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Abstract: Computational fluid dynamics simulations with a Reynolds-averaged Navier-Stokes model
were performed for flow fields over a building array and inside a building in the array with different
building opening positions. Ten combinations of opening locations were selected to investigate the
effect of the locations on indoor cross-ventilation rates. The results of these simulations show that the
exterior distributions of mean wind speed and turbulence kinetic energy hardly differ even though
building openings exist. Although similar patterns of outdoor flow fields were observed, the opening
positions produced two different types of ventilations: one-way and two-way. In one-way ventilation,
the wind flows through the opening are unidirectional: diagonally downward at the windward
wall. In two-way ventilation, both inflow and outflow simultaneously occur through the same
opening. Determination of ventilation rates showed that the ventilation types can explain what type
of ventilation rate may be significant for each opening location.
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1. Introduction

As one passive method of improving indoor air quality and thermal comfort, wind-induced
natural ventilation has received much attention because it promotes energy conservation. Decades of
indoor ventilation research has helped to identify the key factors determining ventilation efficiency
under various conditions of building shape, wind incidental angle, opening size (or porosity),
window position(s), types of ventilation (single-sided or cross), surrounding building arrangements,
and so on. Studies on these topics have been conducted experimentally in wind tunnels and by
simulation using computational fluid dynamics (CFD), which has been a powerful tool for advancing
this research.

CFD has been widely used in systematic parametric studies, including various case studies.
Numerous simulation results for the ventilation efficiencies of both simplified and realistic buildings
are summarized in Ramponi and Blocken [1]. In addition to these practical CFD applications to
indoor ventilation evaluations, CFD techniques have also been applied to more fundamental studies
that quantify the relationships between flow patterns near or inside buildings and the associated
ventilation rates. For example, Seifert et al. [2] reported the results of Reynolds-averaged Navier-Stokes
(RANS) simulations of cross-ventilation (or ventilation with two openings) for a single building under
various conditions of wall porosity, wind incidental angle, and combinations of opening positions.
These researchers revealed that conventional macroscopic methods for determining ventilation rates
are generally reasonable, but may fail when wall porosities exceed 10% because a dominant stream
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tube is retained, even inside the room. However, they also explained that other factors, such as
wind direction and opening positions, also can affect the applicability of the mesoscopic methods.
Similarly, Asfour et al. [3] compared the results of CFD models with two different wind incidental
angles, and their results showed that macroscopic methods yield reasonable ventilation flow rates even
when the approaching wind is not perpendicular to the building wall. As can be seen in these previous
studies, these RANS simulations provide valuable insight into the applicability of macroscopic methods
of determining ventilation rates by obtaining detailed three dimensional flow distributions near a
target building and building openings.

The unsteadiness of the flow approaching, or introduced through the openings is thought to
be another key factor impacting the ventilation rates. In such cases, large-eddy simulations (LES)
are employed to determine ventilation rates with a single opening (single-sided ventilation) or
two openings (cross-ventilation) for the purpose of resolving the temporal variation of flow and
pressure fields, except for sub-grid scale turbulence. For example, Jiang et al. [4] applied LES
to estimate the flow rates of cross- and single-sided ventilations due to the turbulent effect for a
single building. These researchers defined the cumulative instantaneous ventilation rates due to
turbulence by integrating the instantaneous wind speed through openings, and they showed that
air exchange by turbulence is more effective for single-sided ventilation than for cross ventilation.
These researchers also insist that the conventional macroscopic method underestimates the ventilation
rates for single-sided ventilation with one opening, especially at the leeward wall, because the
conventional method does not consider the turbulence effect. Ai and Mak [5] also used LES to
show that turbulent fluctuation increases the cumulative ventilation rate, especially when an opening
is located on a lateral or leeward side of the building.

In addition to these qualitative investigations of turbulent flow on indoor ventilation, estimation
methods and procedures have been proposed for cumulative ventilation rates produced by the
turbulent effect. For example, Wang and Chen [6] proposed a new prediction method for the mean and
cumulative fluctuating ventilation rates for a single opening by considering the effects of pulsating
flow and eddy penetration. Furthermore, Caciolo et al. [7] compared the ventilation airflow rates of
an isolated building with single-sided ventilation determined by field experiments, RANS, and LES.
These researchers proposed a procedure for estimating cumulative ventilation rates due to turbulence
by generating a factitive instantaneous velocity vector based on steady-state flow fields predicted
by RANS simulation. In addition, Lo et al. [8] have coupled results of outdoor and wind tunnel
experiments with RANS simulations to reveal the unsteadiness effect of outdoor flow. They estimated
the outdoor wall pressures, which become ventilation potential through the wall boundary condition
of indoor simulations, on the basis of the temporal variation of outdoor velocity. They showed that the
proposed approach with a transient model can improve the prediction for the age of air. Although the
rates determined by LES are closer to the experimental results because LES considers convection and
turbulent diffusion effects, the RANS, which is affordable in terms of practical usage, can improve
the results so as to be comparable to those of LES and the experiments. All of these previous studies
indicate that turbulent flow is likely to drastically change the cumulative ventilation rates.

The effect of exterior flow conditions, such as a variation in the approaching flow or turbulence
flow generated by surrounding buildings, is also a concern with regard to reproducing a more realistic
indoor ventilation situation rather than that of the single isolated building. Jiang and Chen [9] used
LES to investigate the flow distributions and pressure coefficient differences for each building in
building arrays composed of several rows of buildings under both fixed and varied wind directions.
These researchers showed that calculations with varying wind directions yield results that more
closely match on-site measurements, leading to the conclusion that directional fluctuations of the
incoming flow are important to determine wind pressure differences among buildings. Furthermore,
Ikegaya et al. [10] recently reported that the turbulence produced by urban-like building arrays affect
the variation of building wind pressure coefficient, based on LES. These researchers revealed that
cumulative instantaneous ventilation rates do not differ significantly from the corresponding mean
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pressure coefficients, although extremely strong or weak ventilation of 0.3 to 1.7 times the mean may
occur within a short period. In addition, the influence of neighbouring buildings on indoor ventilation
is investigated by means of both a full-scale outdoor experiment [11] and numerical simulations [12].
The detailed numerical study revealed that pulsating flow generated by upwind buildings can improve
air change effectiveness even when flow is parallel to the openings. These results indicate that the
turbulence of flow generated by the surrounding building arrays must also be considered to quantify
indoor ventilation rates, as well as turbulence near building openings.

It is well known that outdoor building conditions significantly affect urban ventilation, or
air introduction into canyon spaces consisting of complex building arrangements. For example,
Kurppa et al. [13] investigated how complex building geometry affects scalar concentration dispersion
by using LES with a Lagrangian stochastic particle model for planned new urban areas. By employing
particle concentration, vertical turbulent particle transport and particle dilution rate for evaluating
urban ventilation, they showed that building height variation with multiple cross streets improved
urban ventilation. Similarly, Liu et al. [14] shows urban ventilation efficiency by applying age of air
based on CFD approaches, and revealed that freshness of the air is weakened for dense building
clusters in windward regions due to air stagnation. In addition to these studies dealing with realistic
urban geometries, generic urban arrays are commonly used to reveal key factors determining urban
ventilation efficiency. For example, Abd Razak et al. [15] performed a series of simulations for generic
urban geometry, showing that reduction of pedestrian wind speed due to increase of building density
can be explained by a simple inverse function of the building density. Such a tendency of mean wind
speed is also consistent with results by several series of wind tunnel experiments [16,17]. According to
these previous results, clearly the outdoor air environment is significantly affected by surrounding
building conditions.

Despite such various studies on outdoor flow fields, most of the targets of the aforementioned
indoor-air studies were isolated single buildings rather than the more realistic situation in which the
target building is surrounded by other buildings, except for some very recent studies. As can be seen
in the on-site measurement of indoor pollutant concentration, such as particulate matter (Bo et al. [18],
Kapwata et al. [19]), outdoor flow and concentration fields indeed affect indoor flow fields and, also,
air quality. However, systematic simulations have not been conducted to clarify the relationship
between indoor-outdoor airflow for a building in a building array. Therefore, we conducted a series
of coupled simulations of flow fields both over a simplified building array and inside the target
building with openings by employing RANS simulations. Although time-resolved simulations, such as
LES, can accurately quantify the turbulence effect on ventilation flow fields with a very fine grid
resolution, the number of simulation conditions is inevitably limited in those approaches because of
the significantly higher computational costs. In contrast, the RANS-type simulation enables systematic
studies with various simulation conditions to identify indoor ventilation trends in response to various
parameters (e.g., opening positions.). Therefore, this paper presents the results of RANS simulations of
various combinations of opening locations to identify the effect of opening locations on ventilation
rates. Ventilation rates based on four definitions are compared for different perspectives on the effect of
flow introduction patterns and turbulence thorough openings. Although time-averaged solutions were
obtained by using RANS simulations, instantaneous and averaged ventilation rates were estimated by
considering the statistics from RANS simulation. These approaches possibly widen the applicability
of the time-averaged solutions based on RANS-type simulations. Section 2 describes the numerical
method, and its results are summarized in Section 3, with conclusions summarized in Section 4.

2. Numerical Method

Figure 1a provides an overview of the calculation domain. Cyclic boundary conditions are
imposed at spanwise and streamwise boundaries to reproduce an infinitely-repeated array of cubical
blocks with 25% block coverage, or a so-called lattice-square type building array. It is known that
exterior flow regimes near the rectangular block change by the block coverage ratio from the isolated
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flow regime for sparse conditions to the skimming flow regime for dense conditions [20]. Skimming
flow with steady vortices inside the block cavity is expected to be formed in the present condition. Since
indoor ventilation of the building in the building array might be significantly different from a building
in open spaces because of a characteristic steady vortex in the canyon due to surrounding buildings in
dense conditions, we adopted the present building array conditions, and focus on the effect of opening
positions. Various surrounding building conditions will be discussed in future work. The block
height H is 100 mm. Flow is driven by a constant streamwise pressure gradient dp/dx, determined by
experimental data [21] to achieve an average wind speed in the yz-plane of ubulk = 8 m/s, in which
flow over the building array is independent of the Reynolds number. This constant flow condition
is similar to the flow field generated in wind-tunnel experiments, but differs from those observed in
outdoor flow fields, in which both the wind speed and direction temporally change. However, as a
first step to clarify the effect of opening locations on indoor ventilation with surrounding conditions,
the present simulations were performed under the identical wind speed conditions. A zero gradient
boundary condition is imposed at the top of the domain for velocity and scalar quantities. No-slip
boundary condition is imposed at the block and floor surfaces.
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Figure 1. Schematic of the numerical simulation target: (a) simulation domain with numerical grids;
(b) side view of the mesh arrangement for the block with openings (case A12C12); and (c) the definition
of the opening positions.

Figure 1a indicates a numerical mesh with a solid building and the building with square openings
of A = 400 mm2 (lop = 20 mm). Details of the mesh near openings are shown in Figure 1b. The inside
of the block is void space with a wall thickness of 4 mm. Uniform grids of H/25 were employed for
the x-, y-, and z-directions, except for building openings and interiors, which had grid sizes of H/100.
Walls with openings were divided into four meshes in the streamwise direction. These grid resolutions
can satisfy the recommendations of the previous studies. Namely, at least 1/10 grids of building height
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are recommended for the RANS simulation of the outdoor flow field, as a guideline [22]. In addition,
Ito et al. [23] have shown that only two grids at the inlet position does not cause a large discrepancy in
the indoor flow field distributions. The definitions of the openings are shown in Figure 1c, and the
positions of the openings were chosen from three locations, denoted as 1, 2, and 3, in the vertical, and 1
and 2 in the spanwise directions. In order to investigate the effects of opening locations, including
the relative locations of both openings, 10 combinations of opening positions on the windward and
leeward walls were selected as shown in Figure 2, where windward and leeward are denoted by A
and C, respectively. In addition, the solid case was also investigated as a reference condition.
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Figure 2. Combinations of windward and leeward openings: A and C indicate the windward and
leeward walls, respectively, and the subsequent numbers indicate the vertical and spanwise positions
of the openings, respectively.

Steady-state flow and pressure fields are solved by employing RANS and continuity equations
with the SIMPLE (semi-implicit method for pressure-linked equations) algorithm by using OpenFOAM
2.2.1 (OpenCFD Ltd. (ESI Group), Barknell, UK). The Launder Sharma k-ε model (low Reynolds number
k-ε model [24]) is used for the turbulence model by solving budget equations of TKE k and energy
dissipation rate ε. In order to perform the sensitivity study of the turbulence model for flow fields of
both indoor and outdoor spaces, reliable flow field data are necessary. Unfortunately, such flow field
data, which cover both indoor and outdoor regions, are not available presently; therefore, only one
type of low Reynolds number model is selected by considering co-existence of laminar, transient
to turbulent, and turbulent flow in the present simulation condition. In terms of the exterior flow
fields, mean wind profiles and turbulence statistics were compared with previous results of numerical
simulations, as explained in Section 3.1.

A second-order linear interpolation scheme is employed for advection and diffusion terms of
velocity, turbulent kinetic energy k, and dissipation rate ε. In order to avoid the numerical oscillation
for velocity fields due to advection terms, the first-order upwind schemes are blended up to 20%
only at the position where numerical oscillation can be detected. Details of the scheme, which is
implemented OpenFOAM 2.2.1, is explained in Okeze et al. [25]. Convergence of the flow fields were
decided by monitoring the flow field distributions on the horizontal plan and vertical profile of the
horizontally-averaged streamwise wind speed.

The building-height Reynolds number of this simulation scale is approximately 5.3× 104, so that
the dependence of the building’s exterior space on the Reynolds number becomes negligible [26].
Contrarily, the Reynolds number defined by the opening length scale lop = 20 mm and the wind speed
normal to the openings (approximately 0.25 m/s to 5.25 m/s, depending on the opening position)
ranges from 3.3× 102 to 7× 103. Under the condition of

(
lop/H

)2 ∼ 0.05, the volume flow rate
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becomes an almost constant value when the opening Reynolds number is greater than 104 according to
the empirical equation of the discharge coefficient of a thin-plate orifice [27]. In the present simulations,
however, even the largest opening Reynolds number is less than the criterion. Although we have to
state that flow distributions through openings might be turbulent or laminar, the relationships between
the ventilation rates and flow introduction patterns are successfully explained in Sections 3.2 and 3.3.
Therefore, the present simulation can give valuable knowledge regarding the mechanism of indoor
ventilation, though the Reynolds number dependency of the flow distribution within the openings of
the building in the block array must be examined in further study.

3. Results

3.1. Flow and Pressure Fields

Figure 3 shows vertical profiles of the horizontally averaged streamwise velocity u, TKE k,
and vertical Reynolds stress −u′w′ for six selected cases of Solid, A12C12, A22C22, A32C32, A12C32,
and A32C12. Reference profile data of velocity and Reynolds stress are obtained from Coceal et al. [28].
The vertical Reynolds stress is calculated based on gradient transport theory with the eddy viscosity.
The values inside the block are excluded from spatial averaging to compare flows of outdoor spaces.
The wind speed is normalized by the reference wind speed defined at 2H. TKE and Reynolds stress
are scaled by the friction velocity defined as u∗ =

√
Lz/ρ(dp/dx), where Lz indicates the domain

height, and ρ represents the air density. Profiles from Coceal et al. [28] in the figures are determined by
direct numerical simulation. As can be seen in the figure, these six case profiles of mean wind speed,
TKE, and Reynolds stress are quite similar to one another, both within and above the canyon region.
This result indicates that the effect of air flow from the outlet of the wall openings to the outdoor area
is minimal in the spatially-averaged sense because of the large differences between the mean wind
speed and TKE in the canyon region compared to the outlet flow from the wall openings. Though
other cases are not shown in the figure, almost identical profiles are obtained for all statistics.

In general, the streamwise wind speed profiles over 1H show good agreement with those of
Coceal et al. [28]. On the other hand, the profiles inside the canyon show discrepancies: the profiles here
increase almost linearly with height within the canopy layer, whereas those of Coceal et al. [28] show a
slight convex curve below 0.5H and a concave curve above 0.5H. Furthermore, the Reynolds stress
profiles of the present study shows an upward convex curve below 1H; however, that value determined
by Coceal et al. [28] shows a large gradient near the bottom and top of the canopy. Though there is
no reference data for TKE in the canopy layer for the square array to compare, it might be expected
that the underestimations of TKE can happen in the canopy layer, as explained in Xie and Castro [29],
resulting in an almost linear slope of the velocity inside the canyon due to insufficient eddy diffusivity.
Although the Launder Sharma k-ε model cannot reproduce velocity profiles inside the canopy for
streamwise wind speed with high accuracy in this calculation situation, comparable velocity fields
both above and within the canopy layer were reproduced by RANS simulation.

Exterior flow fields are shown in Figures 4 and 5. Figure 4 shows sectional views of the flow fields
at the spanwise centres of the buildings for three cases that are typical of the flow patterns among
all 11 cases: solid, A12C12, and A32C32. In the figure, only the contours and vectors below 1.2H are
shown for clarity. The solid case in Figure 4a shows that recirculation flows exist between buildings.
These flow patterns are well known as skimming flow [20]. The formation of the skimming flow can
also be conformed in Figure 5, which shows the horizontal sectional flow fields of the solid case at
z = 0.5H. The high velocity flows in the open spaces between y = 0.5H to 1.5H are introduced into the
canyon region between two buildings. These flows cause high-speed regions along the right and left
faces of the windward wall, resulting in the counter-rotating cortex pair reported by Coceal et al. [28].
The sectional flow field presented in Figure 4b for A12C12, where the openings are located in the
upper row, shows a jet flow from the windward opening into the room. The jet is neither vertical nor
perpendicular to the windward wall, but flows diagonally into the room because of the recirculation
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flow in the outside canyon region. Moreover, a flow is also observed from the leeward opening to
the canyon region behind the building. The leeward jet merges with the recirculation flow outside
the room. Although the jet flows can be observed at both windward and leeward openings, the jet
flows nonetheless have minimal effects on the outside recirculation flow. The sectional flow field
presented in Figure 4c for A32C32, where the openings are located in the lower row, shows that, in this
case, ventilation flow appears to be very weak. A weak jet perpendicular to the opening can be seen
at the bottom edge of the windward opening. As in A12C12, the presence of the openings has very
little effect on the outdoor flow fields. Section 3.2 presents a more detailed discussion of the flows in
the openings.
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Figure 3. Vertical profiles of (a) streamwise wind speed; (b) turbulence kinetic energy; and (c) vertical
Reynolds stress for Solid, A12C12, A22C22, A32C32, A12C32, and A32C12 with reference from
Coceal et al. [28]. Present simulation data, except for the Solid case, are plotted every four vertical grid
points for clear presentation.

The wall pressures due to the flow fields near the buildings are important to estimate the
ventilation efficiencies of the buildings; therefore, Figure 6a,b show the pressure coefficient distributions
of the Solid case’s windward and leeward walls, respectively. The rectangles on the figures represent
the opening locations of the other cases. On the windward wall, the pressure values generally become
larger at higher locations. On the upper half of the buildings, larger pressure values can be observed
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along the edges, whereas on the lower half, pressure is higher near the spanwise centre. This is because
fast winds blow against the building’s upper parts, resulting in a large dynamic pressure contribution
to the wall pressure. Conversely, in the building’s lower parts, wind flows toward the spanwise centre
along with the windward wall due to counter vortices, which are attributed to the small wall pressure
because of the large dynamic pressure of the flow itself. Figure 6b shows the pressure distribution on
the leeward wall. In contrast to the windward wall, the relative values of the pressure coefficients
on this face are considerably smaller, and some negative values can be observed. In particular, the
pressure values at higher positions are significantly smaller because of recirculation flow in the canyon,
which generates flows away from the leeward wall.
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Although these wall pressure distributions on cube faces in a block array are qualitatively
similar to those obtained by LES [10] and wind-tunnel experiments [29], we have to state that RANS
simulation may not capture even relative distributions of the pressure distribution. According to
Xie and Castro [30], the vertical gradient of laterally-integrated pressure coefficients near the block
roof level of cubes become steeper by the standard k- ε model than those obtained by LES. Zaki et
al. [29] reported pressure coefficients of cubes in block arrays for three arrangement patterns with
five packing densities. By interpolating their data to 25% packing density in order to compare our
simulation results, the pressure coefficient Cp = 〈∆p〉/0.5ρU2

H , where 〈∆p〉 =
〈

p f

〉
− 〈pb〉 indicates

the block-face averaged pressure differences between front and back faces, which is estimated as 0.12.
Contrary, the coefficient becomes 0.05 in the present simulation for solid block, meaning that pressure
values of the present simulation are underestimated by more than 60%.

According to these flow and pressure distributions, the RANS simulation reproduces qualitative
outdoor flow and pressure fields for the purpose of generating skimming flow interacting with
surrounding building arrays, although quantitative difference can been significant especially for
turbulence statistics and block wall pressure.

These discrepancies indicate that further quantification of the ventilation rates based on wall
pressure values and turbulence statistics might cause considerable differences as compared with those
determined by LES or DNS. However, the detailed analyses of various combinations of opening
positions can advance a qualitative understanding of the relationship between flow fields and
ventilation efficiency. In addition, error estimation of TKE can show how the mean flow and turbulence
can affect the ventilation rates. Therefore, results of the RANS-type simulation should be examined
well in the next section.

3.2. Flows in Building Openings

As can be seen in the recirculation flow patterns presented in Section 3.1, the presence of openings
has very little effect on the flow fields of outdoor spaces. However, flows introduced through openings
may differ considerably depending on the opening positions, with some positions promoting more
effective indoor ventilation. Therefore, this section discusses flow distribution patterns in the openings
of windward and leeward walls in order to categorize flow introduction types through openings.

Figure 7 shows vertical sectional flow fields in windward openings at the spanwise centres of the
three typical cases. Figure 7 only illustrates flow distributions within openings. The horizontal axis
xw/D represents the coordinates from the windward wall normalized by wall thickness D. Though both
of xz and xy cross-sectional views were confirmed, the xz cross-sections are suitable for the following
flow categorization. In A12C12, where the openings are in the upper row, wind blows diagonally
downward through the openings in most of the regions with large wind speeds, which is why the
flows are introduced into the room diagonally, as shown in Figure 4b. In addition, a triangular reverse
flow region can be observed near the upper corner of the interior side. In contrast, in A32C32, where
the openings are in the lower row, the wind direction is almost downward as it approaches the exterior
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side after passing through the opening, and then the flow returns to the bottom edge of the opening.
As a result, only air flows from the lower parts are introduced into the room with a wind direction
that is normal to the opening. In most of the openings, a reverse flow can be observed though the
opening of the windward wall. Similar reverse flows are seen in the case of A31C31, where openings
are also located in the lower row, as shown in Figure 7c. In this case, a vortex appears at z = 18 mm;
air flows are introduced into the room below the vortex, whereas flows are ejected from the room
above the vortex.

Atmosphere 2018, 9, x FOR PEER REVIEW  10 of 16 

 

room with a wind direction that is normal to the opening. In most of the openings, a reverse flow can 

be observed though the opening of the windward wall. Similar reverse flows are seen in the case of 

A31C31, where openings are also located in the lower row, as shown in Figure 7c. In this case, a 

vortex appears at  = 18  mm; air flows are introduced into the room below the vortex, whereas 

flows are ejected from the room above the vortex. 

 

Figure 7. Sectional view of flow fields at spanwise centre of windward opening for (a) A12C12; (b) 

A32C32; and (c) A31C31. 𝑥𝑤  is coordinate of 𝑥𝑤 = 0 at windward wall. 𝐷  represents the wall 

thickness. 

In the same manner, vertical sectional flow fields in the windward openings of all cases were 

visualized and classified into the following two types: the one-way type is characterized by air flows 

that are unidirectional, such as the downward diagonal of A12C12, and the two-way type is 

characterized by air flows that are introduced into the room at the bottom edges of the openings and 

ejected out from the room in the upper regions of openings, such as A32C32 and A31C31. Following 

this classification, the three cases of A32C32, A31C31, and A31C33 were two-way, and the other 

seven cases were one-way (schematic figures are summarized in Figure 9). 

Flow patterns in the leeward openings were also categorized as either the one-way or two-way 

type. Figure 8 shows the vertical sectional flow fields in the leeward openings for two typical cases. 

Horizontal axis 𝑥𝑙/𝐷 represents the coordinates from the leeward wall normalized by the wall 

thickness D. In A12C12, flows with almost homogeneous wind speeds blow perpendicular to the 

opening. In contrast, the wind direction of A31C31 is almost parallel to the openings and upward. 

The upward flow in the opening volume is generated by flow introduced at the bottom edge of the 

opening from both sides of the room and from the leeward canyon. Accordingly, air flows are 

ejected into both the room and leeward canyon from the opening volume at the top edge. 

Eventually, all cases classified as either the one-way type or two-way type at the windward opening 

were also classified as the same type at the leeward opening. 

Figure 7. Sectional view of flow fields at spanwise centre of windward opening for (a) A12C12;
(b) A32C32; and (c) A31C31. xw is coordinate of xw = 0 at windward wall. D represents the
wall thickness.

In the same manner, vertical sectional flow fields in the windward openings of all cases were
visualized and classified into the following two types: the one-way type is characterized by air
flows that are unidirectional, such as the downward diagonal of A12C12, and the two-way type is
characterized by air flows that are introduced into the room at the bottom edges of the openings and
ejected out from the room in the upper regions of openings, such as A32C32 and A31C31. Following
this classification, the three cases of A32C32, A31C31, and A31C33 were two-way, and the other seven
cases were one-way (schematic figures are summarized in Figure 9).

Flow patterns in the leeward openings were also categorized as either the one-way or two-way
type. Figure 8 shows the vertical sectional flow fields in the leeward openings for two typical cases.
Horizontal axis xl/D represents the coordinates from the leeward wall normalized by the wall thickness
D. In A12C12, flows with almost homogeneous wind speeds blow perpendicular to the opening.
In contrast, the wind direction of A31C31 is almost parallel to the openings and upward. The upward
flow in the opening volume is generated by flow introduced at the bottom edge of the opening from
both sides of the room and from the leeward canyon. Accordingly, air flows are ejected into both the
room and leeward canyon from the opening volume at the top edge. Eventually, all cases classified as
either the one-way type or two-way type at the windward opening were also classified as the same
type at the leeward opening.
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3.3. Various Ventilation Rate Definitions

In order to quantify the ventilation efficiency differences due to opening locations, four
ventilation rates are calculated in this section: net ventilation rate Qnet, gross ventilation rate Qgross,
estimated cumulative and average instantaneous ventilation rate Qins, and the conventional ventilation
rate Qconv. These ventilation rates are defined in detail as follows:

The conventional ventilation rate Qconv was calculated from wall pressure differences ∆p of the
Solid case as expressed in the following equations:

Qconv = Ae f f

√
2∆p

ρ
(1)

(
1

Ae f f

)2

=

(
1

αA f ront

)2

+

(
1

αArear

)2
(2)

Here, ρ is the air density; α is the flow rate coefficient (or discharge coefficient) (=0.6) (White,
2010); A f ront = Arear (=0.022 m2) as the front and rear opening areas, respectively; and Ae f f is the
effective opening area. Since the conventional method calculates the introduction flow speed by
pressure differences between openings between based on the Bernoulli’s theorem, flow in indoor and
outdoor spaces are assumed to diffuse perfectly, indicating openings should be small enough. In
addition, correct flow rates need to be determined based on flow introduction angles. According to
previous research, conventional methods estimate ventilation rates reasonably when wall porosity is
less than 10% [2]. Advantages of the conventional methods are easiness of determining the ventilation
rates as first approximation only based on wall pressure distribution, though correct flow rates are
needed. In the present estimation, pressure difference ∆p is determined by the pressure distribution of
solid conditions.
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As shown in Section 3.2, there are reverse flows in the openings in the several cases classified as
two-way ventilation and, therefore, these reverse flows must be considered to accurately quantify the
ventilation efficiency. The net ventilation rate Qnet regards the reverse flow as negative ventilation.
In other words, Qnet is determined by the streamwise mean wind speed uop times the opening area A
as expressed as follows:

Qnet = Σiui∆Ai = uop A (3)

Here, ui and ∆Ai represent the streamwise mean wind speed and opening area at simulation
node i located in the opening. The conventional method in Equation (1) is thought to estimate this
ventilation rate by approximating the flow introduction speed based on pressure differences. The net
ventilation rates are thought to be more accurate than the conventional method; however, the wind
speed averages in openings are needed for determination. The wind speed averages in openings were
determined by simulated results for calculating the net ventilation rates for each case.

On the other hand, the gross ventilation rate Qgross regards the reverse flow as positive ventilation:

Qgross = Σi|ui|∆Ai. (4)

Therefore, the gross ventilation rate can be defined individually for the windward and leeward
sides. This treatment of reverse flow is the simplest and most often used method in coupled simulations
of indoor and outdoor areas [9]. Contrarily, spatial distributions of wind speeds in openings are
necessary for determining the gross ventilation rate. Therefore, it might be difficult to determine the
rate except for flow fields obtained by CFD. In the present estimation, spatial distributions of wind
speeds were determined by CFD to derive the gross ventilation rates.

Although the present simulation is based on steady-state analysis, the effect of turbulent flow
exchange on ventilation efficiency is another factor that must be considered. Therefore, the cumulative
and average instantaneous ventilation rate Qins was estimated by assuming a normal distribution of
fluctuating wind speeds through openings following Caciolo et al. [7]. Instantaneous wind speeds
u′i(t) are approximated by 106 random numbers following a normal distribution with a standard
deviation by eddy diffusivity and the mean velocity gradient (following eddy viscosity theory with
eddy viscosity νt = cµk/ε, where cµ = 0.09). The cumulative and average instantaneous ventilation
rate Qins is determined by integrating the absolute values of estimated instantaneous wind speeds
as follows:

Qins =
1
T

∫
Σi

∣∣∣ui + u’
i(t)
∣∣∣ ∆Ai dt (5)

Under the realistic condition of the urban boundary layer, exterior flow fields are turbulent in
most cases; therefore, the instantaneous ventilation rate is the most realistic volume flow rate which
can express air exchange between indoor and outdoor spaces. On the other hand, the ventilation rates
require temporal and spatial distribution of wind speeds in openings, indicating assumptions are
needed to determine the turbulent contribution on the ventilation as we followed from Cionco et al. [7]
when a RANS-type simulation was employed. According to the previous LES of flow and pressure field
data for the same block arrangements conducted by Ikegaya et al. [10], the probability density of the
wall pressure coefficient on both windward and leeward walls can be regarded as a normal distribution
because even the maximum skewness was only 0.17 near the opening position of A11. Therefore,
the assumption of a normal distribution of fluctuating wind speed through openings is considered
plausible for estimating the turbulent contribution to ventilation. We have to state that, however, the
accuracy of standard deviation by present RANS simulation might be insufficient for quantifying
instantaneous effect, as can be seen in the Reynolds stress profile in Figure 3c. According to Xie and
Castro [30], the RANS simulation underestimates the TKE values in the canopy layer as compared
with LES for an urban-like array, and the underestimation ratios of RANS to LES can be estimated as
approximately 30% based on the vertical profiles of TKE [30]. Therefore, the cumulative and averaged
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instantaneous ventilation rates with TKE values increased by 30% from the RANS simulation results
are also calculated in order to quantify the expected ranges of instantaneous ventilation.

The ventilation rates of all 10 cases are compared in Figure 9. Qgross and Qins were individually
determined at each windward and leeward opening because these values are unequal, depending
on the flow distribution in the openings. The error bar on Qins indicates expected values when TKE
increased 30%. In general, both windward and leeward openings in the higher row (A11C13, A11C11,
and A12C12) produced high ventilation rates. In contrast, cases where the openings were in the
bottom row on both windward and leeward walls (A32C32, A31C33, and A31C31) produced low
ventilation rates. These results are considerably natural because inlets or outlets in upper positions
can be exposed to flow with larger wind speed. Moreover, surprisingly, A31C33 and A31C31 showed
reversed ventilation, indicating that the net flow direction was from the leeward opening to the
windward opening (Qgross and Qins are always positive, but are shown to be negative in comparison
with their Qnet and Qconv magnitudes). These values are simply due to stronger positive or negative
wind wall pressure near the higher opening position on the building’s windward or leeward wall.

Atmosphere 2018, 9, x FOR PEER REVIEW  13 of 16 

 

depending on the flow distribution in the openings. The error bar on 𝑄𝑖𝑛𝑠 indicates expected values 

when TKE increased 30%. In general, both windward and leeward openings in the higher row 

(A11C13, A11C11, and A12C12) produced high ventilation rates. In contrast, cases where the 

openings were in the bottom row on both windward and leeward walls (A32C32, A31C33, and 

A31C31) produced low ventilation rates. These results are considerably natural because inlets or 

outlets in upper positions can be exposed to flow with larger wind speed. Moreover, surprisingly, 

A31C33 and A31C31 showed reversed ventilation, indicating that the net flow direction was from 

the leeward opening to the windward opening (𝑄𝑔𝑟𝑜𝑠𝑠 and 𝑄𝑖𝑛𝑠 are always positive, but are shown 

to be negative in comparison with their 𝑄𝑛𝑒𝑡 and 𝑄𝑐𝑜𝑛𝑣 magnitudes). These values are simply due 

to stronger positive or negative wind wall pressure near the higher opening position on the 

building’s windward or leeward wall. 

 

Figure 9. Ventilation rates for each opening position. 𝑄𝑐𝑜𝑛𝑣: determined by conventional method by 

Equation (1), 𝑄𝑛𝑒𝑡: net ventilation rate by Equation (3), 𝑄𝑔𝑟𝑜𝑠𝑠: gross ventilation rate by Equation (4), 

and 𝑄𝑖𝑛𝑠: estimated cumulative and average instantaneous ventilation rate. The error bar in 𝑄𝑖𝑛𝑠 

indicates the rate with a 30% increase of TKE by reflecting the underestimation of TKE in the present 

simulation as compared with those of LES (Xie and Castro [30]). 

In cases of one-way ventilation, 𝑄𝑖𝑛𝑠  is larger than 𝑄𝑔𝑟𝑜𝑠𝑠 , although 𝑄𝑛𝑒𝑡  and 𝑄𝑔𝑟𝑜𝑠𝑠  are 

almost comparable. Therefore, turbulent ventilation can enhance indoor ventilation even when 

one-way flow through openings is dominant, though increasing rates due to turbulence are not so 

significant as compared with the total ventilation rates. Even though the expected increase of TKE is 

considered, the qualitative tendency that 𝑄𝑖𝑛𝑠 is slightly larger than 𝑄𝑔𝑟𝑜𝑠𝑠 does not change because 

the mean flow mainly determined the ventilation rates, and the contribution of turbulent ventilation 

is significant for one-way ventilation. In contrast to the one-way types, the ratios of 𝑄𝑛𝑒𝑡 to 𝑄𝑔𝑟𝑜𝑠𝑠 

are large in two-way types because inflow and outflow can occur simultaneously through the same 

openings. Moreover, the difference in the ratios of 𝑄𝑛𝑒𝑡 and 𝑄𝑖𝑛𝑠 for the two-way ventilation is 

especially large at the leeward opening. This may be due to upward shear flows, which can promote 

Figure 9. Ventilation rates for each opening position. Qconv: determined by conventional method by
Equation (1), Qnet : net ventilation rate by Equation (3), Qgross : gross ventilation rate by Equation
(4), and Qins : estimated cumulative and average instantaneous ventilation rate. The error bar in Qins

indicates the rate with a 30% increase of TKE by reflecting the underestimation of TKE in the present
simulation as compared with those of LES (Xie and Castro [30]).

In cases of one-way ventilation, Qins is larger than Qgross, although Qnet and Qgross are almost
comparable. Therefore, turbulent ventilation can enhance indoor ventilation even when one-way flow
through openings is dominant, though increasing rates due to turbulence are not so significant as
compared with the total ventilation rates. Even though the expected increase of TKE is considered,
the qualitative tendency that Qins is slightly larger than Qgross does not change because the mean flow
mainly determined the ventilation rates, and the contribution of turbulent ventilation is significant for
one-way ventilation. In contrast to the one-way types, the ratios of Qnet to Qgross are large in two-way
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types because inflow and outflow can occur simultaneously through the same openings. Moreover,
the difference in the ratios of Qnet and Qins for the two-way ventilation is especially large at the
leeward opening. This may be due to upward shear flows, which can promote turbulence ventilation.
The turbulence effect may have grate impact on two-way ventilations as can be seen the expected
increasing rate of Qins due to 30% appreciation of TKE. Lastly, in the cases of one-way ventilation,
Qconv and Qnet showed similar trends for each of the opening locations, whereas the Qnet values were
always 40% smaller than the Qconv values. As shown in Section 3.2, wind flows that are directed
diagonally downward through an opening into the room result in decreased flow rate coefficients
(Vickery and Karakatsanis [31]). Therefore, Qnet yields a smaller value than Qconv. This result indicates
that conventional methods are applicable when flows introduced through openings are one-way
ventilation even for the building in the building array; however, estimating the effective opening area,
including the flow rate coefficient, is important for the flow affected by the surrounding building
arrays based on the wind direction through the openings. Conversely, such as the two-way ventilation
cases, estimating the ventilation flow rates by the conventional method can be difficult because of
reverse or turbulent flow near, and within, the openings.

4. Conclusions

Coupled simulations of air flows in and among outdoor and indoor spaces in a building array
were performed by taking a RANS approach. A simplified building arrangement was modelled with
a block coverage ratio of 25%. One of the buildings had openings on the windward and leeward
walls, and the inside space was also solved explicitly. A total of 10 combinations of opening positions
were selected to investigate the effect of opening positions on ventilation rates. The conclusions are
summarized as follows:

First, characteristics of outdoor flow fields were confirmed for both the solid case and opening
cases. As can be seen in the flow visualization of the vertical cross section, a recirculating vortex exists
between two buildings in both the opening and solid cases. Although a strong introduction of flow into
the room through openings and jet flow from the room to the outdoor canyon region can be confirmed,
flows related to the opening had very little effect on the outdoor recirculation flow pattern, resulting in
similar skimming flows in all 11 cases, even with the openings. Moreover, the velocity, Reynolds stress,
and TKE profiles above the building array for all 11 cases were quite similar to each other. Therefore,
the interaction between the urban boundary layer flow and indoor ventilation is considered to be
unidirectional for ventilation due to the steady-state flow, and perhaps the recirculation region within
the block canyon can be separated from the urban boundary layer in a more sophisticated investigation
of ventilation efficiency in a building array. In addition to the flow fields, wall pressure distributions
of windward and leeward walls for the solid case shows similar tendency to those obtained by WTE
and LES.

Secondly, the flow introduction patterns though openings are classified based on detailed
observation of the flow distributions, focusing on the opening volumes in both the windward and
leeward walls. The flow patterns can be categorized into two types: in the one-way type, flows are
introduced diagonally through openings in one direction, and in the two-way type, flows are both
introduced to, and ejected from, the room through the same opening. These classifications are shown
to elucidate the mechanisms that cause indoor ventilation, although the flow introduction patterns are
classified only qualitatively based on the visualized flow images.

Lastly, to quantify the effects of the opening locations, ventilation rates were determined by
the following four definitions: conventional, net, gross, and cumulative and average instantaneous.
In general, openings in the higher row produced higher ventilation rates, whereas openings in the lower
row produced lower ventilation rates. Although these findings are not surprising, these differences
in the ventilation rates were shown to be strongly related to the flow introduction classifications.
In one-way ventilation, air flows are introduced into the room diagonally downward at the windward
opening and ejected perpendicularly from the opening in the leeward wall. Since one-way flow in
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openings is dominant, the net and gross air change rates were comparable in the one-way ventilation
cases. Moreover, the cumulative and instantaneous ventilation rate, which considers the estimated
fluctuating velocity, was always larger than the net air change rate. Furthermore, the conventional
method was found to overestimate the ventilation rate by approximately 40% because of the inclination
angle of flow through openings causing a reduction of the flow rate coefficient. In contrast to one-way
types, the gross ventilation rates of two-way types were considerably larger than their net ventilation
rates because of reverse flow through the same openings. In addition, the cumulative ventilation rates
at the opening in the leeward wall were the largest because of the upward shear flow near the opening.

The RANS simulations employed in this study could be improved in terms of accuracy of the
estimation of cumulative and average instantaneous ventilation rates. However, various configurations
are necessary to quantify the relationships between indoor ventilation efficiency and building shapes,
opening locations, surrounding block arrangements, and so on. As can be seen, clear relationships
between flow introduction types and ventilation rates, present CFD successfully identify the impact of
opening locations even though RANS simulations were employed. In addition, differences between
conventional and net flow rates imply that flow rate coefficient (or discharge coefficient) might
be reduced due to the flow introduction angle through the openings. Therefore, we believe that
RANS simulations are advantageous to investigate various building conditions, based on the results
presented here, which provide sufficiently quantifying relationships between the opening flow regime
and ventilation efficiency. In addition, it is a plausible strategy that overall tendencies are examined
by RANS simulations as a first step. Contrarily, more accurate simulation would be necessary for
quantifying the effects of complex flow fields due to both spatial distribution and turbulent effect on
ventilation flow rates.
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