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Abstract 

The performance of wind towers, which depends on external wind speed, is often reduced when 

still-air conditions prevail. As a solution to this, this research used a combination of 

Computational Fluid Dynamics (CFD) and wind tunnel tests to evaluate the influence of five 

different roof configurations - flat roof, pitched roof, narrowed roof, curved roof and tilted 

curved roof - on the ventilation performance of commercial wind towers to identify the 

potential of accelerating wind passively to enhance natural ventilation within a building’s 

microclimate. This assessment was carried out by analysing the static pressure, supply air 

velocity, supply flow rate, mean age of air and air change effectiveness which were computed 

for each model and compared against the CIBSE Environmental Design Guide and ASHRAE 

129 set standards. This was followed by the evaluation of supply flow rates under varying wind 

directions from 0° to 90°. The results revealed that the narrowed roof produced an air change 

effectiveness of 0.96 and flow rates greater than 10L/s/person when the wind direction was 

prevalent at 0° and 45°, thus being the only roof that complied with the recommended 

guidelines. Conclusively, roof design being a strong influential factor upon wind properties is 

a keystone which, if meticulously designed, can be used to passively enhance the air 

distribution and ventilation effectiveness of wind towers. 

Keywords: Roof topology, CFD, wind tunnel, wind tower, natural ventilation  
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Nomenclature 

 

Q Flow rate (m3/s) 

V Volume (m3) 

u Magnitude of velocity (m/s) 

A Area (m2) 

 Density (Kg/m3) 

g Acceleration due to gravity (m/s2) 

 Molecular dynamic viscosity (m2/s) 

Qexhaust Age of exhaust air (s) 

Qage Mean age of air (s) 

t   Time (s) 

p Pressure (Pa) 

t Divergence of turbulence stresses 

Gk Turbulent kinetic energy due to the average velocity gradient 

Gb Turbulent kinetic energy due to buoyancy 

k Turbulent Prandtl number for turbulence kinetic energy 

 Turbulent Prandtl number for energy dissipation rate 
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1. Introduction 

The concept of sustainability and low-energy design has become popular in the built 

environment as buildings consume a vast proportion of the earth’s resources leading to adverse 

environmental issues. It is well-established that a major portion of the energy consumed in 

buildings was utilised to control and maintain the indoor climate. This has led to the recognition 

of natural ventilation among stakeholders to bring down the energy consumed in buildings [1]. 

Natural ventilation is a cost effective and healthy solution for ventilation compared to 

mechanical alternatives to achieve the same [2]. 

The use of structures called wind towers which are commonly found in traditional Middle 

Eastern architecture become an inspiration for natural ventilation in modern buildings. These 

structures, with optimal design, are capable of driving fresh air into living spaces without 

mechanical intervention [3]. Modern multi-directional versions of these structures typically 

comprise of four quadrants. Fresh air is drawn into the indoor environment from the windward 

vents due to positive pressure while at the same time exhausting stale indoor air from the 

leeward vents due to negative pressure. With changing wind direction, the function of the 

quadrants changes, allowing the wind tower to function independent of wind direction [12]. 

Research has revealed that the performance of commercial wind towers is heavily influenced 

by wind speed, which is required to create the right pressure difference for channeling wind 

into the tower [4]. However, wind towers often face still air condition which degrades their 

ventilation efficiency. This issue has prompted this research to identify ways to passively 

increase wind speed and improve the performance of wind towers under low air velocity 

conditions. Since incoming winds are largely exposed to the roof of a building, its properties 

are altered by the roof prior to entering the wind tower. This effect can be potentially configured 

to enhance wind tower performance by passively accelerating incoming wind just as it enters 

the wind tower.  

 

Using a combination of CFD and open-loop wind tunnel experimentation, this work adopted 

commercial wind towers as the natural ventilation system and was aimed at determining the 

influence of five building roof configurations on its performance. The study was carried out by 

evaluating the pressure profile, ventilation effectiveness and indoor air quality associated with 

the micro-climate of the dwelling. The parameters studied for ventilation included supply 
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velocities and flow rates while those of the study of indoor air quality include the mean age of 

air and air change effectiveness.   

 

2. Previous related work  

The impact of building roof topology has been widely studied for the optimisation of natural 

ventilation. Existing literature has also revealed extensive investigation on identifying the 

prime variables affecting different the performance of wind towers. 

Hughes and Cheuk-Ming [5] conducted a study on wind towers by isolating wind speed and 

buoyancy and studying how they each affect wind tower performance independently. Using 

CFD, airflow rate was computed for a wind driven and buoyancy driven model of a typical 

home. The results inferred that the airflow rate increased by 76% for the wind driven model as 

compared to the buoyancy driven models, concluding that wind speed is the primary 

contributor to the ventilation performance of a wind tower. 

Lim et al. [6] created a wind tower with an inverted airfoil shaped roof with an aim to create 

passive wind induced ventilation. Simulations were carried out using Flovent CFD wherein 

which air extraction rates achieved by the tower were obtained and compared with ASHRAE 

Standard 62. The study revealed that the extraction rate of the wind tower surpassed ASHRAE 

requirements, showing an increased efficiency of 60%. The study also concluded that wind 

tower performance increases with wind speed. 

Van Hoff et al. [7] conducted a research on how the roof of a building influences natural 

ventilation within that building by applying the theory of Venturi effect. Using a combination 

of CFD and wind tunnel simulations, the research aimed to study the extent to which a Venturi 

shaped roof succeeds at creating more negative pressure at the air inlet than a typical flat roof 

for improving ventilation rates. The research revealed that the Venturi shaped roof created a 

negative pressure that was 75% more than that created by the flat roof. 

Perén et al. [8] studied the impact of varying roof angles on the cross-ventilation performance 

of a dwelling. The research was carried out on CFD, which revealed that increasing roof 

inclination beyond 18o increased the volume flow rate within the building. The greatest flow 

rate achieved was 22% more than the benchmark at an inclination of 45o.  In addition, Perén et 

al. [9] evaluated the influence of eaves on the cross ventilation of a generic leeward saw-tooth 
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roofed building using CFD. The eave configurations include windward and leeward eaves 

placed at angles ranging from 90o to 45o. The research inferred that improved ventilation flow 

rates can be obtained with windward eaves inclined at an angle less than 0o (between -27o to -

45o) and leeward angles inclined at an angle higher than 27o (45o to 90o). 

Using CFD analysis and wind tunnel simulations, Perén et al. [10] further carried out 

investigations on the influence of five different leeward saw-tooth roof geometries: a straight, 

concave, convex-concave and two convex roof geometries, on the cross-ventilation flow within 

a house. Simulations done on CFD revealed that the straight configuration and the two convex 

configurations displayed the greatest increase in volumetric flow rate. The research concluded 

that roof geometry is an important design parameter in maximising cross flow ventilation 

through increased volumetric flow rate and high negative pressure coefficients. 

The influence of pitched roofs on airflow and pressure fields around buildings was studied by 

Tominaga et al. [11] using CFD and wind tunnel tests. Three different pitches, namely 3:10, 

5:10 and 7.5:10 were studied. The results showed that flow separation near the ridge and 

recirculation flow on the leeward side becomes larger with the increase in pitch. The pressure 

on the windward side of the roof becomes more positive with steeper pitches. It was also 

discovered that the flow pattern around the building changes critically at a roof angle of about 

20o. This was inferred due to the large difference in flow patterns between the 3:10 and 5:10 

pitches as compared to the flow difference between the 5:10 and 7.5:10 pitches. 

Existing research shows that roof topology is an important design aspect in obtaining desired 

flow rates for optimal ventilation within dwellings [6-10]. It can also been inferred that higher 

incoming wind speeds increase the magnitude of the volumetric flow rate through a wind tower 

and ultimately, the efficiency of the ventilation process [5, 6]. Thus, by tackling wind speed, 

this research explores ways to passively improve the ventilation rate and indoor air quality 

through a commercial wind tower by studying the influence of an entity other than the wind 

tower itself – the roof of the dwelling on which the device is employed. Up-to date research 

considers cases where the wind-tower functions independent of the roof. Hence, understanding 

how building roof geometry influences wind tower performance can assist in creating a system 

where both entities can function as one unit and fulfil the minimum fresh air ventilation 

requirements satisfactorily.  
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3. Physical domain  

Five different models of a classroom (Figure 1) comprising of 15 occupants have been 

proposed for this research. Each model has been equipped with a multi-directional square type 

commercial wind tower with dimensions of 1x1x1m3 with 7 louvers angled at 45o [12]. The 

proposed roof designs include: 

i) A Flat roof which has been used to establish baseline performance parameters for 

commercial wind towers under the influence of roof geometry. 

ii) A typical pitched roof with a pitch of 90o. 

iii) A narrowed roof inspired by the Venturi effect. The Venturi effect is obtained by 

positioning two obstacles on the roof: a double height ceiling over one of the spaces on the 

ground floor, and a room on the top floor of the dwelling. The obstacles are positioned such 

that a narrow passage is created between them. The wind tower is positioned in this narrow 

space to capture the wind after it accelerates upon entry into the narrow passage. 

iv) A curved roof, the curvature of which is the same as the curvature profile of the laminar 

airfoil model NACA 662-415.  

v) A tilted curved roof which has the same curvature profile as the curved roof, but has the 

airfoil placed at an angle of attack of 15o. 

                                                                 

                                         (a)                                        (b)                                          (c) 

              

                                         (d)                                        (e)                                          (f) 

Figure 1: The physical models: (a) Commercial wind tower; (b) Flat roof; (c) Pitched roof; (d) Narrowed 

roof; (e) Curved roof; (f) Tilted curved roof 

The models have dimensions of 5x5x3m3 with the exception of the pitched roof which has 

dimensions of 5x5x6m3. The control volume encompassed by all the models is approximately 
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the same (about 70m3). They all possess identical wind towers, and have identical air outlet 

windows (0.5x0.5m2) on their respective leeward sides. All the models, including the wind 

tower, have been scaled down by a factor of 10 for the ease of carrying out the simulations 

[12]. All the physical models were generated on Solid Edge ST8. 

 

4. Wind tunnel experiment 

The results obtained from CFD were validated by experimentation using a Gunt Hamburg HM 

170 open wind tunnel. The test model was a 1:16 scaled model of the flat roof. The scale of the 

model was chosen to match the blockage ratio of CFD model (about 5%). The wind tower was 

simplified as shown in figure 2.a since the experiment primarily focussed on studying the 

macro-climatic flow patterns. The variable measured for validation purposes is air velocity. 

Measurements were taken at five positions as shown in figure 2.b.  

      
                          (a)                                                                                       (b) 

Figure 2: (a) The test model; (b) Measurement locations 

4.1. Experimental setup 

The results obtained from CFD were experimentally validated using a Gunt Hamburg HM 170 

open wind tunnel (figure 3.a). Figure 3.b and 3.c show the experimental setup. Prior to carrying 

out the experiment, the upstream air speed in the wind tunnel was checked using an 

anemometer and tuned to be set at approximately 3.7 m/s. The test section had a cross-sectional 

area of 0.3x0.3m2. An Extech HD300 thermo – anemometer was used to measure values of air 

velocity at the measurement locations. The anemometer had a measurable range of 0.4 – 30 

m/s. Measurements were carried out at a resolution of 0.01m/s and an accuracy of ± (3% + 

0.2m/s) [23].  
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(a) 

   

  (b)                                                                                 (c) 

Figure 3: (a) GUNT Hamburg HM 170 open wind tunnel [24] (b) Experimental set up; (c) Placement of 

the model and probe 

 

 

 
 

5. Computational domain  

5.1. CFD setup 

The CFD analysis was carried out using ANSYS Fluent 15.0. The steady Reynold’s Averaged 

Navier-Stokes (RANS) governing equations were discretised using the Finite Volume Method 

(FVM). This was employed in combination with the standard k- turbulence model [3]. 

Pressure-velocity coupling was carried out using the Semi-Implicit Method for Pressure Linked 

Equation (SIMPLE) algorithm in addition to second order upwind schemes [3, 18]. The 

governing equations have been stated as follows: 

Refer figure 6.c 

1 – Inlet contour; 2 – Flow straightener; 3 – Nozzle; 4 – Test section; 5 – Test model; 6 – Force sensor; 7 – 

Display and control unit; 8 – Diffuser; 9 – Switch cabinet; 10 – Inclined tube manometer; 11 – Axial fan 
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i) Mass conservation: 

 

δρ

δt
+ ∇ × (ρu) = 0                                                                                                                         (3) 

where  is density, t is time and u is the fluid vector. 

 

ii) Momentum conservation: 

 

𝛿(𝜌𝑢)

𝛿𝑡
+ ∇ × (𝜌𝑢𝑢) = −∇𝑝 + 𝜌𝑔 + ∇ × (𝜇∇𝑢) − ∇ × 𝜏𝑡                                                   (4) 

where p is pressure, g is acceleration due to gravity,  is molecular dynamic viscosity and 

t is the divergence of turbulence stresses. 

 

iii) Turbulence kinetic energy (k): 

δ(ρk)

δt
+ ∇ × (ρku) = ∇ × [αkμeff∇k] + Gk + Gb − ρε                                                        (5) 

 

iv) Energy dissipation rate (k): 

δ(ρε)

δt
+ ∇ × (ρεu) = ∇ × [αεμeff∇ε] + C1ε

ε

k
 (Gk − C3ε𝐺𝑏) − 𝐶2                                    (6)  

where Gk is the turbulent kinetic energy due to the average velocity gradient, Gb is the 

turbulent kinetic energy due to buoyancy, k and  are turbulent Prandtls numbers, C1, 

C2 and C3 are empirical model constants [12]. 

5.2. Macro-climate and mesh characteristics 

The 3D models created on Solid Edge ST8 were exported into ANSYS Design Modeller 15.0 

followed by the creation of identical enclosures for each model to form their respective 
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macroclimate entities (figure 4). With these dimensions, the blockage ratios for all the models 

were kept below 10% as recommended by VDI [19].  

 

Figure 4: The macro-climate for the flat roof (all dimensions are in meters) 

 

A fine unstructured tetrahedron mesh was generated for all five models with high resolution in 

close proximity to the wind tower and the outlet window (Figure 5). This type of mesh was 

chosen due to its flexibility in conforming to complex geometries [20, 26]. It has also been 

used often in studies involving wind towers as indicated by existing literature [12, 18]. The 

mesh quality parameters for all the models have been highlighted in table 1 and were tallied 

against acceptable values recommended by Bakker [21]. The maximum and minimum cell 

sizes amongst all the models were 0.181m and 5.75x10-4m.  

 

Table 1: Mesh characteristics for the proposed models 

 Elements Nodes 
Average 

skewness 

Average orthogonal 

quality 

Acceptable value/range - - 0 – 0.5 ≈1 

Flat roof 3,926,787 738,896 0.235 0.855 

Pitched roof 4,125,036 747,101 0.227 0.859 

Narrowed roof 3,889,531 734,019 0.236 0.854 

Curved roof 4,620,808 870,474 0.237 0.854 

Tilted curved roof 3,912,582 737,366 0.237 0.854 
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                                              (a)                                        (b)                                          (c) 
 

    

                                                                    (d)                                        (e) 

Figure 5: Computational grid for the proposed models: (a) Flat roof; (b) Pitched roof; (c) Narrowed roof; 

(d) Curved roof; (e) Tilted curved roof  

5.3. Grid verification 

Grid adaptation was used as a means of verification of the stability of the computational 

operation for the flat roof. The validation was carried out by using six different mesh 

configurations followed by a comparison of the computed average microclimate velocity and 

pressure in all the cases. These variables were measured along the lines L1 (0.49m in length) 

and L2 (0.29m in length) positioned along the central axes of the model as indicated in Figure 

6. The average values of indoor air velocity and indoor air pressure were measured along both 

lines. A combined average was then taken for both variables. 

 

Figure 6: Measurement positions for average indoor air velocity and average indoor air pressure 
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Figure 7 outlines the variation of the measured variables and their associated values of 

posteriori error. The error values drop during the last two stages of grid adaptation as indicated 

in Figure 7.a. The measured variables are consistent in magnitude as shown in Figure 7.b, 

indicating that the CFD model is fairly stable across all the stages of grid adaptation. 

 

 

(a)                                                                        (b) 

Figure 7: (a) Variation in the measured variables with cell count; (b) Variation in the measured posteriori 

error with cell count 

5.4. Boundary conditions 

The models were sited within the United Arab Emirates (UAE) and would thus, be exposed to 

wind patterns present in the region. Inlet wind velocity was set at 3.67m/s, which is the average 

wind speed in the locality [22]. The macroclimate fluid volume was used to simulate the 

external flow field under steady state conditions with enabled gravity. Three wind flow 

directions were adopted: 0o, 45o, 90o
 to the main axis of the models. The outlet conditions were 

taken to be at zero pressure and velocity. Table 2 outlines a summary of the applied boundary 

conditions. 

 

               Table 2: Boundary conditions 

Parameter Value/description 

Turbulence model Standard k- 

Wind directions 0o, 45o, 90o to the main axis of the models 

Air inlet velocity 3.67m/s 

Outlet conditions Atmospheric 

Gravity -9.81m/s2 (Y direction) 

Spatial discretisation Second order upwind 

Discretisation method Finite volume 

Time Steady state 
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6. Experimental validation 

6.1. Upstream and downstream flow patterns 

In order to stabilise the flow conditions, a transient test was first performed to analyse the 

upstream and downstream velocities. Figure 8 shows the trends in the flow patterns measured 

over a period of 60 seconds during the experiment. The upstream trends were stabilised with 

minimal variations since this part of the flow stream was uninterrupted. In response to this, the 

downstream trends were intermittent due to the changes in air velocity patterns triggered by 

the obstacles encountered by the air stream. 

 

Figure 8: Upstream and downstream trends in air velocity 

6.2. Comparison of CFD and experimental results 

Table 3 presents the measured values of velocity at the five points of measurements in both 

CFD and the wind tunnel experiment along with their respective values of error. A good 

agreement was obtained between the CFD and experimental results highlighting a mean error 

of 9.6%. The highest error was recorded for Point 2 at 24.3% with the experimental values 

overestimating the CFD by 1.43 m/s. The lowest error percentages were recorded for points 1 

and 3 with the variation between values recorded as less than 2%. The range of variation 

between both results was in-line with other studies from literature [12], thus deeming the 

current computational model as validated. A graphical representation of the error is presented 

in Figure 9. 

Table 3: Comparison of air velocity values from CFD and the wind tunnel experiment 

Measurement point 1 2 3 4 5 

Air velocity (m/s) 
CFD 3.41 4.45 4.97 1.68 2.93 

Experiment 3.35 5.88 5.05 1.84 3.32 

Error (%) 1.75 24.3 1.58 8.69 11.7 
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Figure 9: Comparison of CFD and experimental results 

 

7. Computed variables 

Ventilation flow rate for each model was determined using the following equation: 

𝐐 = 𝐯 × 𝐀                                                                                                                                                (𝟏) 

where Q is the flow rate achieved in m3/s, v is supply air velocity in m/s and A is the area of 

the supply quadrant of the wind tower in m2 [12]. The computed values were then compared to 

the recommended fresh air supply rate for a classroom according to CIBSE [13], which is about 

10L/s/person. 

Indoor air quality (IAQ) for the models was assessed by determining their respective values of 

mean age of air (MAA).  MAA is defined as the average time elapsed since air molecules at a 

location within a room entered the room from outdoors. MAA is an indicator of the freshness 

of the air within the room and is thus, a reliable variable to assess IAQ [14].  

The values of MAA computed for each model was used to obtain the air change effectiveness 

(ACE) within the models, which describes the air distribution patterns within the room. It is 

defined as the ratio of exhaust air age to the average age of air at the breathing height of the 

occupants. ACE value of 1 indicates the ideal situation of perfect mixing conditions. ACE 

values less than 1 indicate some degree of short-circuiting and air stagnation. ACE values 

greater than 1 indicate a degree of displacement flow [15]. ASHRAE 129 [16] recommends a 

minimum ACE value of 0.95 at a breathing height of 1m above floor level (for a seated 
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occupant) to ensure good IAQ. The following equation shows the mathematical relationship 

between mean age of air and air change effectiveness:  

𝐀𝐂𝐄 =
𝐐𝐞𝐱𝐡𝐚𝐮𝐬𝐭

𝐐𝐚𝐠𝐞
                                                                                                                                     (𝟐) 

where ACE is the air change effectiveness, Qexhaust is the age of exhaust air in seconds and Qage 

is the mean age of air in seconds [17].  

 

8. Results and discussion 

8.1. Macro-climate pressure profile 

Static pressure was computed along the data line through the center of the wind tower along 

the distance of the roofs for an incident wind angle of 0o to identify the roof with the best 

pressure recovery.  

  

 

Figure 10: Changes in static pressure along the distance of the roofs through the center of the vent 

 

It can be seen from Figure 10, that the tilted curved roof exhibited greater pressure recovery 

than the curved roof alone showing that at a tilt, air flow is better accelerated at the vent located 

at 0.25m. Both the flat and pitched roofs showed a stagnant pressure distribution unfavourable 

to encouraging flow into the vent. The narrowed roof although highlighted very low pressures 

at the intake of the vent, the recovery was large which indicated accelerated flow directed into 

the building resulting in a large pressure difference as shown in Figure 11. 
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Figure 11: Pressure Distribution in the XY plane through the centre of the vent  

 

8.2. Macro-climate flow profile and resultant supply velocity 

A graphical analysis of the macro-climatic air velocities at an incident wind angle of 0o (Figure 

12) shows that the position of the wind tower on the pitched, narrowed and curved roofs allows 

it to benefit from the stream acceleration triggered by all three roofs. For the tilted curved roof, 

the stream accelerates upstream of the wind tower and decelerates in its vicinity, resulting in 

slightly lower supply velocities. The flat roof geometry creates high flow resistance, thus 

attaining in the lowest supply velocity. 

 

Figure 12: Trends in macroclimate velocity (the points in red highlight the approach velocity) 
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The resulting average supply velocities established by the wind tower for the proposed designs 

at an incident wind direction of 0o have been tabulated in Table 4.  
 

Table 4: Supply velocities of the investigated models 

Model 
Flat 

roof 

Pitched 

roof 

Narrowed 

roof 

Curved 

roof 

Tilted 

curved roof  

Supply air velocity (m/s) 0.95 3.36 3.52 3.40 2.66 

Performance compared to the benchmark (%) - 71.70 73.00 72.00 64.3 
 

The narrowed roof displayed the highest supply velocity followed by the curved roof and the 

pitched roof. The Venturi effect generated by the narrowed roof accelerates wind as it passes 

between the two obstacles on the roof, giving high supply velocities. For the pitched roof and 

curved roof, in addition to acceleration, the wind tower was exposed to a larger area of the free 

stream due to the shape of these two roofs. This resulted in reduction of airflow resistance 

within the macroclimate surrounding the wind tower, leading to high supply velocities. For the 

tilted curved roof, the supply rate could have been higher if the wind tower was placed closer 

to the region of stream acceleration. Lastly, the flat roof displayed the lowest supply velocity 

due to high flow resistance incurred by the shape of the roof. The contours in Figure 13 support 

these observations. 

 

              

   (a)                                                     (b)                                                       (c) 

        

                                                                    (d)                                                               (e) 

Figure 13: Contours for macroclimate velocity in plan view: (a) Flat roof; (b) Narrowed roof; (c) Curved 

roof; (d) Tilted curved roof; (e) Pitched roof 
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8.3. Indoor air flow at varying wind direction 

Indoor air velocities (Table 5) were determined for all the proposed models at different three 

different incident wind directions 00, 45o and 90o. The narrowed roof possessed the highest 

indoor air velocity at incident wind angles of 0o and 45o. However, for an incident angle of 90o, 

the tilted curved roof out-performed the narrowed roof. This is due to the presence of the 

obstacles on the narrowed roof which prevent it from receiving wind from all directions.  

 

 

Table 5: Indoor air velocities obtained for the modelled roof designs at varying incident wind direction 

 

     

Approach angle Flat roof (m/s) 
Pitched roof 

(m/s) 

Narrowed roof 

(m/s) 

Curved roof 

(m/s) 

Tilted curved roof 

(m/s) 

 
0° 0.45 0.29 0.84 0.56 0.51 

 
45° 0.09 0.07 0.73 0.16 0.28 

 90° 0.16 0.06 0.18 0.19 0.21 

 

The obtained values of velocity were then used to compute the supply flow rates for each model 

using equation 1. The flow rates were further used to estimate the ventilation flow rate per 

person to assess the effectiveness of the roof designs in catering to the CIBSE [13] 

recommended ventilation rates for 15 occupants (Table 6).  

 

Table 6: Flow rates obtained for each model at varying incident wind direction 

Approach 

angle 

     

Flat 

roof 

(L/s) 

Flat 

roof 

(L/s/ 

person) 

Pitched 

roof 

(L/s) 

Pitched 

roof 

(L/s/ 

person) 

Narrowed 

roof 

(L/s) 

Narrowed 

roof 

(L/s/ 

person) 

Curved 

roof 

(L/s) 

Curved 

roof 

(L/s/ 

person) 

Tilted 

curved 

roof  

(L/s) 

Tilted 

curved 

roof  

(L/s/ 

person) 

 
 0° 112.5 7.5 72.5 4.8 210.0 14.0 140.0 9.3 127.5 8.5 

 
 45° 22.5 1.5 17.5 1.2 182.5 12.2 40.0 2.7 70.0 4.7 

  90° 40.0 2.7 15.0 1.0 52.5 3.0 45.0 3.2 47.5 3.5 
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The graphical representation of the results (Figure 14) indicated that for incident angles of 

0°and 45°, only the narrowed roof was able to meet the minimum air supply rate of 

10L/s/person as recommended by the CIBSE [13] guidelines. However, none of the roof 

configurations could meet the minimum supply rate at at an incident angle of 90°. The pitched 

roof provided the lowest flow rate among all the models for all three wind directions as a 

consequence of possessing the lowest indoor air velocity. This is due to the height of the 

building due to which the supply velocity begins to reduce upon entry into the occupied zone. 

The contours in Figure 15 support the observations from Table 6. 

 

 
Figure 14: Supply flow rate obtained for the models obtained at wind angles of 0o, 45o and 90o  
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Figure 14: Air velocity contours at varying incident wind angles 
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8.4. Mean age of air 

Mean age of air was determined for all the roof designs at an incident wind angle of 0o due to 

the highest air intake achieved within the micro-climate for this wind direction. The contours 

of age of air (Figure 16) show that the age of air increases as the supply jet progresses further 

into the room and has the greatest values at the recirculation zones. The central stream of the 

jet originating from the inlet has the lowest age of air, indicating that it is fresh. This stream 

directly extends into the occupied zone in the case of the narrowed roof and the two curved 

roofs. For the pitched roof, this stream narrowly extends into the occupied zone due to the 

height of the room. In the case of the flat roof, this stream does not enter the occupied zone due 

to very low inlet velocity, thus, rendering the occupied zone vulnerable to stagnant air.  

              

(a)                                                                                     (b) 

 

             

                                   (c)                                                                                      (d)  

          

                     (e) 

Figure 16: Vertical section of the models showing MAA for - (a) Flat roof; (b) Narrowed roof; (c) Curved 

roof; (d) Tilted curved roof; (e) Pitched roof 
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The mean age of air (MAA) was estimated by taking an average of age of air values obtained 

at nine different locations along a horizontal plane located 1m above the floor level, which is 

representative of the breathing zone for a seated occupant (Figure 17). 

 

Figure 17: Plan view of the rooms showing measurement locations for age of air at 1m affl (breathing 

zone for a seated person) 

The values of age of air measured at the specified locations were graphically studied as shown 

in Figure 18 which supports the findings from Figure 16. The flat roof incorporated the highest 

values of age of air indicating higher susceptibility to air stagnation compared to the other roof 

configurations. The values reduced to its minimum at location 5 for all the roof designs except 

the flat roof since the fresh air jet extends into the breathing zone at that point. This is however, 

not the case with the flat roof since this jet does not extend into the breathing zone due to low 

supply velocity. Overall, the variation of age of air at the breathing zone is steady in the case 

of the flat roof due to air stagnation and more dynamic in the other models due to air movement 

resulting from higher supply velocities. The highest value of MAA at the breathing zone was 

197 seconds which was obtained for the flat roof while the lowest value is 3.3 seconds obtained 

for the curved roof. 

 

Figure 18: Age of air at 1m affl (breathing zone for a seated person) for the proposed roof designs 
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8.5. Air change effectiveness 

Air change effectiveness (ACE) was computed for an incident wind angle of 0o by obtaining 

MAA at the breating level. This was done by an average of the nine values of age of air shown 

in Figure 17. The age of the exhaust air was then determined by probing within the exhaust 

quadrant of the wind tower. These two values were then substituted in equation 2 to estimate 

the ACE for each model. Table 7 shows the values ACE obtained. 

Table 7: MAA and ACE for the proposed roof designs 

Model Flat 

roof 

Pitched 

roof 

Narrowed 

roof 

Curved 

roof 

Tilted curved 

roof  

MAA at breathing zone (s) 189.02 57.86 44.14 46.98 51.04 

Age of exhaust air (s) 119.86 43.32 42.41 41.42 40.27 

ACE 0.63 0.75 0.96 0.88 0.79 

 

The results indicated that at an incident wind angle of 0o, only the narrowed roof could meet 

the minimum indoor ACE of 0.95 at a breathing height of 1m as recommended by ASHRAE 

129 [16]. From the analysis of various micro-climatic parameters, the narrowed roof provided 

one of the highest flow rates and best IAQ in terms of MAA (lowest) and ACE (highest). It is 

thus, the best roof design for achieving adequate ventilation rates and good IAQ for this 

particular wind direction. Figure 19 summarises the results obtained by each roof design for 

each of the micro-climatic parameters namely, volumetric flow rate, ACE and MAA. 

 

 
Figure 19: (a) MAA and ACE at incident angle 0o 
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9. Conclusions:  

The aim of this research was to investigate the influence of different roof configurations upon 

the micro-climates that they offer. The findings and conclusions of the study have been 

highlighted as follows.  

i) For incident wind angles of 0o and 45o, the narrowed roof excelled in providing the highest 

supply flow rate and is the only model capable of providing the minimum supply rate of 

10L/s/person recommended by CIBSE [13] for 15 occupants. However, the performance 

of the wind tower on this roof drops significantly at an incident wind angle of 90o while 

being out-performed by the tilted curved roof. 

 

ii) In the context of IAQ, the narrowed roof excelled in providing the lowest value of MAA 

and the highest value of ACE for an incident wind angle of 0o. It was the only model that 

provided the minimum ACE of 0.95 as recommended by ASHRAE 129 [16].  

For an incident wind angle of 0o, the narrowed roof exceeded the standards set for both fresh 

air ventilation and IAQ, thus highlighting its significance within the building topology. 

However, for incident wind angles other than 0o, there was a decline in the performance of the 

wind tower for all the roof configurations. Overall, the findings from this study stated that roof 

design has a very strong impact on the performance of wind towers in delivering fresh air to 

the microclimate. The limitations endured due to varying wind direction could be overcome by 

a roof design that has radial symmetry which can foster wind acceleration omnidirectionally. 

A good example of such a roof is the domed roof presented in the study carried out by Abohela 

et al. [25]. In conclusion, generation of roof designs that are to incorporate wind towers, if done 

on the basis of the specific variables that affect the performance of this device, can be highly 

beneficial due to the passive assistance of natural ventilation obtained.  

In addition, the following areas of future work are currently within investigation which includes 

defining an urban layout by adding neighbouring buildings to provide a deeper understanding 

of the implications of each roof since the incoming winds are influenced by the surrounding 

building topology. Furthermore, the ideal position for mounting a wind tower on the proposed 

roof designs will be determined by studying a 3-D variation in macro-climate velocity using 

iso-surfaces to identify regions of maximum velocity.  
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