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Abstract:



Passive cooling systems, such as wind towers, can help to reduce energy consumption in buildings and at the same time reduce greenhouse gas (GHG) emissions. Wind towers can naturally ventilate buildings and also can create enhanced thermal comfort for occupants during the warm months. This study proposes a modern wind tower design with a moistened pad. The new design includes a fixed column, a rotating and movable head, an air opening with a screen, and two windows at the end of the column. The wind tower can be installed on roof-tops to take advantage of ambient airflow. The wind tower’s head can be controlled manually or automatically to capture optimum wind velocity based on desired thermal condition. To maximize its performance, a small pump was considered to circulate and spray water on an evaporative cooling pad. A computational fluid dynamics (CFD) simulation of airflow around and inside the proposed wind tower is conducted to analyze the ventilation performance of this new design of wind tower. Thereby, the velocity, total pressure, and pressure coefficient distributions around and within the wind tower for different wind velocities are examined. The simulation results illustrate that the new wind tower design with a moistened pad can be a reasonable solution to improve naturally the thermal comfort of buildings in hot and dry climates.
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1. Introduction


Optimized energy consumption and thermal comfort for occupants are important factors in designing buildings, especially in hot and dry climates. It is estimated that over 40 per cent of the total energy consumed in the world is employed in buildings [1,2], and approximately more than 60 per cent of this involves heating, ventilation, and air conditioning (HVAC) systems [1,3]. For example, 65 per cent of the total energy consumed in China’s buildings is from HVAC systems [4], and this percentage in the EU is around 57% [5]. According to reports by Gong et al. [6] and Wang et al. [7], it is predicted that energy consumption in buildings will increase in the future owing to the variations of lifestyles and technology along with increased economic prosperity, so homes will take a larger share of total energy consumption. Robert and Kummert [8] reported that one-third of GHG emissions are created because of energy consumption in buildings. Therefore, passive ventilation systems, such as wind towers, can not only play a significant role in reducing energy consumption in buildings, but also diminish GHG emissions [9].



Bahadori [9,10,11,12,13,14,15,16,17,18] is a pioneer in wind tower research and has carried out extensive studies on passive cooling systems in hot and dry regions over the last four decades. He suggested two modern wind tower designs to improve their performance: “wind towers with wetted columns” and “wind towers with wetted surfaces” [9,13,16]. Bahadori et al. [9,13,16,18,19] theoretically and empirically investigated the operation of both new designs and compared their performance with conventional wind towers. They concluded that the modern wind towers had a better thermal performance compared to the conventional wind towers at a lower temperature and a higher relative humidity. In addition, the efficiency of wind towers with wetted columns is greater than other wind towers in the regions where the velocity of wind is high enough.



Dehghani-Sanij et al. [20,21,22,23,24,25,26,27,28,29,30,31,32] have conducted several studies on passive cooling and natural ventilation systems, such as wind towers, domed roofs, and cisterns in hot and dry climates. Their investigations illustrated that these systems were appropriate solutions to make pleasant cool air in buildings and provide cold drinkable water to people throughout the warm months. Figure 1 shows areas in the Middle East which have utilized wind towers as part of their architectural designs. Figure 2 shows widespread use of conventional and traditional wind towers in Yazd city, Iran as an example. Two new designs of wind towers that can be used in windy regions were proposed by Dehghani-Sanij et al. [33]. These can be installed on top of buildings to face in the direction of maximum wind velocity. They also suggested that the modern wind towers can be utilized in combination with one or more windows, and along with another wind tower facing a different direction, combined with a solar chimney, to improve their operation in buildings [33].


Figure 1. The areas in the Middle East that have employed the conventional and traditional wind towers [9].
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Figure 2. A view of conventional and traditional wind towers in Yazd city, Iran [9].
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M.R. Khani et al. [34,35] introduced a modular wind tower with wetted pads to use in hot, dry areas. They experimentally and analytically evaluated the modular wind tower’s performance by analyzing several parameters such as air velocity, air temperature and relative humidity at various times and points when the wind velocity was equal to zero. The results showed that the modular wind tower can reduce the air temperature considerably and enhance the relative humidity of airflow in the building. Furthermore, this wind tower can create a mass flow rate entering the building due to buoyancy forces in the absence of ambient wind. A significant benefit of this kind of wind tower is that its construction cost is lower compared to other wind towers.



Pearlmutter et al. [36,37,38] investigated and developed the operation of an evaporative cool tower with multi-stage down-draft (DECT) using theoretical and empirical approaches. The proposed cool tower has a two-stage cooling process. In the first stage, hot and dry ambient air enters the tower and cools adiabatically by evaporation; in the second stage, air from the internal enclosure arrives to down cone. One airflow is thus mixed with the other airstream, and the mixture is cooled by evaporation. Experimental results indicate that the outlet air temperature of the tower is low enough and suitable for occupants. The second stage plays an important role in reducing air temperature, thus using this cool tower is a useful way to provide thermal comfort for semi-enclosed spaces in hot and arid areas.



Issa and Chang [39] studied and developed a theoretical model of the three-stage wind tower with a bypass system for indoor cooling. This model examined several parameters, such as inlet airflow velocity, inlet air temperature, and relative humidity, for a large range of ambient conditions. In this design, airflow enters the cooling system in three stages and then cools by evaporation. The results illustrated that this cooling wind tower design has good efficiency for use in rural dry and hot regions.



Soutullo et al. [40,41,42] studied the energy performance of an evaporative wind tower. They considered and developed two theoretical models, including a thermal model and a fluid flow model. For the performance analysis of the thermal model of the wind tower, a fan and nozzles were employed. This model was used to obtain the thermal response of the system to examine the sensitivity of several design parameters such as water flow, airflow and absorption coefficient of the plastic. The fluid flow model explained the performance of the wind tower when it does not use the fan and nozzles. The thermal results showed a reduction of the air temperature at the exit of the tower between 6 and 8 °C, and an upward increment in the mean relative humidity of 27%. Furthermore, the mean cooling performance of the system was from 38 to 32%, depending on the position investigated.



The main purpose of this study is to introduce a new design of wind tower with a moistened pad. To evaluate the ventilation performance of this design, airflow patterns around and inside the wind tower are simulated using a CFD code. Furthermore, the distributions of velocity, total pressure and pressure coefficient around and within the proposed wind tower for various wind velocities are investigated.




2. The Proposed Wind Tower


Traditional and conventional wind towers with various shapes have been used in the Middle East for many years (more than one thousand years ago in Iran [9]) to establish natural air conditioning and facilitate air circulation in buildings. Bahadori and Dehghani-Sanij [9] classified traditional and conventional wind towers into four general groups: (1) one-sided wind towers; (2) two-sided wind towers; (3) four, six, eight-sided wind towers; and (4) cylindrical wind towers. In areas with consistent wind direction, one-sided wind towers are utilized. But for areas with variable wind directions, other types of wind towers are employed. Figure 3 shows different types of wind towers in various forms.


Figure 3. View of the wind towers in (a) Cairo, Egypt, (b) Duha, Qatar, (c) Dubai, UAE, as well as (d) Bandar Lengeh, (e) Yazd and (f) Abarkouh in Iran [9].
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Traditional and conventional wind towers have several restrictions, which some of them are [9,32,33]:

	(1)

	
Wind tower air openings allow entrance of small birds, insects and dust to the building,




	(2)

	
The wind towers’ head is immobile and mostly cannot catch the optimum wind velocity,




	(3)

	
A portion of the airflow entering from the wind tower (excluding one-sided wind towers) exits without any circulation in the building,




	(4)

	
Low performance is achieved in regions with very low wind velocity,




	(5)

	
Deterioration with precipitation, sun and wind, and restrictions in building and installation,




	(6)

	
The quantity of coolness that can be accumulated in the mass of a traditional wind tower is normally restricted, and may not be sufficient to meet the cooling needs on warm days.









To address these restrictions, we designed a new wind tower to take advantage of moistened pads (Figure 4). Figure 5 illustrates the schematic design of the proposed wind tower in detail.


Figure 4. A view of the proposed wind tower design [32].
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Figure 5. A cross-section of the wind tower [32].
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The new design of wind tower includes the following components:

	
Column: The column of the wind tower is fixed. It can be installed on top of the building. There is a space between internal and external parts of the column (Figure 5, section x-x), and the wind tower’s head can be placed inside it.



	
Head: This part is adjustable vertically and can spin and set itself in the desired direction (e.g., maximum wind velocity). To cool down the inlet airflow, a small pump is used to circulate and spray water on an evaporative cooling pad (Figure 6). The roof is inclined to prevent water leakage inside the column and the building during precipitation.


Figure 6. A schematic illustration of (a) installation position of moistened pad in the wind tower and (b) water distribution system as well as air cooling by the moist pad.
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Windows: To control the airflow entering the building, two sliding windows are installed at the bottom of the wind tower’s column. These can be opened or closed manually or automatically.








This wind tower can be built from different materials such as galvanized steel and fiberglass. To reduce overheating issues, light colours can be used on external surfaces. Further, the direction of the wind can be detected using a wind vane and the wind tower’s head adjusted accordingly. The size of the proposed wind tower depends on (1) the desired air mass flow rate; (2) the building size and cooling needs; and (3) the wind velocity and temperature in the region.




3. Numerical Procedures, Materials and Methods


3.1. CFD Methodology


Simulation involves geometrical modeling, development of the computational domain, grid generation, and applying the boundary conditions. For the three-dimensional simulations of airflow in the wind tower, we use a commercial CFD code which solves the Reynolds-Averaged Navier-Stokes (RANS) equations by applying the Finite Volume Method (FVM).




3.2. Geometrical Modeling


Geometrical modeling of a complex wind tower shape is a time-consuming process. The geometry is therefore divided into simpler components, and each component is modeled separately. Superposition of the components generated the final geometric model of the wind tower. Wind tower characteristics are stipulated in Table 1, and a three-dimensional model shown in Figure 7.


Figure 7. A three-dimensional model of the wind tower, (a) external view and (b) transparent view.
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Table 1. Characteristics of the proposed wind tower.










	
	Parameter
	Value





	1
	Inner radius of wind tower’s column
	0.35 m



	2
	Outer radius of wind tower’s column
	0.65 m



	3
	Height of wind tower’s column
	1.20 m



	4
	Inner radius of wind tower’s head
	0.45 m



	5
	Outer radius of wind tower’s head
	0.55 m



	6
	Height of wind tower’s head
	0.90 m



	7
	Height of curved roof
	0.15 m



	8
	Percent of the air-inlet from the air openings
	33.33%









To attain an acceptable simulation accuracy, the computational domain is divided into three portions: an upstream, a downstream, and a wind tower region. In the upstream and downstream directions, the boundaries are extended to prevent reverse flow in the outlet. Taking H as the height of the wind tower, upstream and downstream regions have the dimensions of 3.5H (length) × 3H (height) × 6H (width) and 10.5H × 3H × 6H, respectively (Figure 8). The blockage ratio is defined as the cross-sectional area of the tower in the domain area. This parameter must be small enough to avoid the blockage effect, and we determine that the blockage ratio is around 3.3% which is considered acceptable for the simulations [43,44].


Figure 8. Computational domain considered for the proposed wind tower.
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3.3. Grid Generation


The physical model is composed of several computational domains with different geometric configurations. Grids are created for each domain and then connected to generate the whole grid. Several versions of the computational mesh are generated to examine grid independency. A suitable number of cells is selected as a trade-off between the computing resources cost and the simulation results. When the finer grids do not change, the refined grid is considered to have an appropriate grid independency level (Figure 9). The mass flow rates for case 3 and 4 are approximately the same, and since case 3 has the lowest computational costs, it is considered as the best choice. It should be noted that case 3 is also acceptable for the other inlet wind velocities, including limits of 0.1 m/s and 4 m/s. Figure 10 illustrates the grid generation on different planes in the computational domain. To address the issue of complex geometry, combinations of structured and unstructured tetrahedral (T-grid) grids are used for the whole computational domain.


Figure 9. Grid independency of the current study according to the inlet wind velocity of 1.5 m/s.
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Figure 10. Grid generation on different planes: (a) xz-plane; (b) yz-plane; and (c) wind tower 3D view.
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3.4. Solver and Boundary Conditions


The commercial CFD code ANSYS Fluent 18.0 (ANSYS, Inc., Canonsburg, PA, USA) is used as the solver for the simulation process. Steady-state three-dimensional CFD simulations are performed with a standard k-ε turbulence model, following previous studies on wind towers [1,43,44,45,46,47,48,49]. It is possible to predict the natural ventilation airflows inside and around wind towers and also indoor airflows with this approach. The three-dimensional Navier-Stokes equations and continuity equation are solved simultaneously with the turbulence model to simulate the airflow field [50,51,52]. For boundary layer calculations, the standard wall function is used. For the convection terms, a second-order upwind scheme is used, and second-order accuracy is also adopted for the viscous terms. The pressure-velocity coupling is handled by the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm. For all equations, the convergence criteria require that the residuals decline to 10−6, and when the difference of air mass flow rates between inlet and outlet is lower than 0.1% (due to mass conservation), then the calculation is terminated [51,52]. Table 2 shows major assumptions used in the CFD simulation containing model description, operating conditions, materials and boundary conditions.


Table 2. Major assumptions used in the CFD simulation.





	

	
Parameters

	
Assumption






	
Model

	
Solver

	
Pressure based




	
Space

	
Three-dimensional Steady




	
Time

	
Standard k-ε




	
Turbulence model

	




	
Operating conditions

	
Operating pressure

	
101 kPa




	
Gravitational acceleration

	
−9.81 m/s2 in z-direction




	
Material

	
Air

	
-




	
Density

	
Ideal gas




	
Boundary conditions

	
Inlet of the chamber

	
Velocity inlet




	
Bottom of the chamber

	
Wall




	
Outlet of the chamber

	
Pressure outlet




	
Other walls of the chamber

	
Symmetry




	
Wind tower walls

	
Wall




	
Outlet of the wind tower

	
Pressure outlet




	
Evaporative cooling pad

	
Porous medium










For evaporative cooling pad calculations, a porous media model is considered to be computationally effective. The Darcy-Forchheimer equation, which contains both inertial and viscous forces, is defined as [52,53,54,55,56]:
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(1)




where K is the permeability (m2) and C2 is the inertial drag factor (m−1). Also, vi, [image: ], ρ, ∆P and tex represent the velocity of inlet flow (m/s), magnitude of the velocity, air density (kg/m3), static pressure drop across the pad (Pa) and thickness of evaporative cooling pad (m), respectively. In Equation (1), the terms 1/K and C2 denote the viscous and inertial damping factors, respectively.





4. Results and Discussion


The distributions of velocity, total pressure, and pressure coefficient around and inside the wind tower are analyzed to evaluate the performance of the wind tower design. Figure 11, Figure 12 and Figure 13 display the velocity distribution and streamlines evolution around and inside the wind tower for three wind velocities in the xz-plane, xy-plane and yz-plane, respectively. As illustrated, the airflow velocity decreases after passing the evaporative cooling pad. When the wind velocity in the ambient air is close to zero, some downward airflow can be created inside the wind tower owing to buoyancy forces arising from the greater air density inside the wind tower compared to the outside.


Figure 11. Distribution of velocity and streamlines evolution in xz-plane for different inlet wind velocities: (a) 0.1 m/s, (b) 1.5 m/s, and (c) 4 m/s.



[image: Energies 11 01100 g011]





Figure 12. Distribution of velocity and streamlines evolution in xy-plane for different inlet wind velocities: (a) 0.1 m/s; (b) 1.5 m/s; and (c) 4 m/s.
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Figure 13. Distribution of velocity and streamlines evolution in yz-plane for different inlet wind velocities: (a) 0.1 m/s; (b) 1.5 m/s; and (c) 4 m/s.
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According to Figure 11, Figure 12 and Figure 13, the separation region inside the wind tower’s column is very small; therefore, the effective space for passing airflow within the column is large enough. The length of the channel is extended sufficiently to prevent reverse flow in the outlet. Hence, the effect of the wind tower in the outlet is negligible. The wake region on the backside of the wind tower dissipates substantial energy. Also, eddies inside the wind tower, though small, can reduce its efficiency. By increasing wind velocity, at least two main improvements in the wind tower efficiency can occur. First, eddies inside the wind tower will be relatively smaller, so the wind tower efficiency will improve. Second, the impact of the wake region on energy dissipation at the backside of the wind tower will decrease.



Figure 14, Figure 15 and Figure 16 show the total pressure distribution around and inside the wind tower for three wind velocities in the xz-plane, xy-plane and yz-plane, respectively. As observed in these figures, there are high and low pressure regions around the wind tower: the pressure is high in front of the wind tower and it decreases to its lowest amount at the backside, as the airflow moves past the wind tower. The position of high and low pressure regions varies around the wind tower with changing wind velocity. As a result, the pressure on the wind tower’s column is greater compared to the head of the tower at higher wind velocity. Thus, the relative dimensions play an important role in designing the proposed wind tower.


Figure 14. Distribution of total pressure in xz-plane for different inlet wind velocities: (a) 0.1 m/s; (b) 1.5 m/s; and (c) 4 m/s. In this figure, the unit of total pressure is kPa.
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Figure 15. Distribution of total pressure in xy-plane for different inlet wind velocities: (a) 0.1 m/s; (b) 1.5 m/s; and (c) 4 m/s. In this figure, the unit of total pressure is kPa.
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Figure 16. Distribution of total pressure in yz-plane for different inlet wind velocities: (a) 0.1 m/s; (b) 1.5 m/s; and (c) 4 m/s. In this figure, the unit of total pressure is kPa.
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By calculating the pressure coefficient, the ventilation performance of the proposed wind tower can be estimated. The pressure coefficient expresses the ratio of the local surface pressure and the dynamic pressure, given by [57,58]:


[image: ]



(2)




here, P is the local surface pressure (Pa), ρ is the air density (kg/m3), and Ps and Vref are the upstream static pressure (Pa) and free flow velocity (m/s), respectively. Figure 17 and Figure 18 illustrate the pressure coefficient distribution around and inside the wind tower for three wind velocities in the xz-plane and xy-plane, respectively. As shown, at low wind velocities, the difference between the pressure coefficients at the air opening and inside of the wind tower is negligible; thus, there is not enough flow to overcome the resistance of the pad. For example, this difference is very small when the wind velocity is equal to 0.1 m/s (Figure 17a and Figure 18a); therefore, the natural ventilation performance of the wind tower design with low wind velocities is insignificant. Conversely, at higher wind velocities, the difference between the pressure coefficients at the air opening and inside the wind tower is considerable (Figure 17c and Figure 18c), and there are no large eddies and non-effective airflow rotations inside the wind tower. Consequently, the natural ventilation performance of the proposed wind tower for higher velocities is significant. Table 3 shows the mass flow rate at the exit of the wind tower’s column for three wind velocities. By increasing the wind velocity, the outlet mass flow rate from the wind tower increases.


Figure 17. Distribution of pressure coefficient in xz-plane for different inlet wind velocities: (a) 0.1 m/s; (b) 1.5 m/s; and (c) 4 m/s.
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Figure 18. Distribution of pressure coefficient in xy-plane for different inlet wind velocities: (a) 0.1 m/s; (b) 1.5 m/s; and (c) 4 m/s.



[image: Energies 11 01100 g018a][image: Energies 11 01100 g018b]





Table 3. Outlet mass flow rate from the wind tower in different wind velocities.










	
	Inlet Velocity (m/s)
	Outlet Mass Flow Rate (kg/s)





	1
	0.1
	0.0105



	2
	1.5
	0.1434



	3
	4
	0.3864









Figure 19 demonstrates the velocity distribution and streamlines at the inlet, middle, and outlet of the wind tower’s column for three wind velocities. The airflow at the inlet of wind tower’s column is clearly divided into two rotational streams, such that at the wind velocity of 0.1 m/s these rotational streams are almost symmetric. Additionally, the velocity distribution within the wind tower’s column for a wind velocity of 0.1 m/s is approximately symmetric but non-uniform (Figure 19a–c). At high wind velocities, there are two rotational streams inside the wind tower’s column, but they are not symmetric, nor are the velocity distributions uniform. For instance, at a wind velocity of 4 m/s, the pattern and quantity of the airflow at the inlet, middle, and outlet of the wind tower’s column are different, and as a result, the configuration of the evaporative cooling pads plays an important role on the pattern and quantity of the airflow inside the wind tower.


Figure 19. Distribution of velocity and streamlines in different planes within. wind tower’s column for: (a–c) 0.1 m/s; (d–f) 1.5 m/s; and (g–i) 4 m/s.
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Figure 20 shows the total pressure distribution at the inlet, middle, and outlet of the wind tower’s column for three wind velocities. As illustrated in Figure 20a–c, the pressure distribution within the wind tower’s column for the wind velocity of 0.1 m/s is approximately symmetric. As seen in Figure 20d–f, the pressure distributions inside the wind tower’s column are non-uniform. At high wind velocities, the pattern of pressure distribution for various levels on the inside of the wind tower’s column is different (Figure 20g–i).


Figure 20. Distribution of total pressure in different planes within wind tower’s column for: (a–c) 0.1 m/s; (d–f) 1.5 m/s; and (g–i) 4 m/s.



[image: Energies 11 01100 g020a][image: Energies 11 01100 g020b]







5. Conclusions


A modern wind tower with a moistened pad is designed to eliminate or reduce the restrictions of the traditional and conventional wind towers and to have a better performance in creating thermal comfort for building occupants throughout the warm months. To evaluate the ventilation performance of this new design, a CFD simulation of airflow around and inside the wind tower is carried out. Also, the distributions of velocity, total pressure and pressure coefficient around and within the proposed wind tower for three wind velocities are investigated. The simulation results show that there is a very small separation region within the column of the wind tower, so the effective space for passing airflow inside the column is large enough. In addition, the proposed wind tower has a greater efficiency at higher wind velocities because by increasing the velocity of wind the eddies within the wind tower will be relatively smaller and the influence of the wake region on energy dissipation at the backside of the wind tower will be less. Also, the difference between the pressure coefficients at the air opening and inside the wind tower is significant. As a general result, wind velocity plays a substantial role in the natural ventilation performance of the proposed wind tower, so that at higher velocities, the ventilation performance is greater.



The new design of wind tower has the following important specifications: (1) simple design and manufacturing; (2) easy installation and usage; and (3) better performance since it can spin and set itself in the direction of maximum wind velocity. This wind tower design can help diminish GHG emissions and environmental pollution associated with conventional air conditioning. The proposed wind tower can be an appropriate option for natural ventilation of buildings in hot and dry climates. Hence, this new design can be used as a green architectural component in new buildings.
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