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a b s t r a c t 

Windcatchers are used in building design as natural ventilation devices, providing fresh air supply and thermal 

comfort under suitable outdoor conditions. However, their performance is often constrained by environmental 

factors such as outdoor temperature, wind speed and direction. While passive or low-energy heating, cooling, 

and heat recovery devices have been integrated into conventional windcatcher designs, the impact of changing 

wind directions, which can render the windcatcher ineffective, is often not considered. Addressing this gap, this 

research builds upon a novel dual-channel windcatcher system. This system employs a rotary wind scoop to ensure 

a consistent fresh air supply and stale air exhaust, irrespective of wind direction and facilitates the integration 

of passive/low-energy technologies. Using a validated numerical computational fluid dynamics (CFD) model, the 

design of the proposed system was enhanced by incorporating technologies such as an anti-short-circuit device 

and wing walls, and modifications such as a larger wind scoop area and a redesigned wind cowl to increase the 

pressure differential between the inlet and outlet and reduce system friction. The modified windcatcher achieved 

a 28 % improvement in ventilation rate and outperformed a conventional four-sided windcatcher of the same 

size by up to 58 %. Furthermore, full-scale simulations of the building and windcatcher at varying heights were 

conducted under atmospheric boundary layer wind flow to provide a realistic assessment of the windcatcher’s 

performance. This research contributes to the development of more efficient windcatcher systems for further 

passive technology integrations, enhancing their viability as sustainable ventilation solutions. 

1

 

m  

s  

t  

w  

a  

e  

n  

t  

c  

n  

1  

t  

a  

w  

t  

b  

t  

f  

n  

c  

c

 

c  

b  

c  

b  

t  

t  

d  

l

 

e  

s  

t  

m  

h

R

A

2

a

. Introduction and literature review 

With the development of the economy and living standards, the de-

and for improved indoor air quality in buildings has increased. Re-

earchers are exploring new solutions to reduce energy consumption in

he building sector due to rising energy prices and concerns about global

arming [ 1 ]. The building sector directly and indirectly contributes to

pproximately 40 % of global carbon emissions, a percentage that is

xpected to rise to 50 % by 2050 [ 2 , 3 ]. Consequently, sustainable tech-

ologies aimed at curbing building energy consumption have been ac-

ively developed. These include the use of natural ventilation for passive

ooling and the mitigation of indoor pollutants [ 4 , 5 ]. The importance of

atural ventilation has been further emphasized following the COVID-

9 pandemic, due to heightened concerns about airborne diseases and

he need to remove viruses from indoor environments [ 6-8 ]. Addition-

lly, as individuals spend increasingly longer hours working or residing

ithin buildings, ensuring optimal indoor thermal comfort and main-

aining high indoor air quality have become critical considerations. As

uildings become more airtight, indoor pollutants cannot be removed
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multi-directional natural ventilation of buildings, Energy and Built Environ
hrough air leakage, and appropriate ventilation strategies are essential

or modern buildings [ 9 ]. However, it is important to acknowledge that

atural ventilation may not always provide satisfactory indoor thermal

omfort under extreme external conditions characterized by excessive

old, heat, or humidity. 

Consequently, conventional heating, ventilation, and air-

onditioning (HVAC) systems are commonly used to maintain sta-

le indoor thermal comfort. It is important to note that the energy

onsumption of HVAC systems can account for up to 50 % of a

uilding’s total energy use [ 10 ]. For example, in a city like Shanghai,

he energy required for summer cooling can exceed 40 % of the

otal energy consumption [ 11 ]. Therefore, it is crucial to explore and

evelop energy-efficient cooling solutions, supporting the promotion of

ow-carbon development within the building industry [ 12 ]. 

Windcatchers are natural ventilation devices that not only improve

nergy efficiency but also enhance occupant well-being [ 13 ]. By in-

talling windcatchers on rooftops, buildings can utilize prevailing winds

o draw fresh air in and expel polluted air using wind pressure and ther-

al buoyancy [ 14 , 15 ]. While natural ventilation removes heat and in-
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Nomenclature 

D hydraulic diameter (m) 

Gb generation of turbulence kinetic energy due to buoyancy 

Gk generation of turbulence kinetic energy due to mean ve- 

locity gradients 

p pressure (Pa) 

𝑅𝑒 Reynolds number 

Sk user defined source term for turbulence kinetic energy 

(m2 /s2 ) 

S𝜀 user defined source term for energy dissipation rate (m2 

/s3 ) 

t time (s) 

u velocity (m/s) 

YM 

fluctuating dilatation in compressible turbulence to the 

overall dissipation rate 

𝛼k inverse effective Prandtl numbers for k 

𝛼𝜀 inverse effective Prandtl numbers for 𝜀 

𝜇 dynamic molecular viscosity (Pa s) 

ρ density (kg/m3 ) 

𝜏t divergence of the turbulence stress 

Abbreviations 

ASCD anti-short circuit device 

CFD computational fluid dynamics 

HVAC heating, ventilation and air-conditioning 

oor pollutants, thus ensuring favourable indoor thermal comfort and

ir quality, its effectiveness can be compromised under adverse out-

oor conditions such as extreme temperatures and high humidity [ 16 ].

pecifically, high and low outdoor temperatures can lead to significant

hermal discomfort [ 17 ]. Therefore, integrating passive or low-energy

ooling and heating (for cold climates) technologies with the wind-

atcher system has become a significant area of research in natural ven-

ilation [ 18 , 19 ]. Various passive technologies have been combined with

indcatcher systems, including evaporative cooling in hot and dry cli-

ates [ 20-22 ], heat transfer devices for passive heat recovery [ 13 , 23 ],

nd earth-air heat exchangers to precool the supply air [ 24 ]. 

Wind direction significantly affects the functioning of these systems

nd can restrict ventilation [ 25-28 ] or thermal performance [ 29-32 ]

f overlooked. Single-sided windcatchers perform well in regions with

onsistent wind direction but are less effective under variable wind

onditions [ 14 ]. Additionally, the local wind environment in cities is

ften complex [ 33 ]. Evaluating the ventilation and thermal perfor-

ance of such technology using fixed wind conditions, as done in wind

unnel experiments and CFD simulations, is inadequate for real-world

pplications where environmental conditions vary [ 34 ]. For instance,

hen integrating passive cooling and heating technologies into a multi-

irectional windcatcher [ 35 , 36 ], it’s crucial to account for changes in

he airflow direction within the air channels, as highlighted in the stud-

es of [ 37-40 ]. 

.1. The challenge and research gap 

Fig. 1 illustrates a challenge identified in previous research regard-

ng the impact of changing wind directions on a multi-directional wind-

atcher, which can capture wind flow regardless of the wind direction

 31 , 41-44 ]. Positioning a cooling device in the channel facing the wind

an enhance performance when the wind aligns with that side ( Fig. 1

a)). However, these cooling devices lose effectiveness if the wind shifts

o the opposite direction or alters by 90° ( Fig. 1 (b)). However, the ef-

ectiveness of the cooling device diminishes if the wind shifts to the

pposite direction or changes by 90°. Installing cooling devices in both

hannels results in inefficiency, with one channel cooling the incoming

ir and the other unnecessarily cooling the extracted air ( Fig. 1 (c)).
2

his issue has often been overlooked in many studies using wind tun-

el experiments and computational fluid dynamics (CFD) simulations,

hich typically assume constant and stable winds, unlike the variable

onditions experienced [ 39 , 44-50 ]. 

Although numerous studies have explored the integration of

assive cooling and heat recovery technologies in windcatchers

 29 , 30 , 32 , 37 , 51 ], the majority have concentrated on the devices’ abil-

ty to condition incoming air, with less attention to their performance

nder fluctuating wind conditions. However, the ability to operate reli-

bly under various wind conditions is vital for the overall effectiveness

f the building system [ 41 , 52 ]. For example, although evaporative cool-

ng systems in windcatchers have shown promise, these systems have

lso been tested under static wind conditions, disregarding the impact

f wind variability [ 21 , 53 ]. A few studies involving an evaporative cool-

ng system in a single-sided windcatcher, complemented by a solar wall,

evealed that variable wind directions could not only diminish ventila-

ion efficiency but also lead to thermal discomfort from the reverse flow

f solar-heated air [ 20 , 54 ]. 

Integrating passive heating, cooling technologies, or heat recovery

evices can improve the thermal performance of windcatchers. Nev-

rtheless, these enhancements are restricted by the limitations of ei-

her multi-directional or fixed windcatchers. Windcatchers with mul-

iple openings are generally less affected by changes in wind direction

nd tend to maintain better overall ventilation efficiency compared to

odels with fewer openings, even though these may achieve higher

eak ventilation rates under specific wind conditions [ 43 ]. Still, few

esearch efforts have successfully achieved consistent ventilation and

hermal performance in windcatchers that are independent of wind di-

ection changes while incorporating passive or low-energy technologies.

ome researchers have considered adding fans to ensure a continuous

upply of fresh air at low wind speeds, but this approach compromises

he windcatcher’s zero-energy consumption and cost-effectiveness [ 55 ].

.2. Research novelty, aim and objectives 

To tackle the challenges associated with the variable performance of

indcatchers under different wind directions and the constraints in in-

egrating passive or low-energy technologies in traditional designs, we

ropose a novel dual-channel windcatcher. This design enables wind-

riven natural ventilation that operates independently of wind direc-

ion, making it ideal for incorporating passive technologies [ 56 ]. As de-

icted in Fig. 2 and Video 1 , the dual-channel windcatcher is designed

o facilitate both the intake and expulsion of air within a space. It con-

ists of two concentric ducts; the outer duct features a rotary wind scoop

ith a central aperture for the return duct. A vertical tail fin at the rear

enerates torque to rotate the wind scoop, ensuring it aligns with the

revailing wind. As a result, the outer duct consistently serves as the

upply duct, utilizing the positive pressure created by the wind scoop,

hile the central chimney acts as the constant return duct, removing

tale and warm air from the building. This configuration allows for ef-

cient integration with passive or low-energy technologies, ensuring a

ontinuous pathway for both supply and exhaust. In setups involving a

ooling device, only the air in the supply channel is cooled. In contrast,

n heat recovery systems, heat is continually transferred from the warm

xhaust air to the fresh incoming air in the supply channel. 

The present study aims to enhance the ventilation performance of

he proposed system by implementing various strategies to augment the

ressure differential between the inlet and outlet, thereby enabling the

ystem to operate effectively even under low wind speed conditions.

chieving a higher ventilation rate is crucial, especially when integrat-

ng additional technologies that may introduce a pressure drop and re-

uce the airflow rate. The parametric analysis will focus on this objec-

ive without increasing the size of the windcatcher, while simultane-

usly enhancing ventilation efficiency and meeting the required venti-

ation demand within a smaller footprint. To accomplish this, the study

ill explore various design scenarios and operating conditions using a
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Fig. 1. Operation of a multi-directional windcatcher when the low-energy cooling device is in the (a) windward channel, (b) in the leeward channel, and (c) both 

channels. 

Fig. 2. Proposed rotary scoop windcatcher with dual channels for supply and exhaust streams. 
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umerical CFD approach, which will be validated experimentally. This

ombined methodology will accelerate the research process and help

dentify optimized solutions. 

The parametric analysis of the proposed rotary dual-channel wind-

atcher will cover several key aspects: adjusting the diameter of the

nternal tube to achieve varying supply-to-return channel area ratios;

mplementing wing walls at the wind scoop inlet to generate higher

ositive pressure; modifying the height of the wind scoop inlet to op-

imize performance; chamfering the back of the chimney to create a

ind cowl that facilitates increased air extraction; adjusting the height

f the anti-short circuit device (ASCD) within the room to enhance air-

ow patterns; and modifying the height of the windcatcher tube while

valuating the influence of windcatcher height through comprehensive

ull-scale simulations. The refined parameters derived from this anal-

sis will be applied to develop an optimized windcatcher model. This

odel’s ventilation efficiency will then be benchmarked against that of a

raditional four-sided windcatcher to evaluate its performance enhance-

ents. 

. Method 

The research flow diagram, depicted in Fig. 3 , outlines the sequential

rogression of our study. By conducting this comprehensive evaluation,

e aim to determine the improvements achieved through our optimiza-
3

ion process and better understand the advantages of the proposed de-

ign over existing windcatcher configurations. 

.1. Dual-channel rotary windcatcher 

The dual-channel rotary wind scoop windcatcher evaluated in this

tudy is shown in Fig. 4 . It included the following major components:

 rotary component with a scoop inlet, a cowl outlet and a tailplane,

he bearing and connection beam and the windcatcher foundation [ 44 ].

he present windcatcher device will incorporate a chamfered edge on

he back side of the central chimney and wing walls at the entrance

f the wind scoop to enhance the ventilation performance. The central

himney in the present design is also separated between the upper wind

coop and the lower section. This will combine the chimney outlet and

ind scoop into a single component, replacing the initial prototype’s

ing-shaped bearing with a cost-effective bar-bearing design, reducing

riction. As a result, the torque required to rotate the wind scoop and

he size of the tailplane will be minimized. However, it should be noted

hat this aspect is not evaluated in numerical modelling. 

Preventing down draught in a chimney is necessary for the ventila-

ion system design to ensure the stale and warm air can be extracted

rom the chimney [ 47 ]. Fig. 2 and Video 1 illustrate the airflow direc-

ions within the windcatcher, where two concentric circular tubes create

wo distinct channels. With this dual-channel ductwork configuration
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Video 1. Working mechanism of the proposed rotary scoop windcatcher with 

dual channels for supply and exhaust streams. The video can be downloaded from 

the link in the Appendix section. 
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nd the presence of the rotary scoop, the external channel consistently

unctions as the supply channel, while the internal channel consistently

erves as the return channel, irrespective of changes in wind direction.

his setup facilitates a stable airflow, essential for seamless integration

ith passive technologies like passive heat recovery or cooling devices.

he rotary component, beams and windcatcher foundation can be man-

factured from stainless steel. This choice of materials ensures structural

urability within the windcatcher system. 

.2. Experimental setup and testing 

A cube-shaped test room with a length of 1.2 m was made from

0 mm thick insulation broad. Two L -shape anti-short circuit devices

ASCD) were added to avoid air short-circuiting and provide good air cir-

ulation inside the test room [ 57 ]. The windcatcher prototype is placed

n the middle of the test room. A 4 m long blower-fan open wind tunnel

ith contraction, screen mesh and honeycomb flow conditioners [ 58 ]

as made to provide a stable airflow for windcatcher ventilation rate
4

esting. With the mesh screen and the flow conditioners, the turbulent

ow from the industrial fans was stabilized to create uniform airflow

hich can be used for CFD model validation [ 44 ]. The wind speed pro-

les measured from the outlet of the wind tunnel were applied as the

nlet of the CFD simulation and the wind speed profiles are presented

n the Appendix ( Table A1 ). The dimensions of the wind tunnel, test

oom, ASCD, and distance from the nozzle to the model are presented

n Fig. 6 (c). 

The dimension of the scaled experiment model is shown in Fig. 5 .

hese dimensions were later modified to develop a full-scale model that

ould facilitate both ventilation performance evaluation and parametric

nalysis in the CFD simulations, as illustrated in Fig. 6 . In this research,

he size of the wind tunnel was constrained by the available space for the

xperiment, the necessity for uniform wind conditions, and the required

ind speed, which in turn limited the size of the windcatcher. Our goal

as to validate the numerical model with the experiment, ensuring that

he same geometry was replicated in the numerical modelling work. The

pening of the wind tunnel was positioned above the edge of the test

oom, setting the distance between the wind tunnel opening and the

indcatcher inlet at 0.5 m. 

Wind speeds were measured at 17 specific locations along the

lower-fan open wind tunnel outlet. These measurements were em-

loyed in the validation CFD model as inlet wind speed. Due to the

ddition of screen mesh and flow conditioner, the maximum attain-

ble wind speed was 3 m/s. After allowing the wind flow to stabi-

ize and eliminate any instantaneous fluctuations, the average wind

peed value for each measurement point was determined. To achieve

 range of wind speed profiles under different average wind speeds,

he fan was adjusted during testing. The wind speed profiles were mea-

ured for each test, ensuring an accurate representation of the actual

ind speed profile across various average wind speeds. For wind speed

easurements, the Testo 405i hot wire anemometer with an accuracy

f ±( 0 . 1 m∕s ± 5% of the readings ) was employed and the experi-

ents were tested under a room temperature of around 20◦C. The same

ethod was used to measure the airflow rate of the windcatcher, which

ill be compared with the CFD predictions. The results are presented in

ection 3.1 . 

.3. CFD modelling, grid verification and experimental validation 

Computational Fluid Dynamics (CFD) is a cost-effective technique to

erform numerical simulations and scrutinize an extensive volume of

ata pertinent to fluid dynamics. The CFD analysis has been deemed

ore beneficial compared to wind tunnel assessments for the explo-

ation of specific attributes of windcatcher systems, including phenom-

na such as flow short-circuiting and recirculation, vortex regions, as

ell as supply and extract segments. Parametric analysis and model

ptimizations in CFD are preferable to wind tunnel experiments be-
Fig. 3. Research process for the parametric 

analysis of the proposed rotary windcatcher. 
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Fig. 4. (a) Components of the proposed dual- 

channel rotary scoop windcatcher, and (b) 

beams and bearing connecting the windcatcher 

and concentric ducts. 

Fig. 5. CFD model (showing the meshed domain) which 

simulated the wind tunnel experiment setup. 
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Table 1 

CFD settings and boundary conditions. 

Term Value and settings 

Inlet 

Velocity (m/s) 0–3 (wind speed profile based on wind tunnel), 

1–7 (wind speed for parametric analysis) 

Initial Gauge pressure (Pa) 0 

Specification method k-epsilon RNG 

Outlet 

Gauge pressure (Pa) 0 (atmospheric) 

Wall 

Shear condition No slip 

Roughness height 0 

Roughness constant 0.5 

Converged residuals 

Continuity / k / Epsilon 0.001 

X/Y/Z velocity 0.0001 

w

 

w  

t  
ause controlling model geometry and environmental variables in CFD

s more cost-effective and time-saving than manufacturing new exper-

ment models. In this research, the commercial CFD software FLUENT

as used to carry out the simulations of the windcatcher modifications

or the parametric analysis [ 59 ]. The settings of CFD simulation are sum-

arized in Table 1 [ 44 ]. The validation experiments were conducted un-

er controlled conditions with a consistent environmental temperature

nd low wind speed. Therefore, assumptions were made that temper-

ture variations would not occur within the CFD simulations. Our re-

earch primarily focused on airflow and ventilation performance within

he windcatcher, consequently, we solely solved the mass and momen-

um equations to examine these aspects. The governing energy equation

as excluded to simplify the process, as it was not applicable to heat

ransfer or internal heat sources within the building. 

The Reynolds-averaged Navier-Stokes, k-epsilon RNG equations and

emi-implicit method for pressure-linked equations segregated pressure-

ased algorithm were utilized [ 60 ], and the second-order upwind

cheme was employed to discretize all the transport equations. The gov-

rning equations for the mass ( Eq. (1) ), momentum ( Eq. (2) ), and k and

psilon ( Eq. (3) and Eq. (4) ) [ 61 ] are detailed below: 

𝜕ρ
+ ∇ × ( ρu ) = 0 (1)
𝜕t 

5

here u refers to the fluid velocity vector, t is time, and ρ is density. 

𝜕ρ
𝜕t 

+ ∇ × ( ρu ∇u ) = −∇ 𝑝 + ρg + ∇ × ( u∇u ) − ∇ × τt (2)

here g is a vector of gravitational acceleration, p is the pressure, 𝜏 t is

he divergence of the turbulence stresses, and 𝜇 is dynamic molecular
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Fig. 6. Dimension of the full-scale model of 

the (a) initial and (b) final rotary scoop wind- 

catcher, and (c) dimension of the wind tunnel 

and experimental model. 
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iscosity. 

Δ
δt 
( ρk ) + δ

δxi 

(
ρk ui 

)
= δ

δxi 

( 

ak μeff 
δk 
δxj 

) 

+ Gk + Gb − ρε − YM 

+ Sk (3) 

Δ
δt 
( ρε ) + δ

δxi 

(
ρε ui 

)

= δ
δxj 

( 

ak μeff 
δε 
δxj 

) 

+ C1ε 
ε 
k 
(
Gk + C3ε Gb 

)
− C2ε ρ

ε2 
k 

− Rε + Sε (4) 

here Gb and Gk represent the generation of turbulence kinetic energy

ue to buoyancy and mean velocity gradients. YM 

defines the overall

issipation rate. 𝛼k and 𝛼𝜀 are the inverse effective Prandtl numbers for

 and 𝜀 . Sk and S𝜀 are user-defined source terms. 

The mesh independence analysis of the optimized model is shown

n Fig. 7 , utilizing different mesh sizes including coarse (2.6 million el-

ment number), medium (6 million element number) and fine (11 mil-

ion element number). As the research focuses on the ventilation perfor-

ance of the windcatcher, the ventilation rate of the model with differ-

nt mesh sizes was simulated and compared. As observed, all the models

chieved identical simulation results. The ventilation rates across mod-

ls with varying mesh qualities were consistent. However, a medium-

esh quality was chosen to provide a balance between computational

fficiency and precision. For instance, the vector plot distribution in the

ccompanying figure exhibits greater uniformity with the medium mesh

ompared to its coarser counterpart. 
6

.4. Proposed windcatcher parametric analysis 

To enhance the ventilation rate, this research focused on parametric

nalysis by adjusting various factors. However, the evaluation did not

nvolve assessing the ventilation performances of windcatchers with dif-

erent cross-section areas [ 62 ]. Instead, the modifications were tested us-

ng models with identical cross-section areas. The adjustments included

odifying the supply-to-return channel area ratio, incorporating wing

alls with varying angles and lengths at the wind scoop inlet, adjusting

he height of the wind scoop inlet, chamfering the back of the chimney

t different angles, modifying the height of the ASCD within the room,

nd evaluating the impact of windcatcher height through ABL wind sim-

lations. These modifications aimed to identify the most effective design

arameters for enhancing the ventilation rate and improving the overall

erformance of the windcatcher system. 

.4.1. Supply-to-return channel area ratio 

The turbulent airflow in the ventilation duct was affected by the

eynolds number in the duct and the roughness of the surface [ 63 ].

he area and shape of the channels would affect the hydraulic diame-

er of the system which would affect the turbulence and the Reynolds

umber in the duct. The Fanning friction factor f can be used for the

urbulent flow calculation [ 64 , 65 ] which was increased by the increase

f Reynolds number. Thus, adjusting the shape and area of the supply

nd return channels to achieve a lower hydraulic diameter was neces-

ary to decrease the Reynolds number and the system friction. In this

esearch, lower system friction was achieved by adjusting the diameter

atio of supply and return channels to minimize overall system friction
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Fig. 7. Mesh independence analysis. 
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ather than decrease the friction in a single channel. The diameter of

he internal tube was adjusted up to 450 mm to evaluate the ventilation

erformance with a different supply-to-return ratio. 

𝑒 =
ρuD 

μ
(5)

here 𝑅𝑒 is the Reynolds number of the system; u is the velocity of

irflow in the system in m/s; D is the hydraulic diameter in m; ρ is the

ensity of the liquid in kg/m3 ; μ is the viscosity of the liquid in Pa∗ s. 

.4.2. Wing walls at the inlet 

The implementation of wing walls has been recognized as an effec-

ive natural ventilation device for enhancing the performance of single-

ide ventilation [ 66 ]. Adding a wing wall could provide a sharp edge at

he inlet, which increases pressure, thereby improving ventilation per-

ormance [ 67 , 68 ]. By adding the wing walls to the rotary wind scoop

omponents, the inlet area can also be increased to capture more airflow

nd further improve ventilation performance. Thus, wing walls with dif-

erent angles, from 0° to 90°, and lengths, from 50 mm to 200 mm, at

he wind scoop inlet were investigated, as shown in Fig. 9 (a). 

.4.3. Wind scoop inlet height 

Increasing the area of the windcatcher opening is a highly effective

pproach for enhancing airflow within a windcatcher. However, it is

mportant to note that the benefits of increasing the opening area be-

ome limited once it reaches an excessively high level. In light of this,

he present study explored an alternative avenue for improving the ven-

ilation rate by adjusting the height of the wind scoop inlet. This in-

estigation sought to determine whether increasing the height of the

ind scoop proved to be a cost-effective method for enhancing the ven-

ilation rate. The range of wind scoop heights examined spanned from

 mm to 500 mm, as depicted in Fig. 9 (b). By analyzing the impact of

arying wind scoop heights, this research aimed to identify an optimal

eight that would yield the desired improvements in ventilation rate

hile considering practicality and cost-effectiveness. 

.4.4. Chamfering the back of the chimney 

Chimneys play a crucial role in extracting polluted air from build-

ngs, and their performance remains unaffected by the wind direction,

aking them suitable components for multi-directional windcatcher de-

igns. However, the performance of a chimney in a fixed design does not

ully leverage the advantages of a rotary scoop windcatcher, where the

himney component is installed within a rotating device capable of al-

ays facing the wind. As a result, the ventilation rate achievable in the

urrent design is not maximized. To address this limitation, a new ap-

roach involving the chamfering of the chimney was explored, as illus-

rated in Fig. 9 (c). By incorporating a chamfered angle, a pressure cowl

as created, allowing the wind to be redirected with the assistance of

he tail fin. This design modification generated a larger negative pres-

ure at the outlet, enabling the extraction of a greater volume of air.
7

onsequently, this research focused on investigating and comparing the

entilation performance of chamfered chimneys with varying angles,

anging from 0° to 60°. Through this analysis, we aimed to identify the

ost effective angle for maximizing the ventilation performance of the

indcatcher system. 

.4.5. Impact of atmospheric boundary layer (ABL) upstream wind 

The evaluation of the windcatcher’s ventilation performance in ex-

sting studies has mostly been conducted in wind tunnel-based domains

nd under uniform wind conditions, rather than with a full-scale build-

ng and under atmospheric boundary layer (ABL). It is important to note

hat the presence of a building’s edges can significantly influence the

ind speed profile above the structure, and the wind speed near the

oof may be substantially lower than the undisturbed outdoor wind at

he same height. Consequently, it becomes necessary to increase the

eight of the windcatcher adequately, considering the geometry of the

uilding, to effectively capture the wind for a fresh air supply. 

However, it is crucial to recognize that the total pressure loss within

he windcatcher system is influenced by factors such as friction and total

ength. Therefore, as this research primarily focuses on the parametric

nalysis of windcatcher geometry, it is imperative to investigate the im-

act of tube length as well. This analysis aims to ensure that the wind-

atcher system meets the requirements of real-world applications and

ffectively caters to the ventilation needs of buildings. By considering

oth the height and tube length, we can optimize the windcatcher design

o achieve optimal performance in practical scenarios. 

.4.6. Height of the ASCD 

In order to address potential issues related to the short-circuiting of

upply air, an anti-short circuit device (ASCD) was integrated directly

eneath the windcatcher. This configuration aims to forestall any pos-

ible rerouting of the ventilation airflow directly from the supply to

he exhaust, bypassing the intended air distribution in the room, a phe-

omenon known as "short-circuiting". In addition to the installation of

he ASCD, a thorough examination was conducted to discern the effect

f the device’s height within the room on the rate of ventilation. The

bjective of this assessment was to find an optimal balance between the

SCD’s dimensions and the ventilation rate, a crucial step towards max-

mizing material efficiency. This ensures a sustained high-performance

evel of the ventilation system without unnecessary expenditure on over-

ized ASCDs. 

The efficacy of the windcatcher was scrutinized under a variety of

onditions. Initially, its performance was evaluated at both its original

nd modified heights, under a constant wind speed setting. This evalu-

tion allowed for an understanding of the windcatcher’s performance,

ndependent of wind speed fluctuations. Further evaluation was con-

ucted under more realistic, full-scale conditions that encompassed an

tmospheric boundary layer wind speed profile. 
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Fig. 8. Dimension of computational domain utilized for the full-scale simula- 

tion. 
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Fig. 9. Parametric analysis of (a) wing wall at the wind scoop inlet, (b) wind 

scoop height, (c) chamfered chimney, and (d) ASCD and height. 
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The full-scale CFD simulation domain size ( Fig. 8 ) and the atmo-

pheric boundary layer were determined based on guidelines from [ 52 ],

ncompassing dimensions of 5 times the height (5 H ) in front, 5 H on the

ides, 5 H above and 15 H behind the building. In this research, H is 8 me-

res, corresponding to the height of the tallest model. With a mesh size of

.5 m in the domain and 0.008 m around the windcatcher and building

urface, the maximum mesh element number of the full-scale simulation

as about 28 million. 

In the full-scale simulation with the atmospheric boundary layer,

he wind speed at the windcatcher’s height level was 5 m/s and the

ind speed profile was 6 x ( H /15 m)0.143 . A pitched, curved, and domed

oof building can be a solution to avoid the impact of the building edge

 69 , 70 ]. Thus, a full-scale simulation of the windcatcher with a pitched

oof was also applied to investigate the impact on the ventilation rate. 

All the parametric analyses ( Fig. 9 ) were conducted based on the

nitial windcatcher model with a 450 mm external diameter with an

dentical outdoor wind speed of 5 m/s, and the refined parameters were

ombined for the final optimized windcatcher. 

.5. Comparison with the conventional 2-sided & 4-sided windcatcher 

The primary objective of this parametric analysis is to enhance the

entilation performance of the rotary wind scoop windcatcher, with a

pecific focus on achieving a higher ventilation rate compared to exist-

ng models. This analysis is key to advancing our understanding of how

ariations in design parameters can affect the windcatcher’s overall per-

ormance, particularly in terms of its ability to facilitate air circulation

ithin the enclosed space it services. Once the parametric analysis of

he initial rotary wind scoop windcatcher was completed, it was crucial

o gauge the effectiveness of these adjustments. This was accomplished

y comparing the ventilation rate of the initial and modified versions of

he rotary scoop windcatcher. To ensure a fair and balanced evaluation,

he comparison was made against the conventional two and four-sided

indcatcher that maintained an identical area and opening height. 

. Results and discussion 

.1. Model validation 

The CFD simulation model was validated against the wind tunnel

ata for the total ventilation rate, as illustrated in Fig. 10 . Through these

ulti-faceted evaluations, a linear correlation was established between

he average environmental wind speed, as recorded in the wind tun-

el, and the total ventilation rate facilitated by the windcatcher. In the
8

caled-down prototype, the fresh air supply ranged between 1.7 L/s/m2 

nd 9.18 L/s/m2 . This performance metric correlated with outdoor wind

peeds varying between 0.5 m/s and 2.5 m/s, thus demonstrating the

rototype’s sensitivity and responsiveness to the ambient wind condi-

ions. During these investigations, a certain disparity was noted between

he average ventilation rates derived from the CFD simulation and the

xperimental results. The difference was quantified to be approximately

.156 L/s/m2 , which translated into an average percentage deviation of

.5 %. This discrepancy, while minor, underscored the inherent chal-

enges in perfectly simulating the complex physics of fluid dynamics

nd the effect of real-world variables. 

In response to these findings, modifications were implemented

ithin the scaled experimental model to facilitate the creation of a full-

cale version. The results of the simulation models were compared, and

hile small variations were observed between the different simulation

ethods, a similar trend was observed. The wind speed validation points

nd validation results are shown in Fig. 11 , in the vertical plane in the

iddle of the model. Validation point 1 was 1 cm above the bottom of

he ASCD and 20 cm to the centre of the tubes. Validation point 2 was

 cm away from the wall and 55 cm above the room’s floor. The centre

ind speed point was in the middle of the return duct, with a height of

 cm above the top surface of the test room. 

.2. Supply-to-return channel area ratio 

The impact of the supply-to-return channel area ratio on the ven-

ilation rate was assessed and shown in Fig. 12 . The percentage ratio

as calculated by the new ventilation rate divided by the initial venti-
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Fig. 10. (a) Comparison between experiment and CFD results, and (b) cross- 

sectional contour showing the airflow velocity distribution around the valida- 

tion model. 
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9

ation rate. It was observed that achieving an optimal ventilation rate

equired equivalent areas for both the supply and return channels. Devi-

tions from this balanced ratio resulted in significant alterations in the

ind speed within the channels, subsequently leading to varying levels

f pressure loss. For instance, when the supply channel area was consid-

rably smaller than that of the return channel, a substantial increase in

ind speed was observed within the supply channel. This, in turn, es-

alated the pressure loss within the system. Similar consequences were

oted when the area of the return channel was reduced. 

By ensuring that the areas of the supply and return channels were

dentical, a balanced ventilation configuration was achieved. In such

ases, the wind speeds designed for both channels were equal, thus

inimizing pressure loss within the system while maintaining a con-

tant ventilation rate. Consequently, it became evident that an unbal-

nced supply-to-return channel ratio could significantly impact the over-

ll ventilation rate within the room. 

Furthermore, the diameter of the ducts played a crucial role in de-

ermining the ventilation rate. The final optimized model demonstrated

hat a balanced duct diameter of 320 mm yielded the highest ventila-

ion rate when considering a constant diameter. However, it is impor-

ant to consider the manufacturing costs associated with producing a

indcatcher with a specific diameter. Opting for a ready-made product

vailable in the market, such as 300 mm or 400 mm, may prove to be

 more cost-effective solution, despite potential slight deviations from

he ideal diameter. 

To minimize any discrepancies in the area difference between the

upply and return channels, it is recommended to maintain a ratio of

pproximately 0.707 between the internal and external diameters. This

pproach helps to achieve a more balanced airflow distribution and en-

ances the overall efficiency of the windcatcher system. 

.3. Wing wall angle and length 

The impact of both the angle and length of the wing wall on the

entilation rate has been meticulously examined and is graphically de-

icted in Fig. 13 . It was observed that all the windcatchers equipped

ith wing walls outperformed the original model in terms of ventila-

ion performance. 

In scenarios where the angle of the wing wall was less than 50°, it

as found that shorter wing walls led to an enhanced ventilation rate.

his can be attributed to the fact that introducing a lengthy wing wall

nder low-angle conditions essentially extended the supply channel’s

ength without increasing the wind scoop’s area. This caused an up-

urge in pressure loss without a corresponding increase in air capture,

n unfavourable outcome for ventilation efficiency. 

Low-angle wing walls at the wind scoop inlet could generate an ex-

ended sharp edge outside the windcatcher foundation, thus amplifying

he ventilation rate at the front. However, a longer wing wall did not

ontribute to a more significant increase in the ventilation rate when

ompared to a shorter one. As a result, models fitted with shorter wing
Fig. 11. (a) Result of three wind speed vali- 

dation points, and (b) location of three wind 

speed validation points. 
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Fig. 12. (a) Impact of the internal duct diameter on the 

ventilation rate at 5 m/s outdoor wind speed, and (b) 

cross-sectional pressure contour comparing two designs. 
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alls achieved a higher ventilation rate relative to those with longer

ing walls. 

In contrast, for larger angles exceeding 50°, increasing the length of

he wing wall essentially expanded the inlet area. Consequently, wind-

atchers with longer wing walls demonstrated superior ventilation per-

ormance in comparison to their counterparts with shorter wing walls. 

However, it is essential to consider the practical implications of ex-

ending the wing wall, as it inherently increases the size of the wind

coop. A wind scoop that is substantially larger than the windcatcher

hannel may not present a cost-efficient solution compared to simply

pting for a larger-diameter windcatcher. As such, while a 200 mm wing

all with an 80-degree angle could potentially reach the maximum ven-

ilation rate, a more pragmatic and efficient design, considering material

sage and spatial constraints, was found to be a 50 mm wing wall with

 20-degree angle. This design managed to strike a balance between

chieving an optimal ventilation rate and maintaining cost and space

fficiency. 

.4. Height of wind scoop and anti-short circuit device (ASCD) 

The area of wind capture in a windcatcher constitutes a crucial de-

erminant of its ventilation efficiency. The effect of modifying the height

f the wind scoop on the ventilation rate was examined, with the results

hown in Fig. 14 . An increase in the ventilation rate was noted when the

eight was increased to 200 mm. This boost is largely attributable to the

onsiderable system friction and a diminished frontal area for wind cap-

ure associated with a small inlet opening. Nonetheless, once the area of

he wind scoop was expanded to approximately twice that of the supply
10
hannel area, the subsequent improvement in the ventilation rate was

egligible. This observation indicates that despite further enlargements

f the wind scoop area beyond 300 mm, the pressure differential created

y the wind was inadequate to provide additional airflow through the

ystem. When analyzing improvements in the ventilation rate, a height

ncrement from 200 mm to 300 mm led to an estimated increase of ap-

roximately 12 %. Conversely, doubling the height of the wind scoop

rom 200 mm to 400 mm only resulted in a relatively modest 15 % in-

rease under identical environmental wind conditions. Hence, a height

ncrease of the wind scoop to 300 mm was determined to be the ideal

trategy for ventilation enhancement. This adjustment not only ensured

 high ventilation rate but also promoted more efficient material usage,

hich is crucial in striking a balance between enhancing performance

nd reducing material/resource consumption. 

As shown in Fig. 14 (a), the results indicated that after reaching a

eight of 100 mm, the ventilation rate demonstrated a near-constant

rend. This plateau effect in the ventilation rate beyond the 100 mm

ark underscores the importance of this particular ASCD height in the

entilation performance of the model. The velocity contour and vector

f windcatcher with different ASCD heights are presented in Fig. 14 (b).

he model with a 100 mm ASCD height had a better distribution of the

irflow on both sides compared with the model with 200 mm ASCD

eight. Based on these findings, the initial ASCD height of 100 mm

as retained for further investigation. This was rooted in the under-

tanding that any increase in height beyond this threshold would not

ignificantly enhance the ventilation rate. Thus, maintaining the ASCD

t this height aligns with the principle of optimization – achieving the

ighest possible ventilation performance while minimizing unnecessary
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Fig. 13. (a) Impact of the wing wall angle on the ventilation 

rate at 5 m/s outdoor wind speed, and (b) horizontal cross- 

sectional velocity contour comparisons. 

Fig. 14. (a) Impact of wind scoop height 

on the ventilation rate at 5 m/s outdoor 

wind speed, and (b) cross-sectional veloc- 

ity contours and vectors comparing wind- 

catchers with different ASCD heights. 

11
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Fig. 15. Impact of the chamfered chimney angle on the 

ventilation rate at 5 m/s outdoor wind speed. 
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aterial consumption and spatial requirements. This investigation into

he influence of ASCD height exemplifies the holistic approach taken

n this study, where every variable, no matter how ostensibly minor,

s examined for its potential impact on the overall performance of the

indcatcher system. The ventilation performance of the windcatcher

ith and without ASCD was also evaluated by CFD simulation. After

pplying the ASCD, the air escaping the building without circulating in-

ide the room was significantly reduced. The airflow distribution in the

uilding was more uniform after applying the ASCD, and the supply and

xhaust streamline were separated into different directions. 

.5. Chamfered chimney angle 

Incorporating a chamfered chimney outlet can facilitate an increase

n the outlet area at the region of negative pressure, whilst concurrently

enerating a larger zone of negative pressure behind the outlet to pro-

ote increased extraction of air from the room. Within a model fea-

uring a rotary wind scoop, the outlet chimney could be affixed to the

ind scoop, enabling simultaneous rotation. This ensures that the wind

coop constantly faces the wind, and the chamfered chimney maintains

ts optimal orientation without the need for electrical power. 

As presented in Fig. 15 , the introduction of a chamfered chimney en-

anced the ventilation performance of the initial windcatcher, with the

entilation rate continuing to rise in line with the angle of the chamfer.

owever, the ventilation rate tended to stabilize once the chamfered an-

le reached approximately 45°, peaking around a 50° chamfered angle,

hich resulted in a ventilation rate improvement of about 14 %. The

equirement for a high chimney becomes significant for a large chamfer

ngle exceeding 45°, leading to a considerable rise in material needs,

et the ventilation rate ceases to increase with further chamfered an-

le increments past 45°. Consequently, a chimney cut angle of 40° was

elected for the final model. 

.6. Windcatcher height and full-scale simulations 

The unique sharp edge of a flat roof building, when oriented per-

endicularly to the wind direction, creates turbulent airflow above the

oof surface. This turbulence, in turn, causes the wind speed profile near

he building’s edge in actual operational conditions to deviate substan-

ially from those observed under controlled experimental settings, which

ill be accelerated and separated by the building edge [ 71 , 72 ]. Conse-

uently, even though the wind speed at the height of the windcatcher in

he atmospheric boundary layer is equal to the uniform wind speed in

he numerical simulation and experiment, the ventilation performance

f the windcatcher in a real building might be totally different to the pre-

iction achieved by the wind tunnel experiment or the uniform wind

peed simulation. To better understand these performance variations,

omparisons were drawn between full-scale simulations and those un-

er a uniform environmental wind speed. 

As depicted in Fig. 16 , the windcatcher of initial height was strate-

ically situated at the centre of the roof, in close proximity to the roof’s

urface. In the full-scale simulation, the wind speed in the immediate
12
icinity of the windcatcher was nearly reduced to zero, leading to a

ear-zero ventilation rate. However, the ventilation rate in the full-scale

imulation showed a significant increase when the height of the wind-

atcher was increased from 0.5 m to 1 m and thereafter, it maintained

 state of equilibrium. 

In contrast, under unvarying wind speed conditions in the absence

f a building, the performance of the windcatcher was unaffected by the

urbulence at the building edge. As a result, it demonstrated a gradual

ecline in response to increases in windcatcher height, mainly due to

he escalating system friction. Nevertheless, the sharp edge of the build-

ng amplified the wind speed above the initial windcatcher, thereby

nabling a taller windcatcher to harness the wind with a significantly

reater velocity. Therefore, despite a reduction in ventilation rate due

o the expanded tube length in a taller windcatcher system, the overall

entilation rate of this system still exceeded that of the initial model

nder constant environmental wind speed conditions. 

Moreover, extending the tube length by 3 m resulted in a 10 % de-

rease in the total ventilation rate. The increase in tube length can ex-

and the area available for sunlight capture, potentially proving benefi-

ial for solar chimneys or other passive technologies such as heat recov-

ry. This finding suggests a multi-faceted approach to building design

hat considers the interplay between wind and solar energy, offering

nsights for the enhancement of both ventilation and energy efficiency. 

In the full-scale simulation, the windcatcher of initial height, when

ncorporated into a pitched-roof building, exhibited ventilation rates

hat were essentially on par with those observed under a constant en-

ironmental wind speed profile. This can be primarily attributed to the

act that the horizontal wind speed profile in the immediate vicinity

f the windcatcher remained remarkably stable, largely impervious to

he influence exerted by the building’s roof geometry. This unimpeded

ind profile allows for more consistent wind-driven ventilation, closely

imicking conditions of a constant environmental wind speed. 

In the context of the windcatcher geometry, the design process did

ot specifically optimize for tube length. Instead, it was recognized that

he tube length would play a critical role in the windcatcher’s perfor-

ance, impacting factors such as wind capture, pressure differentials,

nd system friction. However, considering the intricate balance between

hese variables and the potential material and cost implications of an

longated tube, a decision was made to retain the initial tube length

or the final geometry optimization phase. Maintaining the initial tube

ength allowed for a focus on optimizing other elements of the wind-

atcher’s design in the current stage of research. Meanwhile, the impli-

ations of varying tube lengths, such as changes in system friction and

ind capture, can be considered in future investigations. This approach

ffords a more nuanced and measured design process that can better

dapt to diverse architectural contexts and environmental conditions. 

.7. Combined modifications evaluation 

The parametric analysis provides insights into which components of

he windcatcher system have the most significant impact on ventilation

ates, as shown in Table 2 . Among the parameters tested, the chamfered
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Fig. 16. (a) Impact of the windcatcher height on the ventila- 

tion rate at 5 m/s uniform outdoor wind speed and full-scale 

simulation with atmospheric boundary layer. Cross-sectional 

contour of the velocity for the full-scale simulation of wind- 

catcher with (b) initial height, (c) adjusted height (2 m), and 

(d) initial height with pitched roof building. 

Table 2 

Parametric analysis summary 

Parametric analysis Initial value Parameter range Optimized value Ventilation rate (L/s) Ventilation rate improvement 

Internal diameter 300 mm 0–450 mm 320 mm 161.6 1.0 % 

Wing wall Not applied 0–90° 50–200 mm 20° 50 mm 170.6 6.6 % 

Wind scoop opening height 200 mm 0–500 mm 300 mm 179.2 12.0 % 

Chamfered chimney Not applied 0–60° 40° 181.2 13.2 % 

ASCD height 100 mm 0–200 mm 100 mm 160 0 % 

Final model 28.0 % 

13
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Fig. 17. Velocity contours and vectors show- 

ing the airflow distribution in the modified ro- 

tary scoop windcatcher at 5 m/s outdoor wind 

speed, and a comparison of the airflow distri- 

bution in the initial and optimized model at the 

wind scoop region.. 
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himney provided the most significant single improvement of 13.2 %,

ollowed closely by the wind scoop opening height at 12 %. The wing

all and internal diameter adjustments also contributed to the perfor-

ance enhancement but to a lesser extent compared to the chimney and

ind scoop modifications. The final iteration of the optimized model

resented a combination of modifications, incorporating a chamfered

ngle of 40°, a wind scoop height of 300 mm, an internal-to-external

iameter ratio of 320 mm to 450 mm, and a 50 mm wing wall set at a

0-degree installation angle as presented in Table 2 . The initial ASCD

eight was applied as the increase in the ASCD gap did not increase the

entilation rate of the windcatcher. 

To evaluate the performance of the optimized windcatcher, simula-

ions were conducted under constant environmental wind speed con-

itions of 5 m/s. The velocity distribution within the windcatcher sys-

em was analyzed and visualized through velocity contours, as shown

n Fig. 17 . It was observed that the airflow within the room maintained

ffective circulation, ensuring the supply of fresh air to the lower lev-

ls at a comfortable velocity while facilitating efficient extraction after

irculation. 

Moreover, the pressure distribution within the windcatcher system

as analyzed and presented through pressure contours, as depicted in
14
ig. 18 . Comparing the optimized windcatcher to its initial design, no-

iceable changes in the pressure differentials were observed. The pos-

tive pressure at the inlet experienced a slight increase from 11.4 Pa

o 12.6 Pa, while the negative pressure at the outlet exhibited a sig-

ificant increase from − 0.7 Pa to − 5.2 Pa. This substantial increase in

egative pressure resulted in a rise in the pressure differential between

he inlet and outlet, escalating by 47 % from 12.1 Pa to 17.8 Pa. These

ndings demonstrate the improved performance of the windcatcher sys-

em in generating a stronger pressure differential, which facilitates en-

anced airflow and ventilation efficiency under 5 m/s environmental

ind speed conditions. 

.8. Comparison with a conventional two-sided and four-sided windcatcher

To provide a comprehensive comparative analysis, the conventional

our-sided windcatcher was included alongside the optimized and ini-

ial rotary scoop windcatchers. Fig. 19 (a) presents the ventilation per-

ormance of these windcatcher designs, revealing notable differences in

heir capabilities. The optimized windcatcher exhibited an enhancement

n overall ventilation rate, surpassing the initial model by 28 %. Fur-

hermore, when compared to the four-sided windcatcher of the same di-
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Fig. 18. Pressure contour showing the pressure distribution in the optimized 

rotary scoop windcatcher at 5 m/s outdoor wind speed, and a comparison of 

the pressure distribution in the initial and optimized model at the wind scoop 

region. 
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15
ensions and under identical environmental wind speed conditions, the

odified windcatcher demonstrated an improvement in ventilation per-

ormance. Specifically, the ventilation rates achieved by the optimized

indcatcher ranged from 14 % to 58 % higher than those of the four-

ided windcatcher. Moreover, the ventilation performance of the rotary

indcatcher is higher than that of the traditional two-side windcatcher

ith the same section area, as observed in Fig. 19 . The modified wind-

atcher not only delivered enhanced ventilation rates given the same

rea but also ensured a stable supply of fresh air, which remained unaf-

ected by fluctuating wind directions in the surrounding environment. 

. Discussion of study limitations and practical considerations 

In the present design of the windcatcher under consideration, an

pen chimney structure has been employed. The primary rationale be-

ind adopting such a straightforward construction was to simplify this

nvestigation, with the core objective being the examination of multi-

irectional natural ventilation facilitated through the innovative rotary

coop design. The focus, therefore, was on exploring and optimizing the

ffects of the geometric parameters of the windcatcher on ventilation

erformance. However, it is crucial to scrutinize the practical implica-

ions of employing an open chimney in real-world applications. The fea-

ibility of such a configuration, without any protective measures, may

aise concerns, given the array of potential environmental elements it

ould be exposed to. Key elements of potential threat include weather-

ased factors like rainfall, along with small animals and insects, all of

hich could interfere with the operation of the windcatcher and even

ead to detrimental effects on indoor air quality. Given these poten-

ial vulnerabilities, it becomes clear that the incorporation of protective
Fig. 19. (a) Comparison of the ventilation rates of the 

modified and initial rotary scoop windcatcher and the four- 

sided windcatcher, and (b) comparison of the ventilation 

rates of the two-side square windcatcher and modified ro- 

tary scoop windcatcher at different wind angles. 
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easures such as a chimney cap or cowl is a practical necessity. Such ad-

itions can effectively shield the outlet from various environmental ele-

ents, thereby maintaining the functional integrity of the windcatcher.

uture design iterations should thus focus not only on optimization for

entilation performance but also on ensuring robustness against exter-

al environmental factors. This will help to ensure that the windcatcher

an operate effectively and consistently in a broad range of real-world

onditions. 

Furthermore, the current design of the windcatcher involves a bear-

ng system that connects the rotary wind scoop to the tubes. It is ob-

erved that this bearing configuration does not provide a perfect seal

etween the rotating wind scoop and the static tubes, allowing for a po-

ential gap. While this may seem like a minor oversight in design, it is

f importance to minimize this gap, as it can provide a pathway for a

ossible short circuit from the inlet to the outlet. Such a short circuit

ould essentially bypass the intended airflow path, thereby undermin-

ng the windcatcher’s ventilation performance. One potential solution

o address this issue might involve the use of a ring-shaped bearing.

his configuration could potentially seal off the identified gap. How-

ver, the implications of adopting such a solution must be carefully ex-

mined. The introduction of a ring-shaped bearing would likely result in

ncreased friction, necessitating the inclusion of a larger tailplane. This,

n turn, could significantly elevate both the initial capital investment

nd the ongoing maintenance costs relative to the current bearing sys-

em. Moreover, it would inherently increase the frictional forces, thus

aising the torque requirements for rotating the wind scoop. This could

ntroduce further complexities to the design and operational aspects of

he windcatcher. 

Considering these factors, the current bearing design appears to be

ore advantageous for the device. Its low maintenance demand and

verall reliability appear to outweigh the potential benefits of the pre-

iously considered ring-shaped bearing. In this context, it is essential to

rioritize system stability and reliability, even at the expense of some po-

ential efficiency in ventilation performance. As such, while it remains

mportant to strive for optimal ventilation efficiency, these other fac-

ors must also be considered in the design and implementation of the

indcatcher system. 

The proposed windcatcher and tube system can be manufactured

rom a selection of diverse materials to serve varying purposes. Trans-

arent acrylic materials, for example, are an appealing choice as they al-

ow daylight to filter through, providing natural lighting for the interior

pace. On the other hand, the choice of metal materials could serve to en-

ance the system’s structural strength, durability, and cost-effectiveness.

 particularly intriguing application could be to construct the external

uct from transparent material while coating the internal duct in black.

his combination creates a fascinating interplay of solar radiation ab-

orption and heat emission. The internal duct, being black, would effi-

iently absorb solar radiation, converting it into heat. The heat, in turn,

s emitted to both the supply and return air. This process can serve to

reheat the supply air in the outside channel and create a solar chimney

n the inside channel. The system can be further refined to incorporate

assive or low-energy cooling into the supply channel. Such a mech-

nism can precool the supply air, particularly under suitable weather

onditions. This feature can enhance thermal comfort within the indoor

nvironment, and also reduce the consumption of cooling energy, thus

ontributing to the overall energy efficiency of the system. 

In light of prior research [ 44 ], passive heat recovery techniques, such

s the use of heat pipes or fins can also be integrated into the wind-

atcher channels. Given that the supply and return channels are in con-

tant proximity and their airflow directions remain fixed regardless of

ind direction, these heat recovery techniques could significantly en-

ance system efficiency. 

It should be noted that in this study, the process of determining the

imensions of the windcatcher for experimental validation had to take

nto account several key factors. This included the dimensions of the

lower-fan open wind tunnel available for the experimental process, and
16
he constraints imposed by the available spatial limits. Additional con-

traints, such as the need to achieve uniform wind conditions and the

ecessity to reach specific wind velocities, further necessitated a limit on

he size of the windcatcher under examination. The overarching goal of

his investigation was to validate the computational model through the

se of experimental measurements. To achieve this, it was of paramount

mportance that the geometric properties of the windcatcher be identi-

ally replicated in the numerical modelling efforts. Moreover, any subse-

uent optimization processes needed to be performed on the basis of this

alidated geometry. This methodological approach provided the foun-

ation for a fair and objective comparison between the experimental and

FD investigations. In real-world applications, the determination of the

indcatcher’s dimensions would be governed by different factors. This

ight include considering the area or volume of the building in which

he windcatcher will be installed and the specific ventilation require-

ents associated with the building, as underscored by prior research

 71 , 72 ]. 

Furthermore, the cross-sectional area of the blower fan open wind

unnel was larger than the windcatcher model in the experiment to pro-

ide sufficient airflow but the blower fan was unable to provide uniform

ree-flowing airflow which is much larger than the windcatcher identi-

al to the real environment. Thus, full-scale simulations of the wind-

atcher with ABL and uniform wind profiles were simulated after vali-

ating the experiment model. Further research should consider investi-

ating the ventilation performance of a full-scale windcatcher in a larger

ind tunnel with a uniform wind speed profile and the field test in the

eal environment. This would entail conducting field tests or utilizing

arger wind tunnels to assess the windcatcher’s functionality. Addition-

lly, comparative studies examining windcatchers of various sizes and

heir ventilation rates, when installed in different buildings, would fur-

her contribute to the body of knowledge surrounding this innovative

entilation technology. 

. Conclusion and future works 

In this research, a numerical technique using CFD simulation was

eveloped based on an experimentally validated windcatcher model.

he parametric CFD analysis of a multi-directional dual-channel rotary

coop windcatcher was conducted, modifying the windcatcher geometry

o deliver enhanced ventilation efficiency compared to the existing sys-

ems. The windcatcher system offered several advantages over the fixed

indcatcher, including (1) consistency in the position and airflow direc-

ions of the supply and return channels regardless of changes in envi-

onmental wind directions; (2) high ventilation efficiency unaffected by

ariable wind directions; and (3) potential for incorporating passive or

ow-energy heating, cooling, and heat recovery within the windcatcher’s

atural ventilation system. The process involved a detailed investigation

f numerous parameters within the validated CFD model of the rotary

coop windcatcher. These parameters encompassed: (1) the ratio of the

rea of the supply channel to that of the return channel; (2) the angle

nd length of the wing walls; (3) the height of the wind scoop; (4) the

ngles of the chamfered chimneys; (5) the height of the ASCD; and (6)

he height of the windcatcher tube. In order to fully assess the wind-

atcher’s performance, a full-scale simulation of the device with various

eights was undertaken. Moreover, the performance of the windcatcher

nstalled above a pitched roof building was also studied to better un-

erstand the influence of wind speed traversing the roof on the wind-

atcher’s ventilation performance. 

The modified windcatcher model showed a 28 % increase in the

verall ventilation rate compared to the initial model. Furthermore, its

entilation performance surpassed that of a four-sided windcatcher of

quivalent size, with improvements ranging from 4 % to 58 % higher,

nder identical environmental wind speed conditions. This highlights

he effectiveness of the optimization strategies in enhancing the wind-

atcher’s ability to capture and circulate fresh air. Additionally, the pres-

ure differential between the windcatcher’s inlet and outlet experienced
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 substantial 47 % increase at an outdoor wind speed of 5 m/s. This

ncrease in pressure difference indicates the improved airflow dynamics

nd ventilation efficiency achieved by the modified windcatcher design.

In future research, it is crucial to explore the integration of passive or

ow-energy heating, cooling, and energy recovery technologies within

he windcatcher system. Investigating the feasibility and performance

f passive heating techniques utilizing solar thermal energy, as well as

xploring passive cooling methods such as evaporative cooling, would

rovide valuable insights for achieving a more comprehensive and sus-

ainable natural ventilation system. Furthermore, evaluating potential

assive dehumidification approaches would contribute to enhancing in-

oor air quality and thermal comfort. To expand the knowledge base in

his field, it is recommended to conduct experimental studies and field

nvestigations to validate and refine the findings of this research. Ex-

erimental testing in a larger wind tunnel environment would allow for

he assessment of windcatchers of varying sizes and configurations, pro-

iding a more comprehensive understanding of their ventilation perfor-

ance under different conditions. Field studies in buildings would fur-

her validate the effectiveness of the windcatcher design and explore its

ractical application in diverse architectural and engineering contexts.
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ppendix 

Wind speed function in the CFD model validation ( r is distance 

to the centre of the wind blower outlet). 

Average wind speed (m/s) Wind speed profile function (m/s) 

2.31 𝑣 = −48 . 2 × 𝑟2 + 7 . 7 × 𝑟 + 2 . 33 
2.10 𝑣 = −42 . 8 × 𝑟2 + 6 . 3 × 𝑟 + 2 . 27 
1.90 𝑣 = −16 . 4 × 𝑟2 + 2 . 2 × 𝑟 + 1 . 98 
1.68 𝑣 = −27 . 2 × 𝑟2 + 3 . 8 × 𝑟 + 1 . 79 
1.40 𝑣 = −17 . 4 × 𝑟2 + 1 . 7 × 𝑟 + 1 . 53 
1.03 𝑣 = −14 . 1 × 𝑟2 + 1 . 8 × 𝑟 + 1 . 07 
0.79 𝑣 = −8 . 2 × 𝑟2 + 1 . 2 × 𝑟 + 0 . 81 
0.48 𝑣 = −6 . 5 × 𝑟2 + 0 . 9 × 𝑟 + 0 . 49 
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