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Abstract

:

The prospect of harnessing wind energy in urban areas is not promising owing to low wind speeds and the turbulence caused by surrounding obstacles. However, these challenges can be overcome through an improved design of wind turbine that can operate efficiently in an urban environment. This paper presents a novel design of a building integrated cross axis wind turbine (CAWT) that can operate under dual wind direction, i.e., horizontal wind and vertical wind from the bottom of the turbine. The CAWT consists of six horizontal blades and three vertical blades for enhancing its self-starting behavior and overall performance. The study employed a mock-up building model with gable rooftop where both of the developed CAWT and the conventional straight-bladed vertical axis wind turbine (VAWT) are mounted and tested on the rooftop. The height of the CAWT and the VAWT above the rooftop was varied from 100 to 250 mm under the same experimental conditions. The results obtained from the experimental study showed that there is significant improvement in the coefficient of power (Cp) and self-starting behavior of the building integrated CAWT compared to the straight-bladed VAWT. At 100 mm height, the Cp,max value of the CAWT increased by 266%, i.e., from 0.0345 to 0.1263, at tip speed ratio (TSR) (λ) of 1.1 and at wind speed of 4.5 m/s. Similar improvements in performance are also observed for all condition of CAWT heights above the rooftop where the CAWT outperformed the straight-bladed VAWT by 196%, 136% and 71% at TSR of 1.16, 1.08, and 1.12 for Y = 150, 200, and 250 mm, respectively. Moreover, the CAWT performs better at 10° pitch angle of the horizontal blade compared to other pitch angles.
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1. Introduction


Mounting wind turbines in a built environment is estimated to have huge potential not only to satisfy the energy demands of the urban environment and provide decentralized generation but also to help tackle fuel poverty and to achieve the reduction in emissions [1]. Over the past decades, the significant progress made in the conversion of wind energy to electrical power is a result of considerable engineering research and development of wind machines with the emphasis on improved design, aerodynamics, structural and systems characteristics [2]. Research has shown that the mounting of wind turbines on urban buildings is affected by positioning (height above the roof ridge) and position relative to the prevailing wind direction [3]. The influence of the buildings on the wind turbines distinguished between the wind energy conversion in rural and urban areas [4]. However, Wind resource in the urban environment is complicated where the resource is proportionate to the surface topography, temperature influences and the dynamic nature of the urban environment [5]. Because of the high roughness length of the environment and the presence of obstacles characterized by different shapes and porousness along the flow stream path, the wind profile in urban areas is entirely not quite the same as the classical log-law based profile with the zero-speed elevation shifted up to a peculiar value (displacement, d) which is a function of the average height of the neighboring buildings (Figure 1) [6]. The wind speed increases logarithmically with height. The natural wind profile extrapolates to zero wind speed at zero displacement height (d) when above vegetation or buildings as shown in Equation (1).


    u ¯   ( z )  =      U *   k    ln  (    z − d    z o     )    



(1)




where U* is the friction velocity, k is the von Karman’s constant, zo is the roughness length, d is the displacement height and    u ¯   (z) is the average wind speed at height z above ground [3]. The wind profile in the internal boundary layer in an urban environment is shown in Figure 1. Other factors includes the orientation of the buildings to each other, the rooftop layout, street canyons, and trees [7].



Wind turbines on rooftops operate at about 20% higher wind speed than the undisturbed wind [4]. The slope of the roof has an effect on the wind speed over the buildings [8]. The significant improvement in the operating efficiencies of wind power systems makes them more economically competitive to other energy generation techniques [9]. At present, two main categories of wind turbines have been used for electricity generation based on the axis about which the wind turbines rotate; the horizontal axis wind turbines (HAWTs) and the vertical axis wind turbines (VAWTs) [10,11]. Both turbines have their merits and demerits. The HAWT can achieve higher energy efficiencies and is capable to self-start at low wind speed but it only operates under one wind direction and thus requires a yaw mechanism to direct the turbine into the wind. It also has a high cost of maintenance and repairs due to the tower structure and the placement of the transmission and electrical generation equipment at the hub [9]. Furthermore, it is dangerous to surrounding birds and has a high noise level so it is not suitable for the urban environment [12].



Owing to these disadvantages, the VAWT has attracted, much attention recently, in comparison to the HAWT. The VAWT is omni-directional and hence averts the need for a yawing mechanism. The transmission and electrical generation equipment can be located at the ground level, making the installation, operation and maintenance much easier and suitable for the urban environment [12]. Although Darrieus wind turbine was previously known for its difficulty in self-start [13,14,15], recent studies have shown that there are certain conditions that can make it otherwise. According to the recent literature on self-starting ability of the H-Darrieus wind turbine, Dominy et al. [16] and Hill et al. [17] demonstrated that it is possible to have a self-start three-bladed H-rotor VAWT using a fixed geometry and symmetrical airfoils. This study was confirmed by Bianchini et al. [18] and by using a numerical code they evaluated the transient behavior of H-Darrieus turbines under generic wind conditions in terms of velocity and direction. They also investigated the influence of the airfoil type and the blade shape on the startup capabilities of the rotor as a function of the initial position of the rotor and the oncoming wind velocity. Kirke [19] reported that the self-starting torque and low speed torque problem of VAWTs can be overcome either by passive variable pitch or by a combination of suitable blade airfoil sections. Dominy et al. [16] asserted that a lightly loaded, three-bladed rotor always has the potential to self-start under steady wind condition. Similar studies on the self-starting ability of VAWTs are reported in [20,21,22]. The VAWT operates with any horizontal wind direction (Figure 2). The VAWT is further sub-divided into two distinct types, i.e., the lift type (often refer to as Darrieus turbines) in Figure 2a which uses the lift force acting on the blades to rotate the rotor and generate power [11], and the drag type (Savonius rotor) in Figure 2b which consists of cup-shaped half, hollow cylinders fixed to a central rotating shaft, and the torque is generated due to the drag force acting on the half cylinders [23].



Wind turbine performance is commonly characterized by the relationship of the coefficient of power (Cp) and the tip speed ratio (TSR). The Cp of a wind turbine is defined as the ratio of the actual power extracted by the rotor to the theoretical power available. The Cp represents the efficiency of a wind turbine. It describes how much power can be extracted from the wind by a wind turbine. It varies from one wind turbine to another. According to the Betz limit, the theoretical Cp value of a wind turbine is 59.3%. The Cp, of the CAWT is calculated using Equation (2).


    C p    =    P  0.5. ρ . A .  U ∞ 3      



(2)




where P is the power generated by the turbine (W); ρ is the density (1.23 kg/m3); A is the swept area of the rotor (m2); and U∞ is the free stream wind speed (m/s).



The Cp varies with the TSR, (λ). The Cp values increases with increase in λ. The Cp reaches its maximum at a certain λ and then decreases with increase in λ. The TSR (λ) is the ratio of the mean blade tip speed to the wind velocity. The TSR is calculated using Equation (3).


   TSR = λ =  Ω   U ∞    =   ω r    U ∞      



(3)




where r is the radius of the rotor (m); ω = 2πf is the angular velocity (rad/s); and f is the rotational frequency (Hz).




2. Building Integrated Wind Turbines


Integrating wind turbines onto buildings is considered a low-cost and effective way to harness renewable energy for buildings [25]. A building integrated wind turbine has the potential to reduce harmful carbon gas emissions from buildings, and it is suitable for on-site energy generation for urban environments. Despite their great potential, building integrated wind turbines have limited number of installations due to low wind speed, high level of turbulence and aerodynamic noise [26]. Dayan [27] suggested the mounting of wind turbines on top of high-rise buildings for a greater opportunity for wind energy generation in an urban area, and on buildings with special roof shapes [28]. The shape of buildings offers the possible benefits by augmentation of wind flow around buildings for wind energy generation as theoretically identified by Mertens [29]. Dutton et al. [30] suggested that the locations of the acceleration effects over different roof shapes should be investigated in order to take advantage of the increased wind speed which translates into more energy yield. Ledo et al. [26] studied the flow around pitched, pyramidal and flat roofs under three wind directions (0°, 45°, and 90°) for the purpose of mounting wind turbines. Gerald et al. [31] conducted a study on a Sistan type wind mill energy converter for building integration. The results of the research show that the improvement on the design could lead to an increase in theoretical efficiency of about 48% (conservative) or 61% (optimistic). The concept of utilizing the building shape for wind energy harvesting is also presented by Sharpe and Proven [32]. The study indicates that improved visual integration into new and existing buildings and augmentation airflow can be achieved by utilizing a lightweight cowling system.



The use of H-Darrieus wind turbine in buildings seems a favorable proposition because the H-Darrieus does not suffer from frequent changes in wind directions [33]. Wind turbine in urban buildings operates near, on, and in the wake of bluff bodies larger than the rotor scale and these flow conditions may result in skewed flow operation [34]. Many studies have been reported on H-Darrieus wind turbine in skewed flow. Bianchini et al. [35] developed an improved model for the performance prediction of H-Darrieus rotor under skewed flow. The model, which is based on momentum model, was properly modified to account for the variations induced by the new directions of the flow on the rotor. Results from the study indicate that a notable agreement has been constantly obtained between simulations and experiments. On the other hand, The variation in optimal performance of a H-Darrieus vertical axis wind turbine in skewed flow has been studied by Simao-Ferreira et al. [36] using an analytical approach. They predicted the variation in thrust, torque, tip speed ratio, and power generated using the momentum method. The results indicate that a high correlation between experimental and theoretical results can be achieved. Similar studies have been reported by Ferreira [34]. In this study, the incoming flow and the wake of the VAWT in skewed and non-skewed flow was measured; the results obtained indicate that in the non-skewed flow case, the flow in the rotor, around the downwind passage of the blade and in the wake, is mainly defined by the upwind passage of the blade. Mertens et al. [33] studied the behavior of a H-Darrieus VAWT in skewed flow condition and compared it with a model based on the blade element momentum theory. The results indicate that the H-Darrieus produces an increased power output in skewed flow. This is due to the increase in the effective surface area of the rotor. Ferreira [34] reported that in a non-skewed flow, the downwind half of the rotation of the VAWT blades operates in the wake of the upwind blade passage therefore resulting in lower energy content. On the other hand, in a skewed flow, the downwind passage of the wake is only partially in the wake of the upwind passage. In the upwind passage of the blade (where it is under higher loadings), the wake is generated by the shading of stronger vorticity than in the downwind passage. Since the VAWT operates in the wake of the upwind blade passage, the wake generated by the upwind blades might alter the flow that the downwind blade experiences therefore reducing the content of the power output to be extracted by the blades at the downwind side [20]. It was also observed by Chowdhury [37] that the wake of a tilted VAWT would proceed downstream in tilted manner, As a result, the wake of the tilted turbine would be shifted downward. The wake on the upwind side of the VAWT reduces the tangential thrust force experience by the blade on the downwind side of the VAWT.



In this study, a new type of wind turbine called the cross axis wind turbine (CAWT) was designed and integrated onto a building model with a gable roof shape. The main objective of this new concept of the wind turbine is to take advantage of the merits of both the HAWT and the VAWT while overcoming their respective demerits. The CAWT consists of both horizontal blade rotor and vertical blade rotor combined together as a compact design to be integrated on the rooftop of urban buildings in order to take advantage of the accelerating effect at the rooftop. The novel CAWT is discussed in detail in the following section.




3. Novel Design of a Cross Axis Wind Turbine (CAWT)


The challenges being faced in installing wind turbines onto urban buildings are due to the demerits of both the HAWT and the VAWT. However, these challenges can be overcome through the design of a novel building integrated CAWT that can function with dual wind directions (i.e., from the horizontal and vertical directions).



3.1. General Arrangement of the CAWT


Figure 3 shows the general arrangement of the CAWT. The CAWT consists of three main vertical blades and six horizontal blades. The vertical blades are connected to the horizontal blades via connectors and the horizontal blades are mechanically joined to the upper and lower hubs through the axle holes. Both hubs are attached to a center shaft with a relative distance of 100 mm. The horizontal blades are connected to the vertical blades via the top and bottom connectors. A total of six connectors were used in the design, three top connectors were used to connect the top horizontal blades to the upper part of the vertical blades through the axle hole of the connectors and the three bottom connectors were used to connect the lower horizontal blades to the lower parts of the vertical blade by screwing through the axle hole of the connectors.



To maximize the interaction of the vertical flow, the lower horizontal blades are offset by 60° from the upper horizontal blades. Offsetting the upper horizontal blades from the lower horizontal blades will enable the free flow of the vertical wind stream from the bottom of the turbine to the upper horizontal blades. The drive shaft of the CAWT can be fixed directly to the generator which converts the kinetic energy in the wind to mechanical energy at the shaft and then to electrical energy. The upper and lower horizontal blades can be pitched at different pitch angles (β = 0°, 5°, 10°, and 15°) to allow for better performance of the CAWT. The purpose of the pitch angle is to maintain a near uniform rotor speed under different wind conditions in order to maximize the power output from the turbine. For this study, the pitch angle of the horizontal blades is set at 10°. The choice of the pitch angle was arrived at after conducting an experimental study on four different pitch angles (β = 0°, 5°, 10°, and 15°) to ascertain the optimum pitch angle for the horizontal blade of the CAWT. The result showed that the 10° pitch angle is the optimum pitch angle for the horizontal blades. The whole system is attached to a small pole and can be mounted on a building of any roof shape.



For benchmarking, the performance of a conventional straight-bladed vertical axis wind turbine (VAWT) is tested under the same experimental conditions. The CAWT and VAWT used for this study are demonstrated in Figure 4. The lab scale VAWT model used for the comparison consists of a straight-bladed H-rotor, and it has a 50 mm chord length and 300 mm height. A flat plate metal was used as the connecting strut for the VAWT. The lab scale CAWT and VAWT model which are used in the experiment are depicted in Figure 4a,b. The material selection for the CAWT and VAWT is as shown in Table 1, while the parameter comparison between the two lab scale wind turbine models is presented Table 2.




3.2. Working Principle of the CAWT


The CAWT is designed to operate either as a building integrated wind turbine or as a stand-alone wind turbine system. However, due to its compact design and its ability to operate under dual wind directions, the CAWT can be integrated onto urban buildings to take advantage of the accelerating effects on the building. Furthermore, it can easily fit onto any high-rise or low-rise building with different roof shapes such as vaulted roof, gable roof, doom roof, etc. When integrated on the rooftop of a building, the horizontal blades located at the bottom and top of the CAWT collects the upward wind streams that strike the wall and roof of the buildings. These wind streams interact with the horizontal blades and allow for self-starting as well as improved efficiency performance. The offset angle 60° (Figure 5) maximizes the interaction of the vertical flow since the vertical wind streams that escape from the bottom horizontal blades without interacting with the blades will be captured by the top horizontal blades. Moreover, offsetting the bottom horizontal blades by an angle of 60° from the top horizontal blades may provide large pocket area to allow for the deflected flow to interact with the top horizontal blades without impinging the bottom blades which allow for a good start-up, and improved efficiency. The wind turbine is designed to overcome the disadvantages of both the HAWT and the VAWT, as it is operational under both horizontal and vertical wind from the bottom of the turbine (Figure 6).



The CAWT is an omni-directional device and needs no yaw mechanism. Another unique feature of the CAWT is its ability to intercept the vertical wind stream from the bottom of the turbine through the horizontal blades as shown in Figure 6. This vertical wind stream can be due to the accelerating effect on the wind at the leading edge of the building [38] or guided by a guide vane to direct the vertical wind stream upward to the horizontal rotor when installed as a stand-alone wind turbine system.



The shape of the roof will act as an augmentation device by deflecting the wind that strikes the roof upward to the horizontal blades. The axis of orientation of the CAWT with its simplicity and improved aerodynamic rotation are the main advantages of the CAWT. An artist’s impression of the building integrated CAWT and the computer aided design (CAD) of the CAWT is shown in Figure 7a,b, respectively.




3.3. Selection of Airfoil


The choice of a suitable airfoil section can significantly improve both the peak performance and the starting characteristics of a wind turbine. Symmetrical NACA 0015 airfoil with a 15% thickness to chord ratio has been chosen for this study. It is an indisputable fact that a cambered airfoil is preferable for the VAWT, due to the curved nature of the airfoil as reported by [39,40,41]. However, VAWT researchers have used one of the original NACA four digit series airfoil sections, usually either a NACA 0012 or a NACA 0015 section. This is because their lift, drag, and pitching moment characteristics are presumably well documented thus making validation of theoretical predictions easier [19]. Bravo et al. [42] reported that a maximum Cp of 0.32 at TSR (λ) of 1.6 could be achieved with a symmetrical NACA 0015 airfoil. Hameed and Afaq [43] reported that the symmetrical airfoil is utilized for small scale VAWTs in order to have the same characteristics of lift and drag on the upper and lower surfaces. They asserted that the major advantage is that symmetrical airfoils provide lift from both sides of the airfoil and therefore it will provide lift during the complete 360° rotation of the turbine.



Although cambered airfoils are usually used in wind turbines because of their high L/D ratio (compared to symmetrical airfoils) at positive incidence (relative wind approaching the concave side of the airfoil), however they perform poorly at negative incidence (relative wind approaching the convex side of the airfoil. Because the angle of attack (α) on a VAWT blade reverses twice per revolution, it is impossible to avoid negative incidence. It has apparently been assumed by most researchers that any performance gain by a cambered airfoil when angle of attack (α) is positive would be more than offset by the reduction in performance when the angle of attack (α) reverses, and symmetrical airfoils have usually been used on VAWTs [19].




3.4. Supporting Struts


The supporting struts connect the central rotating column to the blades. They stabilize the blade during survival winds, transfer torque to the central column, reduce operating mean and fatigue stresses in the blades and strongly influence some natural frequencies of the rotor [10]. The main purpose for the supporting struts is to attach the blades to the main shaft and provide mechanical support to the blades. Usually, these struts have no aerodynamic characteristics. Struts that are commonly used are round pipes or flat metal plates [44]. It has been observed that the supporting struts generate parasitic drag which reduces the net power output [10,44]. However, using a streamline-shaped object (i.e., airfoils) as the supporting struts will significantly reduce the parasitic drag. A streamline shaped object maintains a smooth, laminar flow and the resistance can be substantially reduced [45]. Islam et al. [10] reported that the supporting struts with airfoil shape will improve the aerodynamic performance of the VAWT. Ramkissoon and Manohar [44] reportedly reduced the resistance of their supporting struts by 15% by modifying the original struts to a round pipe shape. For this study, the supporting strut is an airfoil, NACA 0015. Airfoil shapes have less resistance which makes them more favorable to replace the normal supporting struts for VAWT.





4. Computational Fluid Dynamic (CFD)


This section describes 2D computational fluid dynamics (CFD) calculation on the turbulence separation over the gable building model, carried out with the commercial code Fluent 16.1. The CFD gives an insight into the flow patterns that are difficult, and expensive to study using experimental methods. The choice of the method used is generally made based on the details of the flow to be obtained and the computing resources available [26]. The building model for the CFD calculation has a height of 1.36 m and a width of 0.74 m. The simulated streamlines are depicted in Figure 8. The flow-solver is based on the two-dimensional Reynolds-average Navier–Stokes equations (RANS), which formulate the principles of conservation of mass, momentum and energy in the form of partial differential equation. The shear stress transport (SST) k-ω turbulence model was used in the simulation because this model could produce more accurate and reliable results [46]. The SST k-ω model is also known to have reduced sensitivity to far field values of turbulence frequency, ω, and a more balanced performance for a wide range of flow types compared to other general purpose two equation model, as demonstrated by Menter et al. [47]. The discretization is carried out with the first-order upwind scheme and the velocity-pressure flow field is determined using the SIMPLE model [48]. This is due to the computational efficiency and robustness in iterating the coupled parameters.



A mesh independence study was carried out to determine the dependence of the flow field on the refinement of the mesh. Grid types on solution domain are performed near the building model with increasing intensity as shown in Figure 8b. The meshes are highly denser to capture the complex flow structure with lower expected error. To ensure attainment of grid-independent results, sensitivities of both grid numbers and grid distributions are tested and the mesh used is refined for the building model.



The building is modeled with the dimensions 1.45 m (L) × 0.74 m (W) × 1.36 m (H), which is the same size as the prototype, and the pitch angle of the gable roof was 35° (see Section 5.2). The domain size for the CFD simulation is (H) 10,000 and (L) 28,000 mm. In the simulation, only wind velocity was considered. In this analysis, the pressure profile and multi-directional wind were not considered. Furthermore, the roughness level of the roof surface was ignored. In the simulation, the inlet wind speed was set as 4.5 m/s, this is to perform the simulation under the same condition as the experiment where the wind speed used for the actual test is 4.5 m/s. The simulated streamlines are depicted in Figure 8a.



The boundary layer separates at the windward roof edge of the building and the flow forms a separation bubble on the roof (below the streamline above the roof). As a consequence, the velocity vector of the flow above the separation bubble makes an angle with the horizontal edge of the roof (Figure 8a). This angle is referred to as the skewed angle. The skewed angle is largest at the windward roof edge and decreases downwind [33]. From the simulation, the wind velocity along the centre line of the roof at Y = 100, 150, 200 and 250 mm was found to be 5.36, 5.8, 5.95 and 5.97 m/s respectively, it shows that the wind speed achieved high velocity at this points due to the accelerating effect on the building and comparing with the inlet wind speed, 4.5 m/s, the wind velocity at the above mention height of the CAWT increases by 19%, 29%, 32%, and 33% with a wind speed augmented factor f = 1.19, 1.28, 1.32, and 1.33, respectively.




5. Methods


5.1. Prototype Fabrication


A prototype was built and integrated on a mock-up building model with a gable-shaped roof with dimensions (length, width, and height) of 1450 mm × 740 mm × 1364 mm. The feasibility of integrating the CAWT onto a building with gable-shaped rooftop is investigated through an experimental study using a mock-up rooftop. The performance of the CAWT was compared with the performance of a conventional straight-bladed VAWT having the same dimensions under the same experimental conditions.




5.2. Experimental Set-Up


For testing and comparing the performance of the CAWT with the conventional straight-bladed VAWT, the following configurations were considered:

	(a)

	
CAWT mounted on building mock-up rooftop;




	(b)

	
Straight-bladed VAWT mounted on the same mock-up rooftop; and




	(c)

	
Variation of height (CAWT and VAWT) above the rooftop.









The experimental set-up for this study is presented in Figure 9. Figure 9a shows the experimental set-up, and Figure 9b shows the detail dimensions of the building model and the ventilation fans, used for the study respectively. The set-up consists of a building model with gable rooftop with 35° roof angle. The CAWT and the straight-bladed VAWT were mounted at heights of Y = 100 to 250 mm at 50 mm intervals above the rooftop of the building model as shown in Figure 9b. The wind speed measurements were taken downstream of the ventilation fans placed at a distance of 3500 mm away from the building model. The ventilation fans were arranged in an array in a 3 × 3 configuration as shown in Figure 9a. An arrangement of 3 × 3 equally spaced grid points which covers a cross-section of 1.0 m by 1.0 m downstream of the fan array was used for the measurement of the wind speed which was set at 4.5 ± 0.2 m/s. The wind direction is set at 0° (i.e., perpendicular to the building model). Since the flow was not controlled, the blower was directed orthogonal to the test section area and the wind speed was measured at different lengths to conform spatial uniformity. The central axis of the turbine was taken as the center point, the wind speed measurements were taken at each measuring points by using a vane anemometer over a period of 5 min, repeatability and airflow uniformity were ensured by repeating the measurements for ten times at each point. To reduce the vortex flow created by the blower, the wind speed error was reduced from U∞ = 5.0 m/s ± 0.8 (3.0 m) to 4.5 m/s ± 0.2 (3.5 m), therefore creating a more uniform flow.



The rotor of both the CAWT and the straight-bladed VAWT were in free-running conditions where only the inertial and bearing friction were applied. The measurement of the rotational speed (RPM) of both the turbines started immediately after switching on the ventilation fans until the stabilized RPM is achieved. The measurement was performed with a dynamometer controller system (Figure 10), which consists of a rectifier and resistive dump load. For current and voltage measurements, the alternating current (AC) voltage from the generator is rectified to direct current (DC). Frictional loss due to the generator is assumed to be negligible. The experiments were conducted for the above-mentioned configurations on the same building with the same roof shape under the same experimental conditions. The coefficient of power (Cp) is calculated using Equation (2), and by rearranging Equation (2), the power extracted by the turbine can be calculated.





6. Experimental Results and Discussion


An experiment was conducted with the CAWT and the straight-bladed VAWT integrated onto a low-rise building model with a gable rooftop. Two sets of experiments under the same conditions, i.e., one for the CAWT and another one for the VAWT, were conducted. The heights of the two turbines (CAWT and VAWT) above the rooftop were varied for four different heights (Figure 9b), i.e., from Y = 100 to 250 mm with increment of 50 mm for each case. The performance of the two turbines was evaluated based on the maximum Cp, TSR, (λ), and RPM.



6.1. Pitch Angles of the Horizontal Blades


Figure 11 shows the coefficient of power against the tip speed ratio for various pitch angles of the horizontal blades of the CAWT. All the curves in Figure 11 show a similar trend where the Cp increases with increase in TSR; the Cp reaches its peak value at a certain TSR (between 0.89 and 1.16) and then decrease with increase in TSR. The results showed that the 10° pitch angle has the highest Cp values compared to the other ones. Therefore, for this study, 10° pitch angle is considered as the optimum pitch angle for the horizontal blades of the CAWT. At 10° pitch angle, the angle of attack is optimum, therefore, the flow along the blade is laminar which is the condition for the generation of lift force that maximizes the torque produced and improved the power output for the 10° pitch angle. When the pitch angle was increased above 10° (i.e., 15°), the Cp values decreases significantly (which results in lower Cp values for the CAWT). Again, the performance of the CAWT further decreases when the pitch angle is decreased below 10°. This shows that the pitch angle of the horizontal blades has significant effect on the performance of the CAWT.




6.2. Variation of Height Above the Rooftop


The height of the building integrated CAWT and the conventional straight-bladed VAWT were varied from Y = 100 to 250 mm above the gable rooftop of the building. Figure 12a–d compares the Cp values between the building integrated CAWT and the conventional straight-bladed building integrated VAWT at turbine height Y = 100, 150, 200 and 250 mm. Results showing similar trend were obtained for Figure 12a–d. Figure 12a shows the coefficient of power against the tip speed ratio of the CAWT and the VAWT placed at 100 mm height above the rooftop of the building model. Based on the results obtained in Figure 12a, the CAWT can attain a maximum Cp of 0.1263 at a TSR (λ) of 1.1. The maximum Cp of the conventional straight-bladed VAWT integrated on the same rooftop of a building and subjected to similar experimental conditions is 0.0345 at a TSR (λ) of 0.59 (Figure 12a). The result shows that the Cp,max for the CAWT increased by 266% compared to the straight-bladed VAWT for Y = 100 mm as shown in Table 3. Figure 12b compares the Cp values between the CAWT and the straight-bladed VAWT placed at 150 mm height above the building model. The result showed that the maximum Cp recorded by the CAWT at Y = 150 mm is 0.1035 at a TSR (λ) of 1.16 higher than the Cp,max value recorded by the straight-bladed VAWT whose highest Cp value is 0.0350 at a TSR (λ) of 0.60. This shows that at 150 mm height above the gable rooftop, the CAWT outperformed the conventional straight-bladed VAWT by 196%. This increase in Cp values by the CAWT is attributed to the horizontal blades which serve as a horizontal axis wind turbine by interacting with the vertical airflow that is deflected from the building.



Figure 12c presents the Cp value of the building integrated CAWT and the straight-bladed VAWT for Y = 200 mm. It can be observed that the CAWT outperformed the conventional straight-bladed VAWT. The results showed that the Cp value attained by the CAWT is higher than that recorded by the VAWT. The maximum Cp value recorded by the building integrated CAWT and VAWT are 0.0859 at a TSR (λ) of 1.08 and 0.0364 at a TSR (λ) of 0.51. In comparison, the maximum Cp value for the building integrated CAWT is 136% higher compared to the maximum Cp value of the building integrated VAWT. The improved performance of the building integrated CAWT is attributed to the horizontal blade which utilized the vertical wind deflected by the building and the pitch angles of the horizontal blades which expose the horizontal blades to an optimum angle of attack to the vertical wind. Similarly, the result presented in Figure 12d for Y = 250 mm indicates that the Cp value of the building integrated CAWT increases by 71% compared to the conventional straight-bladed VAWT under the same experimental conditions. The maximum Cp value recorded by the building integrated CAWT and VAWT at Y = 250 mm are 0.0765 at a TSR (λ), of 1.12, and 0.0448 at a TSR, (λ) of 0.66. The result were summarised in Table 3, and the Cp values were calculated using Equation (2).



In general, the building integrated CAWT is shown to have better performance than the VAWT for all the configurations (100–250 mm). These significant improvements in the Cp values of the building integrated CAWT is attributed to the cross axis orientation of the CAWT which enables it to operate with dual wind directions. The roof shape acts as an augmentation device to further increase the wind speed due to the accelerating effects of the roof. The increased wind speed which is deflected from the roof of the building is utilized by the horizontal blades to increase the torque output of the CAWT by having a larger area for the oncoming wind to interact with the turbine. Furthermore, the horizontal blades of the CAWT create aerodynamic lift force that contributes in improving the self-starting characteristics of the CAWT. The presence of the horizontal blades as the supporting struts of the CAWT can lead to double advantage to minimize the parasitic drag contribution during the revolution and to produce some positive torque [49]. Furthermore, due to the performance improvement in the CAWT due to the skewed flow effect can also lead to a reduction of the minimum cut-in speed, thus extending the operating range of the rotor and increasing the energy harvesting for the low-wind conditions. The case is not the same for the VAWT since the arms (supporting struts) of the vertical blade is not an airfoil and thus does not utilize the deflected airflow from the accelerating effect of the roof. The low Cp output of the conventional straight-bladed VAWT is attributed to the radial arms (supporting struts) of the VAWT. The supporting struts of the VAWT inevitably affect the power output of the turbine by adding additional drag (parasitic drag) on the turbine, thereby affecting the overall performance of the VAWT [10,44,50]. The results are summarized in Table 3.



Figure 13a–d compares the rotational speed of the free running CAWT and the straight-bladed VAWT placed at 100 to 250 mm height above the gable rooftop of the building model.



The time recording is started immediately after switching on the ventilation fans. Figure 13a shows the rotational speed for CAWT and the one for VAWT at Y = 100 mm. The RPM for both turbines increases with time until it reaches maximum values of 554 and 179 RPM at t = 178 and t = 249 s, respectively. The rotational speed becomes constant (stabilize) after that. The maximum RPM recorded by the CAWT is 209% higher than the one for the VAWT under the same experimental conditions. Furthermore, the figure shows that the CAWT started to rotate earlier than the VAWT. At Y = 150 mm, the results shown in Figure 13b indicate that the rotational speed recorded by the building integrated CAWT is 171% higher than the one recorded by the building integrated VAWT (Table 3).



Similarly, Figure 13c,d presents the RPM of the building integrated CAWT and the VAWT for Y = 200 and 250 mm height above the rooftop of the building. It can be observed from the figure that the CAWT integrated onto the building with gable rooftop outperformed the VAWT. The result showed that the RPM increases by 123% and 93%, respectively, compared to the straight-bladed VAWT mounted at the same height and subjected to similar experimental conditions. The improved performance of the building integrated CAWT is attributed to the cross axis orientation of the CAWT where the horizontal blades, which is also the supporting struts of the CAWT, utilized the vertical airflow that is deflected from the building thereby improving the overall performance of the CAWT. In addition, the vertical wind guided by the gable roof shape has successfully reduced the self-starting time and increased the maximum rotational speed of the CAWT resulting in a better efficiency. For the case of the straight-bladed VAWT the connecting struts affect the performance by adding parasitic drag to the turbine.



Further study was conducted on the effect of the increase in turbine height on the performance of the building integrated CAWT. The height of the CAWT above the rooftop was varied as shown in Figure 14, and comparisons were made between the performances of the building integrated CAWT at various heights above the building model. Figure 14 presents the coefficient of power of the CAWT against tip speed ratio at various heights above the building rooftop. The figure shows that the low performance of the CAWT is observed as it is mounted at higher positions above the rooftop of the building. This implies that the closer the CAWT is mounted above the rooftop, and utilizing the vertical wind deflected by the rooftop, a better performance can be expected from the CAWT. Although the results showed a better performance closer to the roof, the air flow closer to the roof is turbulent and the machine experiences more turbulence and as a result more fatigue which may shorten the lifetime of the turbine. Research has shown that VAWT can operate efficiently in a turbulence environment [12,51,52]. Lubitz [53] reported that Turbulence in the approaching wind can have a significant influence on the wind turbine power output, this is mainly significant for the smaller wind turbines which in practice are often situated near buildings, trees and other Impediments. According to Cochran [54] the turbulence intensity has a significant influence on the performance of a wind turbine, due to the cubic variation of power with wind speed, more turbulent winds have greater power than less turbulent winds with the same mean wind speed. Evidence has shown that the turbulence level in the incoming flow affects the rate at which the velocity deficit reduces with downwind distance from the turbine (i.e., wake recovery rate), since the turbulence in the wake is an efficient mixer, it mixes the low velocity fluid in the wake with the high velocity fluid outside it. In this way momentum is transferred into the wake, the wake expands but the velocity deficit is reduced [55].



However, Y = 100 mm is the minimum distance in which the CAWT can be mounted above the rooftop, at Y < 100 mm, the distance will be too close that the vertical blade almost touch the surface of the rooftop. Moreover, the presence of the horizontal blades interacting with the deflected vertical wind enhances the self-starting capability of the CAWT and improves the overall performance of the CAWT. When the height of the CAWT above the rooftop of the building was increased from 100 to 150 mm and from 100 to 200 mm, the maximum Cp of the CAWT drops by 18% and 32%, respectively. The summary of the experimental results for the variation of height is presented in Table 4. Since there is non-uniform wind profile, the turbine at each position is expected to experience a different wind velocity and hence different amounts of available wind energy to be extracted.



Figure 15 shows the rotational speed of the building integrated CAWT at various heights above the rooftop. The overall results and observations showed that as the height of the CAWT above the rooftop is increased, the performance of the CAWT reduces. This is because the horizontal blades of the CAWT which utilizes the vertical airflow that is deflected from the building is been positioned further away from the deflected wind flow. Therefore, at higher position above the rooftop, very small vertical (deflected) wind is experienced by the horizontal blades. Hence, the reason for the poor performance of CAWT at higher positions above the rooftop. On the other hand, at lower positions, due to the speed up effect at the rooftop, more vertical (deflected) wind interacts with the horizontal blades therefore improving the performance of the CAWT. The presence of the horizontal blades of the CAWT is very important in case of the skewed flow, which could actually increase the lift production of the CAWT.



To verify the experimental result on the variation of height of CAWT above the rooftop (Figure 14 and Figure 15), a simple CFD simulation was carried out to calculate the skewed angle (Figure 16) of the wind at the rooftop shown in Section 4 (Figure 8a). For each height of the CAWT above the rooftop, i.e., Y = 100 mm, 150 mm, 200 mm, and 250 mm, the skewed angle is calculated. The result obtained for the calculated skewed angle agrees well with Martens et al. [33] where the skewed angle is largest close to the windward side of the roof edge. Figure 16 presents the results for the skewed angle for each of the turbine height above the rooftop. From the figure; it can be observed that the highest skewed angle is obtained at the 100 mm height of the CAWT. This confirms the results obtained in Figure 14 where the CAWT mounted at 100 mm height performs better than other heights. The figure shows that the skewed angle decreases with increase in height. Therefore, the performance of the CAWT increases with increase in skewed angle. Similarly, improvement in the performance of VAWT turbine due to skewed flow is reported in [6,33,56].



The higher skewed angle experience by the CAWT at 100 mm height also contributed to the improved performance of the CAWT at that position (Figure 14). At higher skewed angle the swept area of the turbine is increased due to the contribution of the downwind zone which counterparts the decrease of the projected frontal area with an overall increase of the available surface area to intercept the wind as reported by Bianchini et al. [35]. Furthermore, Skewed flow increases the performance of H-VAWT by modifying the region of interaction of the downwind blade passage with the upwind generated wake. Increasing the skewed angle will increase the area of the downwind blades passage which is operating outside the upwind generated wake thus experiencing an incoming flow with larger energy content [34]. While skewed angle is believed to improve the performance of wind turbine in urban buildings as reported by Mertens et al. [33], Bianchini et al. [35], and Ferreira et al. [57]. ZanForlin and Letizia [56] reported that for the case of cowling system the wind turbine in a skewed flow can lead to power loss of 11.6%. The skewed wind conditions in the cowling system generates excessive blockage thereby becoming an obstacle to the oncoming flow.





7. Conclusions


A highly efficient wind turbine with cross axis orientation for application in urban buildings has been designed and tested. The uniqueness of this design gives rise to its technical advantages over the conventional wind turbines and can minimize or completely eliminate the disadvantages of the conventional wind turbines. The idea of using horizontal blades as connecting struts for the CAWT is shown to have played a significant role in the improved rotational speed, power output and self-start behavior of the CAWT. The results obtained from the study showed that the coefficient of power (Cp) of the building integrated CAWT improved significantly compared to the building integrated straight-bladed VAWT. At Y = 100 mm, the Cp,max value of the CAWT increased by 266% at a TSR (λ) of 1.1 at a wind speed of 4.5 m/s compared to the straight-bladed VAWT under the same experimental conditions. Similar improvement in performance of CAWT is also observed for all conditions of height, i.e., Y = 150 mm, 200 mm, and 250 mm. The results obtained from the variation of height of CAWT above the rooftop showed that the closer the height of CAWT to the building rooftop, the better the performance of the CAWT. The result was verify from the CFD simulation which indicates that the 100 mm height has the highest skewed angle which helps to improves the performance of the building integrated CAWT. The building roof shape acts as an augmentation device by deflecting the free stream wind speed to the horizontal blades of the CAWT thereby enhancing it self-starting behavior and its overall performance. The 10° pitch angle for the horizontal blades is the optimum pitch angle for the CAWT. Increasing the pitch angle above this affects the performance of the CAWT by reducing the maximum Cp obtained. In addition, decreasing the pitch angle below 10° reduces the performance of the CAWT. Building integrated CAWT represents the future outlook of wind turbines in urban environments. However, there are some limitations from the study that require further investigations.



	➢

	
The study was limited to a specific model wind turbine (CAWT) of high solidity, low power coefficient, and low Reynolds number flow regime. Therefore, it is necessary to study this new type of wind turbine in a wind tunnel with higher Reynolds number flow regime, more over the blockage ratio of the CAWT in the wind tunnel should be estimated.




	➢

	
Although the results show a better performance closer to the rooftop, it should be known that closer to the rooftop, the air flow is turbulent and the machine experiences more turbulence and as a result more fatigue. It is therefore necessary to investigate the turbulence level closer to the rooftop where the CAWT was installed and its effect on the turbine cost and its lifetime. Studies on blade fatigue should also be one of the focus areas.




	➢

	
Since the experiment were performed on a semi-open wind tunnel where the flow is not controlled, turbulent flow is expected, and the turbulence in the experimental area cannot be controlled due to the limitations of instruments and costs. The turbulence could affect the wind turbine performance; therefore, it is necessary to study the CAWT in a proper wind tunnel with higher Reynolds number flow regime and higher accuracy instruments







The innovative design of the CAWT was intended to be very versatile and to excel in many different environments. It is an ideal solution for on-site building integrated wind turbines, especially in urban areas with relatively low to moderate wind speeds and a high level of turbulence. Future studies should include testing the CAWT for different roof shapes and performance prediction and/or CFD analysis of the flow field.
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Figure 1. Wind profile in the internal boundary layer in a built environment [6]. 
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Figure 2. Two distinct types of VAWT operating under any horizontal wind direction [24]. (a) Darrieus rotors; (b) Savonius rotor. 
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Figure 3. General arrangement of the CAWT. 
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Figure 4. Lab scale model of: (a) CAWT; and (b) VAWT. 
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Figure 5. Top view of the CAWT showing the 60° offset angle of the upper and lower horizontal blades. 
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Figure 6. CAWT operating under horizontal and vertical wind directions. 
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Figure 7. (a) Artist’s impression of a building integrated CAWT; and (b) CAD design of the CAWT. 
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Figure 8. (a) Velocity streamline for gable rooftop; and (b) 2 D mesh for the building model. 
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Figure 9. (a) Experimental set-up of the CAWT; and (b) detailed dimensions of a building integrated with a CAWT and dimensions of the ventilation fans (all dimensions in mm). 
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Figure 10. Dynamometer Controller. 
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Figure 11. Coefficient of power against tip speed ratio for different pitch angle. 
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Figure 12. Coefficient of power against tip speed ratio for CAWT and straight-bladed VAWT for height above the rooftop: (a) Y = 100 mm; (b) Y = 150 mm; (c) Y = 200 mm; and (d) Y = 250 mm. 
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Figure 13. Rotational speed against time for building integrated CAWT and VAWT for height: (a) Y = 100 mm; (b) Y = 150 mm; (c) Y = 200 mm; and (d) Y = 250 mm. 
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Figure 14. Coefficient of power of CAWT at various heights above the rooftop. 
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Figure 15. Rotational speed against time for CAWT at various heights above the rooftop. 
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Figure 16. Skewed angle for CAWT for Y = 100 mm, 150 mm, 200 mm, and 250 mm. 
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Table 1. Materials selection for the CAWT and VAWT.
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Component

	
CAWT

	
VAWT






	
Vertical blade

	
Carbon fiber

	
Carbon fiber




	
Horizontal blade

	
Carbon fiber

	
N/A




	
Connectors

	
3D printing—Acrylonitrile Butadiene Styrene (ABS)

	
N/A




	
Generator

	
10 W

	
10 W




	
Shaft

	
Mild steel

	
Mild steel




	
Hubs

	
3D printing (ABS)

	
N/A




	
Supporting strut

	
Airfoil (Horizontal blades)

	
Flat plate











[image: Table] 





Table 2. Summary of design parameters of the lab scale CAWT and straight-bladed VAWT.







Table 2. Summary of design parameters of the lab scale CAWT and straight-bladed VAWT.







	
Parameters

	
CAWT

	
VAWT






	
Diameter of rotor, d (mm)

	
350

	
350




	
Height of vertical blade, h (mm)

	
300

	
300




	
Chord length of vertical blade, c (mm)

	
50

	
50




	
Length of horizontal blade, l (mm) of CAWT

	
150

	
N/A




	
Connecting strut of VAWT (mm)

	
N/A

	
150 (flat plate: W = 25 mm, thickness = 2.03 mm)




	
Chord length of horizontal blade, c (mm)

	
34

	
N/A




	
Profile of aerofoil

	
National Advisory Committee for Aeronautics (NACA) 0015

	
NACA 0015




	
Profile of the horizontal blades

	
NACA 0015

	
N/A




	
Pitch angle of the horizontal blade,       β  h    

	
10°

	
N/A




	
Pitch angle of the vertical blade,     β v    

	
0°

	
0°
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Table 3. Summary of the experimental results for the CAWT and the VAWT.







Table 3. Summary of the experimental results for the CAWT and the VAWT.







	
Height (mm)

	
Parameter

	
CAWT

	
Straight-Bladed VAWT

	
Percentage of Improvement (%)






	
Y = 100

	
RPM

	
554

	
179

	
209




	
Cp,max

	
0.1263

	
0.0345

	
266




	
TSR for Cp,max

	
1.1

	
0.59

	
86




	
Y = 150

	
RPM

	
512

	
189

	
171




	
Cp,max

	
0.1035

	
0.0350

	
196




	
TSR for Cp,max

	
1.16

	
0.60

	
93




	
Y = 200

	
RPM

	
474

	
212

	
123




	
Cp,max

	
0.0859

	
0.0364

	
136




	
TSR for Cp,max

	
1.08

	
0.51

	
112




	
Y = 250

	
RPM

	
449

	
233

	
93




	
Cp,max

	
0.0765

	
0.0448

	
71




	
TSR for Cp,max

	
1.12

	
0.66

	
70











[image: Table] 





Table 4. Summary of experimental results on variation of height.







Table 4. Summary of experimental results on variation of height.







	
Parameter

	
Height (mm)




	
100

	
150

	
200

	
250






	
RPM

	
554

	
512

	
474

	
449




	
CP,max

	
0.1263

	
0.1035

	
0.0859

	
0.0765




	
TSR for Cp,max

	
1.1

	
1.16

	
1.08

	
1.12
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