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ABSTRACT

With the increasing requirements for fresh air supply in buildings after the COVID-19 pandemic and the rising
energy demand from buildings, there has been an increased emphasis on passive cooling techniques such as
natural ventilation. While natural ventilation devices such as windcatchers can be a sustainable and low-cost
solution to remove indoor pollutants and improve indoor air quality, it is not as reliable as mechanical sys-
tems. Integration with low-energy cooling, heating or heat recovery technologies is necessary for operation in
unfavourable outdoor conditions. In this research, a novel dual-channel windcatcher design consisting of a rotary
wind scoop and a chimney was proposed to provide a fresh air supply irrespective of the wind direction. The
dual-channel design allows for passive cooling, dehumidification and heat recovery technology integration to
enhance its thermal performance. In this design, the positions of the supply and return duct are “fixed” or would
not change under changing wind directions. An open wind tunnel and test room were employed to experi-
mentally evaluate the ventilation performance of the proposed windcatcher prototype. A Computational Fluid
Dynamic (CFD) model was developed and validated to further evaluate the system’s ventilation performance.
The results confirmed that the system could supply sufficient fresh air and exhaust stale air under changing wind
directions. The ventilation rate of the rotary scoop windcatcher was higher than that of a conventional 8-sided

multidirectional windcatcher of the same size.

1. Introduction and literature review

Global warming and fossil-fuel consumption have become the
biggest challenges of our times[1]. As one of the biggest carbon dioxide
emission contributors, the construction industry is responsible for up to
40% of direct and indirect global carbon emissions [2]. Its energy con-
sumption and carbon emission are expected to grow to 50% by 2050 [3].
Due to the recent pandemic, the concerns for indoor air quality have
intensified, and it has been established that increasing the fresh air
supply can mitigate the spread of the virus [4]. However, increasing the
ventilation rates could increase the heating, cooling and moisture load
of air conditioning systems, a major contributor to building energy use,
depending on the climatic conditions and requirements for the indoor
environment.

The heating, ventilation and air-conditioning (HVAC) system, which
is necessary for providing thermal comfort, could account for up to 50%
of the building’s energy consumption [5]. Moreover, according to the
International Energy Agency [6], 10% of global electricity was used for
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cooling in 2016. The proportion of summer cooling load could reach
40% of the total energy load in areas with hot climatic conditions, such
as Shanghai [7]. Without rethinking the conventional HVAC paradigm
in buildings, the energy cost of operating them would significantly in-
crease. Thus, many researchers are looking into low-cost solutions for
providing building ventilation and indoor thermal comfort [8]. Solu-
tions such as natural ventilation can provide passive cooling and indoor
pollutant and moisture removal in buildings without the energy cost [9].

In areas with unfavourable outdoor conditions, such as in hot and dry
climates, natural ventilation system alone is typically insufficient to
provide thermal comfort because of the high outdoor temperature and
humidity in both daytime and nighttime [10,11]. In cold or temperate
climates such as the UK, improving the energy efficiency of the building
fabric is often considered the most important approach for improving
energy use [11]. However, the improved insulation and airtightness
could lead to poor indoor air quality. While using natural ventilation
during the heating season could lead to ventilation heat loss [12].
Developing a natural ventilation system combined with passive or
low-energy heating, cooling and dehumidification technologies can
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CFD Computational Fluid Dynamic
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HVAC  Heating, ventilation and air-conditioning
PPM Parts per million

extend its operating period and enhance the energy-saving potential
[13].

A good example of an effective natural ventilation device is the
windcatcher, which was used in the Middle East for thousands of years
[14]. The windcatcher is installed on the top of the building or roof to
provide fresh air into the room by capturing the wind at the windward
side with positive pressure. Such a rooftop ventilation system can pro-
vide good airflow rates comparable to mechanical ventilation systems
[15]. Traditional rooftop windcatchers with one opening to induce the
wind flow has to be operated with other openings such as vents or
windows [16]. While windcatchers with multiple openings could pro-
vide supply and exhaust ventilation with a higher ventilation efficiency
than a single-opening system [17]. In multiple opening windcatchers,
the polluted air could also be extracted from the room via the wind-
catcher leeward side or side openings, under negative pressure [8]. A
comparison of conventional windcatchers is shown in Table 1. The
passive/low-energy technology integration and the advantages and
disadvantages of the windcatchers were also compared.

Applying low-energy and passive cooling technologies in conven-
tional windcatchers can enhance their performance by incorporating
evaporative cooling, heat pipes and thermal mass. In regions with hot
and dry climates, evaporative cooling can effectively reduce the supply
airflow temperature [27-29]. The windcatcher can also be combined
with a solar wall to increase the ventilation rate [20]. The windcatcher
can also be integrated with an Earth-Air Heat Exchanger (EAHE) [30] or
a heat transfer coil with a low-temperature heat sink to precool the
supply air [31]. Wind direction is an important factor that influences the
operation of these systems and can limit ventilation or thermal perfor-
mance, if not considered. For example, the integration of passive cooling
technologies into the windcatcher channel must consider the air chan-
nel’s change of airflow direction [14,32].

The wind direction influences the pressure differential across the
openings of the natural ventilation system, which in turn affects the
supply and exhaust of airflow [33]. For those conventional windcatchers
integrated with passive technologies, both the ventilation and cooling
performance of the windcatcher system could decrease significantly
under changing wind directions or even react against the design pur-
pose, as shown in Fig. (1). Fig. (1) presents one of the problems caused
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by the changing wind directions around a multi-directional windcatcher
observed in previous research [34,35]. Adding the cooling device in the
windcatcher’s front side channel would be beneficial when the wind
flow is from the same side. But the cooling devices are no longer effec-
tive if the wind is in the opposite direction or changed by 90°.

Some of the evaporative cooling systems had to be assisted by a fan to
avoid the impact of changing wind directions [36]. And some of the
research employed a rotary windcatcher so that its inlet faces the wind
constantly to solve the problem of changing wind directions [16,37].
Additionally, in regions with dry climates, the water resources are
limited, and the wastage of water caused by inefficient passive cooling
should be avoided [38].

The wind scoop, which is also called the pressure cowl, has a rotary
inlet opening which ensures that it faces the wind from all directions to
make sure the ventilation performance would not be affected by the
changing wind directions and it could be placed at higher locations to
capture the wind with high wind speed, such as above the building [39].
An example of a wind cowl installed in 1991 in the ICI chemicals visitor
centre in Runcorn, UK, was analyzed [40]. The ventilation performance
of the traditional windcatcher decreased dramatically when the wind
direction changed and the ventilation efficiency decreased by 50% in the
two-side windcatcher and 40% in the three-side windcatcher [41].
Compared with the traditional windcatchers with multiple openings, the
wind scoop could provide a stable fresh air supply for passive ventila-
tion, cooling and heating technologies under changing wind directions.

Thus, this research aims to develop and evaluate a novel windcatcher
design with a fixed airflow direction inside the system to provide stable
ventilation under changing wind directions. The design incorporates a
dual-channel design for further integration of passive heating, cooling,
dehumidification and heat recovery technologies. Several objectives of
this research were achieved, including (1) developing the scaled wind-
catcher prototype and evaluating the ventilation performance in an
experiment, (2) developing the CFD windcatcher model according to the
prototype in the experiment and validating the CFD model with the
experiment results, and (3) performance evaluation of the proposed
windcatcher and comparing its performance against convetional sys-
tems and building regulations.

Thus, the dual-channel wind scoop windcatcher was developed with
an inlet to supply the air and an outlet to extract the air from the room.
The wind scoop windcatcher geometry with two concentric ducts and an
airflow diagram is shown in Fig. (2). A rotary wind scoop was applied to
the outer duct with a hole in the middle to allow the return duct to pass
through. A vertical tail fin on the back generated the torque to rotate the
wind scoop and face the wind. The outer duct will constantly be the
supply duct with the positive pressure generated from the wind scoop,
for the passive technology integration. The chimney in the middle would
then extract the stale air out from the building, making the inner duct
the constant return duct. Overall, the supply and return positions were
fixed and adjacent, no matter how the wind direction changed. On the

Table 1
Comparison of conventional windcatchers with the proposed system in terms of natural ventilation and passive technology integration.

Windcatcher type Sensitivity to wind Passive or low-energy Advantages Disadvantages

direction technology integration

Single-sided windcatcher High e Earth-air heat exchanger [18]  Low capital and maintenance cost Sensitive to wind direction

/Wind tower [16]

Two-sided windcatcher [19] High e Evaporative cooling spray or High ventilation rate at design Sensitive to wind direction

cloth [20] wind direction
Four-sided windcatcher [21,22] Middle e Heat pipe for cooling and Good ventilation performance, Integrated passive technologies are

heat recovery [23,24]
Thermal wheel [25]
Eight-sided or more openings Low None

windcatcher [26]

Proposed rotary scoop None
windcatcher

e Heat recovery
e Heat pipes

Passive technologies applied sensitive to wind direction

Lower ventilation rate,
Challenging integration with passive

Not sensitive to wind direction

technologies
Not sensitive to wind direction, No existing research and products in
Passive technologies and heat the market,

recovery can be applied Higher capital and maintenance cost
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Fig. 1. Conventional windcatcher with a cooling device under different wind directions.

contrary, the windward side in a traditional multiple openings wind-
catcher will be supplying the fresh air, and the rests would become re-
turn ducts which will change with the wind direction. As the supply and
return duct were constantly adjacent to each other in the scoop wind-
catcher and the airflow direction would not change in operation, the
energy can be recovered from the return air to the supply air stably and
continuously in a passive heat recovery configuration such as heat pipes
(see Appendix Fig. Al and A2).

2. Experimental setup and windcatcher prototype development

The research method is summarized in Fig. (3). A scaled experi-
mental prototype was designed and constructed. The experiment eval-
uated the ventilation performance first, and the CFD model development
and validation were conducted after obtaining the experiment results.
The full-scale CFD model was modified from the validated scaled model,
and the ventilation performance was compared to the conventional
windcatcher and building regulations.

The prototype of this windcatcher contained the rotary wind scoop
and ductwork. The rotary scoop was made of stainless steel, and the
supply and return ducts were made of transparent acrylic tubes. The
vertical tail fin was made of a wood bar and foam board. A ring-shaped
bearing connected the rotary scoop and duct to let the supply air pass
through the opening. The wind scoop was supported by the ring-shaped
bearing connected to the external tube for rotation.

The location of the experimental research was Dalian, China. The
experiment was carried out in an enclosed space. In this research, a test
room was made to simulate a roof windcatcher installed in a building for
ventilation evaluation. A 1.2 m x 1.2 m cube shape test room was made
using insulation panels and steel beam structures, as shown in Fig. (4).
Six 50 mm thickness insulation broads were used to construct the wall,
roof and floor with an internal space of 1.331 m®. The return duct was
extended by 0.5 m to increase the distance between the outlet opening in

the room and the position of the hot-wire anemometer. This is to
decrease the wind speed difference between the measuring point in the
middle and the region close to the tube.

An anti-short circuit device (ASCD) was applied in the test room
below the windcatcher to improve the airflow distribution [42]. Two
400 mm L-shape ASCD redirected the flow of supply air from vertical to
horizontal. The ventilation performance of the windcatcher with and
without ASCD was evaluated by CFD simulation. After applying the
ASCD as shown in Fig. (5), less than 1% of the air escaped the building
without circulating inside the room while most of the air would leave the
building directly if the ASCD was not applied. The airflow distribution in
the building was more uniform after applying the ASCD, and the
streamline was separated into different directions rather than flowing
together.

The mass flow rate at 5 m/s outdoor wind velocity in the model with
and without ASCD was 0.1484 kg/s and 0.1496 kg/s, separately. Only a
small decrease within 1% occurred after adding the ASCD. Thus, adding
the ASCD was useful to provide better air circulation inside the room
without significantly decreasing the ventilation performance of the
windcatcher. The ASCD would also benefit the integrated passive tech-
nologies in the windcatcher by preventing the cooled or dehumidified
air leaving the building directly rather than circulating inside the room.

An open wind tunnel was constructed to simulate a stable wind
around the windcatcher. A 700W fan was used, and this was connected
to a flexible tube with a length of 3 m and a diameter of 0.8 m. A metal
contraction was applied to transfer the diameter from 800 mm to 400
mm. The screen mesh, honeycomb and flow conditioner were applied
before the opening to stabilize the wind [43].

The components in the open wind tunnel are shown in Fig. (6). The
thickness of the wire in the mesh was 0.1 mm, and the gap was about 0.3
mm. The length of the flow conditioner was about 200 mm with a
diameter of 10 mm. The initial wind from the fan had a relatively low
wind speed in the middle than the surroundings, so a block ring was
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Fig. 2. (a) Proposed rotary windcatcher components, (b) supply and return airflow directions in the windcatcher and ventilated space.
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Fig. 3. Research method for the development and evaluation of the dual-
channel wind scoop windcatcher device.
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added in the middle to let the supply air pass through the middle, closing
the gap in wind speed between the middle and surroundings. The dif-
ference in wind speed between the middle and surroundings was not
perfectly solved, but the uniformity of wind speed was improved to a
level sufficient for experimental measurement and result validation.

Wind speeds were measured at 17 points at the open wind tunnel
outlet, as shown in Fig. (6), and the wind speed profile was used in the
CFD model validation. Because the screen mesh and flow conditioner
would increase the system’s pressure loss, the maximum wind speed
generated was 3 m/s. The average wind speed value of each point was
obtained after the wind flow stabilised to eliminate the impact of instant
wind speed fluctuation. The voltage of the fan was adjusted to change
the wind speed and the wind speed profile in each test was measured to
achieve the actual wind speed profile under different average wind
speeds. The Testo 405i anemometer was used for wind speed measure-
ment with an accuracy of &+ (0.1 m/s £ 5% of the readings) .

A 42 cm high, 48 cm long vertical tail fin was added to the back of the
rotary wind scoop at a distance of 12 cm from the wind scoop. The
rotation of the windcatcher was tested at different wind speeds. A digital
camera was used to record and evaluate the movement of the device.
Because of the prototype manufacturing limitations, the windcatcher
model for the ventilation rate validation, in Fig. (8) and (9)(a), and the
rotation test, in Fig. (7) and (15), were slightly different. The extended
part of the chimney was removed for the prototype used in the rotation
test. It should be noted that the model for the ventilation rate validation
was fixed and fully airtight with high friction between the wind scoop



J. Lietal

Building and Environment 230 (2023) 110018

1.2m

A

»
»

r-— " "~ ]

Anti-short
circuit device

ﬁk

40 1.2m
Iwa ) Supply and
~ return duct
I v
Fig. 4. Experimental test room model showing the integration of the windcatcher and ASCD.
8.0
6.0
4.0
20
e
00 ) -c‘f\t_- . .
[m s”-1) Air leave Alr circulate
directly in the room

(a) ASCD not applied

(b) ASCD applied

Fig. 5. Anti-short circuit device impact on supply and exhaust airflow.

and chimney, which will prevent it from rotating. Thus, the chimney in
the rotary test was slightly lower than the wind scoop to avoid friction
and let the model rotate under the wind. This will be addressed in future
works by using a different manufacturing technique to further optimize

the prototype.

The tracer-gas decay method was used to measure the airtightness of
the sealed test room with low pollutants and environmental effects [44].
Carbon dioxide was selected as tracer gas because of its nontoxic
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Fig. 6. Open wind tunnel specification and wind catcher setup.

physical properties, and the CO, concentration sensor (HTI HT2000)
was used to measure the CO, concentration. The accuracy of concen-
tration measurement at the condition below 5000 PPM was =+

50 PPM =+ 5% of the readings. The carbon dioxide concentration mea-
surement points are shown in Fig. (12). The carbon dioxide sensor was
placed in the middle and side of the test room. In the ventilation rate
test, the carbon dioxide concentration at the outlet is used for the air

change rate calculation.
The air change rate of the test room was calculated by the CO»
concentration change rate using equations (1) and (2) [45].

C(1) =(C(0) — C(e)) x eV 4 C(e) @

n=Q/V (2)
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Fig. 8. Dimensions of the scaled (validation), full-scale windcatcher and simulation domain.

Q is the supply air volume flow rate in m®/h;
V is the internal volume of the test room in m?;
C(t) is the CO, concentration after t seconds in PPM; t 1's the tn.ne ms; . L
C(0) is the CO- concentration at the initial condition in PPM; n is the air change rate in h™".
C(e) is the CO, concentration of the environment in PPM;

where.
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(a) Rotary scoop windcatcher

(b) 8-sided windcatcher

Fig. 9. Geometry of the rotary scoop with central chimney windcatcher and 8-sided windcatcher [48].

In the airtightness measurement, after sufficient time to mix the CO,
and the indoor air, the initial CO5 concentration was 3350 PPM, and the
final CO2 concentration was 3200 PPM. The time of air exchange was
3050s and the environment CO, concentration was 500 PPM. The air
change rate was 0.0625 h~! and the air leakage was 0.023L/s which was
ignorable compared to the wind-forced ventilation. Thus, the test room
can be treated as an airtight box in the experiment.

3. CFD method

The present work will use Computational Fluid Dynamic (CFD)
simulation to further evaluate the performance of the proposed system.
The commercial software FLUENT was used for the airflow simulation.
The model was created in the 3D modelling software Space Claim in
Ansys Workbench. The mass and momentum equations are solved for
the airflow in this model. The energy governing equation was not
applied as the heat transfer was not investigated in the present study.
The Reynolds-averaged Navier-Stokes-based k-epsilon turbulence model
was employed[46]. A second-order upwind scheme was employed to
discretize all the transport equations. The semi-implicit method for
pressure-linked equations segregated pressure-based algorithm solver
was applied for the simulation. The governing equations for the mass
(eqgn. (3)), momentum (eqn. (4)), and k and epsilon (eqns. (5) and (6))
[47] are detailed below:

dp _
E-&-Vx(pu)—o 3

where u refers to the fluid velocity vector, t is time, and p is density.

0
§+Vx(puVu):prerngVX(uVu)fVXT‘ @
where g is a vector of gravitational acceleration, p is the pressure, tt is
the divergence of the turbulence stresses, and p is dynamic molecular
viscosity.

A ) 1 ok
a(pk)-‘rg(ﬂkui):& (ak.ueffg) + G+ Gy — pe — Yy + Sk %)
i j

Xi

A ) ) Se € &
5 (pe) + > (pew;) = (Sij <akﬂeffﬁixj) + CISE (Gk 4+ C3.Gy) — Czeﬂf —-R,

+S.
(6)

where Gb and Gk represent the generation of turbulence kinetic energy
due to buoyancy and mean velocity gradients. YM defines the overall
dissipation rate. ak and ae are the inverse effective Prandtl numbers for k
and e. Sk and Se are user-defined source terms.

The sizes of the windcatcher model and simulation domain are
compared in Fig. (8). It should be noted that the extended return duct
was removed in the full-scale model as it’s designed for the experimental
measurement and may slightly decrease the ventilation performance.

In the CFD validation model (Fig. 8a), the full wind tunnel geometry
was not included in the simulation, and instead, a circular inlet was
modelled to simulate the outlet of the open wind tunnel. Only the region
around the windcatcher and inside the room was simulated in the CFD
model to simplify the simulation. The inlet wind speed profile measured
from the experiment was applied in the simulation first to validate the
CFD simulation model. After validating the simulation model, the inlet
wind speed boundary condition was applied to the entire rectangular
area as shown in Fig. 8c to simulate the approach wind flow. The
ventilation performance of the rotary scoop windcatcher was also
compared with a conventional eight-side windcatcher which also had
the function of providing fresh air under changing wind directions, see
Fig. (9).

For the mesh sensitivity analysis, three mesh sizes were generated
and simulated. The ventilation performance difference between the
three mesh sizes was ignorable, with an average difference of 0.5%
(Fig. 10). The R? values of the results for all the mesh sizes were higher
than 0.999. The meshing element size of the flow region was 0.008 m,
and the face sizing on the windcatcher surface was 0.004 m in the fine
mesh. The final mesh node number was 4.22 million, and the elements
were 2.48 million. Details of the CFD settings and boundary conditions
are summarized in Table 2.
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Fig. 10. The surface mesh around of the windcatcher and room model, and the mesh independence analysis results.

Table 2

CFD settings and boundary conditions in the simulation.

Term

Value and selections

Inlet

Velocity (m/s)

Initial Gauge Pressure (Pa)
Specification Method
Turbulent Kinetic Energy (m?/s%)
Outlet

Gauge Pressure (Pa)

Wall

Shear Condition
Roughness Models
Roughness Height
Roughness Constant
Converged residuals
Continuity/k/Epsilon
X/Y/Z velocity

1-7 (uniform wind condition)
0

K-Epsilon

1

0 (atmospheric)

No slip
Standard
0

0.5

0.001
0.0001

4. Experimental and numerical results and discussion
4.1. Validation of the CFD model

In Fig. (11)(a), the y-axis is the distance between the wind speed
measure point and the centre of the wind tunnel and the x-axis is the
wind speed. As shown in Fig. (11) (a), the wind speed profile is a
quadratic function of the distance to the centre of the wind tunnel outlet.

0.15 “‘. L kA
0.1 2 L] HH

0.05 J

-0.05

Distance to
.
» 4

0.2 J ¢ h

Wind speed (m/s)
—8— Wind speed level 1 Wind speed level 2
Wind speed level 3 —&— Wind speed level 4

(a) Wind tunnel outlet

)
[

V=(0.9627-0.022 x V,) x V,

The velocity in the middle was slightly lower than the surroundings and
the wind speed on the edge was lower because of the friction of the
system. With the increase in average wind speed, the gap between the
maximum and minimum windspeeds would also increase. The equation
of the wind speed profile is detailed in the Appendix. The error range of
the wind speed was determined by the percentage calculated from the
hotwire anemometer sensors’ accuracy based on the manufacturer’s
calibration.

The CFD model validation was achieved by three methods, including
the wind speed profile in the return duct in Fig. (11) (b), the wind speed
in three validation points in Fig. (12) and the ventilation rate measured
by the wind speed experiment and the carbon dioxide concentration
change rate in Fig. (13) and (14). The wind speed profile in the return
duct in the CFD simulation and experiment could match each other very
well as shown in Fig. (11)(b). In Fig. (11)(b), the y-axis is the distance
between the wind speed measure point and the centre of the return duct
and the x-axis is the wind speed. Thus, the relationship between the
centre wind velocity to the average wind velocity in the return duct was
obtained, and the ventilation rate was calculated. The correlation factor
of average velocity to centre velocity was a function of the centre wind
speed as the wind speed would have an impact on the Reynolds number
and the development of airflow inside the tube.

The approximation formula of the velocity in this experiment is
shown in Equation (7):

)

w

w

Distance to the centre of return duct (cm)

Wind speed (m/s)

CFD simulation —¢—Experiment

(b) Return duct

Fig. 11. Wind speed profile in the (a) open wind tunnel outlet and (b) return duct, comparing CFD results against experimental measurements.
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Fig. 12. Validation of the airflow velocity predictions using measured airflow velocity at different points.
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Fig. 14. Scaled windcatcher ventilation performance: comparison between
CFD and experimental results.

The ventilation rate was calculated using Equation (8):

0=V xA=(0.9627—-0.022 x V,) x V., x A=—0.00017 x Vf +0.00756
x V.,
(€]
The wind speeds measured from the experiment and predicted by the
CFD simulation at three different points in the test room were compared

for the CFD model validation, as shown in Fig. (12). The wind speed at
three points slightly fluctuated because of the accuracy of the sensor and
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the turbulence of the wind, but the average wind velocity in the three
points could match the CFD simulation. The relationship between vali-
dation point 1 to the centre wind speed measurement point was about
0.45 times the centre velocity.

The air change rate of the test room was also estimated by the carbon
dioxide concentration change rate, as shown in Fig. (13), wind speed in
the return duct and the CFD simulation, the maximum difference be-
tween each method was about 0.1L/s, which was ignorable for the
ventilation rate evaluation of the windcatcher.

The simulation method was validated by three different methods,
including the carbon dioxide concentration change rate, wind speed
profile in the return duct and the wind speed at a different location in the
test room. Generally, a good agreement was observed between different
approaches.

4.2. Ventilation performance of the scaled experimental model

Fresh air was supplied between 1.7 L/s/m? and 9.18 L/s/m? for an
outdoor wind speed of 0.5 m/s to 2.5 m/s, in the scaled prototype. The
average ventilation rate difference between the CFD simulation and
experiment was 0.156L/s/m? or an average difference of 4.5%. A linear
relationship between average wind speed and ventilation rate was
observed. The difference between the ventilation rate predicted by the
CFD model, which employed the wind profile from the open wind tunnel
and a uniform wind environment, was minimal.

In the evaluation of the rotation, the wind scoop could face the wind
at a wind speed of 1 m/s and higher. The wind scoop would rotate fast at
the beginning and stop slowly as the torque was higher when the angle
of the wind to the vertical tail fin was large. The wind scoop would not
fluctuate at the final place because of the friction and low torque at the
final position. With the development of a commercial prototype, the
wind speed required to rotate should be further decreased. The move-
ment of the rotating wind scoop under 1 m/s wind is shown in Fig. (15)
and Video 1. It shows that the angle change in the first 3 s was large and
stopped slowly as it faced the wind steadily in the last 3 s.

Supplementary Video 1 related to this article can be found at https://
doi.org/10.1016/j.buildenv.2023.110018

As shown in the pressure contour in Fig. (16), the biggest pressure
loss in the system was observed in the return duct. In the validated
scaled model, the supply and return duct cross-section areas were not
perfectly balanced, because of the manufaturing constraints, resulting in
a higher airflow velocity in the return duct and a higher pressure loss,
compared to the full-scale model in Fig. (19) in Section 4.3. As shown in
Fig.(16), the return duct was extended into the room to increase the
distance between the wind speed measurement point and the inlet of the
return duct which reduced the airflow velocity difference between the
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Wind direction

e
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Fig. 15. Snapshots of the rotation of the wind scoop windcatcher device. You can view the video here: https://doi.org/10.1016/j.buildenv.2023.110018
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Fig. 16. Cross-sectional contours showing the velocity and static pressure distribution in the scaled wind catcher model, outdoor wind speed at 5.5 m/s.
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Fig. 17. Air circulation inside the room at 5 m/s environment wind speed (a)
experiment model (b) full-scale model.

middle and the side. The airflow in the return duct was more uniform
after entering and as it flows into the return duct. However, the exten-
sion of the return duct also increased the pressure loss of the system
which will be modified in the full-scale model.

The air was diffused by the anti-short circuit device and the velocity
of airflow at the occupancy level in the room was lower than 0.5 m/s at
5 m/s outdoor wind speed, which would not cause discomfort and air
draught. The correct airflow direction was achieved and the indoor air
was circulated well when the ASCD was added as shown in Fig. (17). The
wind speed on the two sides was not identical in the experiment model
as the outdoor wind came from the left side but the wind speed in the
highest part of the room was still lower than 1 m/s at 5 m/s environment
wind speed. The supply and exhaust ventilation was achieved aided by
the pressure differences between the inlet and outlet.

4.3. Ventilation performance of the full-scale windcatcher model

For the full-scale model, the overall diameter of the windcatcher was
increased from 200 mm to 450 mm, and the size of the test room was
increased to 6 m x 6 m x 3 m. The increase of the windcatcher size
effectively increased the ventilation rate in the same wind conditions.
However, it should be noted that the room volume also increased to 108
m®, and hence a larger volume is ventilated. As observed, a linear
relationship between the ventilation rate and outdoor wind speed was
achieved (see Fig. 18). The full-scale rotary scoop windcatcher could
provide a ventilation rate from 32 L/s to 226 L/s at 1-7 m/s environ-
ment wind speed. The fresh air supply at low outdoor wind speed con-
ditions was over 30 L/s which was sufficient for three occupants,
according to the requirement of 10 L/s/person in CIBSE Guide A for
occupants working in an office [49]. Considering the windcatcher was
normally placed on the top of a building with a higher environment
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Fig. 18. Impact of outdoor wind speed on the ventilation rate of the full-scale
windcatcher model.

wind speed, the windcatcher with 450 mm diameter could provide
sufficient fresh air supply for commercial use and a damper is necessary
to avoid over-ventilation.

As shown in Fig. (19), the wind speed in the return duct in the full-
scale model was lower than the initial scaled model at the same out-
door wind speed. Although the airflow velocity was decreased from 5.5
m/s to 3.5 m/s in the return duct under the same environment wind
speed, the section area was increased, and the overall ventilation rate
was increased. The size of the full-scale windcatcher was about 2.25
times larger than the scaled model but the ventilation rate in the full-
scale model was over five times of the scaled model. The airflow from
the two sides of the ASCD was also more balanced than in the scaled
model. After reaching the side wall of the room, the airflow was diffused
in different directions and the airflow velocity was decreased from 1.8
m/s to about 0.3 m/s close to the wall and the occupancy level.

In the pressure contour, the static pressure in the outside environ-
ment was identical to the initial condition but the internal pressure in
the full-scale model was lower than the initial scale model, which was
caused by the lower pressure loss in the return duct in the full-scale
building. .

4.4. Comparison with a conventional windcatcher device

In order to demonstrate further the capabilities of the proposed
windcatcher, its ventilation performance was compared with aconven-
tional windcatcher. In a conventional two or three-sided windcatcher,
the ventilation rate was sensitive to the wind direction, but increasing
the opening number could decrease the effect of changing wind di-
rections [41]. Thus, an eight-sided windcatcher was selected to closely
compare with the rotary windcatcher in this research.

As observed in Fig. (20), the ventilation performance of the rotary
wind scoop windcatcher is slightly higher, about 10%, than the con-
ventional eight-side windcatcher as the inlet area facing the wind with
high positive pressure, and the outlet was on the top with a high nega-
tive pressure which resulted in a higher pressure difference between
inlet and outlet.
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Fig. 19. Cross-sectional contours showing the velocity and static pressure distribution in the full-scale wind catcher model, outdoor wind speed at 5.5 m/s.
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Fig. 20. Comparison of conventional windcatcher and full-scale rotary scoop
windcatcher.

5. Discussions

The present study proposed a windcatcher which contained a supply
wind scoop and a return central chimney. The application of the rotary
windcatcher system only required one opening on the roof structure for
both supply and return ductwork, reducing the complexity and instal-
lation cost. The connections and seams between the roof structure and
the rooftop equipment would not only increase the cost of the con-
struction and maintenance but also increase the risk of water leakage
(for example in the case of applying a heat pipe cooling strategy) and
airtightness issues.

Like the prototype, the windcatcher device surfaces could be con-
structed using transparent or glass material which could also provide
daylighting to the room. The rotary wind scoop and tail fin could also be
made of transparent materials to allow the light to pass through. The
impact of this on daylighting performance should be explored. A damper
will be necessary for commercial applications to control the ventilation
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rate during high outdoor wind speed conditions to avoid discomfort and
overventilation.

In the present research, the fixed supply and return channels were
achieved. The airflow inside the ventilation system was similar to that of
a mechanical ventilation system but the fans were replaced by natural
wind power to save energy. Thus, passive/low-energy devices could be
applied effectively with the proposed windcatcher. Cooling devices
could be added to the supply channel to reduce the temperature of the
supply air or moisture in the supply air. Heat recovery devices such as
heat pipes could be applied, and the heat could be transferred from the
return air to the supply air continuously without the impact of changing
wind directions (Figure A1 and A2). The moisture could be absorbed
from the supply air and emitted to the return air with appropriate design
in further research. So the dehumidification could also be achieved by
passive dehumidification technqiues such as the use of silica gel [50].
Passive heating using solar energy could also be applied in the supply
duct such as a solar wall. And the evaporative cooling device could be
installed in the supply channel.

In the current research, the ventilation performance of the wind-
catcher was investigated numerically and experimentally only consid-
ering the horizontal wind to simplify. However, the application of
windcatcher in cities or urban areas is much more complex, especially in
large cities with high-rise buildings, where the vertical wind need to be
considered in the research [51]. The solar radiation on the wall surface
would also influence the vertical flow and the buoyancy effect which has
to be taken into account in the actual application of the windcatcher
[52]. Thus, the vertical flow and the temperature conditions need to be
considered in further research including both CFD simulation and field
study of the windcatcher.

The rotary wind scoop windcatcher was designed for different types
of passive technology integrations. However, we only presented the
initial concept and focused on the ventilation performance in the present
work. The performance of the different passive cooling and heating
integration with the proposed windcatcher will be explored in future
research. Initial results of the rotary wind scoop and heat recovery
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modelling is presented in the Appendix. Figure A1l and A2 shows the
example application of the proposed technology and could help visu-
alize the operation of the windcatcher with heat recovery.

It should be noted that the current experiment prototype was not a
fully airtight rotary windcatcher. Thus, in the research, the experiment
model was simplified and adjusted by removing the ring-shaped bearing
for the ventilation rate testing and removing the extended chimney for
the rotation test. The geometry of this prototype and the components
inside need to be further optimized for both ventilation performance and
rotation performance for further application.

6. Conclusions and future works

In this research, a novel dual-channel wind scoop windcatcher was
developed for capturing wind flow in changing wind directions and
providing a stable fresh air supply in the fixed supply and exhaust air in
the return duct. This windcatcher addresses the issue of the incorpora-
tion of passive heating and cooling technologies in conventional wind-
catchers. With the fixed and adjacent supply and return channels which
were not affected by the changing wind direction, passive technologies
can be applied in this windcatcher, such as solar heating and heat re-
covery. The prototype of the windcatcher and an open wind tunnel and
test room were constructed for the evaluation of the ventilation per-
formance. The simplified wind tunnel contained a contraction to in-
crease the wind speed and a flow conditioners to stabilize the wind. The
test room airtightness was 0.0625 h~!, evaluated by the tracer-gas decay
method using carbon dioxide.

The ventilation rate under different wind speeds was also evaluated
by airspeed measurement and tracer-gas decay method.

The wind speed at different points in the test room and the ventila-
tion rate in the CFD model were validated with the experiment results.
The wind speed in the centre of the return duct was measured at
different outdoor wind speeds for the ventilation rate estimation. The
average difference between the ventilation rate in the CFD model and
the experiment results was 4.5%, and most of the differences were lower
than 2%.

The validated experiment prototype was modified into a full-scale
model in CFD to further evaluate the fresh air supply rates, airflow ve-
locity and pressure distribution. The application of the anti-short circuit
device (ASCD) also improved the air circulation in the ventilated space.
Fresh air was supplied by the windcatcher device between 1.7 L/s/m?
and 9.18 L/s/m? for an outdoor wind speed of 0.5 m/s to 2.5 m/s in the
scaled experiment prototype. And the full-scale rotary scoop wind-
catcher could provide a ventilation rate from 32 L/s to 226 L/s at 1-7 m/
s environment wind speed. The ventilation rate was 10% higher than

Appendix
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Wind speed function

Building and Environment 230 (2023) 110018

that of a conventional eight-side windcatcher under the same environ-
ment wind speed with the same size. The current minimum wind speed
to rotate the wind scoop prototype was 1 m/s which should be further
improved in future research.

Tthe experiment and CFD simulations only considered the wind-
catcher operation under horizontal wind without any internal heat
gains. The buoyancy effect at low wind speed conditions and the impact
of vertical wind needs to be considered in further research. The rotation
part in the prototype needs to be further optimized to reduce the min-
imum wind speed for rotation and improve air tightness. In future
research, the geometry of the windcatcher can be further optimized, and
the passive heating, cooling, dehumidification, and energy recovery
technologies should be applied in the fixed supply and return duct.
Passive heating using solar and passive cooling using evaporative or
absorption cooling should be investigated by experiment and field study,
and the passive dehumidification method should be evaluated. The
ventilation performance of the full-scale windcatcher should be evalu-
ated in a larger wind tunnel and field test in further research. The
optimization of the rotary wind scoop in the windcatcher also needs to
be investigated to decrease the capital and maintenance cost of the
windcatcher.
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