFD results and comparison with wind-tunnel experiments 

Fig. 5.4 presents a comparison between the CFD results for the reference case, shown 
in Table 5.1, and the wind-tunnel experiments [16]. The comparison is performed for 
the DBT, WBT and specific enthalpy values at the nine measurement points. The 
specific enthalpy of moist air, h, can be expressed as 	
h h . x	. h , where hdry.air is the specific enthalpy of dry air (kJ/kgdry.air) given 
by Cp.T, where Cp is the specific heat capacity of air (kJ/kgdry.air.K) and T the dry-bulb 
air temperature (K). x is the humidity ratio (kgvapour/kgdry.air) and hv the specific 
enthalpy of water vapor. Note that hv can be expressed as Cpv.T + hevaporation in which 
Cpv is the specific heat capacity of air (kJ/kg.K) and hevaporation is the evaporation heat 
of water (kJ/kg). The results in Fig. 5.4 show a good agreement, within 10% for DBT, 
5% for WBT and 7% for h. As pointed out by Montazeri et al. [13], the exact reasons 
for these deviations are not clear, but they are probably caused by a combination of 
limitations of the LE approach and experimental uncertainties. Apart from the LE 
approach limitations, the impact of collision of droplets, droplets impingement on 
solid surfaces and the drift eliminator on the airflow are not considered in this study. 
For the experimental uncertainties, as mentioned by Sureshkumar et al. [16], the 
dominant uncertainty of the experiments is for the WBT measurements. Other 
experimental uncertainties might be related to the technique used to determine the 
droplet size distribution. More information on the results and sensitivity of the results 
to the computational parameters can be found in Ref. [13]. 

5.4 CFD simulations: parametric analysis for physical parameters 
The parametric analysis is performed for various physical parameters by applying 
systematic changes to the reference case (Table 5.1). In every subsection below, one of 
the parameters is varied, while all others are kept the same as in the reference case. 
Some main parameters of the cases that are investigated are given in Table 5.3. For 
each case, the downstream variation of the air temperature and humidity ratio 
averaged over vertical cross-sections are investigated. The change in sensible heat of 
the moist air along the domain is also analyzed as an indication of the cooling capacity 

Figure 5.4 Comparison of calculated (CFD) and measured (exp. [16]) (a) DBT, (b) WBT and (c) 
specific enthalpy for the reference case. 
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of the spray system. Note that the sensible heat of moist air is calculated as Cp.T + 
x.Cpv.T. In the remainder of this paper, we will refer to this change as sensible cooling 
of the spray system. 
 The impact of evaporative cooling by a water spray system on human comfort 
depends on the complex interplay between different climatic variables [61] and spray 
characteristics. To gain insight into the capability of the spray system to enhance 
thermal comfort, the Universal Thermal Climate Index (UTCI) [62,63] is also 
calculated along the domain. UTCI is a thermal comfort indicator for outdoor and 
semi-enclosed environments. It is an equivalent temperature, derived based on the 
Fiala multi-node model [64,65], which reflects the human physiological reaction to 
meteorological parameters including air temperature and humidity, wind speed and 
mean radiant temperature [66]. In this study, the mean radiant temperature is 
assumed constant 	T 35	  for all cases, while the other parameters are obtained 
from the CFD simulations. The UTCI is used here because in urban areas, water spray 
systems are generally applied in outdoor or semi-enclosed environments. Note 
however that the computational domain in the present study is kept equal to the 
wind-tunnel test section.    

5.4.1 Impact of inlet dry-bulb air temperature 

Fig. 5.5 shows the impact of the inlet dry-bulb air temperature on the performance of 
the spray system along the domain. The evaluation is for five temperature differences 
between the inlet air and the water droplets, Ta-d, inlet = Tair,inlet – Tdroplet,inlet. The inlet 
water temperature is identical for all cases, i.e. Tdroplet,inlet = 35.2 C. Ta-d,inlet ranges 
from 8 C to -8 C. In the last case, for example, the temperature of the water droplets 
is 8°C higher than that of the inlet air. It can be seen that for the highest value of 
Tad,inlet, the largest overall air temperature reduction, i.e. the difference between the 
inlet and outlet, is achieved (9.3 C) (Fig. 5.5a). The overall air temperature reduction 
declines monotonically by reducing Ta-d,inlet. For example, when Ta-d,inlet = -8 C the 

Table 5.3 List of some main parameters of the cases for the sensitivity analysis. 
 Inlet air Inlet water Droplet distribution 

 
DBT 
(C) 

 
kgvapour/kgdry-air 

V 
(m/s) 

Tin 

(C) 
Dmin 
(µm) 

Dmax 
(µm) 

D 	 
(µm) 

n 

Inlet DBT 27.2-43.2 0.0052 3 35.2 74 518 369 3.67 
Inlet humidity 

ratio () 
39.2 0.0026 -0.0130 3 35.2 74 518 369 3.67 

Inlet air velocity 39.2 0.0052 3-15 35.2 74 518 369 3.67 
Inlet water 

temperature 
39.2 0.0052 3 31.2-47.2 74 518 369 3.67 

Mean of the 
distribution D  

39.2 0.0052 3 35.2 10 800 310-430 3.02-4.00 

Spread 
parameter (n) 

39.2 0.0052 3 35.2 10 800 369 3.3-4.9 
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reduction is about 3.3 C. Note that for this case, the air temperature increases until 
about half the length of the domain because of the dominant effect of convective heat 
transfer from the droplets, which have a higher temperature relative to the air.  
 Fig. 5.5b presents the change in the humidity ratio along the domain. The change is 
approximately independent of the inlet air temperature. At the outlet plane, the 
change in the humidity ratio reduces by less than 3% as Ta-d,inlet is decreased from 8 
to -8 C.  
 The variation in the air sensible cooling along the domain relative to the inlet value 
is presented in Fig. 5.5c. The spray system provides 9.8 kW sensible cooling for the 
largest Ta-d,inlet. By reducing Ta-d,inlet, the cooling is also reduced monotonically and 
reaches about 4.1 kW for the case Ta-d,inlet = -8 C, which is still substantial. The 
performance of the spray system in providing a reduction of the UTCI is shown in Fig. 
5.5d. The results are consistent with the amount of sensible cooling presented in Fig. 
5.5c.       
 For each case, the moist air conditions for the same cross sections along the domain 
are presented in the psychrometric chart in Fig. 5.6. It can be seen that because of the 
cooling and humidification process of the spray system, the dry-bulb temperature of 

Figure 5.5 Impact of inlet dry-bulb air temperature: Profiles of (a) average air dry-bulb 
temperature, (b) humidity ratio variation, (c) sensible cooling and (d) UTCI variation along the 

domain. 
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the air reduces, while its wet-bulb temperature increases. In addition, the sensible heat 
of the air reduces, while its latent heat increases resulting in the overall increase in the 
enthalpy of the air. For example, for the case Ta-d, inlet = -8 C the sensible heat  
reduces by about 3.2 kJ/kgdry-air, while the latent heat increment is about 14.1 
kJ/kgdryair (Fig. 5.6). In this case, the overall increase in the enthalpy of the air is about 
10.9 kJ/kgdry-air.  
 A closer look at Fig. 5.6 reveals that by increasing Ta-d,inlet from -8 C to 8 C, the 
overall sensible heat between the outlet and inlet increases by about 184%, while the 
latent heat increment is about 3%.    
 The cooling efficiency (CE) of the system can be evaluated according to the data 
provided on the psychrometric chart. According to the ASHRAE handbook [67], the 
cooling efficiency is defined as the ratio of the dry-bulb temperature difference 
between the outlet and inlet of the wind-tunnel test-section, over the web-bulb 
depression. The web-bulb depression is the difference between the inlet dry-bulb 
temperature and inlet wet-bulb temperature [67]. As Ta-d,inlet increases from -8 to 8 C, 
the cooling efficiency is increased from about 25% to more than 40%. 

Figure 5.6 Impact of dry-bulb air temperature: moist air conditions on the psychrometric chart. 
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5.4.2 Impact of inlet air humidity ratio  

Fig. 5.7 presents the impact of the inlet air humidity ratio  of the air on the cooling 
performance of the system. The evaluation is carried out for five values of  = 0.0026, 
0.0052, 0.0078, 0.0104 and 0.0130 kgvapour/kgdry-air corresponding to relative humidities 
5.9, 11.8, 17.6, 22.4 and 29.1%, respectively. Note that the inlet air and inlet water 
temperatures are identical for all cases and equal to 39.2 and 35.2 C. It can be seen 
that, as expected, the highest overall air temperature reduction (Fig. 5.7a), sensible 
cooling (Fig. 5.7c) and UTCI reduction (Fig. 5.7d) along the domain correspond to the 
case with the lowest amount of vapor in the inlet air. For low values of the inlet air 
humidity ratio the gradient of the vapor concentration between the droplet surface 
and the air increases leading to a higher rate of evaporation and higher change in the 
value of the air humidity ratio along the domain.   
 The moist air conditions for all cases in the psychrometric chart are shown in Fig. 
5.8. It can be seen that by increasing the inlet humidity ratio, the process line tends to 
track the constant enthalpy line and the increase in the wet-bulb temperature of the air 
is negligible (about 1%). In this case, the cooling efficiency (CE) decreases from about 
37% for  = 0.0026 to less than 21% for  = 0.0130. 

Figure 5.7 Impact of inlet humidity ratio: profiles of (a) average air dry-bulb temperature, (b) 
humidity ratio variation, (c) sensible cooling and (d) UTCI variation along the domain. 
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5.4.3 Impact of inlet air velocity 

The impact of the inlet air velocity on the performance of the system is shown in Fig. 
5.9 for five velocity differences between the inlet water droplets and the air, Ud-a,inlet = 
Udroplet,inlet – Uair,inlet = 7, 10, 13, 16 and 19 m/s. The inlet velocity of the droplets is 
Udroplet,inlet = 22 m/s for all cases. The largest overall air temperature reduction (Fig. 
5.9a) and air humidity ratio increase (Fig. 5.9b) are achieved for the highest value of 
Ud-a,inlet (i.e. 19 m/s). By increasing the velocity difference from 7 to 19 m/s (i.e. 
reducing the inlet air velocity), the overall temperature reduction in the entire domain 
increases by 89%. In this case, the cooling efficiency (CE) of the system increases from 
about 3%, for Ud-a,inlet = 7 m/s, to more than 35% for the highest velocity difference. 
The main reason is that a rise in the relative velocity of the two phases increases the 
heat and mass transfer coefficients of the droplets. In addition, the larger Ud-a,inlet and 
therefore the lower Uair,inlet leads to an increase in the residence time of droplets within 

 
 

Figure 5.8 Impact of inlet humidity ratio: moist air conditions on the psychrometric chart. 
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the domain, resulting in a larger droplet interaction time with the surrounding air, 
more time for evaporation and a higher outlet DBT and humidity ratio.  
 As pointed out by Sommerfeld and Qiu [68], a reduction in the inlet air velocity 
allows a larger radial spread of the droplets in the spray. However, for the range of 
the relative velocities studied in this paper (Ud-a,inlet = 7- 19 m/s) such a spread cannot 
be observed, especially close to the nozzle. Fig. 5.10 shows the temperature 
distributions in the vertical center plane for the two cases Ud-a,inlet = 7 and 19 m/s. It 
can be seen that for Ud-a,inlet = 7 m/s the air can compress the spray further away 
from the nozzle, where the momentum of the droplets is reduced. 

5.4.4 Impact of inlet water temperature  

The impact of the inlet water temperature is investigated for five values of Ta-d,inlet = 
Tair,inlet – Tdroplet,inlet. For comparison purposes, the same range of Ta-d,inlet presented in 
subsection 5.4.1 is used, i.e. Ta-d,inlet = -8, -4, 0, 4 and 8 C. The inlet air temperature is 
39.2 C for all cases. The results are shown in Fig. 5.11. It can be seen that by 

 
 

Figure 5.9 Impact of inlet velocity: profiles of (a) average air dry-bulb temperature, (b) humidity 
ratio variation, (c) sensible cooling and (d) UTCI variation along the domain. 
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decreasing the water temperature by more than 33%, the sensible cooling is increased 
by more than 180%. 
 

Figure 5.10 Temperature distribution in cross-section (center plane) for cases (a) Ud-a,i = 19 m/s 
and (b) Ud-a,i = 7 m/s. 

Figure 5.11 Impact of inlet water temperature: profiles of (a) average air dry-bulb temperature, 
(b) humidity ratio variation, (c) sensible cooling and (d) UTCI variation along the domain. 
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 Table 5.4 compares the sensible cooling provided by the system for different values 
of the inlet air temperature, at a constant water temperature (Fig. 5.5), and the inlet 
water air temperature, at a constant inlet air temperature (Fig. 5.11). For a same value 
of Ta-d,inlet, lower values of the inlet air dry-bulb temperature and water temperature 
improve the cooling performance of the system to a similar extent. However, as can be 
seen from comparing the columns in Table 5.4, combinations of inlet air DBT and inlet 
water temperature with lower absolute values of these temperatures yield a slightly 
higher sensible cooling than combination with higher absolute values. 

5.4.5 Impact of droplet size distribution  

In this part, the impact of droplet size distribution on the cooling performance of the 
system is presented. The evaluation is carried out in two parts: first for different 
values of D, the mean of the Rosin-Rammler distribution and second for different 
values of n, the spread parameter of the distribution. In this section, the smallest and 
largest droplet diameters to be considered in the size distribution of the Rosin-
Rammler model are 10 and 800 µm, respectively.  

5.4.5.1 Impact of the mean of the distribution   

In order to investigate the impact of the size of the droplets on the performance of the 
system, five droplet distributions corresponding to different values of D are imposed. 
To perform an appropriate comparison, all droplets in each distribution experience 
the same size enlargement/reduction as the one for	D, meaning that the whole Rosin-
Rammler distribution in Fig. 5.3b is shifted along the x-axis. In this case, for each 
distribution the mass fraction of droplets with diameter  + D is the same as the one 
for the reference case with diameter D, i.e. 	Y Y ∆  where  is the droplet size 
enlargement/reduction of	D. It gives	 D D⁄ D ∆ D ∆⁄  (Eq. 5.4) in which 
n  is the spread parameter of the reference case, i.e. 3.67. n , the spread parameter of 
each distribution, can be calculated by averaging over the entire range of droplet 
diameters. The results are shown in Fig. 5.12. In this study, five values of D are used: 

Table 5.4 Sensible cooling provided by the system for different values of Ta-d,inlet. 

T 

Impact of inlet air DBT (Fig. 5.5) Impact of inlet water temp. (Fig. 5.11) 

Inlet air DBT 
(C) 

Inlet water 
temperature 

(C) 

Sensible 
cooling (kW) 

Inlet air DBT 
(C) 

Inlet water 
temperature 

(C) 

Sensible 
cooling (kW) 

8 43.2 35.2 9.8 39.2 31.2 10.2 
4 39.2 35.2 8.5 39.2 35.2 8.5 

0 35.2 35.2 7.1 39.2 39.2 6.8 

-4 31.2 35.2 5.6 39.2 43.2 5.2 

-8 27.2 35.2 4.1 39.2 47.2 3.6 
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310, 340, 369, 400 and 430 μm. The corresponding n values are 3.02, 3.35, 3.67, 4.00 and 
4.33, respectively.     
 The profiles of the average air temperature and the change in the humidity ratio, 
sensible cooling and UTCI along the domain for different values of D are shown in 
Fig. 5.13. As the water flow rate is constant for all cases, a reduction in D increases the 
effective surface area of the droplets, resulting in a higher rate of heat and mass 

Figure 5.12 Rosin-Rammler volume density distributions for five values of D, the mean of 
distribution. 

Figure 5.13 Impact of the mean of the distribution	D: profiles of (a) average air dry-bulb 
temperature, (b) humidity ratio variation, (c) sensible cooling and (d) UTCI variation along the 

domain. 
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transfer from the droplets. For example, as D reduces from 430 to 310 μm (~28% 
reduction), the overall air temperature reduction from the inlet to outlet and the 
change in the humidity ratio along the domain increase by more than 16% and 88%, 
respectively. In addition, the sensible cooling of the system rises from 5.5 kW to 12.1 
kW. Consequently, the UTCI reduction along the domain increases from 3.7 C for 
	D 430	μm to 8.7 C for 	D 310	μm (Fig. 5.12d). 

5.4.5.2 Impact of the spread parameter of the distribution (n)  

In this section, five distributions corresponding to five values of n, ranging from 3.3 to 
4.9, are considered. D,  is identical (369 μm) for all cases. The volume density 
distributions of the droplets are shown in Fig. 5.14. It can be seen that the width of the 
distribution decreases as the spread parameter, n, increases. The higher the value of n, 
the more uniform the droplet size distribution is in the spray.  
 Fig. 5.15 indicates the profiles of the average air temperature, humidity ratio, 
sensible cooling and UTCI variation along the domain. For a constant value of	D, the 
spray system shows a better performance for lower values of n, i.e. wider distribution.  
 Fig. 5.16a shows the normalized mass flow rate of evaporated droplets in the 
domain for different values of n. It can be seen that this amount decreases by 
increasing n. This reduction is consistent with the amount of moisture absorbed by the 
air presented in Fig. 5.15b. Note that widening the distribution leads to an increase in 
the number of small and large droplets simultaneously. Fig. 5.16b shows the 
proportion of the mass flow rate of the evaporated droplets for two droplet size 
groups: droplets with the size diameters larger than	D 369	μm and smaller than this 
value. For all values of n, the mass flow rate of the small droplets 	 D D 	 is 
considerably higher than the one for the large droplets	 D D . For the case with n = 
3.3, for example, this ratio is about 5.3. In addition, by decreasing n from 4.9 to 3.3, the 
evaporation rate of the small droplets increases by more than 8.3% showing the 
importance of small droplets in a droplet size distribution.  

Figure 5.14 Rosin-Rammler volume density distributions for five values of n, the spread 
parameter of distribution. 
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Figure 5.15 Impact of the spread parameter of distribution, n: profiles of (a) average air dry-
bulb temperature, (b) humidity ratio variation, (c) sensible cooling and (d) UTCI variation along 

the domain. 

Figure 5.16 (a) Profile of normalized evaporated droplet mass flow rate for different values of n. 
(b) Proportion of the evaporated droplets for two droplet size groups: D D  and D D . 
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5.5 Discussion 
This study presents a detailed and systematic parametric analysis to investigate the 
impact of different physical parameters on the cooling performance of a water spray 
system with a hollow-cone nozzle configuration. The Lagrangian-Eulerian (3D steady 
RANS) approach was used. Some important limitations of this study need to be 
mentioned:  
(1) This study focuses on the immediate cooling that is achieved close by the nozzle of 

a water spray system. More simulations need to be performed to investigate the 
cooling performance of the system further downstream of the nozzle. It is also 
important to investigate whether complete evaporation takes place in a large-scale 
domain. This is relevant for application in urban areas, where not only the cooling 
effect, but also the wetting of people should be considered.   

(2) In this study, droplets are injected into the domain parallel to the inlet flow. The 
cooling performance of similar systems in cross-flow conditions needs to be 
investigated.  

(3) In this study, the performance of a spray system with a uniform inlet air velocity is 
investigated. Further studies need to be carried out to evaluate the performance of 
the system immersed in an atmospheric boundary layer.  

 This study is intended to evaluate the potential of water spray systems in 
mitigating the heat stress in the outdoor environment for different spray 
characteristics and air flow conditions. The results contain useful information that can 
be used as design guidance for evaporative cooling system engineers and designers.  
 The results of this study show that using small droplets with a wide size 
distribution can improve the cooling performance of such a system. It can also lead to 
complete evaporation of the droplets, which is desired in public spaces to avoid the 
wetting of people. In addition, injecting the droplets at a higher velocity and lower 
temperature relative to the ambient air will increase the performance of the system. 
Note that spray characteristics such as water temperature, water flow rate, droplet 
size and droplet distribution can be adjusted during operation in response to local 
climate conditions. On the other hand, meteorological parameters such as air velocity 
and air temperature are of course not controllable. The relationships presented in this 
paper can be helpful to devise appropriate control strategies that will help to ensure 
maximum system performance under varying meteorological conditions, such as air 
temperature, air humidity and air velocity. 

5.6 Conclusion 
This paper provides a systematic parametric analysis to evaluate the evaporative 
cooling process provided by a water spray system with a hollow-cone nozzle 
configuration. The evaluation is based on grid-sensitivity analysis and validation with 
wind-tunnel measurements. The impact of several physical parameters is investigated: 
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inlet air temperature, inlet air humidity ratio, inlet air velocity, inlet water 
temperature and droplet size distribution. Within the range of the parameters studied, 
the following conclusions can be drawn: 
(1) The inlet dry-bulb air temperature has a strong effect on the amount of sensible 

cooling providing by a water spray system. The results show that:  
- For a given value of the inlet water temperature (35.2 C), as the temperature 

difference between the inlet air and the inlet water droplets increases from 0 C 
to 8 C, the sensible cooling capacity of the system improves by more than 40%.  

- Injecting warmer water relative to the inlet air can still provide cooling, though 
the amount of cooling reduces considerably compared to the case with a colder 
water. In this case, the immediate cooling (close by the nozzle) cannot be 
achieved.   

- The impact of the inlet air temperature on the air humidity ratio is not 
significant. At the outlet plane, the change in the humidity ratio reduces by less 
than 3% as Ta-d,inlet is decreased from 8 to -8 C. 

(2) The moisture content of the inlet air (inlet humidity ratio) influences the rate of 
evaporation. A lower amount of moisture in the air improves the performance of 
the spray system. In this case, the cooling efficiency (CE) increases from about 21% 
for  = 0.0130 to 37% for  = 0.0026. 

(3) A lower value of the inlet air velocity relative to the droplets (higher velocity 
difference) improves the cooling performance of the system. For the considered 
inlet air velocities, 3 to 15 m/s, the change in the radial spread of the droplets in 
the spray is negligible, especially close to the nozzle.  

(4) For a constant value of the inlet dry-bulb air temperature, reducing the inlet water 
temperature improves the performance of the system.  

(5) Droplet size distribution is an important parameter that influences the evaporation 
process of a spray system. The results show that:  
- As	D, the mean of the Rosin-Rammler distribution, is reduced from 430 to 310 

μm, the cooling performance of the system is improved by more than 110%. 
- For a constant value of 	D, the spray system shows a better performance for 

lower values of n, i.e. wider distribution. 
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CFD simulation of direct evaporative 

cooling: case study 
 
 
This chapter has been submitted for publication as: 
 
CFD analysis of evaporative cooling by water spray systems as a climate change 
adaptation measure in an actual urban area 
 
Montazeri H., Toparlar Y., Blocken B., Hensen J.L.M.  

 

Abstract: Evaporative cooling by water spray systems is increasingly used to achieve 
immediate cooling and to enhance the thermal comfort in outdoor and indoor 
environments. The evaluation of the cooling performance of water spray systems is a 
difficult task as it depends on many physical parameters that are not easily varied 
independently. This is especially the case when the system is used in a complex urban 
area for example, where the flow pattern is very complex. However, to the best of our 
knowledge, a systematic investigation of the cooling performance of water spray 
systems in a complex urban area has not yet been performed. In this paper, high-
resolution Computational Fluid Dynamics (CFD) simulations are performed to assess 
the cooling performance of a water spray system with 15 hollow-cone nozzles in a 
courtyard in the Bergpolder Zuid region of the Dutch city of Rotterdam for July 2006, 
when one of the major European heat waves occurred. To simulate the two-phase 
flow, the Lagrangian-Eulerian approach is implemented. The simulations of the 
continuous phase include wind flow and heat transfer by conduction, convection and 
radiation. A two-part validation study is performed: first, a comparison of simulations 
and satellite imagery data of surface temperatures for the Bergpolder Zuid region in 
July 2006, and second, a comparison of simulations and wind-tunnel measurements of 
dry-bulb and wet-bulb temperature. The Universal Thermal Climate Index (UTCI) is 
used to assess the thermal comfort. 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), the 
maximum temperature reduction of about 7 C is achieved at pedestrian height (1.75 
m) in the courtyard. The spray system can retain its cooling effect further away from 
the nozzles depending on the height and water flow rate. 
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6.1 Introduction 
Climate change is expected to present a number of challenges for the built 
environment, such as increased demand for summer cooling [1]. Cooling energy 
demand, for example, is expected to increase by 72% wordwide by 2100 [2]. Climate 
change might possibly increase the frequency and the intensity of heat waves in the 
future [3]. Major European heat waves, such as those of 2003 and 2006, might occur 
more frequently and it could become a common event by 2040 [3,4]. Increased heat 
waves and heat stress are likely to cause increased heat-related morbidity and 
mortality as reported in several studies considering the hot summers of 2003 and 2006 
[5,6]. During the summer of 2006, more than 70,000 heat-related deaths were reported 
in Europe [7]. These problems are potentially aggravated by the urban heat island 
effect (UHI) [8,9]. The term urban heat island is used to denote that urban areas 
exhibit higher temperatures than their rural surroundings. This is because urban areas 
retain and release more heat to their local environment [10].  

In order to counter the negative effects of heat waves and UHI effect, several 
climate change adaptation measures are proposed such as evaporative cooling, 
vegetation and high-albedo surfaces [11]. Evaporative cooling by water spray systems 
is increasingly used to achieve immediate cooling and to enhance the thermal comfort 
in outdoor and indoor environments [12,13]. Compared to other climate change 
adaptation strategies such as high-albedo surfaces and increased thermal resistance 
[11], it introduces a number of advantages. It is an environmentally-friendly and cost-
effective technique to improve the quality of indoor and outdoor environments with 
relatively simple system components [14]. Water sprays can be considered as 
unobtrusive systems which give building designers and urban planners much 
flexibility for innovative system design concepts, and easy integration in existing city 
infrastructures or renovation projects. The effect is controllable and can be employed 
in a dynamic way to operate only when cooling is desired. Most other climate change 
and/or urban heat island (UHI) mitigation/adaptation approaches, such as high-
albedo surfaces, have an effect all year long, which implies they have a positive effect 
in warm seasons, but also negative side-effects such as increased energy consumption 
in winter [15,16]. 

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 [17]. Given the complexities involved in evaluating the performance of 
water spray systems, the vast majority of previous studies has been performed using 
on-site measurements. The influence of different physical parameters on the 
performance of water spray systems has been evaluated, such as ambient air 
temperature and air humidity [13,18], solar radiation [19], elapsed time in front of 
spray [20] and nozzle spray characteristics. However, full-scale measurements are 
usually only performed in a limited number of points in space. In addition, there is 
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almost no or limited control over the boundary conditions [21]. This is, however, very 
important given the wide range of parameters influencing the performance of 
evaporative cooling systems. 

Simulation studies introduce a number of useful features for supporting the 
development process of innovative environmental technologies such as water spray 
systems [22,23]. In particular, with simulations, a rapid exploration of the performance 
of different system configurations under various operating conditions is possible in a 
cost-effective way. Moreover, the results can be analyzed at different spatial scales 
and compared on the basis of multiple relevant performance indicators. 
Computational Fluid Dynamics (CFD) is a useful tool to investigate complex flows 
such as two-phase flows in spray systems [21]. It has been used in several occasions in 
the past to evaluate the cooling performance of water spray systems. However, to the 
best of our knowledge, a systematic investigation of the cooling performance of water 
spray systems in a complex urban area has not yet been performed. In this chapter, 
CFD simulations are performed on a high-resolution grid to assess the cooling 
performance of a water spray system with a hollow-cone nozzle configuration in the 
Bergpolder Zuid region of the Dutch city of Rotterdam for 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 sprays system on the cooling performance of the 
system is also investigated. 

In Section 6.2, the Bergpolder Zuid region is described. Section 6.3 presents the 
two-part CFD validation study. In Section 6.4, the computational settings and 
parameters for the case study of the Bergpolder Zuid region are outlined. The 
computational results are presented in Section 6.5. Finally, discussion (Section 6.6) and 
conclusions (Section 6.7) are provided. 

6.2 Case study 
Several research organizations and consortia have initiated programs and projects on 
climate change adaptation in cities as the Intergovernmental Panel on Climate Change 
(IPCC) has continued to express the importance of adaptation measures. Climate 
Proof Cities (CPC) is a consortium of universities, research institutes, policy makers 
and city officials that aims at performing basic and applied research on climate 
adaptation of urban areas. It includes case studies for several locations in the 
Netherlands. One of these locations is the Bergpolder Zuid region in Rotterdam, 
located in the Noord district of the city. The region is planned to be renovated and the 
CPC consortium evaluates several climate change adaptation measures for potential 
implementation in this region. 
 The cooling performance of a water spray system is evaluated for the Bergpolder 
Zuid region, under the meteorological conditions of a heat wave. As reported in 
several studies, it is possible to observe the basic symptoms of the Urban Heat Island 
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effect in Rotterdam [8,24]. The Bergpolder Zuid region is composed of both residential 
and office buildings with several narrow streets and surrounded by large avenues. 
The region is located in the Noord district of Rotterdam and in parallel to its dense 
urban structure; the region does not have significant vegetation or water sources 
within. Most of the streets in the region are narrow with an aspect ratio between 1:1 
and 2:1. The average height of the buildings in the region is about 12.6 m where the 
lowest building is 2.8 m and the highest building is 51.0 m. 

6.3 CFD validation study 
In this paper, a two-part validation study is performed:  
(1) Validation I: comparison of simulations and satellite imagery data of surface 

temperatures for the Bergpolder Zuid region; 
(2) Validation II: comparison of simulations and wind-tunnel measurements of dry-

bulb temperature (DBT) and wet-bulb temperature (WBT). 

6.3.1 Validation I: surface temperature   

CFD simulations are validated with the satellite imagery data of surface temperatures 
in Bergpolder Zuid [24]. Because this validation study has been published as a 
separate paper [10], only the headlines are briefly repeated here.  

6.3.1.1 Validation I: Satellite imagery data  

In the study by Klok et al. [24], the UHI effect in Rotterdam is investigated using the 
satellite imagery data. Thermal images for the surface temperatures were obtained 
during the 2006 summer heat wave from the NOAA-AVHRR satellite. The satellite 
imagery data were reported for 15-19 July, 2006. 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 reported results were 
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. In this study, the results are 
compared with the satellite imagery data of the Noord region in Rotterdam, where the 
area of interest Bergpolder Zuid, is located. 

6.3.1.2 Validation I: Computational settings and parameters 

The computational domain is the combination of a circular subdomain, which 
contains the urban form, and a surrounding hexagonal subdomain, where the flow 
boundaries are located (Fig. 6.1a). The edges of the hexagon, which shapes the outer 
boundaries, are 1200 m and the height is 400 meter. The diameter of the circular 
subdomain is 1200 meter. Outside the circular subdomain, the obstacles, which might 
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affect the flow, are not modelled explicitly but modelled using appropriate roughness 
parameters in the Standard Wall Functions [25].  
 The computational grid is generated by the grid extrusion technique as explained 
by van Hooff and Blocken [26]. The grid is finer in the Bergpolder Zuid region (Fig. 
6.2b), which is the area of interest and becomes coarser further away from this region. 
In total, the computational domain has 6,610,456 hexahedral cells. 

Figure 6.2 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 mesh resolution (6,610,456 cells). 

 
 

Figure 6.1 (a) Computational domain and geometry. (b) Building and street surface as seen on 
the computational domain (c) top view of the Bergpolder Zuid region. 
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 For each of the outer faces of the hexagonal subdomain, a flow boundary condition 
(velocity inlet or pressure outlet) is imposed, depending on the instantaneous wind 
direction. In order to obtain similar conditions with the reality, hourly meteorological 
data for the corresponding dates were acquired from the Royal Dutch Meteorological 
Institute (KNMI) (Fig. 6.3). The meteorological data is recorded by the KNMI 
Rotterdam weather station, located 4 km North West of Bergpolder Zuid, near the 
Rotterdam airport. 

At the inlets, 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: 

 
∗

	  (6.1) 

∗

 (6.2) 

∗

κ z z
 (6.3) 

        

Figure 6.3 Meteorological data of Rotterdam (based on 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. 



131 

 

CFD simulation of direct evaporative cooling: case study 

where z0 (m) denotes the aerodynamic roughness length, and it is estimated using the 
Updated Davenport Roughness Classification [27]. Depending on the terrain 
surrounding the circular subdomain, 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). κ is the von Karman constant (= 0.41), u* (m/s) is the boundary layer 
friction velocity, and Cμ is a model constant (= 0.09). The reference wind speed is 
considered as the wind speed at 10 m height (U10) and depending on the 
meteorological data, it varies from 1 m/s to 6 m/s. In addition to the flow boundary 
conditions, constant air temperature is imposed at the inlets. 

The Standard Wall Functions [25] are employed in combination with the 
equivalent sand-grain based roughness modification [28]. The roughness height (kS) 
and the roughness constant (CS) are calculated based on their appropriate relationship 
with the z0 [29]: 

 

	
9.793

 (6.4) 

 
 In line with this equation, for the hexagonal subdomain, kS = 1.39 m, CS = 3.5 (for z0 

= 0.5) and kS = 1.39 m, CS = 7 (for z0 = 1 m). Inside the circular subdomain, the ground 
plane and building walls are modelled as smooth walls with z0 = 0 m. 
 A 10 m thick earth layer is modelled implicitly for the ground plane of the domain 
and at the 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). The building walls are defined as brick materials 
with 0.4 m thickness and inside the buildings, a constant indoor temperature of 24°C 
is imposed. The top of the computational domain is modelled as a free slip wall and 
zero static pressure is imposed at the outlets. 

Conduction, convection and radiation are considered in the simulations, coupled 
with the wind flow. In the wall type boundaries, a one-directional conduction 
equation is used. Natural convection is also modelled with the Boussinesq 
approximation and for the radiation, P-1 radiation model is employed [30]. Solar load 
parameters such as the sun direction vector and the diffuse portion of the total 
radiation approaching to the surface are calculated with the implemented solar 
calculator of ANSYS/Fluent. 
 Pressure-Velocity coupling is controlled with the Semi-Implicit Method for 
Pressure Linked Equations (SIMPLE). For all the convection and viscous terms, 
second order discretization schemes are used. Unsteady simulations are performed 
with a time step size of 900 seconds and with 50 iterations per time step. For the 
temporal discretization, second order implicit time integration is used. 
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6.3.1.3 Validation I: CFD results and comparison with the satellite imagery data 

CFD simulations are performed for five consecutive days whereas the satellite 
imagery data by Klok et al. [24] are composed of 42 specific times within these five 
days. As the meteorological data obtained from the KNMI is hourly averaged values, 
the exact conditions (for instance for the solar radiation) might differ from what is 
actually simulated. To compare the results, 90 sampling points were specified on the 
surface to extract the spatially averaged values. The sampling points were positioned 
on the building and ground surfaces. The selection and number of these sampling 
points are based on a sensitivity analysis as reported in Toparlar et al. [10].  

The comparison between the CFD simulations and the satellite imagery data is 
provided in Fig. 6.4. Overall, the simulations can repeat the diurnal variation with a 
fairly good agreement. CFD simulations can predict the reported surface temperatures 
with an average deviation of 7.9%, whereas the minimum deviation is 0.27% and the 
maximum deviation is 24.2%. The deviation between the results is higher for July 18, 
where the meteorological conditions have varied significantly throughout the day. A 
further discussion and analysis of the results can be found in Toparlar et al. [10].  

6.3.2 Validation II: DBT and WBT 

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) by Sureshkumar et al. [12] is used for CFD validation. Because this 
validation study has been published as a separate paper [17], only the headlines are 
briefly repeated here.  

6.3.2.1 Validation II: Wind-tunnel measurements  

In the experiments by Sureshkumar et al. [12], the evaporative cooling performance of a 

Figure 6.4 Validation I: Comparison of CFD simulation results and data from satellite images of 
average surface temperatures for five consecutive days. 
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hollow-cone nozzle spray system was investigated using wind-tunnel measurements. 
The experiments were performed in an open-circuit wind tunnel with a uniform 
approach-flow mean wind speed. The test section of the wind tunnel was 1.9 m long 
with a cross section of 0.585 × 0.585 m2 (Fig. 6.5). 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 measured 
with thermocouples at nine positions across the outlet plane of the test section (Fig. 
6.5).  

The inlet and outlet water temperatures were measured using two thermocouples 
upstream of the nozzle and at the outlet plane, respectively. Water pressure was also 
measured by a pressure gauge upstream of the nozzle. 

Four identical nozzles but with different discharge openings of 3, 4, 5 and 5.5 mm 
were used to evaluate the impact of nozzle characteristics on cooling performance of 
the spray system. 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. 3, 4, 5 and 5.5 mm), three inlet nozzle gauge 
pressures (1, 2 and 3 bar) and three inlet air velocity values (1, 2 and 3 m/s). In the 
present validation study, the case with nozzle discharge diameter of 4 mm, gauge 
pressure of 3 bar and inlet air speed of 3 m/s is 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 is presented in Table 6.1. 
 
 

Figure 6.5 Validation II: computational domain including spray nozzle and measurement points 
(dimensions in meter). 
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Table 6.1 List of some main parameters of the cases. 

 

6.3.2.2 Validation II: Computational settings and parameters  

A computational domain representative of the wind-tunnel test section with 
dimensions 0.585 × 0.585 × 1.9 m3 was generated. Geometry and grid generation was 
executed with the pre-processor Gambit 2.4.6, resulting in a grid with 1,018,725 
hexahedral cells. More information about the computational grid can be found in Ref. 
[17]. 
 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 by Sureshkumar et al. [12], a turbulence 
intensity, I, of 10% is assumed for the inlet flow, which is relevant for practical 
applications and for the atmospheric boundary layer wind flow. The turbulent kinetic 
energy k is calculated from U and I using Eq. (6.5). The turbulence dissipation rate, , 
is given by Eq. (6.6). 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).   

 

.  (6.5) 

 (6.6) 

  
 The thermal boundary condition at the inlet is a constant temperature equal to the 
measured inlet DBT. 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 modelled as no-slip walls with zero equivalent sand-grain roughness 
height kS = 0 in the roughness modification of the wall functions [29]. The standard 
wall functions by Launder and Spalding [25] are applied. The adiabatic thermal 

case 

Inlet air  Water  Spray nozzle 

V 
(m/s) 

DBT 
(C) 

WBT 
(C) 

 
P 

 (bar) 
Tin 

 (C) 
Tout 
(C) 

m
(lit/min) 

 
D 

(mm) 
/2  

(deg.) 

1 1 41.4 18.9  3 35.1 25.3 12.5  4.0 22.0 

2 2 39.1 18.5  3 35.0 25.2 12.5  4.0 20.0 

3 3 39.2 18.7  3 35.2 26.1 12.5  4.0 18.0 
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boundary condition is used for these surfaces. Zero static gauge pressure is applied at 
the outlet plane. 
 The so-called “reflected” boundary condition is imposed to take the effect of the 
wind-tunnel walls on the impinging drops into account. For the outlet plane, the 
“escape” boundary condition is imposed. By using this boundary condition, 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 [30]. 
 The Rosin-Rammler [31] model is used to describe the size distribution of the 
droplets in the CFD simulations. For the current experimental data, D and n are 369 
µm and 3.67, respectively [17]. In this study, 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 considered 518 µm, based on the largest droplet diameter in the 
samples [12]. 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 is used to estimate the 
drag coefficients acting on the droplets.  
 The water droplets are injected into the computational domain from a nozzle with 
4 mm diameter positioned in the middle of the inlet plane of the computational 
domain and oriented horizontally in downstream direction. The total mass flow rate 
and temperature of the injected water droplets are imposed according to the 
experimental data (Table 6.1). The hollow cone spray model provided by 
ANSYS/Fluent 12.1 [30] is used.  
 The continuous phase and discrete phase flows are solved in a fully coupled 
manner. 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. [32]. 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.  

6.3.2.3 Validation II: CFD results and comparison with wind-tunnel experiments 

Fig. 6.6 presents a comparison between the CFD results for the three cases, shown in 
Table 6.1, and the wind-tunnel experiments [12]. The comparison is performed for the 
DBT and WBT values at the nine measurement points. The results in Fig. 6.6 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. [17]. 
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6.4 CFD simulations for the case study: computational settings and 
parameters  

6.4.1 Computational geometry and grid 

The same computational geometry and grid as those used in the first validation study 
(validation I) is employed (Figs. 6.1 and 6.2).   

6.4.2 Boundary conditions 

The momentum and thermal boundary conditions are identical to those in the 
validation study (Sec. 6.3.1.2). A constant vapor mass fraction is calculated based on 
the meteorological data (July 17: 12:00 h) and imposed at the inlets as a boundary 
condition. For the discrete phase, the escape boundary condition is used for the walls 
and the outlets.   

6.4.3 Solver settings 

The droplets are injected into the domain and trajectory calculations are started at 
12:00 h on July 17. 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. 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 [33] is used to estimate the 
drag coefficients acting on the droplets. To solve the equations of motion for the 

Figure 6.6 Comparison of calculated (CFD) and measured (exp. [12]) (a-c) DBT and (d-f) WBT 
for case 1, 2 and 3, respectively. 
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droplets, the Automated Tracking Scheme Selection is adopted to be able to switch 
between higher order lower order tracking schemes. This mechanism can improve the 
accuracy and stability of the simulations [30]. In this study, trapezoidal and implicit 
schemes are used for higher and lower order schemes, respectively. 

6.4.4 Water spray system 

A water spray system is employed in a courtyard (Fig. 6.1c) where a relatively high air 
and surface temperature is observed. It consists of 15 hollow-cone spray nozzles, 
which are installed in a single line spaced at 0.5 m intervals and at 3 m height from 
ground level (Fig. 6.7). The total injected water flow rate from the nozzles is 9.0 LPM 
(case 3 in Table 6.2). The Rosin-Rammler model [31] is used to describe the size 
distribution of the droplets in the CFD simulations. The smallest and largest droplet 
diameter to be considered in the size distribution of the Rosin-Rammler model is 10 
and 60 µm, respectively. The mean of the Rosin-Rammler distribution, D and the 
spread parameter, n is 20 µm and 3.5, respectively. The injected water temperature is 
25 C.  

6.5 Results  
The impact of evaporative cooling by a water spray system on human comfort 
depends on the complex interaction between different climatic variables [34] and 
spray characteristics [20,35]. To gain insight into the capability of the spray system to 
enhance thermal comfort, in this study, the Universal Thermal Climate Index (UTCI) 
[36,37] is calculated along a horizontal line in the courtyard. UTCI is a thermal comfort 
indicator for outdoor and semi-enclosed environments. It is an equivalent 
temperature, derived based on the Fiala multi-node model [38,39], which reflects the 
human physiological reaction to meteorological parameters including air temperature 
and humidity, wind speed and mean radiant temperature, Tmrt [40]. The UTCI values 

Figure 6.7 Perspective view and section of the courtyard along with the water spray system (all 
dimensions in meter). 
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can be categorized into ten levels of thermal stress ranging from “extreme cold stress” 
to “extreme heat stress”, as presented in Table 6.3 [40]. In this study, the mean radiant 
temperature is assumed to be constant in the entire courtyard, Tmrt = 45 C, before and 
after spraying water. 
 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. 6.8. 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 might decrease significantly.  
 To evaluate the cooling performance of the spray system inside the courtyard (Fig. 
6.7), the results are compared for two cases, with and without spray system. Fig. 6.9 
shows the distributions of wind speed, air temperature and relative humidity across a 

Table 6.2 List of some main parameters of the cases including water velocity (Vw), temperature 
(Tw), flow rate ( ) and half-cone angle (/2). 

case 
H 

[m] 
Vw 

[m/s] 
Tw 

[C] 
m 

[LPM] 
/2 

[deg] 

Droplet size distribution (Rosin-Rammler) 

D 
[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 6.3 UTCI equivalent temperature categorized in terms of 
thermal stress [40] 

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 
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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 and 
relative humidity distribution can be observed at this height, where the wind speed is 
relatively low (0.5 – 1.5 m/s). 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), which can be 
interpreted as the UHI effect. In this case, the average UTCI at this height is almost 
constant (34.4 C), which indicates the “strong heat stress” level (Table 6.3). 
 Fig. 6.10 presents the temperature and relative humidity distribution inside the 
courtyard (at pedestrian height) when the spray system is in operation. In this case, 
the injected water flow rate is m  = 9.0 LPM (l/min) and the system is installed at H = 
3 m. It can be seen that the maximum temperature reduction (about 7 C) occurs 

 
Figure 6.8 (a) Air velocity and (b) temperature distribution at pedestrian height (1.75 m) for July 

17, 2006: 12:00 h. 

Figure 6.9 (a) Air velocity; (b) temperature and (c) relative humidity distribution in a horizontal 
plane at a height of 1.75 m above ground level for the case without spray (July 17, 2006: 12.00 h). 
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underneath the spray system, corresponding to the middle of the spray line. This is 
because of the relatively low wind speed inside the courtyard, which reduces the 
scattering effect of wind on the droplets. Therefore, a larger number of droplets is in 
this area, which results in more cooling effects and higher moisture concentrations. 
From Fig. 6.10 the relatively symmetric air temperature and relative humidity 
distributions with respect to the spray line can be clearly observed. However, the 
clockwise recirculation (around y-axis) in the courtyard leads to the advection of 
cooling and moisture to the right-hand side of the courtyard. In addition, the spray 
system retains its 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. 

6.5.1 Impact of water flow rate  

Fig. 6.11 shows the distributions of air temperature and relative humidity across a 
horizontal plane at pedestrian height for different values of the injected water flow 
rate, m  (cases 1 – 3 in Table 6.2). The height of the spray system is identical (H = 3 m) 
for the three cases. The maximum temperature reduction and relative humidity 
increase are achieved at the same area, underneath the spray line, for all cases. By 
increasing m  from 2.25 to 9.0 LPM, the air temperature reduces across the plane 
monotonically, while the relative humidity increases. More water enters to the 
courtyard, which affects relative humidity positively. Moreover, with the effect of 
evaporative cooling, air temperatures are reduced, which amplifies the increase in 
relative humidity. Fig. 6.12 presents the profiles of the air temperature, relative 
humidity and UTCI variation along a line at pedestrian height in the middle of the 
courtyard for different values of m .  

Figure 6.10 (a) air temperature and (b) relative humidity distribution in a horizontal plane at a 
height of 1.75 m above ground level for the case with spray (July 17, 2006: 12.00 h). 
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Figure 6.11 Influence of water flow rate: air temperature distribution in a horizontal plane at a 
height of 1.75 m above ground level for (a) m  = 9.0 LPM; (b) m  = 4.50 LPM and (c) m  = 2.25 

LPM. (d-f) Same for relative humidity (July 17, 2006: 12:00 h). 

Figure 6.12 Influence of water flow rate: profiles of (a) air temperature, (b) relative humidity 
and (c) UTCI variations for different values of water flow rate. 
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 The maximum air temperature reduction increases from about 1 to 7 C, as m   
increases from 2.25 to 9.0 LPM. In addition, for higher values of m , 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 m  = 9.0 and 4.45 
LPM, while no cooling effect is observed for the case with m  = 2.25 LPM. The UTCI 
reduction, as an indicator for the thermal comfort improvement, is shown in Fig. 
6.12c. The maximum UTCI reduction increases from about 1 C for m  = 2.25 LPM to 
about 5 C for m  = 9.0 LPM. For the case with the highest injected water flow rate, 
this reduction leads to 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 (Table 6.3). 

6.5.2 Impact of H, 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 [41]. In this study, three values of H, the 
height of the spray system from ground level is evaluated, i.e. H = 3, 4 and 5 m (cases 
1 – 3 in Table 6.2). The distributions of air temperature and relative humidity at the 
horizontal plane at pedestrian height are shown in Fig. 6.13. By increasing H, the 
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. 6.14 indicates the profiles of the air temperature, relative humidity 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.   

6.6 Discussion  
In the present study, a water spray system is employed in a courtyard with a 
relatively low wind speed and high air temperature. Research shows that higher 
values of air speed relative to the water droplets can improve the cooling performance 
of water spray systems [35]. 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.    

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 water sprays. For 
instance, the risk of bacterial growth in humid environments is a well-known issue.  
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Figure 6.13 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) m  = 9.0 LPM; (b) m  = 4.50 LPM and (c) m  = 2.25 

LPM. (d-f) Same for relative humidity (July 17, 2006: 12:00 h). 

 

Figure 6.14 Profiles of (a) air temperature, (b) relative humidity and (c) UTCI variations for different 
values of water flow rate. 
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 Therefore, using clean water is essential and in some cases, the supply water is 
required to be chlorinated [20]. 

6.7 Conclusions 
High-resolution Computational Fluid Dynamics (CFD) simulations are performed to 
assess the cooling performance of a water spray system with 15 hollow-cone nozzles 
in a courtyard in the Bergpolder Zuid region of the Dutch city of Rotterdam for July 
17, 2006, when the major European heat wave occurred. To simulate the two-phase 
flow, the Lagrangian-Eulerian approach is implemented. The simulations of the 
continuous phase include wind flow and heat transfer by conduction, convection and 
radiation. A two-part validation study is performed: first, comparison of simulations 
and satellite imagery data of surface temperatures for the Bergpolder Zuid region in 
July 2006 and second comparison of simulations and wind-tunnel measurements of 
dry-bulb and wet-bulb temperature. The Universal Thermal Climate Index (UTCI) is 
used to assess the thermal comfort.  

The results show that for given values of injected water flow rate (m  = 9.0 l/min) 
and height of the spray system (H = 3 m), the maximum temperature reduction of 
about 7 C is achieved at pedestrian height (1.75 m) in the courtyard. The spray 
system retains its cooling effect away from the nozzles depending on the height and 
water flow rate.   

From the research presented in this thesis it can be concluded that CFD simulations 
can be coupled with models that predict the performance of climate change 
adaptation measures, which means it is possible to conduct an entirely numerical 
analysis to document the effect of adaptation measures on microclimate.  
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CFD simulation of          

convective heat transfer coefficient 
 

 
This chapter has been submitted for publication as: 
 
CFD analysis of forced convective heat transfer coefficients at windward building 
facades: influence of building geometry 
 
Montazeri H., Blocken B., Derome D., Carmeliet J., Hensen J.L.M. 
 

 

Abstract: Knowledge of the convective heat transfer coefficient (CHTC) for external 
building surfaces is essential for analysis of building heat gains and losses and 
hygrothermal analysis of building components. The CHTC is influenced by a wide 
range of parameters. Previous studies analyzed the influence of position on the 
building facade, roughness, wind speed, wind direction, local airflow pattern and 
surface-to-air temperature differences. Among methods, Computational Fluid 
Dynamics (CFD) is a useful tool to determine the distribution of the CHTC across 
building facades as a function of the governing parameters. However, to the best of 
our knowledge, the influence of building size and geometry on the CHTC has not yet 
been investigated. Therefore this paper presents high-resolution 3D steady Reynolds-
averaged Navier-Stokes (RANS) CFD simulations of forced convective heat transfer at 
the windward facade of 22 buildings of different geometry. First, a CFD validation 
study focused on CHTC is performed based on wind-tunnel measurements of surface 
temperature for a reduced-scale wall-mounted cubic obstacle. Next, the influence of 
building geometry on the CHTC distribution is investigated at different reference 
wind speeds, U10, for three groups: buildings with H ≥ W, buildings with H  W and 
buildings with H = W. The results show that .⁄  is relatively insensitive to 
the reference wind speed. For W = 10 m and by increasing H from 10 m to 80 m, the 
surface-averaged .⁄  on the windward facade increases by about 20%. 
However, for H = 10 m, increasing the building width from 10 to 80 m has the 
opposite impact on the surface-averaged .⁄ , which decreases by more than 
33%. For buildings with H = W, it decreases by more than 10% as H and W increase 
from 10 to 40 m, and remains approximately constant for higher values of H (= W). 
The reasons for these trends are explained. 
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7.1 Introduction 
Knowledge of convective heat transfer coefficients (CHTC) for external building 
surfaces is essential for analysis of building heat gains and losses and hygrothermal 
analysis of building components. For example, using inappropriate models to 
calculate CHTC can lead to considerable errors in Building Energy Simulation (BES) 
[1].  
 The CHTC relates the convective heat flux normal to the wall q ,  to the difference 
between the surface temperature at the wall, T , and a reference temperature, T : 
 

,  (7.1) 

 
 CHTC at the facades of a building is complex and influenced by a wide range of 
parameters including building geometry, building surroundings, position on the 
building facade, facade roughness, wind speed, wind direction, local airflow pattern 
and surface-to-air temperature differences. Therefore, assessing CHTC for buildings is 
a difficult task. A large number of empirical and semi-empirical correlations between 
CHTC and the wind speed at a reference location (for example the mean wind speed 
in the undisturbed flow at a height of 10 m above the ground, U10) has been 
established. Many of these are implemented in BES programs [1–3] and BE-HAM 
computational codes [4–8] (BE-HAM = Building Envelope Heat, Air and Moisture 
transfer). These correlations have been normally derived based on on-site 
measurements on buildings [9–14] and wind-tunnel experiments on flat plates [15,16]. 
Comprehensive reviews on these empirical correlations are presented in Refs. [1,3].  
 In recent years, CFD has been used in several occasions to investigate the CHTC 
for buildings, where the influence of  wind direction [17], wind speed [17–20] and 
urban surroundings [21] has been investigated. CFD is a useful tool for performing 
parametric studies for complex flows [22]. This is especially the case for assessing 
CHTC as it depends on several physical parameters that are not easily varied 
independently. 
 To the best of our knowledge, the influence of building geometry on CHTC has not 
yet been investigated, neither experimentally, nor numerically. Indeed, most existing 
CHTC correlations have been derived or developed for only one specific building 
geometry, although they are often used for BES simulations of buildings of (very) 
different geometry, without proper knowledge of the errors introduced by this 
extrapolation. Therefore, this paper focuses on the influence of building geometry on 
the CHTC. High-resolution 3D steady RANS CFD simulations of convective heat 
transfer at the windward facade of several buildings with different geometry are 
performed to investigate the impact of building geometry on the CHTC. 22 isolated 
buildings are considered that can be classified into 3 groups of facade geometry: 
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buildings with H (height) ≥ W (width), buildings with H  W and buildings with H = 
W (square windward facade). The study is supported by validation with wind-tunnel 
measurements of surface temperature for a reduced-scale wall-mounted cubic 
obstacle by Meinders et al. [23,24]. The focus in this paper is on the windward facade, 
for several reasons: (1) In BE-HAM programs, the windward facade is the one that is 
wetted by wind-driven rain and for which knowledge of CHTC and of the related 
CMTC (convective moisture transfer coefficients) is of particular importance  [5,6,25]; 
(2) the windward facade is the one exposed to the most statistically-stationary (and 
therefore less complex) wind-flow patterns, which allowed establishing clearer 
correlations between the CHTC and its influencing parameters in previous studies [1]. 
The same approach is followed in the present study. It should be noted that, in BES 
programs, there are two CHTC correlations, one for the windward facade and one for 
the other, less exposed facades; (3) previous experimental studies indicated that the 
highest surface-averaged CHTC is obtained for the windward surface of cubic wall-
mounted obstacles (e.g. [23]).    
 It should be noted that there are different ways to define the CHTC as in Eq. (7.1), 
using different definitions of the reference temperature. In this paper, all CHTC values 
are determined based on the upstream (approach-flow) temperature, which is 
unaffected by the presence of the (heated) surface-mounted obstacle or building. Note 
that the term “local CHTC” therefore refers to a local value of this parameter based on 
the approach-flow temperature, not to a local value of this parameter based on a local 
reference temperature. 
 This paper contains six sections. In Section 7.2, the experiments by Meinders et al. 
[23,24] and the validation study are briefly outlined. Section 7.3 describes the 
computational settings and parameters for CFD simulations. Section 7.4 presents the 
CFD results. In Section 7.5, a discussion on the limitations of the study is given. The 
main conclusions are presented in Section 7.6. 

7.2 CFD validation study  

7.2.1 Description of the turbulent channel experiments   

The experiments by Meinders et al. [23,24] are used here for validation purposes. In 
these experiments, the convective heat transfer at the surfaces of a cube placed in 
turbulent channel flow was investigated with high resolution. The channel had a 
height of 0.05 m and a width of 0.6 m (Fig. 7.1a). Two heat exchangers were used to 
maintain the approach air flow at a constant temperature of 21 °C with an uncertainty 
of ±0.5 ºC [23].  
 The cube had a height (Hc) of 0.015 m resulting in a blockage ratio in the channel of 
0.75%. The cube itself had a copper core (12 × 12 × 12 mm³) around which an epoxy 
layer of 0.0015 m was applied on all surfaces (Fig. 7.1b). The copper core was heated at 
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a constant temperature of 75 °C by a dissipating source (resistance wire) that was 
placed inside the core. The temperature of the copper core was measured by a 
thermocouple with an uncertainty of ±0.1 ºC. Due to the high thermal conductivity of 
the copper, a uniformly distributed temperature at the interior of the epoxy layer was 
obtained. The external surface temperature distribution of the epoxy cube surface 
when exposed to the wind flow was measured with infrared thermography. The 
uncertainty of the measured surface temperature using this method was within ±0.4 
°C [23]. 
 The thin layer of epoxy applied on all surfaces of the cube, was used to be able to 
measure the surface temperature distribution and calculate the surface heat flux in 
order to evaluate the convective heat transfer coefficients. Meinders et al. [23,24] used 
the Finite Volume Method to solve the equation for the three-dimensional heat 
conduction problem for the epoxy layer, given the knowledge of the uniform copper 
temperature (i.e. 75 °C) and surface temperatures (from infrared thermography 
measurements). A heat balance between the heat conduction (from the inner to the 
outer epoxy surfaces) and the heat convection (from the outer epoxy surface to the air) 
yielded the local convective heat transfer coefficient.  
 The cube was mounted on a base plate with a rather low thermal conductivity of 
0.33 W/mK to prevent excessive conductive heat losses from the cube to the floor. As 
the accuracy of the measurements was very sensitive to the epoxy layer thickness, 
special care was taken to reduce the experimental uncertainties [23]. The layer was 
machined accurately with an uncertainty of 0.01 mm. The thermal expansion of the 
epoxy layer was determined experimentally (6.8 × 10-5 ºC-1). To increase the accuracy 
of the infrared thermography measurements, the external surface of the cube (epoxy 
layer) was coated with a 0.06 × 10-3 m layer of black high thermally conductive paint. 
 Experiments were performed under perpendicular approach flow and for several 
Reynolds numbers (based on the cube height Hc) ranging from 2000 to 5000. In the 
present study, only the Reynolds number of 4440 is considered. In this condition, the 
average mass flow rate through the channel was 0.262 kg/s per unit area yielding an 
average bulk velocity (U) of 4.47 m/s.  

Figure 7.1 Experimental setup of Meinders et al. [23,24]: (a) Perspective view of cube model in 
channel. (b) Section through the heated cube. All dimensions are in meter. 
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 To generate the turbulent boundary layer flow, tripping strips were used at the 
bottom of the channel. These strips were located 5H upstream of the cube. For Re = 
4440, the resulting vertical profile of mean wind speed for the turbulent boundary 
layer, at the location where the cube was later placed, was measured and is 
represented by a log law with aerodynamic roughness length z0 = 7.6 × 10-6 m and a 
friction velocity u* = 0.25 m/s. A developing laminar boundary layer was detected at 
the ceiling, while the core flow was uniform. The free stream velocity in the channel 
core, U, was 5.1 m/s. Laser Doppler Anemometry (LDA) was used to measure the 
flow field characteristics. The overall experimental uncertainties for the mean 
velocities and the Reynolds stresses were estimated to be 5% and 10%, respectively 
[23].  
 The relative importance of buoyancy effects is assumed negligible as the ratio of 
the Grashof number to the Reynolds number squared (Gr/Re2) is smaller than 0.3 [23]. 
Therefore, only forced convection is considered in the simulations. 

7.2.2 CFD validation: computational domain and grid  

A computational model is made of the cube including the epoxy layer (Fig. 7.2). The 
upstream and downstream domain lengths are 4H = 0.06 m and 10H = 0.15 m, 
respectively. Note that the upstream length is smaller than the one proposed by the 
guidelines by Franke et al. [26], Tominaga et al. [27] and Blocken [28], i.e. 5H. This 
limits the appearance of longitudinal gradients in the inlet profiles as mentioned by 
Blocken et al. [29,30]. The domain height is chosen equal to that of the channel in the 
experiments (= 3.3H) (Fig. 7.1a). It should be noted that the vicinity of the channel 
ceiling to the cube might cause an artificial acceleration of the flow over the top 
surface and a suppression of turbulence [23,24]. These phenomena can affect the heat 
transfer process in the flow especially at the top of the cube [23]. The distance between 
the cube walls and the lateral planes of the domain is 10H = 0.15 m, resulting in a 
blockage ratio of 1.4%. This ratio, like the experimental value, is well below the 
maximum blockage ratio of 3% recommended by the aforementioned CFD best 
practice guidelines [26–28]. 
 The computational grid is generated with the aid of the pre-processor Gambit 2.4.6 

Figure 7.2 Perspective view of (a) computational domain and (b) model of cube including epoxy 
layer. 
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using the surface-grid extrusion technique [31]. A total number of 40 cells with a 
uniform grid spacing (i.e. stretching ratio = 1) is applied along the cube surfaces in x-, 
y- and z-directions (with 4 cells across the epoxy layer thickness) (Fig. 7.3). These 
cubical cells extend up to a distance of H/3 from the cube surfaces. Beyond this 
distance, a stretching factor of 1.05 is applied, to limit the total number of cells. This 
resulted in a fully structured grid with 2,180,960 hexahedral cells. The grid resolution 
resulted from a grid-sensitivity analysis (not shown in this paper). The minimum and 
maximum cell volumes in the domain are approximately 5 × 10-11 m3 and 2 × 10-7 m3, 
respectively. The distance from the center point of the wall adjacent cell to the wall is 
yP = 3 × 10-4 m, corresponding to an average y* value of 3.8 over the cube surfaces. The 
maximum y* value of 6.9 only occurs at the top corners of the windward surface. 

7.2.3 CFD validation: boundary conditions 

Planes 1 and 3 in Fig. 7.2a are the inlet and outlet planes, while planes 2 and 4 are the 
side planes. The inlet velocity profile needed for the CFD simulations is not given in 
Ref. [24]. However, knowledge of this profile is essential for accurate CFD 
simulations. From the experiments, the measured mass flow rate in the channel m  
0.262 kg/s per unit area (Re = 4440) is known. Based on this information, we 
determined the profile as follows. We considered a three-part profile (Fig. 7.4a): a 
turbulent boundary layer (part 1), a uniform core flow (part 2) and a laminar 
boundary layer (part 3) near the top wall as pointed out by Meinders et al. [23,24]. The 
air velocity in the turbulent boundary layer varies from zero close to the floor, to U  
5.1 m/s at H1 = 1.53H. The uniform velocity of the second regime is equal to U. The 
laminar boundary layer velocity profile is given by [32]: 
 

2  (7.2) 

Figure 7.3 High-resolution computational grid (a) at cube and (b) part of the ground surface 
(total number of cells: 2,180,960). 
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where H3 is the laminar boundary layer thickness. To determine the velocity profile, 
H2 or H3, the heights of the second and third parts of the profile need to be 
determined. The air mass flow rate of each part can be calculated based on its average 
velocity 	 ρu H . Note that the average velocity of the laminar boundary layer is 
2/3(U). Conservation of mass in a plane perpendicular to the flow direction yields: 
m m m m . The results are shown in Fig. 7.4b (solid line). Fig. 7.4c shows the 
measured (dots) and fitted profile of the turbulent kinetic energy k. The appearance of 
longitudinal gradients is analyzed by comparing the vertical profiles of the stream-
wise velocity, u, and turbulent kinetic energy, k, profiles at the lateral edge of the 
domain (i.e. at 8H from the lateral side of the cube) where the flow is undisturbed by 
the presence of the cube. Fig. 7.5 compares the profiles at x = 0 (inlet) and x = 4H (cube 
position). The average deviation from the prescribed inlet values of U is about 2%. For 
k, however, this deviation is more pronounced along the line, especially close to the 
ground plane (z/H = 0.17) where it reaches 50%. This will be a factor contributing to 
possible discrepancies between simulations and experiments, especially near the 
bottom of the domain, as also shown in a previous publication [29].  

Figure 7.4 (a) Schematic and (b) measured (dots) and modelled (solid line) vertical profile of 
normalized mean wind velocity. (c) Measured (dots) and modelled (solid line) vertical profile of 

turbulent kinetic energy k. 

Figure 7.5 Comparison of inlet and incident vertical profiles of normalized wind speed U/U 
and turbulent kinetic energy k. 
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The turbulence dissipation rate ɛ is given by Eq. (7.3), with  the von Karman constant 
(= 0.42).  
 

ε z
∗

κ z z
 (7.3) 

 
 Zero static pressure is applied at the outlet plane. Symmetry conditions, i.e. zero 
normal velocity and zero normal gradients of all variables, are applied at the lateral 
sides of the domain. The ground and top of the domain are defined as no-slip smooth 
walls.  
 The thermal boundary conditions are a uniform inlet air temperature of 294 K (21 
ºC) and a fixed surface temperature of 348 K (75 ºC) for the inner surface of the epoxy 
layer (plane 6 in Fig. 7.2b). To couple the two zones on the solid/fluid interface (plane 
5 in Fig. 7.2b), heat transfer is calculated directly from the solution of temperature in 
the adjacent cells of the fluid (air) and solid (epoxy layer). For the bottom of the epoxy 
layer (plane 7 in Fig. 7.2b), the average value of the surface temperature of the 
windward surface close to the ground plane (H/65) and the copper core is used. The 
bottom and top surfaces of the computational domain are adiabatic walls.  

7.2.4 CFD validation: solver settings  

The 3D steady RANS equations are solved with the commercial CFD code 
ANSYS/Fluent 12.1 [33]. The realizable k- model (Rk-) [34] in combination with the 
low-Re number Wolfshtein model [35] is used 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 governing equations. Convergence is assumed when all the 
scaled residuals level off and reach the values 10-7 for x, y, z momentum and energy, 
10-5 for continuity and 10-6 for k and . 

7.2.5 CFD validation: results 

Figs. 7.6a and c compare the experimental and CFD results of surface temperature 
along lines at the intersection of the cube with a central vertical plane and a mid-
height horizontal plane. The differences between measurements and simulations, 
averaged along the windward, top, side and leeward lines, are given in Figs. 7.6b and 
d. For the windward surface, the general agreement is good with average deviations 
of about 1.7 and 2.4% along the vertical and horizontal lines, respectively, although a 
small overestimation of the maximum local surface temperature can be observed close 
to the ground (Fig. 7.6a). The main reasons for this can be: (1) the additional heat loss 
of the epoxy layer through the base wall in the experiments, which is not taken into 
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account in the simulations (Fig. 7.1b) and/or (2) incorrect prediction of the size and 
shape of the standing vortex due to the upstream longitudinal gradients in the 
approach-flow profiles (Fig. 7.5) [29,30]. For the top and side surfaces of the cube, the 
agreement is not good and the average deviations increase to more than 6.5 and 6.6%. 
As the local heat transfer at the surfaces of the cube is highly dependent on the 
complex intermittent flow structure around the obstacle, the deviations in 
temperature of these surfaces can be directly related to the inaccurate flow field 
prediction by steady RANS downstream of the windward facade. It is well-known 
that steady RANS is incapable of capturing the inherently transient behavior of 
separation, reattachment and recirculation downstream of the windward surface and 
of von Karman vortex shedding in the wake [22,36–38]. Nevertheless, for the leeward 
surface, CFD shows a good performance along the horizontal line, especially in the 
middle of the line. Close to the side edges, however, the temperatures are 
overestimated. A large overestimation can also clearly be observed close to the upper 
edge of the leeward surface (along the vertical line). However, as the focus in this 
study is on the windward facade, where very good agreement is found, the 
computational settings and parameters used in the validation study will continue to 
be used in the remainder of this chapter.   

 
 

Figure 7.6 (a and c) Comparison of simulated and measured surface temperature along lines on 
the cube surfaces. (b and d) Average difference between simulations and measurements along 

same lines. 
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7.3 CFD simulation   

7.3.1 List of cases 

In this study, 22 isolated buildings are considered. The buildings can be classified into 
3 groups (Table 7.1):  
(1) Buildings with H ≥ W (W = 10 m and 10 m  H  80 m);   
(2) Buildings with H  W (H = 10 m and 10 m  W  80 m); 
(3) Buildings with H = W (10 m  H = W  80 m)  
 Note that the depth of all buildings is identical D = 20 m.  

 

7.3.2 Computational geometry and grid 

The dimensions of the computational domains are chosen based on the best practice 
guidelines by Franke et al. [26] and Tominaga et al. [27]. The upstream and 
downstream domain length are 5H and 15H, respectively. Note that the upstream 
length is not reduced to 4H as in the validation study, because in this section, 
consistency between inlet profiles, wall functions, ground roughness, turbulence 
model and computational grid is achieved by combining the guidelines by Richards 
and Hoxey [39] and Blocken et al. [30]. High-resolution hybrid grids with about 2106 
prismatic and hexahedral cells is generated using the surface-grid extrusion technique 
[31]. In this case, yp, the distance from the center point of the wall-adjacent cell to the 
wall, is about 400 µm. Note that due to higher Re numbers for the full-scale buildings, 
the yp is smaller than the one used for the cube in the validation study. The maximum 

Table 7.1 Geometry of three groups of buildings 

Building geometry 
Height 
H (m) 

Width 
W (m) 

Depth 
D (m) 

H ≥ W 

 

10, 20, 30, 40, 50, 60, 
70, 80 

10 20 

H  W 
 

10 
10, 20, 30, 40, 50, 60, 

70, 80 
20 

H = W 

 

10, 20, 30, 40, 50, 60, 
70, 80 

0 20 



161 

 

CFD simulation of convective heat transfer coefficient 

y* value is below 5 for all simulations, which is essential for accurate and reliable CFD 
simulations of near-wall heat transfer [17,19].  

7.3.3 Boundary conditions 

At the inlet of the domain, neutral atmospheric boundary layer inflow profiles of 
mean wind speed U (m/s) (Eq. 7.4), turbulent kinetic energy k (m2/s2) (Eq. 7.5) and 
turbulence dissipation rate ε (m2/s3) (Eq. 7.3) are imposed [39]. 
  

∗

	  (7.4) 

3.3 ∗  (7.5) 

 
 It is assumed that the buildings are situated on a large grass-covered terrain with 
an aerodynamic roughness length z0 = 0.03 m [40]. Five reference wind speeds at 10 m 
height are used U10 = 1, 2, 3, 4 and 5 m/s. It yields building Reynolds numbers 
ranging from 0.7  106 to 28  106 based on the height of the buildings (H). Zero static 
pressure is applied at the outlet plane. Symmetry conditions are applied at the top and 
lateral sides of the domain. The ground surface is modelled as a no-slip wall with zero 
roughness height ks = 0, since in LRNM surface roughness values cannot be specified 
[17].    
 The thermal boundary conditions are a uniform inlet air temperature of Tref = 10 ºC 
and a fixed surface temperature of Tw = 30 ºC for the building surfaces. The adiabatic 
boundary condition is used for the ground surface.  

7.3.4 Solver settings 

The solver settings are identical to those used in the validation study and reported in 
Sec. 7.2.4. The 3D steady RANS equations with the realizable k-ε turbulence model are 
solved in combination with the low-Re number Wolfshtein model [35]. Only forced 
convection is considered in the simulations. 

7.4 Results  

7.4.1 Correlation between CHTC and U10 

To obtain correlations between the CHTC, averaged over the entire windward facade, 
and U10, the approach-flow mean wind speed at 10 m height, simulations with five 
different reference wind speed values are used: U10 = 1, 2, 3, 4 and 5 m/s. The 
simulations are performed for all eight buildings with H  W (W = 10 – 80 m), for 
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three of the buildings with H ≥ W (H = 10, 20 and 30 m) and for three of the buildings 
with H = W (H = W = 10, 20 and 30 m). Choosing this set of buildings ensures that the 
maximum y* remains below 5 for the highest reference wind speed value. Figs. 7.7a, c 
and e show the relationship between the surface-averaged CHTC and U10 for the three 
groups of buildings. Power-law correlations are derived with high coefficients of 
determination (R2), as shown in Table 7.2. The exponents in all correlations are very 
close, ranging from 0.82 to 0.87, with a maximum deviation of about 5%. In addition, 
these exponents are comparable to those found in previous CFD studies, provided in 
Table 7.3. In spite of small differences in the exponents, the correlations presented in 
Tables 7.2 and 7.3 might lead to different values of surface-averaged CHTC, given that 
the inlet boundary conditions and building geometry in these studies are different.  
 Given the fact that the exponents in all correlations in Table 7.2 are quite similar for 
the different reference wind speed values, one can expect that the variable 

Figure 7.7 Profiles of surface-averaged CHTC (CHTCavg) on the windward facade, as a function 
of U10, for buildings with (a) H  W, (c) H = W and (e) H ≥ W. (b,d,f) Same for CHTCavg/U . . 
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CHTC U .⁄  is relatively insensitive to U10 for each building. The exponent 0.84 is 
chosen as the average value of the minimum and maximum values in the range.  
 Figs. 7.7b, d and f displays the variations of CHTC U .⁄  as a function of U10 for 
different building geometry.  The value of  CHTC U .⁄  is almost constant with U10. 
This is an important observation, especially from the viewpoint of computational 
economy. Indeed, because as the value of U10 increases, the thickness of the laminar 
sublayer decreases [17]. Because accurately calculating the CHTC with CFD requires 

Table 7.2 CFD-based correlations between surface-averaged CHTC for the windward  facade and 
reference wind speed U10 

Building geometry W [m] 

 

10 20 30 40 50 60 70 80 

CHTC 6.17(U10)0.84 5.62(U10)0.84 5.05(U10)0.86 4.73(U10)0.85 4.48(U10)0.86 4.37(U10)0.86 4.19(U10)0.86 4.15(U10)0.86 

R2 0.9995 0.9997 0.9996 0.9994 0.9995 0.9994 0.9991 0.9992 

Building geometry                       H [m] 

 

10 20 30 

 

CHTC 6.17(U10)0.84 6.47(U10)0.84 7.22(U10)0.82 

R2 0.9995 0.9994 0.9988  

Building geometry                    H = W [m] 

 

10 20 30 

 

CHTC 6.17(U10)0.84 5.79(U10)0.85 5.62(U10)0.87 

R2 0.9995 0.9993 0.9988  

Table 7.3  Surface-averaged CHTC-U10 correlations from CFD simulations 

Ref. 
Building Geometry 

H  W  D (m) 
near-wall region 

modelling 
U10 range  

(m/s) 
CHTC-U10 correlation 

for windward 

Emmel et al. [18] 2.7  6  8 Wall function 1.0 – 15.0 CHTC 5.15	U .  

Blocken et al. [17] 10  10  10 
Low-Reynolds 

number modelling 
1.0 – 4.0 CHTC 4.60	U .  

Defraeye et al. 
[19] 

10  10  10 
Low-Reynolds 

number modelling 
0.50 – 5.0  CHTC 5.15	U .  

Defraeye et al. 
[20] 

10  10  10 
Low-Reynolds 

number modelling 
0.15 – 7.50 CHTC 5.01	U .  
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that at least a few cells are placed inside the laminar sublayer, an increasing value of 
U10 implies ever smaller values of y* and an increase in the total number of cells. The 
observation that CHTC U .⁄  is independent of U10 however allows us to only 
perform the CFD simulations for a low value of U10, say 1 m/s, in order to obtain the 
CHTC at this and also all other values of U10. Therefore, in the remainder of this 
chapter, all results shown were obtained by CFD simulations with U10 = 1 m/s, but 
they will be presented as that CHTC U .⁄  to indicate their general character. 

7.4.2 Influence of building geometry on CHTC 

In this section, the influence of building geometry on CHTC at the windward facade 
of the buildings (Table 7.1) is investigated. The results are presented at U10 = 1 m/s 
and for all buildings presented in Table 7.1.  

7.4.2.1 Buildings with H ≥ W  

The local and surface-averaged CHTC at the surfaces of a bluff body is highly 
dependent on the immediate flow structure around the obstacle [41,42]. Therefore, for 
the three groups of buildings, the wind speed distribution near the windward facade 
is initially presented. Fig. 7.8 shows the normalized wind speed distribution across a 
vertical plane at a distance d = 0.3 m from the windward facade of three buildings, i.e. 
those with H = 10, 40 and 70 m. Taking the plane at this distance is inspired by that 
used in some full-scale measurements e.g. [9]. A region with low wind speed is 
observed in the upper part of each plane near the position of the stagnation point on 
the windward facade. The position of the stagnation point depends on the height of 
the buildings (not shown in this figure). For the three cases with H = 10, 40 and 70 m, 
for example, the stagnation point is located at 0.53H, 0.72H and 0.77H from ground 
level, respectively. The stagnation pressure forces the impinging wind flow to deviate 
towards the top and side edges, which leads to higher wind speed near these edges. 
Note that, by increasing the height of the buildings, the wind speed at the edges also 
increases. Close to the base of the buildings, where the dominant flow feature is the 
horseshoe vortex, a region with a low wind speed can also be seen. A closer look at 
Fig. 7.8 reveals that the height of the horseshoe vortex is relatively independent of the 
building height. The CHTC U .⁄  distribution across the windward facade of the 
three buildings with H = 10, 40 and 70 m is shown in Fig. 7.9. The distributions are 
compared with the wind speed distributions shown in Fig. 7.8.  The maximum CHTC 
values occur at the top and lateral edges where the wind speed is relatively high. 
Therefore, by increasing the height of the buildings, the maximum CHTC U .⁄  
values also increase. 
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Figure 7.8 Distribution of normalized wind speed across a vertical plane at a distance d = 0.3 m 
from the windward facade for buildings with W = 10 m and (a) H = 10 m, (b) H = 40 m and (c) 

H = 70 m (D = 20 m for all cases). 

Figure 7.9 Distribution of CHTC U .⁄  across the windward facade for buildings with W = 10 
m and (a) H = 10 m, (b) H = 40 m and (c) H = 70 m (D = 20 m for all cases). 
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 From this figure, a relatively uniform CHTC U .⁄  distribution is observed over 
the central part of the facade. This corresponds to the uniform high-pressure [43] and 
low-velocity (Fig. 7.8) zones in this part of the facade. In the lower part of the facade, 
near the region where the horseshoe vortex occurs, the local CHTC U .⁄  is relatively 
low. This is due to the rotational behavior of the vortex, which increases the residence 
time of the air in this region leading to an increase in the local air temperature and a 
reduction in the local value of CHTC U .⁄ . The height and position of this region is 
the same for the three cases.  
 Fig. 7.10 shows the profile of the surface-averaged CHTC U .⁄  on the windward 
facade for different values of H. It can be seen that for a given building width (W = 10 
m) and depth (D = 20 m), an increase in H from 10 m to 80 m increases the surface-
averaged CHTC U .⁄  by about 20%. 

7.4.2.2 Buildings with W ≥ H  

Fig. 7.11 displays the normalized wind speed distribution across a vertical plane near 
the windward facade (d= 0.3 m) of the buildings with W = 10, 40 and 70 m. Increasing 
the width of the buildings results in a more pronounced wind-blocking effect 
upstream of the building. The wind-blocking effect [29,44] is defined as the 
disturbance of the wind-flow pattern due to the presence of the building and the 
associated decrease of the upstream stream-wise wind-velocity component (wind-
speed slow-down). Thus, increasing the width of the buildings results in a reduced 
wind speed near the building facade. This reduction is more pronounced in the 
central part of the plane. For the top and lateral edges, the local wind speed values are 
almost the same in all cases.  
 The CHTC U .⁄  distributions across the windward facade of the three buildings 
are presented in Fig. 7.12. By increasing the width of the buildings, the local 
CHTC U .⁄  in the central portion of the facade is reduced. This is consistent with the 
wind speed reduction near the windward facades, as explained in section 7.4.2.1. 

Figure 7.10 Profile of surface-averaged CHTC U .⁄  on the windward facade for buildings 
with W = 10 m and different values of H (D = 20 m for all cases). 
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Figure 7.11 Distribution of normalized wind speed across a vertical plane at a distance d = 0.3 m 
from the windward facade for buildings with H = 10 m and (a) W = 10 m, (b) W = 40 m and (c) 

W = 70 m (D = 20 m for all cases). 

Figure 7.12 Distribution of CHTC U .⁄  across the windward facade for buildings with H = 10 
m and (a) W = 10 m, (b) W = 40 m and (c) W = 70 m (D = 20 m for all cases). 
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 In addition, a reduction is also seen at the top and lateral edges of the buildings, 
where the local wind velocity is relatively independent of the building width (Fig. 
7.11). The main reason for this reduction is the increase in time that the air is in contact 
with the facade. Due to the longer contact time, the temperature difference between 
the air and the surface reduces and this leads to a decrease in the local	CHTC U .⁄ . 
Note that the time, during which the convective heat transfer occurs between the air 
and the facade (length along streamline) is most likely related to the dimension of the 
facade and wind speed.        
 The profile of the surface-averaged CHTC U .⁄  on the windward facade for 
different values of building width, W, is presented in Fig. 7.13. The surface-averaged 
CHTC U .⁄  decreases monotonically by increasing the width of the buildings. For a 
given height, H = 10 m, as W increases from 10 to 80 m, the surface-averaged 
CHTC U .⁄  decreases by more than 33%.  

7.4.2.3 Buildings with W = H  

Fig. 7.14 presents the normalized wind speed distribution across a vertical plane at a 
distance d = 0.3 m from the windward facade of the three buildings with H = W = 10, 
40 and 70 m. By increasing the building dimensions, the local wind speed also 
increases especially near the top and lateral edges. 
 Fig. 7.15 shows the CHTC U .⁄  distribution on the windward facade of the three 
buildings. A reduction in the local CHTC U .⁄  values is observed on the entire 
facade by increasing the H and W from 10 to 40 m. Such reduction is most 
pronounced near the top and lateral edges. By increasing H and W from 40 to 70 m, 
however, the distribution remains nearly identical. To understand this constant 
behavior, the variations in the air speed and air temperature distributions near the 
windward facades is examined.  
 Fig. 7.16 displays the profiles of normalized air temperature T T T T⁄  
along two lines at a distance d = 0.3 m from the windward facade. 
 

Figure 7.13 Profile of surface-averaged CHTC U .⁄  on the windward facade for buildings 
with H = 10 m and different values of W (D = 20 m for all cases). 
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Figure 7.14 Distribution of normalized wind speed across a vertical plane at a distance d = 0.3 m 
from the windward facade for buildings with H = W (square windward facade): (a) H = 10 m, 

(b) H = 40 m and (c) H = 70 m (D = 20 m for all cases). 

Figure 7.15 Distribution of .⁄  across the windward facade for buildings with H = W 
(square windward facade): (a) H = 10 m, (b) H = 40 m and (c) H = 70 m (D = 20 m for all cases). 
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 By increasing H and W, the temperature difference between the air and the surface 
decreases. This is related to the increase in the contact time between the air and the 
surface especially at the top and lateral edges. Note that the wind speed and the 
temperature difference between the air and the surface have opposite effects on the 
rate of convective heat transfer. Figs. 7.14 and 7.16 show that as H and W increase 
from 10 to 40 m, the decrease in the temperature difference between the air and the 
surface has a dominant impact of the local CHTC U .⁄  rather than the impact of the 
increase in the wind speed (Fig. 7.14). On the other hand, as H and W increase from 40 
to 70 m, however, the two effects counterbalance each other leading to the relatively 
similar CHTC U .⁄ 	distributions.  
 The profile of the surface-averaged CHTC U .⁄  as a function of building 
dimensions is shown in Fig 7.17. By increasing the height (width) of the buildings 
from 10 m to 40 m, the surface-averaged CHTC decreases by 10%. Further increase in 
H from 40 to 80 m, leads to an opposite trend in the surface-averaged CHTC U .⁄ . In 
this case, the surface-averaged CHTC U .⁄  slightly increases, by 3%. 
 

 
Figure 7.17 Profile of surface-averaged CHTC U .⁄  on the windward facade for buildings 

with H = W (square windward facade) (D = 20 m for all cases). 

Figure 7.16 Normalized air temperature for different values of H (= W) along (a) vertical and (b) 
horizontal lines at a distance d = 0.3 m from the windward facade. 
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7.5 Discussion  
This work was motivated by lack of knowledge on the impact of building size and 
geometry on the local and mean CHTC.  
 In this study, the CFD validation is performed for a wall-mounted cube in a 
turbulent flow at an obstacle Re number of 4440. Such choice is due to the lack of 
available high-resolution wind-tunnel data of CHTC at realistic Reynolds numbers for 
building applications (~105-107). Note however that the salient features of this flow are 
similar to the flow around full-scale buildings in the turbulent atmospheric boundary 
layer, including the horseshoe vortex, roof and side separation bubble, and 
recirculation and von Karman vortex shedding in the wake. 
 In this study, the simulations are performed for smooth and simple facades. Future 
work will take into account the impact of surface roughness on CHTC. Such 
roughness should include small-scale facade roughness, related to the building 
materials, and large-scale facade roughness, related to the building details like 
window openings and balconies. Earlier experiments have shown the importance of 
small-scale roughness on convective heat transfer [10]. The large-scale facade 
roughness, such as balconies, can lead to very strong changes in the wind field around 
the building [43], which can affect the CHTC distribution considerably.  

7.6 Conclusions 
This paper focuses on the influence of building size and geometry on the CHTC. 
High-resolution 3D steady RANS CFD simulations of convective heat transfer at the 
facades of several buildings with different size and geometry are performed to 
investigate the impact of building geometry on CHTC. 22 isolated buildings are 
considered that can be classified into 3 groups: buildings with H (height) ≥ W (width), 
buildings with H  W and buildings with H = W (square windward facade). The 
evaluation is based on validation with wind-tunnel measurements of surface 
temperature for a reduced-scale wall-mounted cubic obstacle. The results of the CFD 
validation shows that the high-Re number realizable k– model in combination with 
the low-Re number Wolfhstein model can provide accurate results for convective heat 
transfer at the windward surface of reduced-scale cubic models. 
 Based on the low-Re number CFD simulations for buildings with different 
geometry, the following conclusions are made: 
 CHTC U .⁄  is relatively insensitive to the reference wind speed, U10. 
 For W = 10 m and by increasing H from 10 m to 80 m, the surface-averaged 

CHTC U .⁄  on the windward facade increases by about 20%. Such increase is 
related to the increase in the local wind speed values at the lateral and top edges of 
the windward facade with increasing building height. 
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 For H = 10 m, increasing the building width from 10 to 80 m has the opposite 
impact on the surface-averaged CHTC U .⁄ , which decreases by more than 33%. 
This reduction is related to the wind-blocking effect (wind-speed slow-down) 
upstream of the buildings, which is more pronounced for wider buildings. In this 
case, the time that the air is in contact with the facade increases which reduces the 
temperature difference between the air and the surface leading to a decrease in the 
local CHTC U .⁄ . 

 For buildings with H = W, increasing the building height and width from 10 m to 
40 m yields a 10% reduction in the surface-averaged CHTC U .⁄  on the 
windward facade. For higher values of H and W, however, the opposite trend is 
found with a slight increase of 3%. This trend can be explained as the combination 
of the individual impact of building width and building height on CHTC U .⁄ .  
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8  
Theoretical modelling of indirect 

evaporative cooling 
 
 
This chapter has been published as: 
 
Theoretical modeling of indirect evaporative cooling for an isolated low-rise building 
 
Montazeri H., Blocken B., Hensen J.L.M. 

 

Abstract: Evaporation of water at the exterior of building surfaces to induce a cooling 
effect and reduce the heat flux to the inside is increasingly used as a strategy to reduce 
room temperatures and indoor heat stress during heat waves. The dynamic cooling 
performance of these so-called indirect evaporative cooling (IEC) systems, is governed 
by several factors such as droplet characteristics, short-wave and long-wave radiation, 
building envelope material and surface properties, exterior and interior convective 
heat and mass transfer coefficients, etc. The evaluation of the cooling performance of 
IEC systems is therefore a complex task. This paper presents the development of a 
model that is used to analyze the cooling performance of an IEC system. The study is 
based on a heat balance approach for the windward facade of a low-rise building and 
focuses on the evaporation water droplets. The results of high-resolution CFD 
simulations of forced convective heat transfer coefficients (CHTC) at the surfaces of 
the building are used as boundary conditions. The Lewis analogy is used to estimate 
the convective mass transfer coefficient (CMTC) based on this CHTC distribution. The 
results show that the cooling performance of IEC systems is highly dependent on the 
thermal resistance of the building envelope. The cooling effect reduces by more than 
94%, as the thermal resistance increases from 0.3 to 1.2 m2K/W, respectively. In 
addition, the size of the droplets is of importance. For the same amount of water 
initially sprayed on the wall, smaller droplets give a higher rate of evaporation. For 
example, as the droplet diameter increases from 0.25 mm to 1.0 mm, the net heat flux 
decreases by more than 85%. The sensitivity of the cooling performance assessment of 
an IEC to the accuracy of CHTC and CMTC prediction is also investigated. 
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8.1 Introduction 
Climate change is expected to present a number of challenges for the built 
environment, such as increased demand for summer cooling and heat-stress related 
morbidity and mortality [1]. Therefore, adaptation strategies such as evaporative 
cooling need to be evaluated and implemented to reduce heat stress in the outdoor 
and indoor built environment.  

Indirect evaporative cooling (IEC) refers to cooling down the exterior building 
surfaces by evaporation, in order to reduce the heat flux to the inside and the resulting 
indoor air temperature. In contrast to direct evaporative cooling (DEC), passive 
indirect evaporative cooling does not increase the absolute humidity of the target zone 
[2]. The cooled elements, (building surfaces, for example), act as heat sinks and absorb 
heat penetrating into the building through its envelope or heat generated indoors [3]. 
Research shows that roof ponds [4–6], roof spray [7] and moving water film over roofs 
and walls [8], for example, can be used effectively to provide cooling in buildings. 
 Recently, a new IEC technology has been developed, which consists of sprinkling 
water on external wall and roof surfaces covered by super-hydrophilic TiO2 coating. 
This coating promotes the formation of a water film at the surfaces [9]. Porous 
materials applied on roofs are another example of IEC systems in which the moisture 
absorption and evaporation qualities of porous materials are used to reduce the roof 
surface temperature [10,11]. During periods of precipitation, rainwater penetrates 
through the porous layer and is stored within the layer. The stored rainwater can be 
released back into the atmosphere via evaporation during hot periods.  
 The cooling performance of IEC systems is governed by several factors such as 
temperature, diameter and contact angle of the water droplets, weather conditions 
such as short-wave and long-wave radiation, building surface and building envelope 
material, exterior and interior convective heat and mass transfer coefficients, etc. 
Therefore, the evaluation of the cooling performance of IEC systems is a difficult task.  
 Theoretical models are normally based energy balances on building surfaces. These 
models have been used in several studies to evaluate the cooling performace of IEC 
systems such as water ponds [12,13]. Although many studies have been conducted to 
evaluate the performance of passive evaporative cooling techniques, accurate models 
for IEC are still lacking. It is important that the models are validated and applied to 
real and complex case studies, to evaluate their effectiveness.  
 In addition, IEC models require accurate knowledge of convective heat and 
moisture transfer coefficients at building surfaces. Previous research has shown that 
the current practice of using simplified and constant convective heat and moisture 
transfer coefficients at the building envelope surfaces is invalid and can lead to 
significant errors [14–16] because: 
(1) These correlations are based on invalid assumptions, such as no CHTC variation 

across building facade or using same values for different facades.  
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(2) The influence of important parameters such as building surroundings, building 
surface roughness and atmospheric boundary layer (ABL) turbulence intensity is 
taken into account either incompletely, or not at all.  

(3) They are case-specific, i.e. often only valid for one building geometry. Use for other 
buildings may lead to very incorrect results. For example, using different 
correlations shows deviations more than 30% in the yearly cooling energy demand 
of a simple isolated building [16]. 

 In this chapter, a theoretical model is used to investigate the performance of IEC by 
establishing of water droplets on the facades of an isolated building. High-resolution 
3D steady RANS CFD simulations of forced convective heat transfer at the facades of 
a low-rise building are performed to determine the exterior CHTC. This chapter also 
presents a sensitivity analysis focused on the impact of the thermal resistance of the 
building envelope and size of the droplets.   

In Section 8.2, computational model is presented. Section 8.3 presents the 
application of the model for an isolated low-rise building. Sections 8.4 (discussion) 
and Section 8.5 (conclusions) conclude the paper.  

8.2   Computational model  
The computational simulation model of IEC consists of three parts: (1) a high-
resolution CFD simulation of convective heat transfer coefficients (CHTC) at building 
surfaces; (2) an evaporation model and (3) an energy balance model for the building 
envelope. The overall approach is illustrated schematically in Fig. 8.1. 

8.2.1 CFD simulation of CHTC 

High-resolution 3D steady RANS CFD simulations of forced convective heat transfer 
are performed to determine the exterior CHTC. To calculate the convective mass 
transfer coefficient (CMTC), the Lewis analogy is used. The analogy is based on an 

Figure 8.1 Flowchart illustrating the computational model of IEC. 
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assumption that the thermal and hygric boundary layers are similarly shaped and 
sized. In this case the mass transfer coefficient can be estimated from Eq. (8.1) [17]: 
 

7.7	 	10  (8.1)

8.2.2 Drop evaporation model 

Droplets can be considered as spherical caps with base diameter D0 and a contact 
angle  (Fig. 8.2a). Because of evaporation, the cap or droplet shrinks and the base 
diameter decreases. In this model, the contact angle is assumed to remain constant 
during evaporation. The volume reduction of the droplet can be written as [18]: 

 
1
. . 1 ∆  (8.2)

 
where V0 (m3) is the initial volume of the cap, l the density of water (kg/m3), CMTC 
(s/m) the vapor surface coefficient, pvsat (pa) the vapor saturation pressure, RHe the 
relative humidity of the environment and S(t) the surface of the cap (in m2). The 
volume of the cap is given by: 

 

24  (8.3)

 
where fv() is a function of the contact angle: 

 
1 	 2

 (8.4)

 
the surface of the cap S(t) in Eq. (8.2) is given by: 

 

2  (8.5)

 
where 
 

1
1 	  (8.6) 
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The diameter D(t) can be calculated by combining Eqs. (8.2) and (8.3):  
 

∆
∆

24
 (8.7)

 
The saturation vapor pressure in Eq. (8.2) is given by:  

 
. . . . /

.  
(8.8)

 
where Tair is the temperature of the environment.  
 To spray water on the building facade, the windward facade is partitioned into 
several square surfaces to be able to couple the local values of the CHTC and CMTC 
with the evaporation model. In this case, all droplets in one partition experience the 
same value of CMTC and rate of evaporation.  

8.2.3 Energy balance in building envelope 

The cooling performance of water droplets are evaluated based on an energy balance 
for the building envelope. This is schematically illustrated in Fig. 8.3. A one-
dimensional transient heat conduction is solved for each partition to obtain the 
temperature distribution inside the wall as a function of time. The Gauss–Seidel 
method is used to solve systems of linear algebraic equations. The indoor air 
temperature is assumed to be constant during all calculations. Using this data, the net 
heat flux though the envelope can be determined. The reduction in the net heat flux 
inside the building because of using evaporation on the exterior surface can be 

Figure 8.2 (a) A water droplet from a spray system spreads out on a vertical surface to form a 
surface pendent drop with diameter D0 and a contact angle . (b) Shrinking of the droplet on the 

surface while the contact angle  remains constant. 
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considered as the impact of the IEC system. To determine the exterior surface 
temperature, the following boundary conditions are taken of the exterior surface of 
the wall: 
 
Radiation: The absorbed short-wave radiation is determined from the meteorological 
data. Long-wave radiation is estimated using Eq. (8.9): 
 

 ,  (8.9) 

 
where Ts is the surface temperature, which is determined from the calculations. For an 
isolated building, the view factors, F  and F  can be estimated to be 0.5 [19]. 
Ground surface temperature is taken equal to the air temperature [20]. Tsky, the sky 
temperature, is given by the Cole model [21]:  
 

9.365574 10 1 . . .  (8.10) 

1 0.84 0.527 0.161 . . ⁄ 0.84  (8.11) 

 
where clouds is the emissivity of clouds. CC is the cloudiness coefficient, varying 
between 0 (clear sky) and 1 (cloudy sky). 
 
Convection: the convective heat exchanged between the exterior building surface and 
the environment is calculated using Eq. (8.12): 

 

 (8.12) 

 
 

Figure 8.3 Schematic of energy balance for the building envelope including water droplets on 
the exterior surface. 
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where CHTCe is the exterior convective heat transfer coefficient, which is obtained 
using high-resolution CFD simulations (Sec. 8.2.1).  

 
Latent heat: The amount of energy (latent heat) released from the wall because of 
evaporation of the water droplets can be given by: 

   

.  (8.13)

 
where m  (kg/s.m2) is the mass flux of evaporated water per unit area, as determined 
using Eq. (8.2). The specific latent heat of water, Lv (J/kg), can be given using Eq. 
(8.14):  

 

	 2500.8 2.36 0.0016 0.00006 . 10  (8.14)

 
where Twater (C) is the water temperature. 

8.3 Case study 

8.3.1 Building model  

The building model has dimensions W  L  H = 10  20  10 m3. It is assumed that the 
buildings are situated on a large grass-covered terrain with an aerodynamic 
roughness length z0 = 0.03 m [22]. The isolated building is considered to be north-
south oriented and located in the city of Rotterdam, the Netherlands. The internal air 
temperature inside the buildings is assumed to be at 21 C. The building walls are 
composed of brick materials with 0.4 m thickness. This results in a relatively low 
thermal resistance of the wall (Rc = 0.3 m2 K/W). The impact of the thermal resistance 
of the building wall on the cooling performance of the water droplets will be 
investigated in Sec. 8.4.2.  

8.3.2 CFD simulation of CHTC 

8.3.2.1 Computational setting and parameters 

The dimensions of the computational domains are chosen based on the best practice 
guidelines by Franke et al. [23] and Tominaga et al. [24]. The upstream and 
downstream domain length are 5H and 15H, respectively. High-resolution hybrid 
grids with about 2  106 prismatic and hexahedral cells is generated using the surface-
grid extrusion technique [25]. The maximum y* value is below 5 for all simulations.  
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At the inlet of the domain, neutral atmospheric boundary layer inflow profiles of 
mean wind speed U (m/s), turbulent kinetic energy k (m2/s2) and turbulence 
dissipation rate ε (m2/s3) are imposed [26] (Eqs. 7.4, 7.5 and 7.3, respectively).  
 The reference wind speed at 10 m height is U10 = 3 m/s. Zero static pressure is 
applied at the outlet plane. Symmetry conditions are applied at the top and lateral 
sides of the domain. The ground surface is modelled as a no-slip wall with zero 
roughness height ks = 0, since in LRNM surface roughness values cannot be specified 
[15].    
 The thermal boundary conditions are a uniform inlet air temperature of Tref = 10 ºC 
and a fixed surface temperature of Tw = 30 ºC for the building surfaces. The adiabatic 
boundary condition is used for the ground surface. Note that the boundary condition 
used for the CFD simulations of CHTC differs from the weather data during the 
dynamic simulation. 

The commercial code Fluent 12.1 [27] is used to solve the 3D steady RANS 
equations with the realizable k-ε turbulence model in combination with the low-Re 
number Wolfshtein model [28]. The SIMPLE algorithm is used for pressure-velocity 
coupling. Second-order discretisation schemes are used for the viscous and convection 
terms of the governing equations. Second-order interpolation is used for pressure. 
Only forced convection is considered in the simulations. 

8.3.2.2 CHTC and CMTC distribution 

The CHTC and CMTC distributions across the windward facade of the building are 
shown in Fig. 8.4. It can be seen that the wind flow around the building results in 
highly varying CHTC and CMTC values across the facade. The CHTC and CMTC 
increase from bottom to top, and from the middle of the facade to the sides. The 
highest values are found at the top edges. 

Figure 8.4 The distribution of (a) CHTC, obtained by CFD simulation and (b) CMTC, obtained 
based on the Lewis analogy for the windward facade of the building. 
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8.3.3 Droplet evaporation model 

It is assumed that all droplets have an initial diameter of D0 = 0.25 mm, which are 
distributed uniformly on each partition. Each droplet is positioned at a distance of D0 
from adjacent droplets to avoid contact between them. In this case, the total number of 
droplets on each partition is about 40,000. As the complete evaporation of droplets 
occurs (D(t) = 0), new droplets with the initial diameter D0 are injected to each 
partition (Fig. 8.5).   

8.3.4 Energy balance in building envelope 

The dynamic thermal simulations are conducted for five days (July 15 – 19, 2006), 
when the major European heat wave occurred. The simulations are conducted for two 
cases: with and without water droplets on the exterior surface. The meteorological 
data for the Dutch city of Rotterdam, where the building model is assumed to be 
positioned, is used (Fig. 8.6). A time step of 2 minutes is used. The calculations are 
initialized for the first two days (July 15 – 16, 2006).  

8.4 Results 

8.4.1 Reference case 

Fig. 8.7 shows the surface-averaged radiant (short-wave and long-wave), convective 
and latent heat transfer between the exterior surface of the wetted wall and the 
environment from July 17 to 19. In this figure, positive and negative values indicate 
the amount of heat gained by and released from the exterior surface, respectively. The 
rate of evaporation increases monotonically from about 6:00 h in the morning to 16:00 
h in the afternoon. It decreases afterwards and reaches a minimum during the night-
time. These variations are consistent with the relative humidity profile during this 
period (Fig. 8.6). The higher values of relative humidity, the lower rate of evaporation 
that occurs on the surface. In addition, the maximum evaporation is achieved on the 
third day (around 16:00 h), when the air temperature and relative humidity have their 
highest and lowest values, respectively. In this case, the evaporative cooling is the 

Figure 8.5 Spraying a new droplet with diameter D0 after shrinking the existing droplet. 
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most significant heat sink acting on the surface during the daytime.  
 The profiles of the interior and exterior surface-averaged temperature for the two 
cases, with and without water droplets on the surface, are shown in Fig. 8.8. It can be 
seen that using water droplets on the surface can reduce the exterior surface 
temperature considerably. The temperature reduction is consistent with the rate of 
evaporation on the surface (Fig. 8.7). The maximum temperature reduction is achieved 
on July 19 between 13:00 h and 19:00 h, when the rate of evaporation has a maximum 
value. In this case, the exterior surface temperature reduces by more than 12 C. This 
is very important for reducing the heat stress and urban heat island effects in the 
outdoor built environment. The impact of evaporative cooling on the reduction of the 
interior surface temperature, however, is less pronounced. The average temperature 
reduction is about 1.7 C for the three days. This is about 2.1 C for the third day, 
when the maximum evaporation is achieved on the exterior wall surface. 

Figure 8.6 (a) Meteorological data of Rotterdam (based on KNMI-Rotterdam weather station) 
during July 15, 16, 17, 18 and 19, 2006. Acquired from the hourly dataset of KNMI for: (a) air 

temperature; (b) relative humidity. 

 

Figure 8.7 Surfaced-average heat flux on the exterior surface of the wall for the case with water 
droplets. 
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 As the air temperature inside the room is assumed to be constant (21 C) for all 
simulations, the performance of the IEC system can be assessed using the change in 
the net heat flux from the interior wall surface to the indoor space. Fig. 8.9a shows the 
net heat flux for the two cases: with q  and without q 	water droplets for the 
three days. The difference between the two net heat fluxes, q q , as an indicator 
for the cooling performance of the system, is provided in Fig. 8.9b. The maximum 
cooling is achieved on July 19, when the maximum rate of evaporation and exterior 
temperature reduction are achieved (Figs. 8.7 and 8.8). The delay caused by transient 
conduction leads to a “phase shift” and the maximum cooling is observed around 
midnight. In this case, the cooling effect is not the highest when its effect is most 
needed.  
 The distribution of q q  on the interior surface of the wall is provided in Fig. 
8.10 at four different moments on July 19. 

Figure 8.8 Surfaced-average temperature on the exterior surface of the wall for two cases: with 
and without water droplets. 

Figure 8.9 (a) Net heat flux to the interior wall surface for two cases: with water droplet q  
and without water droplets q  on the wall (b) Evaporative cooling q q  for three days: 

July 17-19. 
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 The distribution is consistent with the CHTC and CMTC distributions shown in 
Fig. 8.4. The cooling effect is more pronounced near the top and side edges. At 24:00 h, 
for example, the cooling effect near the top edge of the interior wall is about four times 
higher than that near the ground. 
 The cumulative amount of water evaporated between July 17 and 19 is shown in 
Fig. 8.11. The amount of water is consistent with the rate of evaporation on the 
exterior surface of the wall (Fig. 8.7). In this case, 0.30, 0.40 and 0.52 m3 water is 
evaporated on July 17, 18 and 19, respectively (1.22 m3 in total). 

8.4.2 Impact of thermal resistance (Rc-value) 

The impact of the thermal resistance (Rc-value) on the cooling performance of the 
system is presented in Fig. 8.12. It can be seen that by increasing the Rc-value, the 
cooling effect reduces considerably. For example, as the Rc-value increases from 0.3 to 
1.2, the difference between the two fluxes, q q , decrease by higher than 94% on 

 
 

Figure 8.10 Distribution of evaporative cooling q q  across the interior surface of the wall 
at four times on July 19. 
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July 19 at 24:00 h. It can be concluded that the IEC system is not efficient for buildings 
with relatively high values of the thermal resistance. Note that for some developed 
countries, the minimum required thermal resistance values have been increased 
substantially to reduce the energy use for heating. In the Netherlands, for example, 
this should be at least Rc = 3.5 m2K/W for all closed parts of the building envelope 
[29].   

8.4.3 Impact of water droplet size 

To gain insight into the impact of the size of the sprayed droplets on the cooling 
performance of the system, simulations are performed for three difference droplet 
diameters: D0 = 0.25 (reference case), 0.50 and 1.0 mm. For all cases, the initial amount 
of water on the wall is identical. Fig. 8.13a shows the net heat flux to the interior wall 
surface for the three droplet diameters.  

Figure 8.11 Cumulative amount of water evaporated as a function of time for three days: July 
17-19. 

Figure 8.12 Impact of wall thermal resistance: (a) Net heat flux to the interior wall surface for 
two cases: with water droplet q  and without water droplets q . (b) Evaporative cooling 

q q  for three days: July 17-19. 
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 The net heat flux for the case without water droplets (q , is also indicated in this 
figure. The difference between the two net heat fluxes, q q , is shown in Fig. 
8.13b. It can be seen that the droplet size plays an important role in the cooling 
performance of the system. Increasing the initial size of the droplets leads to a 
considerable decrease in the net heat flux reduction (cooling effect) in the indoor 
space. For example, as D0 increases from 0.25 mm to 1.0 mm, the net heat flux 
decreases by more than 85% on July 19 at 24:00 h. Note that by reducing D0, the 
effective surface area of the droplets increases.  
 The cumulative amount of water evaporated for different values of D0 is shown in 
Fig. 8.14. The smaller the size of the droplets, the higher amount of water is 
evaporated. On July 19, for example, the amount of water evaporated is 1.23, 0.45 and 
0.19 m3 for D0 = 0.25, 0.5 and 1.0 mm respectively. 

Figure 8.13 Impact of initial water droplets: (a) Net heat flux to the interior wall surface for two 
cases: with water droplet q  and without water droplets q . (b) Evaporative cooling 

q q  for three days: July 17-19. 

Figure 8.14 Impact of initial water droplets: cumulative amount of water evaporated as a 
function of time for three days: July 17-19. 
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8.4.4 Impact of CHTC (and CMTC) prediction  

In this section, the results based on the CHTC values predicted by the CFD 
simulations and the empirical correlation by Sharples [30] are compared.  
 The correlation by Sharples [30] is a common model in Building Energy Simulation 
(BES) programs to predict CHTC. According to this correlation, the convective heat 
transfer coefficients can be estimated using CHTC = 3.04U10 + 5.44, where U10 is a 
reference wind speed U10 (m/s) in open field at 10 m height. Note that this correlation 
does not take into account variations in building geometry, facade roughness and 
reference wind direction. Previous experimental studies have shown the importance 
of surface roughness, for example, on the exterior CHTC [31]. A plaster surface can 
give a CHTC that is up to 2 times higher than a smooth surface.  

Fig. 8.15a presents the net heat flux to the indoor space based on the CHTC (and 
CMTC) values predicted by the CFD simulations (Fig. 8.4) and the empirical 
correlation by Sharples [30]. It can be seen that using the local and the surface-
averaged CHTC has no significant impact on the net heat flux for the two cases, with 
and without water droplets on the wall. Using the empirical correlation, however, 
leads to some differences between the results. For the case without water droplet, the 
average difference between the results is about 8% during the three-day period. The 
average difference increases to more than 21% for the wetted wall. The impact of the 
CHTC prediction on the cooling performance of the system is shown in Fig. 8.15b. 
Using the surface-averaged CHTC leads to an average difference of about 4% from the 
results based on the local CHTC values. This is more than 13% if the empirical 
correlation is used. In this case, the maximum deviation is 9 and 20%, respectively.      
 
 
 

Figure 8.15 Impact of CHTC prediction method: (a) Net heat flux to the interior wall surface for 
two cases: with water droplet q  and without water droplets q . (b) Evaporative cooling 

q q  for three days: July 17-19. 
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8.5 Discussion  
It is important to mention some limitations of this study: 
 In the present model, it is assumed that the sprayed water is present at the surface 

as individual droplets, and not as a water film. This assumption is justified for 
hydrophobic surfaces and can be justified for regular hydrophilic surfaces. At 
super-hydrophilic surfaces, however, water films will occur at the surface rather 
than individual droplets [18]. In that case, modifications to the drop-behavior 
model are needed. 

 Another assumption made in this study is that droplets are distributed uniformly 
on the surface. Further research is required to investigate the impact of the droplet 
size distribution on the performance of such a system.  

 It is assumed that there is no contact between the droplets on the surface.   
 In this study, the local change of relative humidity and air temperature 

(microclimate) is not taken into account. Previous experimental and numerical 
studies have shown that an increase in the local value of relative humidity, for 
example, can reduce the evaporation rate of droplets considerably [32]. 

 In this study, the impact of internal heat gains, windows, internal partitions 
(thermal storage) or ventilation are not taken into account. 

8.6 Conclusions  
This paper presents the development of a model that is used to analyze the cooling 
performance of an IEC system. The study is based on a heat balance approach for the 
windward facade of a low-rise building and focuses on the evaporation water 
droplets. The results of high-resolution CFD simulations of forced convective heat 
transfer coefficients (CHTC) at the surfaces of the building are used as boundary 
conditions. The Lewis analogy is used to estimate the convective mass transfer 
coefficient (CMTC) based on this CHTC distribution.  

The results show that the cooling performance of IEC systems is highly dependent 
on the thermal resistance of the building envelope. The cooling effect reduces by more 
than 94%, as the thermal resistance increases from 0.3 to 1.2 m2K/W, respectively. In 
addition, the size of the droplets is of importance. For the same amount of water 
initially sprayed on the wall, smaller droplets give a higher rate of evaporation. For 
example, as the droplet diameter increases from 0.25 mm to 1.0 mm, the net heat flux 
decreases by more than 85%. Using the local and the surface-averaged CHTC has no 
significant impact on the net heat flux for the two cases, with and without water 
droplets on the wall. Using the empirical correlation, however, leads to some 
differences between the results. For the cooling performance of the system, using the 
surface-averaged CHTC leads to an average difference of about 4% from the results 
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based on the local CHTC values. This is more than 13% as the empirical correlation is 
used. In this case, the maximum difference is about 8 and 20%.  
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9  
Discussion 

 
 
 
This thesis focuses on evaporative cooling as a climate change adaptation strategy. A 
distinction is made between direct evaporative cooling (DEC) and indirect 
evaporative cooling (IEC). The results are presented in three parts and seven chapters. 
For each of the chapters, methodological limitations and directions for future work 
were already discussed. For brevity, the majority of this information will not be 
repeated here. In this part of the thesis, the main findings of this thesis will be put in a 
more practical application perspective, and the main directions for further research 
will be presented.  

The present research has shown that the quality of outdoor environments can be 
improved using water spray systems. The results of the parametric analysis 
performed in this study (Chapter 5) show that the efficiency of a water spray system 
reduces considerably as the relative humidity increases. However, looking at the 
meteorological data recorded in the last 12 years (Royal Dutch Meteorological 
Institute (KNMI)) we can observe that the warmest period of the year coincides with 
relatively low values of relative humidity. Fig. 9.1 shows correlations between air 
temperature and relative humidity in the Dutch city of Rotterdam during the summer 
time (June-September) of 2003, 2006, 2009 and 2012. During the major European heat 
waves in 2003 and 2006 (Figs. 9.1 a and c), for example, the relative humidity during 
daytime (when most cooling for outdoor environments is needed) was less than 30%, 
while temperature went up to 36 C. Further research is needed to quantify the 
cooling performance of water spray systems in different climate conditions.  

The results of this thesis have shown that using small droplets with a wide size 
distribution can improve the cooling performance of a water spray system. It can also 
lead to complete evaporation of the droplets, which is desired in public spaces to 
avoid the wetting of people. In addition, injecting the droplets at a higher velocity and 
lower temperature relative to the ambient air will increase the performance of the 
system. Note that spray characteristics such as water temperature, water flow rate, 
droplet size and droplet distribution can be adjusted during operation in response to 
local climate conditions. On the other hand, meteorological parameters such as air 
velocity and air temperature are of course not controllable. The relationships 
presented in this research can be helpful to devise appropriate control strategies that 
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will help to ensure maximum system performance under varying meteorological 
conditions, such as air temperature, air humidity and air velocity. 
 In this thesis, the cooling performance of a water spray system consisting of several 
spray nozzles was 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. 
In Chapter 6 of this thesis, a water spray system is employed in a courtyard of a real 
complex urban area with a relatively low wind speed and high air temperature. 
Research shows that higher values of air speed relative to the water droplets can 
improve the cooling performance of water spray systems (Chapter 5). 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. 
Future work will focus on the implementation of water spray systems in different 
zones of an urban area with different wind flow patterns.  
 Apart from the cooling performance of a water spray system, 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. Further research needs to be performed to 

 
Figure 9.1 Correlations between air temperature and relative humidity in the Dutch city of 

Rotterdam during the summer time (June-September) of 2003, 2006, 2009 and 2012. 
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investigate the importance of water quality in mist spraying systems. Using rainwater, 
for example, can be an option. In existing dense urban environments, storage options 
can be concentrated at building and street level, by e.g. installation of water storage 
systems that can be used for water supply at later times. In newly developed 
environments, part of the storage can also be performed at building and street level. 

Providing cooling for the indoor environment using indirect evaporative cooling 
systems, however, seems not to be effective for most buildings in the existing building 
stock. This is mainly because of high values of the thermal resistance of the building 
envelopes. Previous research in the literature shows that evaporative cooling can be 
integrated in the building envelopes to increase the efficiency of such systems. 
Applying porous materials on roofs [1,2], is an example. Further research can be 
performed to investigate the cooling performance of new building-integrated 
techniques in which water evaporation is used. The results of the present research also 
have shown that the wetted building surfaces can reduce the exterior surface 
temperature considerably. This phenomenon can be very important in reducing heat 
stress and the urban heat island effect in the built environment. In addition, water 
evaporation on building walls can be beneficial in reducing the temperature around 
the building (microclimate) resulting in a reduction in the cooling demand of the 
buildings. Future research can focus on the contribution of the system in reducing the 
cooling demand of a building with wetted walls.   
 From the research presented in this thesis it can be concluded that CFD simulations 
can be coupled with models that predict the performance of climate change 
adaptation measures, which means it is possible to conduct an entirely numerical 
analysis to document the effect of adaptation measures on microclimate. However, the 
accuracy and reliability of CFD simulations are of concern and solution verification 
and validation studies are imperative [3]. This requires high-resolution high-quality 
full-scale or reduced-scale measurements. However, such measurement data for direct 
and indirect evaporative cooling systems in building and street scale 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.   
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Summary and Conclusions 

 
 
 
The thesis consists of three parts: (I) CFD simulation of wind flow in urban areas; (II) 
CFD simulation of direct evaporative cooling (DEC) and (III) Theoretical modeling of 
indirect evaporative cooling (IEC).  

Part (I): CFD simulation of wind flow in urban areas 

The focus in Part (I) is on the computational modeling of wind flow in urban areas. 
The wind flow in an urban area is very complex. In addition, many historical and 
contemporary building facades are characterized by protrusions and recessions. These 
details are important because they can drastically change the flow pattern and the 
overall pressure distribution, convective heat and mass transfer coefficients, etc, on 
the facade. In Chapter 2 of the thesis, CFD simulation of a simple isolated building 
and of a more complex isolated building, an apartment with balconies, is performed 
and experimental wind-tunnel results published in the literature are used for 
validation of the CFD simulations. It has been shown that the presence of building 
balconies can lead to very strong changes in wind pressure distribution on these 
windward facades, because the balconies introduce multiple areas of flow separation, 
recirculation and reattachment. 3D steady RANS CFD has been shown to provide 
accurate predictions of the mean wind pressure at the windward and leeward wall in 
case of a perpendicular approach flow wind direction. This however is not the case for 
oblique flow, where large discrepancies with the wind-tunnel measurements have 
been found at the leeward wall. Chapter 3 presents high-resolution CFD simulations 
of wind flow in a complex urban area.  

From the research presented in Part (I) it can be concluded that 3D steady RANS 
CFD, in spite of its limitations, is suitable to predict the wind-induced mean pressures 
at windward building facades with and without balconies. In addition, a careful 
selection of computational parameters such as the turbulence model and the reference 
static pressure to calculate the pressure distribution is very important for accurate and 
reliable results. 
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Part (II): CFD simulation of direct evaporative cooling 

The focus of Part (II) is on the computational analysis of the cooling performance of 
water spray systems in urban areas. Chapter 4 presents a systematic evaluation of the 
Lagrangian-Eulerian approach for evaporative cooling provided by the use of a water 
spray system with a hollow-cone nozzle configuration. The evaluation is based on 
grid-sensitivity analysis and validated using wind-tunnel measurements. This chapter 
also presents a sensitivity analysis focused on the impact of the turbulence model for 
the continuous phase, the number of particle streams for the discrete phase and the 
nozzle spray angle. The results show that CFD simulation of evaporation by using the 
Lagrangian-Eulerian (3D steady RANS) approach can accurately predict the 
evaporation process with an acceptable accuracy. The local deviations from the wind-
tunnel measurements are within 10% for dry-bulb temperature, 5% for wet-bulb 
temperature and 7% for the specific enthalpy. The average deviations for all three 
variables are less than 3% in absolute values. The impact of the turbulence model for 
the continuous phase, the number of particle streams for the discrete phase and the 
half-cone angle have also been investigated, and it was demonstrated that the 
selection of these parameters is very important for accurate and reliable results. 
 In Chapter 5, the impact of several physical parameters on the cooling performance 
of a water spray system is investigated: inlet air temperature, inlet air humidity ratio, 
inlet air velocity, inlet water temperature and inlet droplet size distribution. It has 
been shown that the inlet air dry-bulb temperature and moisture content have strong 
effects on the amount of sensible cooling providing by a water spray system. In 
addition, a lower value of the inlet air velocity relative to the droplets (higher velocity 
difference) improves the cooling performance of the system. For a constant value of 
the inlet dry-bulb air temperature, reducing the inlet water temperature improves the 
performance of the system. The results also show that the droplet size distribution 
influences the evaporation process of a spray system considerably. As	D, the mean of 
the Rosin-Rammler distribution, is reduced from 430 to 310 μm, the cooling 
performance of the system is improved by more than 110%. For a constant value of 	D, 
the spray system shows a better performance for lower values of n, i.e. wider 
distribution. 
 In Chapter 6, the potential of DEC applied for a complex urban environment is 
evaluated. The CFD models, validated in the previous chapters, are integrated to 
evaluate the cooling performance of a water spray system (with a hollow-cone nozzle 
configuration). High-resolution CFD simulations are performed to assess the cooling 
performance of a water spray system with 15 hollow-cone nozzles in a courtyard in 
the Bergpolder Zuid region of the Dutch city of Rotterdam for in July 2006, when the 
major European heat wave occurred. To simulate the two-phase flow, the Lagrangian-
Eulerian approach is implemented. The simulations of the continuous phase include 
wind flow and heat transfer by conduction, convection and radiation. A two-part 
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validation study is performed: first, a comparison of simulations and satellite imagery 
data of surface temperatures for the Bergpolder Zuid region in July 2006, and second, 
a comparison of simulations and wind-tunnel measurements of dry-bulb and wet-
bulb temperature. The Universal Thermal Climate Index (UTCI) is used to assess the 
thermal comfort. The results show that for given values of injected water flow rate (m  
= 9.0 l/min) and height of the spray system (H = 3 m), the maximum temperature 
reduction of about 7 C is achieved at pedestrian height (1.75 m) in the courtyard. The 
spray system can retain its cooling effect further away from the nozzles depending on 
the height and water flow rate. 
 From the results in this part, it can be concluded that evaporative cooling using 
water spray systems can be used as an effective climate change adaptation measure 
for outdoor environement.  

Part (III): Theoretical modeling of indirect evaporative cooling 

The focus of this part of the thesis is on the theoretical modeling of indirect 
evaporative cooling (IEC). As the knowledge of the convective heat transfer coefficient 
(CHTC) and mass transfer coefficient (CMTC) at exterior building surfaces is essential 
for evaporative cooling modeling, Chapter 7 presents high-resolution CFD simulation 
of forced CHTC at the windward facade of buildings with different geometry. The 
evaluation is based on validation with wind-tunnel measurements of surface 
temperature for a reduced-scale wall-mounted cubic obstacle. The results of the CFD 
validation shows that the high-Re number realizable k– model in combination with 
the low-Re number Wolfhstein model can provide accurate results for convective heat 
transfer at the windward surface of reduced-scale cubic models. The average 
deviations in CHTC along lines on the windward, top, side and leeward surfaces are 
8, 29, 25 and 13%, respectively. CFD simulations of CHTC for the full-scale buildings 
show that the complex wind flow around the buildings results in highly varying 
CHTC values across the windward facade. The high-resolution CFD simulation 
results presented in this chapter are implemented to model IEC (Chapter 8). 
 Chapter 8 presents the development of a model that is used to analyze the cooling 
performance of an IEC system. The study is based on a heat balance approach for the 
windward facade of a low-rise building and focuses on the evaporation water 
droplets. The results of high-resolution CFD simulations of forced convective heat 
transfer coefficients (CHTC) at the surfaces of the building (Chapter 7) are used as 
boundary conditions. The Lewis analogy is used to estimate the convective mass 
transfer coefficient (CMTC) based on this CHTC distribution. The results show that 
the cooling performance of IEC systems is highly dependent on the thermal resistance 
of the building envelope. The cooling effect reduces by more than 94%, as the thermal 
resistance increases from 0.3 to 1.2 m2K/W, respectively. In addition, the size of the 
droplets is of importance. For the same amount of water initially sprayed on the wall, 
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smaller droplets give a higher rate of evaporation. For example, as the droplet 
diameter increases from 0.25 mm to 1.0 mm, the net heat flux decreases by more than 
85%. 
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