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ARTICLE INFO ABSTRACT
Keywords: Wind-driven single-sided ventilation is present in many existing buildings globally, and its performance can be
Single-sided unreliable and challenging to improve. To address these performance challenges, a better understanding of the

Natural ventilation
Computational fluid dynamics
Large eddy simulations
Mixing layer

Near-facade flow

interconnected relationship between the external and internal flows is required. Therefore, a detailed assessment
of this type of natural ventilation is vital. A detailed CFD analysis of wind-dominant single-sided natural
ventilation is presented by adopting the Large Eddy Simulation method, validated using previous wind tunnel
studies. An isolated cube, representing a three-storey building, was used to investigate four case studies with
different opening positions on the building facade. The presence of parallel flow near the building facade and the
effect this has, both on the structure of the flow at the opening and the internal secondary flow, is investigated.
Results demonstrate that a mixing layer jet of air is the main structure of the flow at the opening. The flow
characteristics of this jet are a function of how the external near-facade flow interacts with the building. It can be
deflected or attenuated by the near-facade fluctuating pressure and vortex structures close to the opening. Tracer
gas decay results show that only 3/5 of the flow at the opening contributes to effective ventilation in this type of
natural ventilation. Comparisons between the ventilation rates for openings at different positions on the building
facade demonstrate the importance of the pressure role at the opening in single-sided natural ventilation.

occur either due to wind or buoyancy-driven forces or the combined
effect of both [2,10]. Wind-dominant NV through windows can be
classified as single-sided ventilation (with one opening (SS1), or with
two or more openings (SSn)), Cross Ventilation, and Corner Ventilation
[15]. While cross ventilation can only be used in narrow-plan buildings
with no large obstacles in the air path [16], SSV is perhaps the most
common form of ventilation in modern apartments and offices because it
can be easily implemented in buildings. Given its near ubiquitous
adoption across residential and non-residential buildings, it is essential
to understand the natural ventilation performance of SSV [16,17].

In SS1 and SS2 enclosures, when wind and stack effects are cancel-
ling each other, the effect of fluctuating infiltration is significant due to
the low mean pressure differences across the opening(s) and high tur-
bulent components of pressure [18]. A fluctuating ventilation rate is the
result of continuous and variable airflow exchange across the opening
[2,19,20], penetration of eddies [21] or turbulent diffusion [22], and
pulsating flow [18]. Turbulent fluctuations induced by variations in
external wind conditions result in continuous and variable airflow

1. Introduction

Nowadays, effective Natural Ventilation (NV) is highly valued,
especially in mild and tropical climates [1], because it can effectively
control indoor environments without using non-renewable energy [2,3].
Despite being a widely prevalent ventilation strategy, single-sided nat-
ural ventilation (SSV) systems must perform better to reduce their
vulnerability [4] and ensure healthy indoor environments [5] with
adequate indoor air quality and thermal comfort.

1.1. Background and context

Designing NV systems can present a greater challenge than designing
their mechanically ventilated counterpart [6-12]. Therefore, as its
performance varies stochastically, a detailed simulation-based assess-
ment of the mechanisms that contribute to effective NV is valuable
[8-10,13,14]. Ventilating naturally through an external opening can
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Nomenclature

A Opening area (m?)

a Opening height (m)

ACR Air Change Rate (1/s)

Cc Local mass fraction of each species
Cp Drag coefficient (-)

C Lift coefficient (-)

Cp Instantaneous pressure coefficient (-)
Cp Mean pressure coefficient (-)

Ce, CO; concentration at time t; (ppm)
CFL Courant-Friedrichs-Lewy number (-)
D Mass diffusion coefficient (-)

F, = Q/UyA Flow number (-)

Fp Drag force (N)

Fr Lift force ()

f Frequency (1/s)

FAC2 Factor of 2 of observations

FAC1.3 Factor of 1.3 of observations

H Cubic building’s height (m)

I, Turbulence intensity for streamwise direction (%)
L Length scale of turbulence (m)

Ny Number of grids in x-direction (-)

n, Number of grids in y-direction (-)

n, Number of grids in z-direction (-)

O; Observed (measured) value

P; Predicted value

Q Q-criterion (1/5%)

Q: Instantaneous flow rate (m®/s)

Qumean Mean flow rate (m®/s)

Rey Reynolds number based on building height (-)
R2 R-squared value (-)

s distance between the centre of openings (im)
Sce Turbulent Schmidt number (-)

St = fH/Uy Strouhal number (-)

T Flow time (s)

T Normalized flow time (-)

At Time-step size (s)

At* = AtUy/H Normalized time-step size (-)

U streamwise air velocity (m/s)

Uy streamwise air velocity at the building height (m/s)
u; Air velocity (m/s)

Wipr, Atmospheric boundary layer friction velocity (m/s)
v Room volume (m3)

X X coordinate (-)

X* = (X/H) Normalized X coordinate (-)

AX; Cell size in i-direction (m)

Y Y coordinate (-)

Y* = (Y/H) Normalized Y coordinate (-)

Z* = (Z/H) Normalized Z coordinate (-)

z Vertical distance from the ground (m)
20 Aerodynamic roughness length (m)

Greek letters

blockage ratio (%)

Filter width (m)

Smallest grid length normal to the building (m)
Turbulence dissipation rate (m?/s°)

S )

=¢H/ Ug Normalized turbulence dissipation rate (-)
von Karman constant

A

Turbulent kinetic energy (m?/s?)
kK =k/ U,Z, Normalized turbulence kinetic energy (-)

A Integral length scale (m)

Uy Turbulent diffusion

v Kinematic viscosity (m?/s)

A Turbulent viscosity (m?/s)

p Air density (Kg/m®)

|9 Mean vorticity magnitude (1/s)

Wy x-vorticity (1/s)

oy y-vorticity (1/s)

[0 z-vorticity (1/s)

w}: = wxH/Uy Instantaneous normalized x-vorticity (-)

;
X
w}*, = wyH/Uy Instantaneous normalised y-vorticity (-)

w,H/Ug Instantaneous normalized z-vorticity (-)
= wxH/Uy Mean normalized x-vorticity (-)
w, = ®yH/Uy Mean normalized y-vorticity (-)
= ®,H/Uy Mean normalized z-vorticity (-)

exchange across the opening [2]. Eddy penetration refers to shear
ventilation in which the flow is parallel to the opening [2] and causes
additional air exchange across an opening due to the penetration of
eddies [18,23-25]. The outdoor wind contains eddies of different sizes
[26] and only an eddy with a scale smaller than the opening size can
penetrate the room [21]. Pulsating flow is the result of bulk fluctuating
flow due to turbulence in the pressure difference across the opening,
which can make an opening perform as an inlet or outlet depending on
the positive or negative pressure difference between indoor and outdoor
environments [2,18].

Of all empirical models used to estimate ventilation rates for wind-
dominant SS1, the one which uses the classical theory of the mixing
layer [22] provides good results for common wind speed conditions [12,
27-29]. This empirical model is based on Eq. (1) for a given value of 9, i.
e., f{0} = constant, this constant is typically found to be in the range of
0.013-0.035 [22,30],

qgﬂ' o,
o —_to) M

This mechanism of air exchange, i.e., a mixing layer along the
opening face, occurs due to the presence of parallel flow locally at the
opening, which has been reported in previous field measurement studies

[12,29], illustrated in Fig. 1.

Understanding these phenomena requires coupling external and in-
ternal flows in SSV. Coupling here requires an understanding of the flow
characteristics in SS1 by finding the inter-connected relationships be-
tween external flow (including near-facade flow) with the internal flow
(including flow locally at the opening and secondary indoor flow) in this
type of natural ventilation. To fulfil this requirement, the present study
employed Computational Fluid Dynamics (CFD) to simulate the airflow
around a generic isolated three-storey building. Since SSV is substan-
tially affected by fluctuating infiltration, and the importance of
capturing instantaneous features of the flow has been indicated in some
wind-dominant natural ventilation studies [13,25,31,32], CFD methods
such as Reynolds Averaged Navier Stokes (RANS) by which only mean
values of the flow will be modelled are incapable of capturing all the
flow structures, especially the fluctuating characteristics of single-sided
ventilation rates [13]. In contrast, Large Eddy Simulation (LES) can
simulate laminar, transient, and fully developed turbulent flows.
Moreover, the detailed turbulence information provided by LES can be
used for various external and internal flow evaluations [11,33,34].

The flow around a three-dimensional bluff body is of great interest in
engineering practice [35]. For instance, to study wind loads and
vortex-induced oscillations on buildings, bridges and vehicles.
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Fig. 1. Reported parallel flow in field measurements for single-sided natural ventilation even when the wind direction was windward, a and b. Note: a) is wind
direction at the nearby meteorological weather station (blue), and 6 m above roof level (red) and b) is wind direction locally at the opening for the same conditions
[29], c) parallel flow locally at the opening [[12]] (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Undoubtedly, the flow characteristics around the building and near-fa-
cade are integral to natural ventilation. Recently published wind tunnel
and LES studies on SS2 visualized and demonstrated the interconnection
between the pumping flow frequency and the fluctuating characteristics
of the flow around the building, e.g., vortex-shedding [15,36,37]. The
Strouhal number (St), defined as the normalized vortex shedding fre-
quency according to the building height and mean velocity at that
height, St = f;.H/Uy, is an essential indicator of the periodic fluctua-
tions in the interaction between the flow field and a bluff body. This
value for a finite wall-mounted cube has been reported by previous
studies (0.13 [38] and 0.145 [39]). Along with the periodic features of
the fully turbulent flow around a finite wall-mounted cube, the presence
and nature of parallel near-facade flow (i.e., downwash, upwash and
transversal flows) are of major significance in SSV studies. Previous
studies have reported parallel near-facade flow for a finite wall-mounted
cube and infinite cylinder [35,40-42]. Previous LES studies assessed the
moderate Reynolds number flow characteristics between two high-rise
buildings and reported the presence of upwash, downwash and trans-
versal near-facade flows [43]. The near-facade parallel flow on both
windward and leeward sides of a finite wall-mounted cube with a single
door-shaped opening can also be observed in previous Particle Image
Velocimetry study results [11].

1.2. Aims of the study

The evidence of the above findings illustrates the importance of a
better understanding of near-facade flow in performance evaluations of
SSV in order to provide early-stage guidance to building designers on
how to exploit this ventilation method better.

The main aims of the work reported here were:

I. To evaluate the external flow and near-facade flow characteristics
around a cubic, isolated scaled model of a three-storey building.
II. To investigate how the interconnected relationship between near-
facade flow and local flow at the opening affects the ventilation
performance of SSV.
III. To assess how the coupling approach can be employed to explain
geometrical and aerodynamical phenomena in SSV.

1.3. Proposed contribution

Given the complexity of the flow structures in single-sided ventila-
tion and its low-impact ventilation performance, there is a need to
conduct a study focused on the fundamental characteristics of the flow
in this type of ventilation. This paper makes several contributions to the
literature. Firstly, to the authors’ knowledge, this is the first study
investigating the coupled nature of the external and internal flow in
wind-dominant SS1, explicitly evaluating phenomena such as the pres-
ence of the mixing layer, short-circuiting and the role of near facade
pressure. Secondly, the study provides a detailed evaluation of the

ventilation performance effect of the opening position on the building
facade, which can fundamentally affect, and shed light on, the inter-
pretation of discrepancies in the performance of SS1 by researchers and
designers. Third and finally, the findings of the study provide useful
early-stage guidance to building and component designers on how to
better exploit this ventilation approach.

1.4. Organisation and structure of the paper

The main scope of this study is on the fundamental flow character-
istics in wind-dominant single-sided NV. The methodology section
(Section 2) includes computational geometry details and boundary
conditions, numerical schemes and algorithms, wind loads and pressure
calculations, grid study, and flow rate calculations in the CFD. The re-
sults of the present study are provided in section 3. This section includes
the validation results, near-facade flow characteristics, and evaluation
of the coupling of external and internal flows in SSV. Discussions on
indoor secondary flow in SSV and the flow rate at the opening with
different positions on the building facade are provided in section 4. The
practical implications of the study are discussed in section 5. The final
section (section 6) contains conclusions.

2. Methodology
2.1. Computational geometry and boundary conditions

A generic surface-mounted cube was used to represent the scaled
model of a three-storey building with SS1 rooms at different positions on
the building facade (Fig. 2). The floor areas (H/2 x H) and heights (H/3)
in all rooms in Fig. 2 (c and d) are the same. The case with an opening on
the second floor only on the leeward side in Fig. 2 (b) is used for vali-
dation and internal flow distribution evaluations. It is similar in floor
area, (H x H), and opening size, (H/6 x H/3)), to the case evaluated in
the wind tunnel study of Zhong et al. [37]. Note that all the rooms in
Fig. 2 are single-sided, and in Fig. 2 (d), the rooms are completely
separated by an interior wall (no interior connection and air trans-
mission). Note that single-sided rooms with openings on both windward
and leeward facades were considered in the evaluations. Table 1 sum-
marises the various cases evaluated in the study. Regarding the naming
of each case study, “C" refers to the cases with an opening located at the
centre of the building facade, i.e. Fig. 2 (c); “S" refers to the cases with
two side openings, i.e. Fig. 2 (d); “WW” or “LW” refers to windward or
leeward facades, respectively; and “2” in CLW2 in Table 1 means only
the second floor has an opening for the validation case.

Table 1 clarifies the purpose of the study adopted for each case
illustrated in Fig. 2. To assist with discussions and analyses in the paper,
the case labels in Table 1 will be referred to in all figures and explana-
tions hereafter. After running a grid study on bluff body cases, the case
with the optimum grid size is used to validate the mean streamwise
velocity profiles on the wake side of the cube with the previous wind
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Fig. 2. a and b) the geometries of the reduced scale models based on the wind tunnel study of Zhong et al. [37], c and d) geometries of reduced scale case studies in
the present study; H = 300 mm. Note: cases (c) and (d) were assessed for both windward and leeward wind directions.

Table 1
The case studies assessed for different purposes in the present study.

Case No. Case Label Case tag in Fig. 2 Purpose of study

1 Bluff Coarse a Grid study

2 Bluff Medium a Grid study, validation, and flow characteristics study

3 Bluff Fine a Grid study

4 CLW2 b Tracer gas decay method ventilation rate validation

5 CcwWw c Main Study (i.e. coupling internal/external flows in SS1)
6 CLW c Main Study (i.e. coupling internal/external flows in SS1)
7 SWwW d Main Study (i.e. coupling internal/external flows in SS1)
8 SLW d Main Study (i.e. coupling internal/external flows in SS1)

tunnel study of Zhong et al. [37]. In addition, further assessments were
completed using this case for validation purposes and near-facade flow
characteristics studies. Note that the opening and room dimensions in
cases CWW, CLW, SWW, and SLW were chosen to keep the same opening
area to floor area ratio of 5.56% as the case CLW2, which was the case
investigated in the wind tunnel measurements [37]. In cases SWW and
SLW, the rooms were entirely separated by a wall between the rooms on
the same floor.

The domain size, grids, and boundary conditions (Fig. 3) were
determined based on the best practice guidelines [44-46].

The inlet, outlet, and lateral boundaries are at a distance of 5H, 15H,
and 5H from the cubic building (see Fig. 3 (a)). The determined dis-
tances of the lateral and top boundaries will lead to a 1.5% blockage
ratio, below the maximum recommended blockage ratio of f = 3% to
avoid too strong artificial acceleration of the flow due to strong
contraction of the flow by these boundaries [46].

The boundary conditions in the present study were applied based on
the wind-tunnel study of Zhong et al. [37] (see Table 2).

The inlet boundary condition was determined based on the measured
velocity and turbulence intensity profiles provided by the wind-tunnel
study of Zhong et al. [37]. Although the wind tunnel measurements
reported a power-law inlet profile of U /Uy = (z/H)®'° [371, this profile
is presented as a logarithmic profile to specify the profile of turbulence
dissipation rate based on Richards and Hoxey [47] and the profile of

a)

turbulent kinetic energy based on Tominaga et al. [45]. The logarithmic
velocity, turbulence kinetic energy, and turbulence dissipation rate
profiles were applied at the inlet boundary based on Egs. (2)-(4),

Wipr Z+20
U(z)= e In (T) (2)
k(z) = (U(2)L(z))* 3
_ (“ju?L)3
e(z)= Kt ) @

where 1,5 , the atmospheric boundary layer friction velocity, is 0.47 m/
s, k, von Karman constant, is 0.41, and 2y, aerodynamic roughness

Table 2
Adopted boundary conditions in the present study.

Boundary Label in Fig. 3 Boundary Name Purpose of study

A Inlet Logarithmic velocity inlet
B Lateral and Top Zero-shear stress

C Outlet Zero gradient

D Ground No-slip

E Building No-slip

Fig. 3. a) Computational domain with dimensions, H = 300 mm, b) example of the adopted non-uniform structured and orthogonal grid for case SWW.
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Fig. 4. (a) Normalized mean logarithmic profile in the present study (dash-dot line) and the experimental measurements (red squares) by Zhong et al. [37], (b)
Normalized turbulent kinetic energy profile, and (c) normalized turbulent dissipation profile applied in the present study at inlet boundary. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

length, is 0.0008 m. The R-squared value for the best fit of the loga-
rithmic profile is 0.97. In Eq. (3), the best-fit profile of measured tur-
bulence intensity [37] was determined as I,(z) = 0.1(z/H) °?** with
R? =0.95. Turbulence intensity in the present study refers to the ratio of
the root-mean-square of the velocity fluctuations to the mean flow ve-
locity. The resulting profiles are illustrated in Fig. 4. It is noteworthy to
mention that the incidence angle of inlet velocity was zero (see Eq. (2)),
and the reference velocity at the building height, Uy, was 6.76 m/ s. The
adopted profiles at the inlet boundary are illustrated in Fig. 4.

In the present study, a Fourier-based synthetic turbulence generator
(STG) [48] is adopted to generate time-dependent inlet conditions for
scale-resolving turbulence simulations.

Zero-gradient (pressure and velocity) and zero-shear stress boundary
conditions were applied to the outlet boundary and lateral and top
boundaries, respectively. No-slip boundary conditions and Werner-
Wengle wall functions [49] were adopted for the building and ground.
This wall function was also adopted in previous LES studies on bluff
body simulations [50], natural ventilation [51], and near-facade flow
characteristics assessments [52].

The results and analysis have been evaluated on horizontal surfaces
at the centre of each opening at Z* = 0.167,0.500, 0.833 (see Fig. 5 (a)).
These assessments were also carried out on vertical surfaces at Y* =
0.00,0.25 (see Fig. 5). In order to evaluate the flow structures at the
opening and inside the building, the geometries have also been cut
through the cross sections at Y* = 0.0 and X* = 5.5 (see Fig. 5).

2.2. Governing equations, numerical schemes and algorithms

All numerical simulations were carried out using the commercial
software package ANSYS FLUENT 2021R1 [53]. Pre-processing, i.e.,
grid generation was done by ICEM CFD 2021R1 [54]. Post-processing,
including visualization of the CFD results and generating graphs, was
done by Tecplot 2021 [55] and Matplotlib [56].

In LES, the larger three-dimensional unsteady turbulent motions are
directly resolved, although the smallest resolvable eddies are limited by

b)
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Fig. 5. Planes of analysis and the cross section cuts in the results.

grid spacing and hence the computer power [57-59]. Fortunately, ex-
periments indicate that small scales of turbulence approach isotropy and
thus can be modelled [59]. Therefore, in the LES, the exact solution is
decomposed into a large-scale and a sub-grid scale components [57].
Because the large-scale unsteady motions are represented explicitly, LES
can be expected to be more accurate and reliable than RANS models for
flows in which large-scale unsteadiness is significant — such as the flow
over bluff bodies, which involves unsteady separation and vortex
shedding [58]. The flow characteristics’ basic assumptions for solving
grid-filtered momentum and continuity equations are three-dimensional
incompressible constant properties of Newtonian viscous flow [58,60,
61].

The WALE (wall-adapting local eddy viscosity) was adopted as the
sub-grid scale modelling. By applying the WALE SGC model, neither the
damping function (e.g., Van Driest exponential damping function in
Smagorinsky SGC model) nor the dynamic procedure (e.g., dynamic
Smagorinsky-Lily model) is needed, although the required grid resolu-
tion for proper LES resolving near walls makes using a wall function
necessary [33].

As the number of grid nodes increases significantly in near-wall
resolved LES for high-Reynolds-number flows, it is considered imprac-
tical for high-Reynolds-number flows, e.g., aeronautical and meteoro-
logical applications [58]. Therefore, the proper wall function was
adopted to reduce the effect of the Reynolds number on the number of
cells. Investigation of the effectiveness of different combinations of SGS
models and wall-functions in simulating separation from a curved sur-
face found that the combination of Werner-Wengle wall-law and the
WALE models gives the closest comparison to the highly resolved
simulation [62].

The accurate second-order scheme of the bounded-central difference
was applied to approximate the diffusion and advection fluxes, and the
second-order scheme was exploited for temporal discretization. The
pressure and velocity distribution coupling was obtained using the
SIMPLE algorithm [63,64]. The convergence criterion of the residuals
was set to reduce to less than the threshold of 10~ for continuity and
momentum equations.

The constant time-step size of 4 x 10~* (s) or a normalized time-step
(At* = AtUg/H) of 0.009 was adopted. This time-step size also leads to
the maximum Currant-Friedrichs-Lewy number less than one,

CFLax = max {At( Z{;d‘;) n=1,2, 3} <1 [65], everywhere in the

computational domain, through the simulation process. The same order
of magnitude of this time-step has been adopted in previous studies of
atmospheric boundary layer wind tunnel simulations using the LES
method [11,36,51,66-68]. All cases were run for 20,000 initial time
steps (16 vortex-shedding periods); then, the averaging process for all
cases was continued for at least 70,000 time-steps (56 vortex-shedding
periods). Accordingly, two nodes of the supercomputer, which is a
cluster of 336 nodes where each has 2 x 20-core 2.4 GHz Intel Xeon Gold
6148 processors at the Irish Centre for High-End Computing (ICHEC)
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[69] were employed to solve the flow field at each time-step for the
whole computation process.

2.3. Wind loads and pressure

The present study employed the drag coefficient (Cp) and lift coef-
ficient (Cy) calculation formula based on Yan and Li [70] (Egs. (5) and
(6)) as the approaching wind profile is not uniform,

Fp
Cp=— 5
P 05pH [T U(2)dz ©
il ®

" 0.5pH [T U(2)

where p is the air density, U(z) is the mean wind speed corresponding to
the height z, and Fp and F;, are forces acting parallel and transverse to
the streamwise flow direction, respectively. These equations are similar

to the Cp = Fp/ O.S,OUZH2 [71] when the inlet velocity is uniform. Hence,
the pressure coefficient in the present study was calculated by the same
averaging method as Eq. (7),

PP,

S S — 7
052 [ U(z)’dz @

P

where P — P is the gage pressure.

2.4. Grid study

In LES, the filtered Navier-Stokes equations were solved to resolve
those eddies larger than the filter size and model those smaller than the
filter size (which can be the grid size) by sub-grid scale modelling.
Eighty per cent of the turbulent kinetic energy can be resolved when the
ratio of the length scale of turbulence to the filter size is roughly equal to
12 (¢ = 12) for the sharp cut-off filter and £ =~ 17 for the Gaussian filter
in the case of a high Reynolds number [58]. A criterion for examining
sufficient LES grid resolution based on the average of this recommended
ratio (¢ = 12417 — 14.5) was adopted by previous studies [72]. This
criterion is recommended everywhere in the domain for near-wall
resolved LES and everywhere away from walls for near-wall modelled
LES. Given the relationship between integral length scale 1 and the
length scale of turbulence L , A = 0.55L, this criterion means that there
should be at least eight cells to resolve an eddy of size 1 to be able to
achieve the 80% resolving of turbulent kinetic energy. Although the
criterion of sufficient grid resolution for LES is straight forward, it can be
fulfilled by various grid sizes; some studies have used RANS results of
the same geometry to find the proper grid resolution for LES [73]. Three
different non-uniform structured and orthogonal grids with different
first grid sizes (6/H) were adopted for this grid study (see Table 3). The
maximum growth rate of the grid was set to be 7% for all cases, and the
maximum aspect ratio was 20.

The variations in mean drag coefficient, Cp, and Strouhal number, St,
from the coarse mesh to medium mesh are 6% and 7.69%, respectively;
and from medium mesh to fine mesh are 3% and 7%, respectively (see
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Table 3). Note that, due to differences in the boundary layer thickness
and Reynolds number of the different studies, reporting a relative error
is not an appropriately comparable measure; however, the comparisons
in Table 3 can indicate values in the acceptable range. Hence, the me-
dium mesh selected in the present study is the optimum mesh in terms of
computational cost and the accuracy of predicting the global values and
flow structures around the bluff body.

2.5. Tracer gas decay method simulations

To carry out the tracer-gas decay method to find the effective
ventilation rate and the amount of air that short-circuits in SS1, the
dispersion of the gas tracer was modelled by the convection-diffusion
passive scalar equation for incompressible turbulent flows [61,75,76].
The Turbulent Schmidt number, which is related to the prediction of
eddy diffusivity, was set to 1 [75] in the present study.

The volume-averaged value of the calculated CO, concentration in-
side the room in case CLW2 was recorded throughout the simulation at
each time step, t;, by LES; the ventilation rate based on the decay method
when the background ventilation is zero was calculated simultaneously
using Eq. (8) [20,30],
0,— —in(C,.,/C,).V

1

(8)
fiy1 — 1
And the value of the effective ventilation rate can be calculated using
Eq. (9) [30],

Omean =V Slope (©)]

where V is the room volume, and the Slope is the slope of the decay graph
when there is linear decay.

2.6. Flowrate calculation in CFD simulation

Based on Jiang et al. [77], the airflow rate into or out of a building
can be calculated by integrating the normal velocity at all openings if the
flow is incompressible, which is true in most natural ventilation studies.
Based on a mass balance of the airflow within a building, the total
amount of airflow out of a building is equal to the total amount of
airflow into a building; therefore, the mean flow rate can be calculated
by Eq. (10) [771],

jb kb

1
Oumean =3 Z Z|Uj.k|ijAZk (10)

j=ja k=ka

where (AYja, AYjas1, -, AYjp) and (Azja, AZjgy1, .., AZjp) are grid sizes in the
y and z directions within the opening. Uj is the mean normal velocity
corresponding to the grid (Ayj,Azc) at the opening. The computed
airflow rate in a building is called the mean flow rate, Qpuean. This for-
mula calculates the airflow rate by integrating the time-averaged normal
velocities over the opening area.

As LES can provide the instantaneous velocity field at each time step,
the airflow rate into a building can also be calculated by accumulating
and averaging the instantaneous ventilation rate over a time period of T;

Table 3

Mean drag coefficient, mean lift coefficient, and Strouhal number for three bluff bodies of difference grid sizes.
Case label Rey x 1075 Method 5/H Ty X My X Ty Cp CL St
Bluff-Coarse 1.2 LES 0.013 181 x 144 x 95 1.041 0.00 0.108
Bluff-Medium 1.2 LES 0.01 218 x 168 x 112 1.108 0.00 0.117
Bluff-Fine 1.2 LES 0.0067 275 x 200 x 132 1.144 0.00 0.126
[39] 0.8—-1.15* Exp. - - - - 0.145
[38] 1073 - 3.4 Exp. - - - - 0.13
[35] 0.4 LES - 210 x 66 x 114 1.166 - 0.146
[74] 0.22 Exp. - - 0.95 - -

*This range is based on the channel height.
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the accumulative instantaneous ventilation rate over a time period of T,
Q, is defined as Eq. (11) [77],

. N [ jb kb jb kb N
30 Z > ujy | AyjAzy | AL % >y > uhAt” Ay;Azg
n=1\ j=ja k=ka j=ja k=ka n=1
0= - = 7 an
S A
n=1

where ufy is the instantaneous velocity at the opening at the time t", At is

the time step size (t"*! — %), N is the total number of time steps during
which Q; was calculated.

The method of cumulating and averaging the air change rate (ACR)
values derived from integrating the instantaneous opening velocities
will overpredict the room ACR for all wind directions. It is apparent that
not all the airflow entering a room can effectively eliminate overheated
or polluted indoor air, as some of the incoming air leaves the room
immediately after entering. Notwithstanding the reported inaccuracies,
the present study adopted this method for a relative comparison the flow
numbers in rooms in case studies, as it has been adopted in many CFD
studies of SSV [75,77,78]. Note that the short-circuiting phenomenon in
case CLW2 was evaluated using the tracer gas method, although
adopting the tracer gas method for all cases was out of the scope of this
study.

3. Results

Demonstrating the validation results, this section includes near-
facade flow features, short-circuiting, and opening position effect eval-
uations. Given the presence of parallel near-facade flow, further evalu-
ations were completed to investigate the interconnection between
external and internal flow in SSV. In order to do this, time-averaged and
instantaneous contours and streamlines are illustrated. The effective
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3.1. Validation with wind-tunnel experimental data

The mean streamwise velocity profiles on three vertical and three
horizontal lines on the wake of the case “Bluff-Medium” have been
compared (Fig. 6) with experimental wind-tunnel measurements [37].
The predicted mean streamwise velocity profiles demonstrate similar
trends with good agreement with the measured velocity profiles in the
wind tunnel. To evaluate this quantitatively, two validation metrics, the
factor of 2 of observations (FAC2) and the factor of 1.3 of observations
(FAC1.3), were adopted [79]. These metrics were defined based on Egs.
(12) and (13). Metrics such as the normalized mean square error (NMSE)
and the fractional bias (FB) cannot be adopted for this evaluation when
the velocity reaches both positive and negative values [79,80]. The
resulting values are reported in Table 4.

P,
& , 1 for 05<1<2
FACZ:N Zni with n; = . 0; 12)
=1 0 for else
1 & 1 for 077<ﬁ<13
FAC1.3 =N [Z]:n[ with n; = o 13)

0 for else

Both horizontal and vertical streamwise velocity profiles in Fig. 6
show the negative mean streamwise velocities for the region where lines
are on the wake of the building, which shows the presence of the reverse
flow. Out of the shear layer, streamwise velocities increase considerably

Table 4
Quantitative evaluation of the validation of LES results of mean streamwise
velocity for U/Uy.

Ideal value  Vertical lines on the wake Horizontal lines on the

ventilation rate using the tracer gas decay method and the CO, contours wake
inside the building results in investigations on the short-circuiting LineA LineB LineC LineD LineE LineF
phenomenon and the secondary flow inside the building. The effect of FAC2 1 0.75 1 1 0.89 0.89 0.89
opening position on ventilation rate and pressure’s role on flow rate FAC1.3 1 0.63 0.88 1 0.78 0.89 0.89
discrepancies were also evaluated in this section.
Z*
1.2 'i 4 ,‘
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Fig. 6. Validation of the resulted mean streamwise profiles on the wake side of the building on three vertical and horizontal lines in the present study with wind-

tunnel measurements [37].



N. Najafi Ziarani et al.

on vertical lines due to shear layer separation from the top leading edge
and on the horizontal lines due to separation on the side leading edges.

The mean streamwise velocities are in good agreement with mea-
surements, although other aspects must be assessed to show the
robustness of the present LES model. For the “Bluff-Medium”, which is
the grid applied on all cases with different geometries, the lift coefficient
is zero due to symmetrical simulations, the drag coefficient of 1.108 and
Strouhal number of 0.136 are in the range of the reported values in the
literature for the finite wall-mounted cube (see Table 3). These results
indicate that a finite wall-mounted cubes pressure fluctuations and
frequency spectrum have been predicted accurately.

As mentioned, the velocity-based method for calculating the venti-
lation rate (i.e., the calculation method in Eq. (11)) might not agree with
the experimental prediction because of the short-circuiting phenome-
non. Therefore, one of the cases from the wind tunnel study of Zhong
et al. [37] (CLW2, case b in Table 1) was simulated using the tracer gas
decay method with LES to show the validity of the predicted effective
ventilation rate compared to the reported results by wind-tunnel mea-
surements. The slope of the line in the linear decay region for the tracer
gas decay method shows good agreement with the effective ventilation
rate measured and reported in the wind tunnel, with a modest 4.49%
relative error observed in Fig. 7 (a).

The resulting dimensionless flow number (F, = Q/UgA), of the tracer
gas method, was found to be 0.019 and can be considered as an effective
flow number along with the flow number calculated by Eq. (11) as 0.032
(see Fig. 7 (b)). Comparing these values as normalized effective venti-
lation rate and normalized flow rate at the opening can provide the
percentage of the flow rate at the opening that contributes to the
effective ventilation rate in the room. The results in Fig. 7 show that
59.4% (= g) of the flow rate at the opening contributes to the effective
ventilation rate, and 40.6% (& %) of the flow rate at the opening short-
circuits in single-sided natural ventilation. Similar values of the fraction
of short-circuiting of the airflow in single-sided natural ventilation have
been noted in previous studies [81].

Not only are the results of the mean streamwise velocity profiles and
effective ventilation rate values validated with the wind tunnel results,
but also the parameters such as drag coefficient and Strouhal number
and the fraction of short-circuiting of the air at the opening are in good
agreement with the previously reported results. Given that the LES
model has been shown to provide reliable results, the near-facade flow
characteristics will be assessed in the next section.

3.2. Near-fagade flow characteristics

To investigate the cause for the presence of local parallel flow at the
opening in SS1, the focus in this section is on recognising the near-facade
flow patterns in the case “Bluff-Medium”. Then, a detailed assessment of
the local flow structure at the opening will be undertaken in the
following sections. The time-averaged pressure coefficient contours and
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time-averaged streamlines on the building faces for the case “Bluff-
Medium” are demonstrated in Fig. 8. Local parallel near-facade flow
directions can be observed in Fig. 8. The reporting of local parallel flow
at the opening in previous field measurements (Fig. 1) can be interpreted
by evaluating Fig. 8. The flow arriving at the cube, which is represen-
tative of a three-storey building without any openings, on the windward
side on average furcates from the stagnation point. In other words, the
average position of the stagnation point (Y* =0, Z* = 0.67) on the front
face is the result of a balance between upwash, downwash, and trans-
versal flows on this face. There exists a downwash flow from the stag-
nation point to the bottom edge of the building close to the ground, and
there exists an upwash flow to the leading top edge of this face (Fig. 8).
Moving from the stagnation point to side leading edges of the front face
Y* = (- 0.5,0.5), there exist transversal flows. All these streams extend
to the side vertical leading edges and top leading edge of the building.
This separation will cause a pressure drop (shown by the blue colour in
Fig. 8); further, due to the separation effects on the side edges and
corresponding pressure drop, two symmetric separation bubbles are
formed and consequently, this causes parallel reverse flows (Fig. 8, Left
and Right faces). Given that these shear layers’ momentum cannot
overcome the main stream’s momentum, reattachments of the flow can
be seen on the left and right faces. Similar, though not the same sepa-
ration and reattachment effect, is the form of the flow structures on the
top face (see Fig. 8). Two counter-rotating vortices with the same
boundary on the symmetry line of the flow are responsible for the
reverse flow on the wake. Once this reverse flow reaches the rear face, it
forms a local highest-pressure point that acts like the stagnation point on
the front face. On the rear face, due to the position of the local highest-
pressure (Y* = 0, Z* = 0.083), the upwash flow is the dominant near-
facade flow direction. Obviously, because of the symmetric inflow (C;, =
0), the stagnation point/local highest-pressure point is located at the
symmetry line of the building.

The pressure coefficient and streamlines illustrated in Fig. 8 are time-
averaged values; however, the flow around the building and near-facade
is turbulent, three-dimensional, and periodic. The time-averaged
streamlines and time-averaged pressure coefficient contours result
from statistical averaging of these flow characteristics. Given the critical
role of instantaneous and periodic flow features, more details will be
evaluated in the following sections.

3.3. Coupling external and internal flows in SSV

The general structure of the flow at the opening in SSV has been
described as a mixing layer by previous studies [22,81,82]. A jet of air
tilted towards the room is formed in SSV due to the presence of adjacent
parallel flows with different velocities (internal flow and near-facade
flow) at the same boundary (opening) [81]. For this reason, the focus of
the investigations revolves around the presence of parallel near-facade
flow and the effect of this on the flow at the opening and the secondary
internal flow.

0.05
®)
0.04 1
0.03 A L
o Short—cngcultmg
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Fig. 7. (a) Tracer gas decay process, (b) comparison of the effective ventilation rate (tracer gas decay method) and ventilation rate (velocity-based method), both

calculated by the results of LES.
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Fig. 8. Time-averaged pressure coefficient contours and time-averaged near-facade streamlines on the case Bluff-Medium.

To identify the details of the flow characteristics present in coupled
external and internal flows, in this section, time-averaged and instan-
taneous streamlines, time-averaged and instantaneous vorticity con-
tours, time-averaged pressure coefficients, and time-averaged Q-
Criterion iso-surfaces are evaluated for cases CWW, CLW, SWW, and
SLW.

The time-averaged y-vorticity (@,*) and time-averaged streamlines
for case CWW on the symmetry plane (Y* = 0) are shown in Fig. 9 (e).
Note that the planes of analysis, Y* =0 and Y* = 0.25 in all cases in
Fig. 9 are demonstrated in the 3D schematic in Fig. 5. Downwash and
upwash flows furcating from the stagnation point show similar behav-
iour as described in Fig. 8. Using y-vorticity to assess the interaction of
the near-facade flow and the openings (Fig. 9(a—d)) shows the flow
enters the opening in the form of a jet tilted towards the room [81]. As
this jet of air interacts with the opening, there is an increase in instan-
taneous and time-averaged y-vorticity (@,*, ®,") which shows the in-
crease in velocity gradients in the flow direction. The results for the
leeward side in the case CLW (Fig. 9 (f)) show the same feature, as there
is upwash flow from the local highest-pressure point (Y* = 0,Z* =
0.062) to the top edge of the leeward side of the building facade.

As described, the structures of the inlet jet in cases CWW and CLW
can be interpreted by the same principles. However, some differences
should be considered in assessing these cases regarding the position of
the openings. The flow jet entering the room has a higher tilt at openings
2 and 3 in the case CWW compared to the same openings on the leeward
side for the case CLW and opening 1 in the case CWW. The first differ-
ence between these openings, as the reason for the higher tilt towards
the room, can be explained according to the surface averaged mean
pressure coefficient and RMS pressure coefficient on the opening plane
(Cps, Cpsgys)- As shown in the time-averaged streamlines on vertical
surfaces illustrated in Fig. 9 (i and j) and based on Table 5, the higher the
near-facade pressure value, the higher the jet is tilted towards the room.
Evaluating Table 5 for cases CWW and CLW shows that the RMS pressure
coefficient is higher when the opening position is closer to the maximum
pressure position. For cases with side openings on the building facade on

both the windward and leeward sides (SWW and SLW), the same char-
acteristics of the flow as cases CWW and CLW can be seen in Fig. 9 g, h,
k, and L. The Cps and Cps,,s Values are reported in Table 5.

As mentioned in the previous sections, all the flow characteristics in
this geometry are three-dimensional. Therefore, further assessment of
the observed jet has been carried out on the horizontal planes (parallel
to the ground surface, see Fig. 5) at the centre of the opening (Z* =
0.167,0.500,0.833) for each case, shown in Fig. 10; which shows time-
averaged z-vorticity (@) contours and time-averaged streamlines. Note
that the planes of analysis, Z* =0.167,Z* =0.500, and Z* = 0.833 in all
cases in Fig. 10 are demonstrated in the 3D schematic in Fig. 5.

As it is shown by @, contours in Fig. 10, the external flow structures
around the building in all cases are similar. Two separation bubbles on
the sides of the building (due to flow separation from vertical leading
edges) reduce in transversal size vertically towards the third floor (Z* =
0.833) due to the moving reattachment point from the trailing edges
upstream. Two counter-rotating time-averaged vortices (formed due to
vortex shedding) on the wake of all cases diminish when they reach the
third floor (near the top of the building) due to strong downwash flow
from the shear layer separation. Streamlines on Z* = 0.167, Z* = 0.500,
Z* = 0.833 in all cases in Fig. 10, emphasis on the explanations in Fig. 8.
The flow reaches the front face, moves transversally to the edges of this
face, and because of the separation, two separation bubbles form, which
causes reverse flows on the sides of the building facade. Two counter-
rotating vortices on the wake cause transversal flow furcating from
the local highest pressure point on this side of the building.

For both cases CWW and CLW, compared with cases SWW and SLW,
on the horizontal surfaces, the inlet jet is not the cause of significant
increment in @; (see Fig. 10(a-f)). For instance, |@}|, averaged on the
opening surface of the second floor, for CWW, CLW, SWW, and SLW are
0.024, 0.12, 1.556 and 0.602, respectively. The openings in cases CWW
and CLW are placed precisely on the symmetry line of the flow structures
on both sides. Hence the transversal flow has not reached to higher
velocity, and the upwash or downwash flows play the dominant role at
this position on the building facade. Based on the information obtained
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Fig. 9. (a-d) Instantaneous streamlines and instantaneous y-vorticity contours, (e-h) time-averaged streamlines and time-averaged y-vorticity contours, (i-1) time-
averaged streamlines and time-averaged pressure coefficient contours, on the vertical surfaces at the centre of the openings. The long-dashed boxes show

zoomed contours.

from Figs. 9 and 10 for cases CWW and CLW, assuming a 2D structure for
the inlet jet as assumed in the previous studies in SS1 [22,81], can be a
correct assumption on this particular opening position. However, the
structure of the inlet jet is 3D in essence. On the other hand, investi-
gating the shape of the jet for cases SWW and SLW, which demonstrated
the same characteristics on vertical surfaces as the inlet jet with cases
CWW and CLW (Fig. 9), the inlet jet on the horizontal surfaces in cases
SWW and SLW reveals new features in Fig. 10 (g-1). As the position of
the openings in cases SWW and SLW allow the transversal flows to reach
their higher velocity gradient, there is an increment in the z-vorticity at
these openings. Therefore, when the openings are located far from the
symmetry line of the flow structures, assuming “the jet of fluid tilted to-
wards room” as a 2D jet is inaccurate. This is because the transversal
flow’s effect is comparable to the upwash and downwash flow’s effect on
the flow structure at the opening. Not only does the jet of fluid entering
the room tilt toward the room, but it is also inclined based on the po-
sition of the opening relative to the stagnation point (more details on the
characteristics and shape of this jet will be provided in the following).
Another important point to mention in Fig. 10 (g-1) is the inclination
of the jet on horizontal surfaces for cases with side openings. For case
SWW, the jet is tilted towards the room with a higher inclination on the

10

third floor than the second floor and a higher inclination on the second
floor than the first floor. This emphasises the role of pressure on the
inclination of the jet (see Fig. 9 (i-1)). The higher the near-facade pres-
sure, the higher the inclination of the jet. Interestingly, in the case SLW
at which the gradient of the near facade pressure is not significant, the
jet is inclined towards the room significantly, except for opening 1,
which is located close to the local highest pressure point on the leeward
facade. All these assessments on the time-averaged pressure and time-
averaged vorticity contours and time-averaged streamlines in Figs. 9
and 10 clarify the importance of pressure role in SS1 (more evaluations
are provided in the following).

The instantaneous flow features in all four cases, CWW and CLW, on
Y* = 0, SWW and SLW on Y* = 0.25, are assessed using the instanta-
neous y-vorticity (}) contours and instantaneous streamlines in Fig. 9
(a-d), and instantaneous z-vorticity contours and instantaneous
streamlines along the horizontal planes Z* = 0.167, Z* = 0.500, Z* =
0.833in Fig. 11. In addition, the periodic behaviour of the instantaneous
pressure and the instantaneous vortex structures, which are important in
describing the discussed phenomena at the opening, has been illustrated
in Fig. 12 schematically. Note that the planes of analysis, Z* = 0.167,
Z* =0.500, and Z* = 0.833 in all cases in Fig. 11 are demonstrated in
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Table 5
Surface averaged RMS pressure coefficient and mean pressure coefficient at the
openings on floors 1, 2, and 3 in all cases (CWW, CLW, SWW, SLW).

RMS Mean Max Pressure Position on
Pressure Pressure the Building Facade with
Coefficient Coefficient Opening
(Cps) (Chspss) X v .
cww Floor 1 0.268 0.921 5.000 0.000 0.685
Floor 2 0.292 1.043
Floor 3 0.328 1.049
CLW Floor 1 0.148 —0.293 6.000  0.000 0.062
Floor 2 0.147 —0.336
Floor 3 0.153 —0.358
SWW  Floor 1 0.270 0.833 5.000 0.000 0.705
Floor 2 0.303 0.978
Floor 3 0.330 1.005
SLW Floor 1 0.163 —0.324 6.000 0.000 0.088
Floor 2 0.157 —0.350
Floor 3 0.155 —0.360

the 3D schematic in Fig. 5.

As described in Fig. 9 (e-1) and Fig. 11, the main structure of the flow
at the opening in SS1 is a jet of fluid tilted towards the room, typically
referred to in the literature as a mixing layer. However, the resulting
mean values indicated that this jet could be affected by the position of
the opening on the building facade and the mean pressure. Fig. 9 (a—d)
and Fig. 11 can help to clarify the effect of fluctuating pressure and the
role of vortex structures (the size of which are comparable with the
opening sizes) on the attenuation of the inlet jet structure. Opening 2 in
case CWW and case SWW (Fig. 9 (a and c), Fig. 11 (b and h)) are ex-
amples of attenuation caused by fluctuating pressure effects. This is
demonstrated schematically in Fig. 12, where the blue dots refer to the
instantaneous locations of the stagnation point (the results of at least
four vortex-shedding period statistical records). It can be observed in
Fig. 12 how the instantaneous highest-pressure coefficient moves peri-
odically on the windward side of the building facade. The statistically
averaged location of these points shows the same value as the resulting
location of the stagnation point in the time-averaged results (Y* = 0,
Z* = 0.67).

An analysis of the instantaneous highest-pressure location of at least
four vortex-shedding periods reveals that the instantaneous highest-
pressure location’s standard deviation in the Y* direction (oy- =
0.26) is higher than the deviation in the Z* direction (6z= = 0.16). This
suggests the locus of vertical and horizontal periodic movements of the
instantaneous highest-pressure affects openings 2 and 3 in cases CWW
and SWW the most. It is also reasonable to assume that instantaneous
transversal parallel flow, discussed previously, is formed due to these
movements. This effect, for example, can be seen in Fig. 9 (c), where the
location of the separation of flow into downwash and upwash flow is
right at the bottom of opening 2. Although the time-averaged stream-
lines opening 2, in this case, is aerated by a downwash flow, the location
of the instantaneous highest-pressure can attenuate the developed shear
mixing layer; therefore, the instantaneous pressure plays a vital role in
intermittently destabilising the mixing layer. Horizontal shifting of the
instantaneous highest-pressure has the same attenuation effect on the
structure of the jet at opening 2 in case SWW. In addition to the atten-
uation effect on opening 2 in case SWW, horizontal movements of the
highest-pressure mean that the highest-pressure is located on each of the
side openings on floor two and causes a pressure difference between the
openings on this floor. This can be the main reason for the phenomenon
observed as pumping flow in SS2 in previous studies [36,37]. Although
the openings are not connected internally in this study (as in SS2), and a
wall entirely separates the rooms, results show that the indoor pressure
of the rooms at the same level fluctuates periodically (see Animation 1).
This shows the pumping flow in SS2 occurs because of such periodic
movements of the instantaneous highest-pressure location.
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Opening 1 in cases CWW and SWW (Fig. 9 (a and c)) is an example of
the potential attenuation of the inlet jet due to vortex structures with
dimensions comparable to the opening size. Instantaneous horseshoe
vortex core locus, and front junction vortex core locus, which exhibit
reciprocating and rotating movements instantaneously in front of the
building, are outlined in Fig. 12. Note that junction vortex refers to a
vortex forms at the building wall and ground surface junction. These
vortex structures result in the generation of vortices which affect the jet
of air entering the room. Nonetheless, due to the strong downwash flow
at the location of opening 1 in cases CWW and SWW, the belly shape of
deflection in the mean streamlines of the inlet jet cannot be seen in these
cases as it can be seen in Fig. 9 (e and g) for opening 2. Opening 1 in case
CLW is an example of belly-shaped deflection and attenuation of the
inlet jet due to the effect of the highest local time-averaged pressure,
periodic movements of the instantaneous highest local pressure of the
leeward facade (Figs. 9 and 11), and the presence of the junction vortex
(see Fig. 12).

To visualize these vortices and the form of inlet jet, in addition to
time-averaged and instantaneous vorticity, pressure and streamlines
(Figs. 9-11), the iso-surface of the Q-criterion for four case-studies
(CWW, CLW, SWW, SLW) are assessed in Fig. 13. Note the cross sec-
tions in Fig. 13 (aand b) are at Y* = 0, and the cross sections in Fig. 13 (c
and d) are at X* = 5.5 (see the 3D schematic in Fig. 5). Q-criterion is
representative of the local balance between shear strain rate and
vorticity magnitude. It defines the areas of vortices where the vorticity
magnitude is greater than the magnitude of the rate of strain:
o=5 (12 ~[5,") >0 a4

The Q-criterion iso-surfaces in Fig. 13 are three-dimensional illus-
trations of the vortex structures such as horseshoe vortex, symmetric
vortex bubbles on the wake, and separation bubbles on top and sides of
the building. In addition to these vortex structures (also illustrated in
Figs. 8-12), vortex structures locally at the opening, which form as the
result of coupling external and internal flows, can be seen in Fig. 13.
Q-criterion iso-surfaces in Fig. 13 (a and b) clearly illustrate the shape of
the inlet jet in cases with centre openings which are formed as the result
of upwash flow (opening 3 in case CWW, and all openings in case CLW)
and downwash flow (openings 1 and 2 in case CWW).

Higher deflection at opening 3 of case CWW due to high pressure and
higher jet attenuation in opening 2 of case CWW (Fig. 9 (a, e, i), and
Fig. 13 (a)), and opening 1 of case CLW (Fig. 9 (b, f, j), and Fig. 13 (b))
can be seen. Indiscrete vortex structures can be observed in opening 1 of
case CWW (Fig. 13 (a)) and opening 3 of case CLW (Fig. 13 (b)), which is
the result of stronger downwash near-fagade flow, and stronger upwash
near-facade flow, respectively. This shows that the higher the parallel
near-facade flow velocity, the stronger the mixing layer of the jet at the
opening, despite all attenuating parameters. The three-dimensional
illustration of the inlet jet at the opening for the cases with the centre
opening (Fig. 13 (a and b)) appears to verify the assumption that the jet
across the opening in SS1 is a 2D structure and this can be acceptable as
discussed above by evaluating the instantaneous and time-averaged y-
vorticity and z-vorticity components.

The main point to note about the cases with side openings (SWW and
SLW) in Fig. 13 (c and d) is the direction of the inlet jet. In case SWW, the
inlet jet angle towards the opening is a function of both spanwise
(upwash/downwash) and transversal flows (see Fig. 13 (c), Fig. 9 (c, g,
k), Fig. 10 (g, h, j)). According to the previously mentioned physical
evidence, the structure of the inlet jet locally at the opening is three-
dimensional for cases with side openings. Therefore, it can no longer
be assumed that a 2D mixing layer is interacting with the opening.

In addition, there are external flow structures that can be seen in
Fig. 13. The horseshoe vortex exists upstream of the building and is
extended to the downstream side of the building on the wake. This
horseshoe vortex is illustrated in Fig. 9 (i, j, k, 1). Another flow structure
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Fig. 10. Time-averaged z-vorticity contours and time-averaged streamlines on the horizontal surfaces at the centre of the openings in cases CWW, CLW, SWW, and

SLW. The long-dashed boxes show zoomed contours.

that can be observed is the recirculation region on the top face which
forms due to separation at the leading edge of this face. This separation
and reattachment on the top face are also demonstrated in Fig. 12. Front
and rear junction vortices on the front and rear sides of the building
close to the bottom edges of the front and rear faces form close to the
ground (Fig. 12 demonstrates the instantaneous locus of these junction
vortices). The effect of these two junction vortices is also shown on the
front and rear faces of the building in Fig. 8. Finally, the separation and
reattachment phenomena occurred on the side faces of the building in all
case studies.

4. Discussion

Detailed assessments of the flow structures in the near-building
facade region and locally at the opening in SS1 clarify that the flow
structure in SS1 is a three-dimensional jet of fluid. This jet is formed as
the result of parallel near-facade flow locally at the opening with the
angle of attack related to the position of the opening and the location of
the maximum pressure on that facade. This jet can be deflected towards
the room due to the local near-facade pressure. This jet can also be
attenuated or deflected due to periodic pressure fluctuations and/or
vortex structures with sizes comparable to the opening size at a
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particular location. As well as understanding the interactions of near-
facade flow and the flow locally at the opening in SSV, it is also essential
to evaluate the system’s performance in terms of indoor air distribution
and the effect of opening position.

4.1. Indoor secondary flow in SS1

One of the critical aspects of the performance of a ventilation system
is indoor air distribution. The aim of ventilation is to provide comfort
and wellbeing for the occupants, although controlling the indoor air
distribution in a system such as SSV, in which a single opening plays
both extract and supply air roles, appears very challenging. Neverthe-
less, understanding the coupling between indoor air distribution and the
near-facade flow can provide a more holistic insight in terms of any
performance evaluation in a system such as SS1.

The circulations inside the rooms are a function of the direction of
the inlet jet at the opening (see Figs. 9-11). For example, in room 2 of
case CLW, the upwash near-facade flow causes the jet of air to enter the
room from the bottom edge of the opening to the top edge, moving to-
wards the ceiling. In wind-dominant natural ventilation, the inlet jet is
the source of fresh outdoor air and is the main driving force of secondary
air circulation inside the room. It can be expected that the air inside the
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dashed boxes show zoomed contours.

room will be non-isotopically distributed, i.e., more fresh air near the
ceiling and more aged air near the ground. The contours of instanta-
neous CO; concentration inside the room in case CLW2 (see Fig. 14) that
showed the short-circuiting phenomenon in the previous section
confirm this interpretation. The instantaneous CO2 concentration con-
tours in the case CLW2 through time are demonstrated in Fig. 14. T*
represents the nondimensional time, normalized by the air change rate
(ACR (1/s)) calculated based on the tracer gas decay method (see Fig. 7).
For example, T* = 0.94 determines the contours that are representative
of CO, concentration after almost one air change.

As illustrated in Fig. 14, the inlet jet of fresh air enters the room from
the bottom edge of the opening, moving towards the top edge and the
ceiling close to the opening. This direction of the inlet jet in the wind-
dominant SS1 system, in this case with the opening at the centre of
the leeward facade, causes a higher concentration of CO2 near the floor
where occupants are located. The existing coupling between indoor air
distribution and near-facade flow and the dependency of the jet at the
opening on the position of the opening relative to the building facade
signifies the fact that conclusions on the performance of the wind-
dominant SS1 systems can be made more accurately by stating the po-
sition of the opening on building facade and the direction of the
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mainstream in both field measurements and CFD studies.

4.2. Flowrate at the openings with different positions on the building
fagade

The results of flow numbers, F,, calculated based on the velocity
component normal to the opening (Eq. (11)), are highlighted in Fig. 15
for all cases (CWW, CLW, SWW, and SLW). As it is shown in Fig. 15 (a),
for the case CWW, the velocity-based flow number increases from the
first floor to the third floor. The increment rate is 10%, meaning that the
flow number on the second floor is 10% higher than that of the first
floor, and it is 10% higher on the third floor than the value of the flow
number on the second floor. While for the case CLW, the flow number
exhibits a decreasing trend from the first floor to the third floor, and the
decreasing rate is not linear.

As discussed in the previous sections, pressure plays a significant role
in the deflection of the jet of the air at the opening. As the near-facade
flow in cases with a centre opening is dominated either by upwash or
downwash flows, the dominant local velocity component at the opening
is the z-velocity component. However, the x-velocity component, which
is normal to the opening plane, is the main component by which, in Eq.
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(11), the flow rate and, consequently, the flow number were calculated.
Jet deflection, or how much the mixing layer jet is tilted towards the
room, is the main feature of the flow at the opening that transforms the
z-velocity (or y-velocity) components into x-velocity components. As
described, pressure plays a vital role in deflecting the mixing layer jet.
Hence, the increasing rate of the F, from the first floor to the third floor
can be explained by time-averaged pressure increment on the windward
side as one of the reasons for this phenomenon. The increasing rate of

-0.02  -0.012

-0.004 0.004 0.012  0.02

T

a) CWW

Building and Environment 235 (2023) 110210

time-averaged pressure coefficients at the centre line of the openings in
case CWW matches the increasing trend of the flow number demon-
strated in Fig. 16 (a). The decreasing rate of pressure coefficient can be
seen in Fig. 16 (b), which matches the decreasing rate of the flow
number in Fig. 15 (b). The time-averaged pressure difference can be
adopted as the reason for the decreasing rate of F, from the first floor to
the third floor in case CLW.

As mentioned above, due to the short-circuiting phenomenon in SS1,
the ventilation rates calculated by Eq. (11) overpredicts the effective
ventilation rate because only about 60% of the flow at the opening
contributes to the effective ventilation (Fig. 7 (b)). The effective venti-
lation rates for all openings in the centre of the leeward facade reported
by Zhong et al. [37] show the same decreasing trend from the first to the
third floor.

Comparing velocity-based flow rates in case CLW2, which has an
opening size of 0.05 m x 0.1 m (see Fig. 2), and F, = 0.032 (see Fig. 7),
with the opening on the second floor in case CLW, which has an opening
size of 0.05 m x 0.05 m (see Fig. 2), and F, = 0.024 (see Fig. 15), shows
the increment in width of the opening causes an increment in F,. Pre-
vious studies have shown that the longer width of the opening changed
the characteristics of the air exchange rate [82]. Again, this can be
interpreted by the interconnected relationships between the near-facade
flow and its effect on the flow locally at the opening and the secondary
internal flow. The longer width of the opening at the centre of the facade
benefits from both upwash flows and transversal flows. This means the
jet of air entering the room no longer has a 2D characteristic, and there
will be a three-dimensional flow approaching both the vertical edges of
the opening as well as the top edges of the opening. This can also change
the airflow distribution inside the room. Detailed assessments of the
effects of opening geometry with spanwise and transversal 3D near
facade flow require further investigations using the coupling approach.

b) CLW

Full View

Full View

Full View

Full View

Fig. 13. Q- criterion of value 0.005 for all case studies coloured by normalized streamwise velocity (CWW, CLW, SWW and SLW) - The cross sections in (a) and (b) is

at Y* = 0, and the cross section in (c) and (d) is at X* = 5.5.
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the case with the centre opening on the windward facade (CWW), b) in the case
with the centre opening on the leeward facade (CLW).

5. Practical implications

In a practical sense, a better understanding of the effects of coupling
between external and internal flows can assist architects, natural
ventilation engineers and researchers improve their designs or research
interpretations.

5.1. Performance improvement solutions in architectural design for
natural ventilation

The shapes and forms we observe in nature, such as rivers and
mountains, are created over long periods by the forces present in the
wind and water. Thus, it is possible to design shapes and forms that
amplify and work in harmony with the impacts of such natural forces
[83]. For example, studies that investigated the effect of building ge-
ometry and airflow guiding components, e.g., louvres, and guide vanes,
in cross ventilation showed that aerodynamic and geometric evaluations
would result in better design and, therefore, better performance of a
ventilation system [84-86]. The evaluating approach to coupled
external and internal flows in single-sided natural ventilation is a
powerful technique for understanding the interaction of the building
with airflow-guiding components to design more effective natural
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ventilation systems.

In some building designs having a room with the opening(s) on only
one side of the building facade is inevitable. Whether the building’s
ventilation is fully or partially dependent on natural ventilation,
improving this worst-performing natural ventilation system, i.e., SSV, is
crucial. The interaction of the guide vane as an airflow-guiding
component with the pure parallel near-facade flow is visualized by a
previous wind tunnel study (see Fig. 17) [82].

The presence of a guide vane as an air flow guiding component can
cause the deflection of the inlet jet into the room, which in some cases
can increase the ventilation rate significantly (up to 11 times higher
compared to the plain opening [82]) (see Fig. 17). The characteristics of
the near-facade flow shown previously identified the directional nature
of parallel flow at ventilation openings beyond transversal alone. To
enhance the flow rate inside the room, it is essential to have guide vanes
with the proper orientation with respect to the near-facade flow to reach
the maximum possible flowrate enhancement. Not only does the
magnitude and direction of the incident wind change, but the dominant
near-facade flow direction also changes with respect to the opening
position on the building facade. This leads to a question; how can a
component be designed at the opening to mitigate the variations in the
parameters and provide better indoor air quality for all building rooms
compared to a building with a plain opening? Further assessments are
required to answer this question. Based on the results of the present
study, understanding near-facade flow and the interconnected rela-
tionship between external and internal flows can be a crucial approach
to designing such components.

5.2. Experimental measurements in single-sided natural ventilation

Considering field measurements and wind-tunnel studies as the two
main experimental methods in assessing natural ventilation, some de-
tails should be included in future experimental studies when reporting
results.

The near-facade flow is parallel to the building facade but at different
directions to the opening, i.e., as the result of upwash, downwash, and
transversal flows. Therefore, reporting the opening(s) position on the
building fagade, the dominant wind direction (at the reference height),
and the local wind direction at the opening, in field measurements will
provide useful information for interpreting the results. For example, if
an SS1 study with an opening located at the centre of the leeward facade
shows that the concentration of the CO5 close to the floor level is higher
than that close to the ceiling, adding the details about the opening po-
sition is essential. Such information will clarify the air distribution could
be different if the measurements were carried out simultaneously in
another room with the same geometry but a different opening position
on the building facade.

Wind direction and opening position are always available in wind
tunnel measurements. The CFD studies using various geometries to
study more details of indoor flow characteristics, pollutant dispersion,
and other aspects of the performance of a natural ventilation system
should acknowledge that based on the opening position and the inter-
action of the scaled model of the building with the mainstream flow the
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Fig. 17. Flow visualization of the interaction of a guide vane acting as an airflow guiding component with the pure parallel flow in previous wind tunnel studies [82]
(red colour annotations by the present study). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

interpretation of the results could be different. For example, if the scaled
model is a cube with a single door (e.g., the wind tunnel study by Jiang
et al. [11]), acknowledging the position of the opening is essential in
CFD analysis in this case. The opening in the study by Jiang et al. [11] is
affected by downwash flow on the windward side. On the leeward side,
upwash flow, the location of the highest-pressure point and the rear
junction vortex will affect this opening.

6. Conclusions

This paper presented a detailed wind-dominant single-sided natural
ventilation analysis using a validated LES numerical model. An isolated
cube, representative of a three-storey building, was used to investigate
several scenarios on the windward and leeward sides of the building
facade with openings at either the centre or sides of the building facade.
The focus of the investigations revolved around the presence of parallel
flow near the building facade and the effect this has on the flow structure
at the opening as well as the internal secondary flow.

Near-wall modelled large-eddy simulations demonstrated accurate
prediction of the measured streamwise velocity profile on the wake of
the building, validated with wind tunnel measurements from Zhong
et al. [37]. The tracer gas decay results were compared to the mea-
surements in the same wind tunnel study, predicting the effective
ventilation rate with only a 4.49% error.

Comparing the simulated effective ventilation rate calculated using a
tracer gas decay approach with the ventilation rate calculated based on
the velocity vectors normal to the opening plane highlighted an over-
prediction in the velocity-based approach. This is because only 3/5 of
the flow at the opening contributes to the effective ventilation rate, and
2/5 of the flow at the opening short circuits.

The general characteristics of the local airflow at the opening and
inside the room were found to be strongly coupled with the near-facade
flow in SSV. This connection was observed via structures such as the
mixing layer at the opening, which can be deflected or attenuated by the
near-facade pressure and vortex structures close to the opening with
comparable scales to the opening size.

The pressure fluctuations on the windward and leeward sides of the
building facade clearly showed that the directional nature of the near-
facade flow is highly dependent on the periodic characteristics of the
interaction of the building as a surface-mounted cube with the atmo-
spheric boundary layer flow. Animation 1 demonstrated how these
fluctuations relate to the differentiations in pressure of rooms adjacent
to each other at the same floor level and in rooms at different floor
levels.

The results demonstrate that considering a mixing layer as a 2D
vertical jet is acceptable only for the openings on the leeward and
windward sides located at the centre line of the building facade. For the
openings located away from the centreline, this jet is inclined based on
the position of the opening relative to the highest-pressure point, and it
must be considered a 3D jet.

CO; contours from the tracer gas decay simulations confirmed the
interconnected relationship between the near-facade flow and the in-
ternal secondary flow within the indoor space. This interconnection
results in variations in the indoor distribution of the CO, depending on
the position of the opening on the building facade. The distribution of
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the CO, throughout the decay period showed how the upwash near-
facade flow could dictate the secondary flow inside the room in single-
sided natural ventilation. Therefore, it is crucial to consider the position
of the opening in interpretations of single-sided natural ventilation
studies.

Comparisons between the flow rates in a three-story building with
the openings at the centre of the building facade showed that the flow
rate at the opening from the first floor to the third floor has an increasing
trend on the windward side. In contrast, the flow rate at the opening on
the centre of the building facade on the leeward side has decreasing
trend from the first floor to the third floor. This shows the importance of
the mean pressure role locally at the opening in SSV. Hence, there is a
difference in the airflow rate in single-sided ventilation with the
different opening positions on the building facade.

A better understanding of the interconnected relationship between
the near-facade flow and the internal secondary flow can help engineers
and architects to develop airflow-enhancing solutions for SSV. For
example, components such as certain window designs or louvres can be
seen as aerodynamic airflow guiding components rather than simply as
barriers to solar gain, burglary and so on. Further studies are needed to
design components such as louvres as aerodynamical components
instead of evaluating only the pressure coefficient. This approach could
lead to better-performing SSV systems by reducing the short-circuiting
phenomenon and providing better indoor air distribution.

Additionally, this study recommends that, for experimental studies,
as a parameter, the facade position of the opening under investigation
and the direction of the wind must be used in the interpretation of the
study observations to clarify the role near-facade flow may have on their
findings. For CFD studies that adopt scaled models, communicating
details related to the position of the opening on the building facade can
help readers better to interpret the results and impact of the respective
study.

To further explore the capacity of the approach presented here,
adopting experimental measurements with controlled boundary condi-
tions, either in a wind tunnel or in a laboratory setting with near-facade
wind generators, is necessary to develop airflow-enhancing solutions in
SSv.

In addition to evaluating the airflow-enhancing solutions, due to the
limitations in the present study, such as considering only the wind-
driven single-sided ventilation and simulating an isolated building,
further studies are required to investigate the coupling external and
internal flows approach for a building in an urban environment, e.g.,
street canyon, while considering both wind and buoyancy as the driving
forces.
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