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Abstract: To provide a clean and cheap source of natural ventilation in windy and arid zones, a
windcatcher facility is the best option. This paper aims to study the effect of the inlet opening angle
of a new windcatcher model with different values ranging from 60° to 90° for three different feeding
orientations at leading-down, central-up, and trailing-down locations. The ventilation performance of
the new one-sided windcatcher is numerically examined using CFD simulations, where the 3D RANS
and k-epsilon equations are applied at different wind speeds. The flow features of the new models
are analyzed and compared with a basic traditional model based on the induced air distribution,
aerodynamic losses, and ventilation rates. Results revealed that the sharp edge of the inlet opening
leads to an increase in the flow separation and recirculation zone, especially when the opening angle
is increased. The highest pressure coefficient is achieved by the trailing-down model compared with
the other windcatcher models at an opening angle of 90°. The total pressure drop and ventilation
rates increase in all the new windcatcher models due to the increase in the opening angle from
60° to 90°. At identical conditions, with an opening angle of 90° and wind speed of 5 m/s, the
trailing-down model achieved a higher pressure coefficient than the leading-down and central-up
models by 20.55% and 37.37%, respectively. Furthermore, the trailing-down model could provide
higher ventilation rates than the central-up and leading-down models by 31% and 42%, respectively.
Finally, the trailing-down windcatcher model can be recommended as the best choice to provide
natural ventilation at Taif City in Saudi Arabia.

Keywords: green environment; natural ventilation; one-sided windcatcher; numerical study

1. Introduction

In the past two decades, the continuous energy demand for achieving human comfort,
especially in summer, has become a main issue of interest due to the energy crisis in
developing countries [1]. There are various methods to achieve human comfort inside their
buildings using either expensive machines (HVAC systems) or cheap natural ventilation
by wind energy. Wind energy is a double-edged weapon, as it can be used for natural
ventilation for a building or may destroy this building if there is a sandy storm [2]. Zafra
et al. [3] studied the effect of wind speed in a thermal performance assessment of a given
space to achieve thermal comfort. To achieve a healthy environment within indoor places,
natural ventilation can be applied using several passive systems such as windcatchers, in
order to reduce the negative effect of buildings on nature. A windcatcher can be defined as
a wind-driven structure that can obtain wind from a high level and direct it down inside
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the building via the pressure difference between the outside air and the exit openings.
Windcatchers of different structures are mounted on the roof of a building and can be
utilized to provide the indoor zones with natural fresh air [4-8]. Saudi Arabia has more
windy and arid regions, especially in Taif city, so windcatchers can be implemented to
protect the residents from the hostile environment by supplying them with free ventilated
air [9,10]. Initially, the idea of natural ventilation was introduced using a four-sided
windcatcher model for a building. Then, this idea was applied for a one-sided windcatcher
to analyze the effect of using an internal section inside the windcatcher tower. Moreover,
variable cross-section areas of the inlet opening were investigated in terms of pressure
coefficient values.

Several researchers have studied the flow structure inside various windcatcher mod-
els that have one inlet/outlet opening and one vertical channel. The flow separation,
reattachment, recirculation, and secondary flow were observed in that design. Different
passive cooling systems (shading systems, phase change material, passive cooling shelter,
heat sinks, radiant heat barriers, eco-evaporation cooling, and natural ventilation) were
implemented to evaluate their cooling performance [1]. Furthermore, the flow behav-
ior inside a two-sided windcatcher was analyzed under the outdoor airflow effect [11].
Montazeri and Azizian [12] simulated the atmospheric wind via experimental tests of
smoke visualization for a one-sided windcatcher to determine the pressure coefficients
in a wind tunnel. A two-sided wind-catcher was presented to investigate the ventilation
performance [13]. Results indicated that the discharge coefficients were a function of the
wind incident angle. Montazeri [14] studied the ventilation effectiveness for five different
models of windcatcher at identical heights and cross-section areas. The results showed
that the produced ventilation rates decreased with the increase in the number of openings,
from a one-sided to twelve-sided windcatcher. Referring to the traditional design of the
windcatcher in Ref. [15], the low flow momentum near the leading wall leads to flow sepa-
ration, and a recirculation zone occurs after the bend. In addition, by increasing the flow
separation further downstream, the flow losses increase, and hence reduces the efficiency of
the windcatcher. The unsuitable aerodynamic geometry of the windcatcher can lead to high
flow losses, which decrease the flow rate at the openings. The flow losses in windcatchers
are composed of frictional and dynamic losses [16]. Elmualim and Awbi [17] reported
that the sharp edge of a square windcatcher increased the flow separation compared to a
circular one.

Various influential parameters (number, arrangement, shape, dimensions) were stud-
ied on the cooling performance of windcatchers. CFD simulations were performed to study
the impact of the number and arrangement of inlet and outlet openings [4]. Experimental
and analytical studies were conducted on three different inlet shapes of a simple wind-
catcher at zero and variable wind directions [18]. The effect of extension length at the
inlet and angle [19,20] revealed that the windcatcher could obtain a 50% higher ventilation
effectiveness at a wing wall angle of 30° compared to a conventional one. Additionally, the
height and depth of the windcatcher [21-23] were investigated. The ventilation mass flow
rate increased by 13% for the two-sided windcatcher with a convergent-divergent nozzle
and finned—curved inlet openings [24]. Hughes and Abdul Ghani [25] provided recom-
mended rates of ventilation air even at low incident wind speeds on a windcatcher using
numerical simulations in a small classroom. Su et al. [26] confirmed, using practical and
numerical work, that the direction of the wind has a small impact on the ventilation rate in
a circular-section windcatcher at different wind velocities. Regarding the ventilation rate
control at the inlets and openings of windcatchers, the impact of louvers was numerically
analyzed [27]. Dampers were utilized to withstand the infiltrations of the airflow through
the windcatcher to the environment [28].

CFD simulation has recently garnered great attention in the place of experimental
tests, due to their high cost, for examining the design and performance of windcatchers.
Hosseinzadeh et al. [29-31] implemented CFD modelling for different case studies of
a heat exchanger using ANSYS software. The numerical solution using the k-epsilon
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turbulence model achieved good agreement with the experimental measurements [32].
Ghadiri et al. [33] utilized 3D steady RANS for different models of traditional two-sided
windcatchers. In addition, the outdoor airstream effect was analyzed on the internal flow
features of the traditional two-sided windcatcher model [11]. Calautit et al. [34] studied
the indoor ventilation quality in buildings with a passive cooling windcatcher integrated
with heat pipes via numerical modeling using the standard k-epsilon turbulence model.
Alsailani et al. [35] utilized detailed 3D steady RANS CFD simulations to study the effect of
40 different geometries of windcatchers on the performance of the cross-ventilation inside
buildings. Good agreement between wind tunnel and CFD results was achieved using
both the standard k-epsilon and RNG k-epsilon turbulence models.

From the previously cited literature, the main parameters that were investigated
related to the inlet opening of a windcatcher system were the number of openings, surface
shape (flat/circular), and incident angle of the wind. Increasing the number of inlet
openings leads to decreasing the ventilation rate [14]. Moreover, huge flow separation and
aerodynamic losses appeared at the inlet opening of sharp edges (flat surface) of different
windcatcher models by [9-13] and [17]. Furthermore, the sensitivity of the windcatcher
with the wind direction decreased with the increase in the number of the inlet openings [14].

Based on those significant findings, this paper studies two new influential parameters;
namely, the cross-section area of the inlet opening based on the opening angle and the
location of the exit opening. These parameters are investigated inside a novel partial-
cylinder opening of a one-sided windcatcher that has not been studied before. The partial-
cylinder opening is evaluated for three different opening angles that were selected based
on the best results of previous work by Ref. [14]. Furthermore, the ventilation performance
of the novel windcatcher is analyzed at three different feeding orientations. The different
cases of the new model are simulated using a CFD code and the results are compared with
a basic traditional model at the same operating conditions.

2. Methodology

The current paper aims to examine a new design of the one-sided windcatcher and
compare its ventilation performance with a traditional one [12,15] to explore new features
that can enhance the usage of sustainable wind energy. Moreover, previous work declared
that the one-sided windcatchers achieved higher ventilation rates than the multi-opening
windcatchers at an arbitrary wind direction [4]. Consequently, this paper addresses this
type in detail to optimize the new geometric parameters. CFD simulations were employed
to perform the different cases for both basic and new windcatcher models at three different
feeding orientations of the outdoor fresh air into the ventilated room (leading-down,
central-up, and trailing-down). The partial-cylinder of the new windcatcher was examined
at various inlet-opening angles (60°, 75°, and 90°) under three different wind speeds (1, 3,
and 5 m/s) at the same wind-flow direction. The following sections introduce the details
of the physical geometries, applied boundary conditions, governing parameters, solution
procedure, grid generation, and CFD model validation.

2.1. Physical Geometry

The physical geometries were designed for the basic and new models using SOLID-
WORKS 2017 software and were imported into ANSYS Workbench via the geometry option
to generate the computational domains. Figure 1 illustrates the dimension details of the
basic and new windcatcher models. The basic model was a traditional one-sided wind-
catcher with a square inlet opening and a rectangular duct, which was adopted from
Ref. [15]. In order to avoid the wind direction sensitivity problem from the previous
one-sided windcatcher [12-16], a curved inlet opening embedded into a partial cylindrical
duct was employed. As depicted in Figure 1b, the new windcatcher model can capture
the mainstream flow at variable wind directions from 0 to 45 based on the x-axis direction.
As shown in Figure 2, the performance of the new windcatcher was examined for three
different orientations with respect to the same ventilated room, namely leading-down,
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central-up, and trailing-down. In addition, the ventilated room dimensions were evolved
from a previous experimental model [12] with some modifications. The ventilated room
had two exit openings located on the opposite side walls as recommended by Alsailani
et al. [34]. The volume of both the basic and new windcatcher models was about 6% of the
volume of the ventilated room.

Y
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Figure 1. Schematic diagrams of: (a) Basic windcatcher model [15]; (b) new partial-cylinder wind-

catcher model. Dimensions are in millimeters.

(a) (b)

Figure 2. Cont.
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Figure 2. Isometric drawing of the new windcatcher model mounted on a ventilated room with two typical side exit-openings

at different feeding orientations: (a) Leading-down; (b) central-up; (c) trailing-down. Dimensions are in millimeters.

2.2. Boundary Conditions and Data Definition

For all cases, the computational domain consisted of the outdoor and indoor airflow
through the windcatcher and the ventilated room as shown in Figure 3. The upstream and
downstream domain lengths of the outdoor airflow were 110 and 310 mm, respectively,
based on what was applied for model validation. The computational domain was solved
at the specified boundary conditions that simulate the outdoor mainstream flow and the
indoor airflow through the windcatcher and the room. Details of the CFD model boundary
conditions are described in Figure 4. As depicted in Figure 4, the outdoor airflow speed
was varied from 1 m/s to 5 m/s, which was directed toward the positive x-axis. The
turbulence intensity was 1% (a lower value than [18]) and the fluid domain was kept at
the isothermal temperature of 25 °C as presented in Table 1. As a result of the wide inlet
opening of the new windcatcher, a large quantity of the mainstream was captured and
driven to the room due to the pressure difference generated in the windcatcher tower. The
outlet condition was set at an average static pressure of 100,700 Pa according to the climate
conditions of Taif City [36]. The induced ventilated air leaves from the exit opening at
a relative pressure of 100,700 Pa. The half-section boundary of the whole fluid domain
was set as symmetrical. All the other walls were assumed to be of a no-slip condition. In
order to describe the flow features around and inside the different windcatcher models,
the following parameters are defined. The effect of the new design of the inlet openings on
the ventilation performance can be evaluated using the dimensionless velocity magnitude
V/Uy. Uy is the reference velocity of the upstream airflow. The static pressure coefficient
Cp is calculated using Equation (1) as:

Cp = (P — Py)/0.50U3, (1)

where P is the local static pressure, Py is the upstream static pressure (100,700 Pa), and p is
the density of the air (1.185 kg/m?), which is constant. Furthermore, the total pressure-drop
coefficient PD;, inside the windcatcher is determined from Equation (2).

PDy = (Pt,in - Pt,out)/Pt,in, 2)
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where P;;, and P;,,; are the total pressure at the inlet and outlet of the windcatchers,
respectively. Furthermore, the ventilation rate Q is calculated for all windcatcher models at
the exit opening, which is defined as

Q=AxV, 3)

where A is the cross-section area of the exit opening and V is the area-average velocity at
the exit opening.

200

10

Figure 3. Schematic view of the computational domain with full dimension details.

ANSYS

R17.0

Pressure
outlet

Velocity
inlet

Figure 4. Schematic diagram of main boundary conditions of the computational domain (central-up
model).
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Table 1. CFD model boundary conditions for all cases.

Steady State, Stationary Domain

Velocity inlet (m/s) 1,3,5
Turbulence intensity (%) 1
Pressure outlet (Pa) 100,700 [36]
Openings 100,700 [36]
Walls no-slip [34,37]
Temperature (°C) 25

2.3. Solution Procedure

The flow behavior inside the different windcatcher models can be predicted using
various CFD codes such as ANSYS Workbench and Flow-3D software. The current study
adopted ANSYS CFX as a part of ANSYS Workbench due to its reliability for low-speed
wind flow. Yamini et al. [38] applied the Flow-3D package to study the effect of sea currents
and waves on the instability of a vertical wind turbine under low-speed water flow. The
commercial CFD software ANSYS CFX 17.0 was utilized to conduct the numerical simula-
tion for all cases. The ANSYS CFX used a hybrid finite-element/finite-volume approach
to discretize the partial differential equations of RANS and the turbulence model, which
were solved iteratively for each control volume. The assumptions for the RANS equations
involved steady-state, 3D, turbulent, isothermal, incompressible, and non-buoyant flow.
The turbulent flow field was predicted using the standard k-epsilon model, which was pre-
viously implemented for various windcatcher models [35,37,39]. The governing equations
of mass, momentum, and k-epsilon are summarized as follows [40].

V x (pU) =0, 4)
where p is the density and U is the air velocity vector.
V x (pUU) = =Vp+pg+V x (uVU) -V x 14, ®)

where p is the pressure, g is a vector of gravitational acceleration, y is the molecular
dynamic viscosity, and T; is the turbulence stresses, which account for auxiliary stresses
due to velocity fluctuations.

V X (0kU) =V x (@ptogf V) + Gk — pe, ©)

2
€ €
V x (pel) = V x (“S,ueffvg> + Greg Ge — Caep s )

where k is the turbulent kinetic energy, ¢ is the energy dissipation rate, Gy is the source of
turbulent kinetic energy due to average velocity gradient, oy and a, are turbulent Prandtl’s
numbers, and Cy, and C,, are empirical model constants. Moreover, all simulations were
performed using a multi-CPUs computer facility that requires 48 h per run, and the
scheme of discretization was of high-resolution and second-order accuracy. The criteria
of convergence for the steady solutions were based on the residual target for all RMS
terms of the order 10~7, and the imbalance percentages of mass between the inlet and exit
of the fluid domain were less than 0.001%. The steady-state calculations in the current
study typically required between 500 and 2000 outer-loop iterations to achieve adequate
convergence. An auto timescale with unity for the timescale factor was chosen for the
timescale control setting.
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2.4. Grid Generation and Senstivity Check

An unstructured grid was employed to discretize the computational domain using
the ANSYS ICEM package. Figure 5 illustrates the details of the generated mesh (very fine)
for the central-up windcatcher model. In order to capture the flow field accurately, the grid
was refined for the significant areas of interest in the current study, such as the windcatcher
and room walls. A mesh independency check was performed to verify the computational
domain, as depicted in Figures 6 and 7. The sensitivity check was carried out by applying
the same simulation procedure for four different mesh node numbers from 0.5 million
(coarse) to 2.1 million (very fine), and the generated results were analyzed. Table 2 presents
the average dimensionless velocity values corresponding to the different grids. As depicted
in Figure 6, the velocity profiles for the last two mesh node numbers were very similar.
Furthermore, the percentage error of the results increased initially and then decreased by
increasing the mesh node numbers to reach the lower value of 1% as introduced in Table 2.
Thereby, the grid with 2.1 million and beyond was applied for all simulations. The grid
refinement near the target walls used 15 prism layers with the first layer height of 0.001 mm
and a height ratio of 1.2. Moreover, the dimensionless wall distance value (Y*) of the first
layer was less than unity.

ST
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Figure 5. Cont.
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Figure 5. Perspective view of details of unstructured fine mesh for the new windcatcher (central-up model).

LElrors

2,156,284

- b

523130 894,41

Figure 6. Contours of dimensionless velocity magnitude distributions on the symmetrical plane of
the central-up windcatcher model for different mesh node numbers.

2.8
r - - - 523,130
b - - - 894,417
o === 1,499,166
- — 2,156,284
2 —
o 1.6 o
S r
=121
0.8
04
0lllllllllllllllllllllllll
0 50 100 150 200 250 300
Y [mm]

Figure 7. Schematic diagram of dimensionless velocity magnitude distributions along the centerline
(X=0,Z =0) of the central-up windcatcher model for different mesh node numbers.
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Table 2. Average dimensionless velocity magnitude for different meshes.

Mesh Node (Million) (Vi) %Error
0.523 1.37 -
0.894 1.349 1.48
1.49 1.395 3.3
2.15 1.41 1.07

2.5. Turbulence Model Validation

The accuracy of the numerical results was evaluated using the most suitable turbulence
model, which achieved reasonable agreement with the most pertinent experimental data.
Three turbulence models were used to predict the experimental data at a free stream
velocity of 10 m/s, as shown in Figure 8. As depicted in Figure 8, the k-epsilon model
showed better agreement with the experimental results than the other turbulence models.
Furthermore, many previous related studies [9,11,35,37,39] confirmed the superiority of
this turbulence model in predicting the flow behavior inside the windcatcher. Therefore,
the k-epsilon turbulence model is applied for all simulations in the present work.

2 3
C &  Exp. r B Exp.
16 K k-¢ 25 £~ k-¢
. - ’ N\
_____ : A ----- RNGk-¢
..... k-¢ EARSM i - ---- keEARSM
1.2 2K
0.8 15
Z = [
- Q -
04 1+
(V) ot 0.5
-04 .~_ [\
_08 C 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 _0‘5 C 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Y (mm) Y (mm)
(a) (b)

Figure 8. Pressure coefficient distributions on the internal walls of the basic windcatcher model at a zero-incidence angle [15]:

(a) Right surface; (b) leeward surface.

3. Results
3.1. Induced Air Distribution

The internal flow of a windcatcher has complicated behavior as it is affected by flow
separation, recirculation, reattachment, as well as secondary flows. Numerical simulations
were performed for the different windcatcher models under different wind speeds, from
1m/s to 5 m/s. The flow characteristics were described for the new windcatcher models at
different opening angles from 60° to 90° for three different feeding orientations (leading-
down, central-up, and trailing-down). Figure 9 shows contours of the dimensionless
velocity magnitude of the indoor airflow on the symmetrical plane of the new windcatcher
models at Uy = 5 m/s. For all cases, the outdoor airflow enters the windcatcher tower
through the curved inlet opening in which it is impinged by the two sidewalls and changes
its direction down toward the exit opening of the windcatcher. Then, the indoor airflow
enters the ventilated room and fills its space until leaving from the two opposite room
openings as depicted in Figure 2. For the same feeding orientation, by increasing the
opening angle from 60° to 90°, the flow velocity increases through the windcatcher tower,
which in turn leads to an increase in the fluid momentum inside the ventilated room.
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Figure 9. Contours of dimensionless velocity magnitude (V/Up) on the symmetrical plane of the new windcatcher model at
Uy = 5 m/s at different inlet-opening angles for (a) leading-down, (b) central-up, and (c) trailing-down.

At an identical opening angle, the flow momentum decreases gradually through the
windcatcher tower due to the large pressure gradient between the inlet and exit openings
of the windcatcher as shown in Figure 9a. In addition, the indoor flow velocity almost
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deteriorates at the end of the windcatcher tower due to the sharp edge of the corner, and
then the flow changes its trajectory to a low momentum. In the case of the central-up
feeding orientation, there is no corner at the end of the windcatcher tower and the duct is
short, as depicted in Figure 9b. Thereby, the indoor flow retains its high fluid momentum
better than in the leading-down model, which in turn increases the induced air through
the ventilated room. For the last orientation (trailing-down), the indoor flow has the same
behavior as the first case (leading-down) except at the end of the windcatcher tower, where
the flow has a higher momentum.

Figure 10 illustrates the flow patterns for all cases, in terms of velocity streamlines on
the symmetrical plane at the different inlet opening angles for different feeding orientations.
Generally, the flow separation and recirculation zone increase directly downstream of the
inlet opening due to the sharp edge. Furthermore, they increase with the increase in
the opening angle from 60° to 90° as depicted in Figure 10. At the same opening angle,
there is a small corner vortex at the end of the windcatcher tower as shown in Figure 10a.
Additionally, the reattachment after flow separation occurs in the opposite direction to
the windcatcher exit opening. In the case of the central-up orientation, the indoor flow
impinges on the room floor and creates two opposite vortices as indicated in Figure 10b. In
Figure 10c, there is an additional large corner vortex at the end of the windcatcher tower,
which turns the flow direction toward the ventilated room. The dimensionless velocity
profile in Figure 9c¢ can be attributed to the flow reattachment in the same direction as the
descending flow trajectory toward the windcatcher exit opening as shown in Figure 10c.

3.2. Aerodynamic Analyses
3.2.1. Pressure Coefficient

The static pressure coefficient determines the ratio of the local surface pressure and
the dynamic pressure as presented in Equation (1). Figure 11 indicates the variations of
static pressure coefficient on the intersection line of the leeward surfaces for all windcatcher
models for different feeding orientations under a constant wind speed. As depicted in
Figure 11, all new models generate pressure coefficients with maximum values (positive
values) that decrease due to the indoor flow acceleration. Then, a sharp decrease occurs
further downstream along the windcatcher tower until the minimum values are reached
at Y = 120 mm due to the flow separation, as shown in Figure 10. After that, the pressure
coefficients slightly recover again toward the end of the windcatcher tower as shown in
Figure 11. Moreover, the pressure coefficient variations increase with the increase in the
opening angle from 60° to 90° due to the increase in the recirculation zones, which increase
the static pressure of the inlet-opening surface. Based on the feeding orientation parameters,
all of the new windcatcher models have high-pressure coefficient distributions, except at
@ = 60°, compared to the basic model, as indicated in Figure 11a. For the central-up models,
almost all of the new models have the highest distributions of Cp compared to the basic
model, as depicted in Figure 11b. In Figure 11c, the new model at ¢ = 90° achieved the
highest values of Cp compared with all the other windcatcher models.
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(60°)

Figure 10. CFD streamlines of the airflow on the symmetrical plane of the new windcatcher model at Uy = 5 m/s at different
inlet-opening angles for (a) leading-down, (b) central-up, and (c) trailing-down.
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Figure 11. Pressure coefficient distributions on the intersection line of the leeward surfaces for all windcatcher models at

180

o

Up = 5 m/s at different feeding orientations: (a) Leading-down, (b) central-up, and (c) trailing-down.

The contours of the static pressure coefficient distributions for the symmetrical plane of
the new windcatcher models at different opening angles and different feeding orientations
are presented in Figure 12. As described in this figure, the contours of Cp reflect the same
behavior of all windcatcher models that are presented in detail in Figure 11. It can be
concluded that the new windcatcher model with a 90° opening angle has the highest Cp
distributions, which can induce more airflow inside the ventilated room with a trailing-
down feeding orientation as shown in Figure 12c.
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Figure 12. Contours of static pressure coefficient on the symmetrical plane of the new windcatcher model at different

inlet-opening angles at Uy = 5 m/s for (a) leading-down, (b) central-up, and (c) trailing-down.
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Total pressure-drop coefficient PD¢ x 1000

3.2.2. Total Pressure Loss Coefficient

Figure 13 introduces a bar chart of the total pressure drop coefficients at different
opening angles and different feeding orientations. The total pressure-drop coefficients
increased with the increase in opening angles for all new windcatcher models. Comparing
the different feeding orientations, the leading-down orientation produces the highest
pressure-drop values compared with the other models. Furthermore, the minimum and
maximum values of the total pressure drop are found in the central-up-60° model and
leading-down-90° model, respectively.

Leading-down ... Central-up Trailing-down

0.287

0.238

Basic 60° 75°

Basic 60° Basic 60° 75° 90°

Figure 13. Total pressure-drop coefficient for different windcatcher models at Uy =5 m/s.

3.3. Natural Ventilation Rate

Figure 14 presents the ventilation rates for all windcatcher models under a constant
wind speed of 5 m/s. For all new windcatcher models, increasing the opening angle
from 60° to 90° leads to an increase in the ventilation rates. In addition, the trailing-
down windcatcher models generate the highest rates compared with the other models.
Further, the leading-down-60° model produces the minimum ventilation rate, while the
trailing-down-90° model yields the maximum rate of ventilation as shown in Figure 14.

Ventilation rate Q (m?/s)

Leading-down Central-up Trailing-down0 0

0.0204 g oons

Basic 60° 75° 90° Basic 60° 75° 90° Basic 60° 75° 90°

Figure 14. Ventilation rates for different windcatcher models at Uy =5 m/s.
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3.4. Overall Performance Evaluation

To summarize the results, Figures 15 and 16 describe the effects of the main factors
affecting the ventilation performance of the new windcatcher models. As depicted in
Figure 15, the length-weighted average static pressure coefficient clearly increases with the
increase in opening angle for all different feeding orientations at the same wind speed. In
addition, when the wind speed increases, it leads to an increase in the pressure coefficient
for all models except for the central-up windcatcher model at identical opening angles.
Moreover, at the fixed conditions of ¢ = 90° and Uy = 5, the trailing-down model has a
higher pressure coefficient than the leading-down and central-up models by 20.55% and
37.37%, respectively. Furthermore, the trailing-down windcatcher model could achieve a
superior ventilation rate compared to the central-up model and leading-down model by
31% and 42%, respectively. This may be attributed to the flow acceleration through the
windcatcher tower in the same flow path toward the exit opening as shown in Figure 10c.
Based on the above analyses, the trailing-down windcatcher model can be recommended
as the best choice to provide natural ventilation in the selected target area.
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Figure 15. Length-weighted average static pressure coefficient on the centerline of the leeward
surfaces for all new windcatcher models.
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Figure 16. Area-weighted average ventilation rate at the exit openings for all new windcatcher models.
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4. Conclusions

The effect of the opening angle and the inner feeding orientations on the ventilation
performance of an inventive one-sided windcatcher was numerically studied under differ-
ent wind speeds. The outdoor mainstream flow was selected for the weather conditions of
Taif city in Saudi Arabia. A detailed fluid flow analysis was carried out to investigate the
induced air distribution, static pressure coefficient, total pressure-drop, and the ventilation
rate using ANSYS CFX 17.0. The numerical model was validated using the k-epsilon
turbulence model, which achieved good agreement with the experimental data. The CFD
results were generated for various models of the new windcatcher and compared to a
basic windcatcher model under the same conditions to explore the new flow feature of the
new one. The ventilation performance of the new windcatcher was examined at different
opening angles from 60° to 90° for three different feeding orientations, and the following
conclusions can be extracted.

The flow velocity increased through the new windcatcher tower due to the increase
in the inlet opening angle from 60° to 90°, which in turn led to an increase in the fluid
momentum inside the ventilated room. However, the flow momentum decreased gradually
through the windcatcher tower at the same opening angle of the new windcatcher. For
the leading-down orientation model, the flow velocity deteriorated at the end of the
windcatcher tower due to the existence of a corner vortex at the sharp edge of the exit
opening. The indoor flow maintained its high fluid momentum due to the short tower of
the central-up windcatcher model. Therefore, it led to an increase in the induced ventilation
rate inside the ventilated room. In the case of the trailing-down orientation, the indoor flow
had the same behavior as the leading-down model, except at the end of the windcatcher
tower, where the flow had a higher flow momentum. The sharp edge at the inlet opening
led to an increase in the flow separation and recirculation zone especially when the opening
angle increased.

The static pressure coefficient increased with the increase in the opening angle from
60° to 90°. According to the feeding orientation parameter, all new windcatcher models
produced high-pressure coefficients except at ¢ = 60° compared to the basic model. In
the case of the trailing-down model, the highest pressure coefficient was achieved at ¢ =
90°compared with the other windcatcher models.

The increase in the opening angle from 60° to 90° led to an increase in the total
pressure drop for all new windcatcher models. The leading-down model at ¢ = 90° had the
maximum pressure-drop, while the central-up model at ¢ = 60° generated the minimum
value. For all new windcatcher models, the ventilation flow rates increased when the
opening angle increased from 60° to 90°. The leading-down model at ¢ = 60° provided the
minimum ventilation rate, while the trailing-down model at ¢ = 90° gave the maximum
ventilation rate.

At the fixed conditions of ¢ = 90° and Uy = 5 m/s, the trailing-down model had
a higher pressure coefficient than the leading-down and central-up models, by 20.55%
and 37.37%, respectively. Furthermore, in the same conditions, the trailing-down model
achieved a superior ventilation rate compared with the central-up and leading-down
models, by 31% and 42%, respectively. Finally, the trailing-down windcatcher model can
be recommended as the best choice to provide natural ventilation in Taif City.
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