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Abstract 

Increasing emphasis on reducing power consumption has raised public awareness of natural and 

renewable energy resources, particularly the integration of passive cooling systems in buildings such as 

wind towers. Wind towers have been in existence in various forms for centuries as a non-mechanical 

means of providing indoor ventilation. In hot conditions where there is a relatively low difference 

between internal and external temperatures, the cooling capabilities of wind towers which depend 

mainly on the structure design itself are inadequate. Therefore it is essential to cool the air in order to 

reduce the building heat load and improve the thermal comfort of its occupants during the summer 

months. The aim of this work was to incorporate heat transfer devices in a wind tower to meet the 

internal comfort criteria in extreme external conditions. Heat transfer devices were installed inside the 

passive terminal of the wind tower unit, highlighting the potential to achieve minimal restriction in the 

external air flow stream while ensuring maximum contact time, thus optimising the cooling duty of the 

device. Computational Fluid Dynamics (CFD) modelling and experimental wind tunnel testing were 

conducted to investigate the performance of a wind tower system incorporating the heat transfer device 

arrangement. Results have indicated that the achieved indoor air speed was reduced by  28 – 52 % 

following the integration of the heat transfer device configurations. Furthermore, the study concluded 

that the proposed cooling system was capable of reducing the air temperatures by up to 12 K, depending 

on the configuration and operating conditions. Good agreement was observed between the CFD 

simulation and the experimental results. 
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1. Introduction  

The increasing concern over end-user energy consumption has raised the public awareness of the climate 

change implications and generated interest in understanding the energy influences and the barriers to 

low energy use. The rising consumer demand exceeds the available clean energy supply and so green 

house gas emissions continue to increase. Buildings are at the centre of this problem. Commercial and 

residential buildings account for almost 30 - 40% of the world energy usage and are responsible for 

almost 40-50% of the global carbon emissions [1]. Extensive efforts have been focused on an 

environmentally friendly approach to building design revealing the on-going interest of the scientific 

community on the topic. Natural ventilation technologies such as wind tower devices are increasingly 

being employed in new buildings for increasing the fresh air rates and reducing energy consumption. 

Wind towers have been in existence in various forms for centuries as a non-mechanical means of 

providing indoor ventilation, energy prices and climate change agendas have refocused engineers and 

researchers on the low carbon credentials of modern equivalents [1, 2]. A wind tower is a wind driven 

driven ventilation device which captures wind at high elevations and direct the air flow into the interior 

living spaces of the building, causing it to leave through windows or other exaust segments (Figure 1a). 

In hot and arid regions such as the Middle East, there is a huge dependency on electricity to run 

mechanical ventilation system and provide thermal comfort. In these areas, using wind towers to achieve 

comfort is a well-known technique. However, the cooling capabilities of wind towers which depend on 

the structure design itself are limited. Therefore it is essential to cool the air in order to reduce the 

building heat load and improve the thermal comfort of its occupants during the summer months [3].  

An evaporative cooling wind tower is generally a tall structure mounted on top of a building. At the top 

of the tower, openings allows for air to enter. The induced warm air is passed through a wetted cloth or 

cooling pads, which holds water and allows air to flow through, evaporating the water in the process. 

The air passes through the cooling media, causing it to lower in temperature and thus becomes heavier 

and sinks to the bottom of the channel (Figure 1a). Other methods of evaporative cooling, such as the 

placement of water fountains, ground cooling, mist sprayers can also be integrated with wind towers [4]. 

Cooling wind towers are very large in scale and typically require integration into the architectural 

scheme of a building for aesthetic purposes. Also, high construction costs are associated with this 

system. Furthermore, evaporative coolers use a substantial amount of water to run. In some areas where 

water is expensive or in short supply, discarded water from the cooling tower can be an environmental 

concern.  

A wind tower system incorporating heat transfer devices was designed to meet the internal comfort 

criteria in hot condtions (Figure 1b). The warm external air enters the wind tower through the louvers 

angled at 45˚. The air flow is directed downwards and passed through a series of cylindrical heat transfer 

devices. The heat is removed and transferred to a parallel, water cooling system. This is similar to the 

evaporative cooling system but unlike the traditional method the water is recirculated back to the source. 



The cooled air is supplied to the room below the channel via the ceiling diffusers which incorporates 

adjustable dampers to control the supply flow rate.  

 

Figure 1 Flow diagram representing ventilation through an (a) evaporative cooling (b) heat transfer 

device integrated wind tower. 

 

2. Previous Related Works  

Hughes and Cheuk-Ming [5] used experimental testing and CFD modelling to study the wind pressure 

and buoyancy driven flows through a four-sided wind tower. The k-epsilon model with standard wall 

functions was used for the numerical simulation. Hp-grid adaptation method was used to verify the 

computational grid. The numerical results were validated against full scale experimental testing and a 

good correlation between the different methods of analysis was observed. The study concluded that 

wind driven force is the primary driving force for the wind tower device, providing 76% more indoor 

ventilation than buoyancy driven forces. 

Hughes et al. [1] reviewed the different cooling techniques integrated with wind tower systems to 

improve its thermal performance. Key parameters including the ventilation rates and temperature were 

evaluated in order to determine the viability of implementing the devices for their respective use. The 

results showed that the highest temperature reductions were achieved from incorporating evaporative 

cooling techniques into the wind tower such as wetted column (clay conduits) and wetted surface 

(cooling pads). The temperature reduction was found to be in the range of 12 –15 K. The study 

highlighted the importance of CFD and wind tunnel experimental methods for the analysis of wind 

tower devices. 

Calautit et al. [3] used CFD to investigate the ventilation and  thermal performance of a row house 

model integrated with a modern four-sided wind tower. The standard k-epsilon viscous model with 



standard wall functions was used for the numerical simulation. Grid adaptation was used to validate the 

programming and computational operation of the computational model. The numerical grid was refined 
and locally enriched using the hp-method grid adaptation technique. Results have shown that both 

systems were capable of supplying the required internal air supply rates however the reductions in 

internal temperature were insignificant (1-2 K). Therefore it is essential to cool the air in order to reduce 

the building heat load and improve the thermal comfort of its occupants during the summer months. 

Calautit et al. [6] carried out a thorough investigation into a thermal comparison between evaporative 

cooling and heat transfer device integrated wind towers. Steady-state and three-dimensional CFD 

simulations, using standard k–e equations models, were carried out to predict the air velocity flow and 

temperature distribution within the wind tower device. The work used a finite-volume discretisation 

method and second-order upwind differencing scheme to achieve higher accuracy of the solutions. The 

numerical results for velocity and temperature showed a good agreement between the different sizes and 

types of grid distributions used. The study concluded that height was not a factor for the proposed 

design, making it highly viable for commercial wind towers. 

Calautit et al. [7] also used CFD to compare the performance of a horizontal and vertical heat transfer 

device integrated wind tower system. Similarly, the turbulent nature of the flow was modelled by the 
standard k– e model. The work focused on the effects of the varying external wind speed on the 

ventilation and thermal performance of the proposed system. The wind tower was connected to a 

standard classroom with a recommended occupancy figure of 20 occupants. The study concluded that 

the system was capable of reducing the supply air temperature by up to 15 K, depending on the 

configuration and outdoor conditions. Furthermore, the study also highlighted that the proposed system 

was able to provide the recommended rates of fresh supply even at relatively low external wind speeds. 

From the previous related work, the numerical simulation and experimental methods demonstrated the 

importance of the use of CFD in assessing the performance of wind towers. The good correlation 

between both methods of analysis suggests that the CFD techniques in use were suitable for this type of 

device and such have been used for the purpose of this research. 

 

3. Computational Fluid Dynamics (CFD) Set-up 

The basic assumptions for the CFD simulation include a three-dimensional, fully turbulent, and 

incompressible flow. The turbulent nature of the flow is modelled by the standard k– e (2eqn) model 

epsilon. This technique is well established in the field of natural ventilation research [1]. The CFD code 

uses the Finite Volume Method (FVM) approach and employs the Semi-Implicit Method for Pressure-

Linked Equations (SIMPLE) velocity-pressure coupling algorithm with the second order upwind 

discretisation.  

 

 



3.1 Physical domain 

The CFD analysis was carried out using the ANSYS 13 FLUENT software. A flow domain 

representation of the physical geometry of the wind tower design under investigation and location of set 

boundary conditions are shown in Figure 2a. The enclosure  was created to simulate the external wind 

velocity. The enclosure consists of a velocity inlet at the right hand side of the enclosure, and a pressure 

outlet on the opposing boundary wall of the macro climate. Figure 2b shows the schematic arrangements 

of the heat transfer devices that were incorporated to a one-sided wind tower.  The work will investigate 

cooling potential of the proposed system and the effect of the addition of the cylindrical tubes on the air 

flow stream. Two heat transfer device configurations were simulated and compared; Configuration 1 

(0.1 m horizontal spacing and 0.02 m vertical spacing) and Configuration 2 (0.05 mm horizontal spacing 

and 0.02 m vertical spacing) with 0.002 m dimater [8].  Detailed investigation of the performance of the 

cool sink is outside the scope of the study.  

 

  

Figure 2 (a) Flow domain representation of the macro-micro climate (b) one-sided wind tower with the 

heat transfer device arrangment. 

3.2 Mesh Generation 

The accuracy of the results achieved from the CFD modelling is highly dependent on the quality of the 

mesh, which equally have implications on the convergence of the model [5]. Due to the complexity of 

the wind tower geometry, the mesh generation type used was the combined tetrahedral/hybrid. This 

scheme specifies that the mesh is composed primarily of tetrahedral elements. The method also uses the 

hexahedral mesh where appropriate. A non-uniform mesh was applied to volumes of the computational 

models (Figure 3a). The grid was modified and refined around critical areas of interests in the 

simulation. The size of the mesh element was extended smoothly to resolve the sections with high 

gradient mesh and to improve the accuracy of the results of the velocity and temperature fields (Figure 

3b).  

 

(a) (b) 



    
Figure 3 (a) Computational mesh of the fluid domain (b) refined grid around the complex louver 

section. 

3.3 Boundary Conditions 

Table 1 summarises the CFD model boundary conditions. Test were performed for various external 

wind speeds (0 - 5 m/s). A constant inlet temperature of 318 K was set to simulate a hot outdoor 

environment. In order to cool the induced air, wall temperature of 293 K (operating temperature) was 

applied to the heat transfer device surface.  

Table 1 Summary of boundary conditions 

Boundary condition Type/set values 

Discretisation scheme second-order upperwind 

Time steady state 

Viscous model k-epsilon 

Velocity inlet [m/s] 1 – 5 m/s 

Pressure outlet [Pa] atmospheric 

Inlet temperature [K] 318 K 

Heat transfer devices wall temperature [K] 293 K 

3.4 Grid adaptation 

Grid adaptation method was used to validate the programming and computational operation of the 

computational model. The numerical grid was refined and locally enriched using the hp-method grid 

adaptation technique [5]. This procedure of evaluation requires the use of different mesh by the use of a 

posterior error estimates.  The grid was evaluated and refined until the posterior estimate error becomes 

insignificant between the number of nodes and elements and the posterior error indicator [9]. Figure 4 

shows that at 6,049,235 elements the percentage error between the grid refinements was at its lowest for 

the benchmark model. The error between the grid refinements was at its lowest in the last two steps for 

the horizontal HTD wind tower. An acceptable compromise was reached between the accuracy of results 

and computational iterations.  

(a) (b) 



 

Figure 4 Posterior error on the average velocity in the test room using the h-p grid adaptation method. 

 

4. Wind Tunnel Experimental Set-up and Measurement Procedure  

In this study, a 3D printed 1:10 scale model of the heat transfer device integrated wind tower was 

employed. The experimental investigations were conducted in an closed-loop low speed wind tunnel 

located in the School of Civil Engineering of the University of Leeds, UK. The wind tunnel was 

designed for the experimental testing of natural ventilation systems in  buildings. The wind tunnel 

consisted of an overall plan length of 5.6 m with a test section of the height, width, and length of 0.5, 

0.5, and 1 m (Figure 5a). The 1:10 wind tower scale model was connected to a 0.5 x 0.5 x 0.3 m test 

room with an outlet window, which was mounted underneath the wind tunnel test section.  In this study 

the airflow inside the test room model was measured using the hot-wire anemometer.  Nine data points 

in an equally spaced 3 by 3 grid were created within the test room at a height of 1.5 m which allowed for 

measurements to be made for velocity within the test room (Figure 5b). Additionally, three data points 

were positioned at the bottom of the room and below the supply of the wind tower.  

 

 

Figure 5 (a) Schematic of the closed-loop wind tunnel system (b) 3D printed wind tower model inside 

the wind tunnel test section. 

 

The uncertainties associated with the velocity, the hot wire probe (Testo 425) gave velocity 

measurements with uncertainty of ±1.0 % rdg. at speeds lower than 8 m/s. In order to recognise the flow 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

1,540,000 2,540,000 3,540,000 4,540,000 5,540,000 6,540,000

E
rr

o
r 

p
er

ce
n
ta

g
e 

(%
) 

Number of elements 

Benchmark Wind Tower

Horizontal HTD Wind Tower

(a) (b) 



pattern in and around the wind tower model, smoke visualisation tests were also carried out. The side 

wall of the wind tower model and the test room were built of acrylic perspex to visualise the internal 

flow. The model was exposed to a free stream air velocity of 3 m/s to obtain smoke of a sufficiently high 
concentration. 

 

5. Results and Discussion  

Figure 6a illustrates the velocity contours of the cross sectional plane in the test room model with the 

heat transfer device integrated wind tower. As seen in the illustration, the air flow enters from the right 

side of the enclosure passing around the wind tower with some of the air induced inside the channel and 

exiting to the pressure outlet. The flow entering the wind tower speeds up as it enters the device 

reaching maximum velocity of 2.3 m/s as it hits the rear wall of the channel and forces the flow down 

into the test room. At an inlet velocity of 3 m/s, the average velocity at the wind tower diffuser was 0.97 

m/s while the average velocity in the microclimate was obtained at 0.28 m/s. Figure 6b depicts the 

temperature distribution inside the test room with a heat transfer devices integratecd wind tower. The 

average temperature inside the microclimate was 310.4 K with the macro climate temperature set at 318 

K. A greater temperature reduction was obtained at the immediate downstream of the heat transfer 

devices with a supply temperature value of 309 K. The results displayed that the heat transfer devices 

had the capability of reducing temperatures of the induced air stream. 

 

Figure 6 (a) Velocity and (b) temperature contour of a midplane inside the test room with a heat transfer 

device integrated wind tower. 

 

Figure 7a shows a comparison between the average indoor air flow speed at various external wind 

speeds. The average indoor air speed was reduced by up to 27.6 % following the addition of the heat 

transfer devices (configuration 1) and by up to 52 % (configuration 2). Figure 7b shows the effect of the 

increasing external wind speeds (1 to 5 m/s) on the thermal performance of the heat transfer devices 

integrated wind tower. As observed, the cooling performance of the heat transfer devices decreases as 

the air flow speed through it increases. At 5 m/s outdoor speed, the air temperature was reduced by 2.1 



(configuration 1) – 6  K (configuration 2). Significant reduction in temperature was observed at lower 

wind speeds (1 – 2 m/s), up to 4 – 6 K (configuration 1) and 9.5 – 12 K (configuration 2).  

 

  

Figure 7 Comparison between average indoor (a) velocity and (b) temperature at various external wind 

speeds. 

 

Figure 8 displays a comparison between CFD and experimental visualised flow pattern inside the test 

room model. A similar flow pattern was observed; the airflow exiting the wind tower channel was 

directed towards the floor of the test section and spread outwards in all directions. As the airflow hits the 

bottom surface the air slows down and flows through the side walls, with some of the air escaping 

through the window opening. 

 

 

Figure 8 Comparison between the (a) CFD velocity streamlines and (b) smoke visualisation inside the 

test room. 
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Figure 9a shows a comparison between the experimental and CFD results for the velocity 

measurements. It can be observed that the CFD slightly underestimated the airflow speeds for most of 

the points. The trend shows that the CFD model was capable of predicting the airflow inside the test 

room. Average error across the points was 10 %. Figure 9b displays the velocity contours from plan 

view of the microclimate with a standard wind tower model. As expected, maximum velocity was 

achieved at the centre of the room with a maximum value of 0.84 m/s. A uniform trend was achieved 

across the other sides of the domain as the velocity decreased to an average value of 0.28 m/s across the 

remaining vertices.  

  

 

Figure 9 (a) Comparison between the experimental and CFD results for indoor velocity with external 

speed set at 3 m/s (b) velocity contour inside the test room model from top view (height = 0.135 m). 



 

6. Conclusions  

A numerical and experimental investigation was carried out to investigate the thermal performance of a 

wind tower integrated with heat transfer devices. A standard one-sided wind tower was used as a 

benchmark model. The numerical model was validated against wind tunnel experimentation and good 

correlation was achieved between the two parameters with the error below 10 %. Furthermore, the 

findings of the study displayed that the proposed wind tower was capable of reducing temperatures by 

up to 12 K within the microclimate depending on the external velocity of the airstream.  The work 

highlighted the potential of integrating heat transfer devices into wind towers in reducing the 

temperature of air induced into the ventilated space. 
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