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ARTICLE INFO ABSTRACT
Keywords: The rising cooling energy demand, caused by the increase in global average temperature and the frequency of
CFD heat waves, is currently leading to a significant increase in global electricity consumption. Passive cooling
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strategies, such as ventilative cooling, can provide acceptable indoor thermal comfort with no or minimal energy
consumption, offering an alternative to air conditioning systems in buildings. This paper investigates the
effectiveness of natural ventilation in an iconic post-modernist high-rise building in India: Charles Correa’s
Kanchanjunga Apartments. The research, employing CFD simulation paired with building energy simulation,
demonstrates how cross-ventilation can improve the ventilative cooling efficiency in buildings, ensuring
affordable indoor thermal conditions even in adverse climatic conditions like the Indian one. Thanks to night-
time structural cooling, a maximum reduction in the operative temperature of up to 5.3 °C was achieved
compared to the scenario without natural ventilation and up to 6.4 °C compared to the outdoor temperature peak
on the hottest day. Consistently with the Indian Model for Adaptive Comfort, cross-ventilation ensures a
reduction in discomfort hours of up to 58 % on the hottest day and a total reduction in discomfort hours on a
typical monsoon and winter day. The paper aims to assist architects and policymakers in quantifying the cooling
potential of natural ventilation in high-rise buildings, suggesting passive solutions for cooling energy saving.

2017, with an average yearly increase of 0.9 cooling degree days (CDD)
[11]. As underlined by the latest IPCC report [12], this trend is predicted
to exacerbate in the coming years, with the most substantial increase
The steady increase in global average temperature as a direct result expected to impact the entirety of southern Europe [13], China [14,15],
India [16], and the United States [17].

Research on cooling demand under future climate change scenarios
shows that cooling electricity consumption could double in most Euro-

1. Introduction

of global warming [1], as well as the raising frequency and intensity of
extreme events like heatwaves [2], are causing ambient temperatures to
rise, leading to overheating problems in buildings [3,4].

This phenomenon, powered by the worldwide spread of the Inter- pean countries [18] and reach an increase of 15-126 % even in
national Style [5], the change of comfort expectations [6], the increase heating-dominated climates like Canada [19]. However, the most sig-
of indoor thermal gains, the exacerbation of the urban heat island nificant growth is expected in the energy needs of emerging economies.
impact [7,8], as well as the side effects of progressing optimization in the Notably, in China, the increase in electricity consumption for cooling is
building envelope to reduce heating consumptions, are leading to a projected to rise by up to 7.5 times under the RCP 4.5 scenario [20].
significant increase in global cooling energy demand, driven by the Likewise, in Brazil, energy consumption is forecast to increase between

70 % and 190 % by 2100 [21]. India will experience a 45 % increase by
2030 [22], and the potential cooling demand for the city of Mumbai in
mand, which currently depends on fossil fuels, worsens the environ- India alone is estimated to be almost 24 % of the total cooling demand of
mental impact of buildings and reduces the effectiveness of the United States [23]. According to Khourchid et al. [24], by the middle
energy-saving and greenhouse gas emission reduction policies [10]. of the 21st century, the average increase in building cooling electricity

Between 1950 and 1980, there was a 33 % rise in population- demand could reach 33 %, 89 %, 288 % and 376 % in tropical, arid, cold

weighted annual cooling days, which persisted between 1981 and and temperate climates, respectively. Increased electricity consumption

increased use of air conditioning in buildings [9]. The marked rise in
electricity consumption for cooling and the resulting peak power de-
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Nomenclature SST Shear Stress Transport

SSv Single-sided ventilation
ALD ASHRAE Likelihoodod of Dissatisfied T™MY Typical Meteorological Year
ACH Air Change Rate WD Wind Driven ventilation
BES Building Energy Simulation WWR Windows-to-Wall Ratio
CDD Cooling degree days
CFD Computational fluid dynamics Symbology
cv Cross-ventilation h; occupancy hours
I1AQ Indoor Air Quality k von Karm?n constant
IEA International Energy Agency ta averag.e air temperature
IMAC  Indian Model for Adaptive Comfort to operatlve'temperature
IPCC Intergovernmental Panel on Climate Change b mean radlant.temperature
LPD Long-term Percentage of Dissatisfied u* friction velocity
NV Natural ventilation Uref reference wind speed
PMV Predicted Mean Vote Zref referfence .height .
POR Percentage Outside the Range Vr relative air velocity
PPD Predicted Percentage of Dissatisfied € turblillienc.e c?issi.pation rate
RANS Reynolds-Averaged Navier-Stokes © specific dissipation rate
SHGC Solar Heat Gain Coefficient

to provide cooling thermal comfort in buildings will reduce the reli-
ability of the electricity grid, leading to more frequent power outages
and additional pressure on the grid [25-27].

Additionally, by the year 2050, more than 68 % of the world’s
population is expected to live in urban areas, with a pronounced con-
centration foreseen in the Global South [28]. A significant percentage of
these areas will be in developing countries, mainly in tropical regions,
where access to cooling services in buildings remains severely limited.

While Global North is currently turning to air conditioning to miti-
gate the effects of global warming, this option is not available to
everyone [29]. Rising ambient temperatures, coupled with potentially
inadequate building design and a lack of resources for the use of me-
chanical cooling systems, have forced a significant percentage of the
world’s population, more than one billion people worldwide, to live in
very uncomfortable indoor temperatures [30].

As climate change makes space cooling a necessity for survival,
ensuring that cooling needs are met equitably becomes paramount. In
fact, by helping to maintain thermal comfort in buildings, space cooling
systems are proving to be the primary defense against mortality risk for
the most vulnerable members of the population by counteracting the
potential health effects of excessive heat [31-33]. In Global South
countries such as India, where economic constraints primarily limit the
use of air conditioning, mortality rates have been observed to increase
by more than 18.1 % during heat-wave episodes compared to
non-heat-wave periods, peaking at 29.9 % in Jaipur [34].

Consequently, the economic or physical total lack of energy access
stresses the importance of exploring alternative passive approaches to
air conditioning to cope with the health risks associated with the inev-
itable trajectory of climate change and ensure improved indoor comfort
within the buildings [35,36].

1.1. Passive ventilative cooling and building resilience

To effectively integrate energy-efficient building design to deal with
the forthcoming increase in cooling-related energy demands, passive
cooling strategies, such as natural ventilation (NV) in buildings, can
ensure acceptable indoor comfort levels by reducing the mechanical
cooling energy consumption and increasing buildings resilience to
climate change and stress [37,38].

According to IEA Annex 80 [39], the idea of thermal resilience in
buildings is closely linked to the principles of passive architecture,
which emphasizes the ability of a building to protect its occupants from
external climatic events while providing indoor comfort conditions,

primarily through natural means. Mainly focusing on the cooling season
and the overheating risk, building design and, even more, passive
cooling strategies can highly influence thermal indoor comfort [40,41].
So, on the way to slowing the growth of electricity consumption,
reducing the cost of peak electricity, avoiding the risk of blackouts and
further CO5 emissions in the building sector, it’s clear that alternatives
to the increased use of energy-intensive air conditioning are needed.

As indicated by the IEA Annex 62 [42], ventilative cooling (VC)
exploits the cooling potential of the outside airflow through the use of
natural solutions, either wind-driven or buoyancy-driven, or mechanical
technologies or a combination of both (i.e. mixed or hybrid ventilation)
to reduce or even eliminate the cooling loads and the energy use by
mechanical cooling in buildings, while ensuring a comfortable thermal
environment. From this perspective, the cooling potential offered by
natural ventilation is still proving to be an effective and promising so-
lution [43-45] for cooling energy saving in buildings [46,47] while
ensuring indoor air quality (IAQ) and acceptable levels of thermal
comfort [48,49].

There are various ways natural ventilation can exploit its ventilative
cooling potential depending on the global and local climatic site con-
ditions [50,51]. These include structural cooling based on increasing
ventilation air flows, especially at night, to cool the thermal mass of
buildings and reduce cooling loads during the day [52,53], free cooling
achieved by cooling the indoor air temperature with lower temperature
outdoor air exchange [54,55] and comfort cooling obtained by direct air
flows over the human body that can reduce heat perception by
increasing convective exchange due to both the temperature difference
between air and skin and air velocity [56-58].

Several studies have discussed how natural ventilation can improve
thermal comfort [59,60] and energy performance of buildings [61-63]
even in a future driven by climatic changes [64-66]. Undoubtedly, the
effectiveness of natural ventilation systems, depending on the variability
of external climatic conditions, turns operating mode essential to
manage and benefit from them [67,68]. In addition, the main research
findings on the cooling potential of natural ventilation highlighted its
strong dependence on building morphology. In fact, the effectiveness of
natural ventilation in providing indoor air quality and passive cooling in
buildings is strictly dependent on the design of the building itself [69,
701].

Ventilation systems that rely solely on natural forces, such as wind
and thermal buoyancy, must be designed with the building in mind, as
the building itself and its spatial elements are the main factors that can
reduce or increase the air movement and influence its content [82]. For
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these systems to be effective, it is necessary to optimize the generation
and employment of natural air paths inside the building by increasing
their speed and improving the distribution of indoor ventilation working
on its reliance on building shape [71]. Contrary to the current trend,
where air-conditioning has made architectural styles international
rather than regional and lost their relationship with the environment
and natural forces, increasing the efficiency of natural ventilation by
optimizing building form will be crucial to reducing the carbon footprint
of today’s buildings.

1.2. CFD for natural ventilation

Among several natural ventilation strategies, wind-driven cross-
ventilation (CV) is undoubtedly recognized as the most effective venti-
lation method for buildings, especially if cooling loads are to be reduced
[72].

Compared to single-side ventilation (SSV), CV ensures higher
ventilation rates and more effective ventilative cooling capacity,
providing better indoor comfort conditions [73]. As pointed out by
Omrani et al. [74], CV can maintain comfortable conditions for 70 % of
the time, compared to just 1 % for single-sided ventilation, ensuring an
air change rate 14 times higher than SSV one [75].

To improve the cross-ventilation potential, air must flow freely
within the building. The most critical factor for achieving optimal cross-
ventilation efficiency is ensuring the continuity of internal spaces. This
will enable effective communication between the windward and
leeward sides, thus maximizing the internal airflow, which is dependent
on the pressure difference induced by the wind on the building facades
[76]. Indeed, the spatial layout, determining how different areas are
connected to one another, is a crucial factor in the performance of
natural ventilation systems [77].

Due to the complexity of assessing the wind-driven cross-ventilation
potential in buildings, computational fluid dynamics (CFD), alongside
experimental research, both field measurements [78-81] and wind
tunnel experiments [82-84], have been employed widely. Indeed, CFD
allows researchers to investigate complex ventilation issues that may be
difficult or infeasible to analyze using alternative approaches [85].

Several researchers have used CFD analysis to investigate how the
morphological characteristics of buildings can affect air distribution in
confined spaces depending on wind direction and intensity [86,87],
urban surroundings [88-90], building geometry [59,91-94], facade
geometrical details [95-97] and position and size of the ventilation
openings [98-100].

Large Eddy Simulations (LES) [50,89] and Reynolds-Averaged
Navier-Stokes (RANS) simulations [59,92,101] have been involved as
the most common CFD models for assessing indoor airflow associated
with cross-ventilation. Actually, LES performs more accurate results
[102,103]; however, due to more intensive computational resources
needed, most of the studies in the literature adopt the RANS equation as
a turbulence closure model. The selection of turbulence models relies on
the particular problem to be resolved. It is crucial to pay special atten-
tion to this aspect as it significantly affects the precision of simulation
outcomes [104].

Faced with this problem, Péren et al. [105] assessed the suitability of
various turbulence models, including the standard k-epsilon, RNG and
Shear-Stress-Transport (k-o SST), for isothermal analysis of natural
ventilation in a cross-ventilated building. Consequently, they found that
the k-o SST model exhibited the most robust agreement with experi-
mental data. The same conclusion was also reached by further studies of
Ramponi et al. [106], Wang et al. [48] and Mohotti et al. [107].

Actually, the majority of research has focused on single zones or
indoor environments lacking internal partitions. Although this approach
provides valuable theoretical insights, it ignores the actual spatial layout
of real buildings and neglects the relationships in the airflow path be-
tween multiple zones.

Even when analyzing entire buildings, it often only relies on
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idealized or archetypal models, focusing primarily on airflow within the
building as a stand-alone analysis, rather than considering the impact of
airflow on thermal comfort conditions or acceptable levels of air change
and velocity.

Moreover, if a comprehensive examination of the entire building has
been conducted, it is typically completed solely through a CFD analysis
of the indoor environment by employing air velocity as an inlet
boundary condition. Although this simplifies the analysis, it does not
consider possible airflow deviations due to wind-induced pressure field
distributions on the building.

When assessing the thermal comfort of occupants in cross-ventilated
buildings, it is important to prioritize the distribution of air velocities
and average air velocity in indoor spaces over the ventilation flow rate.
Hence, the capability to predict the influence of the building’s form on
the thermal comfort of indoor spaces and the airflow interaction be-
tween multiple zones holds a considerable impact on the building
design.

Employing comprehensive building simulations to investigate
airflow patterns and assessing the connection between this analysis and
its impact on a building’s thermal performance and occupants’ comfort
perception represents a novel and evolving methodology. This approach
involves integrating building energy simulations (BES) with computa-
tional fluid dynamics tools, thereby creating a precise and efficient
means to enhance the evaluation of energy requirements and thermal
comfort within buildings [108-110].

Along this line, the present study tries to provide more accurate re-
sults on the effect of cross ventilation on thermal comfort in buildings by
combining CFD analysis with BES. Contrary to existing studies, where
the BES analysis is used to define the boundary conditions of the CFD
analysis, the novelty of the study lies in the implementation of the
airflow properties measured by CFD analysis into the BES to dynami-
cally evaluate cross-ventilation’s influence on thermal comfort.

The main objective is to propose a novel comprehensive methodo-
logical approach through airflow simulations in multiple digital envi-
ronments to investigate the cooling potential of natural ventilation in
real high-rise buildings from the outdoor environment to the indoor
thermal comfort evaluation.

In contrast to the models commonly used in CFD comfort analysis,
relayed on the Fanger model or the ASHRAE adaptive model, which
neglect the true adaptability of humans in hot climates, the applicability
of a recent alternative model of adaptive comfort, called IMAC (Indian
Model for adaptive comfort), is evaluated to improve the thermal
comfort acceptability limits and the sustainability of the built environ-
ment in hot and humid climates.

Undoubtedly, the struggling challenge in empowering cross-
ventilation potential within the buildings is to ensure spatial continu-
ity between the windward and leeward sides against the indoor spaces’
layout needs. This objective turns out to be even more complex when
dealing with high-rise buildings, where, due to the high-density building
typology, the main design effort is made to maximize the number of
apartments available on the same floor.

Due to the increasing growth of high-rise buildings and their
importance in modern architecture, this study highlights the role of
cross-ventilation on indoor thermal comfort and proposes guidelines for
more efficient indoor ventilation performance for this building typology.
Therefore, the potential of ventilative cooling in an emblematic natu-
rally ventilated post-modernist architecture high-rise building is evalu-
ated to provide benchmarks for current buildings design.

2. Case study
2.1. Building characteristics
This paper investigates the fluid dynamic and thermal behaviour of a

naturally ventilated high-rise building in India, the Kanchanjunga
Apartments, designed by the Indian architect Charles Correa (Fig. 1).
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Fig. 1. Kanchanjunga Apartments external view: a) South-Est Facade, b) South-Est terrace view, c¢) South-West Facade, d) North-West terrace, e) double-height

living room.

The building is one of Correa’s most famous projects and one of the
milestones of post-modern architecture. Built in 1983 in Mumbai in
north-eastern India, the 85-m tower is named after the second-highest
mountain in the Himalayas.

Kanchanjunga Apartments is a 28-storey apartment building with 32
duplex apartments, two on each floor. In this building, the architect
elaborates a brand-new design way to devise a high-rise building
through a complex study of the building section (Fig. 2). Mumbai’s
climate and location present the architects with a contradictory situa-
tion: the East-West axis is the best orientation to take advantage of wind
action and capture sea breezes, but it exposes the building’s surfaces to
the high afternoon sun and monsoon rains.

In addressing this issue, the architect decided to open up the building
in the direction of the prevailing winds by placing large air-permeable
openings only on these sides. In a spatial arrangement reminiscent of
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a traditional Indian bungalow, the architect enveloped the central living
spaces with verandas and double-height terraces. These buffer zones
effectively shield the living areas from the sun’s rays and allow the
opening surfaces to be modulated to improve natural cross-ventilation in
the interior without exposing them to direct solar radiation.

The square building (21 x 21 m) is formed by intertwining four
distinct apartment units featuring slight level variations on the floor.
This arrangement creates a mesh of two 4-bedroom and two 6-bedroom
units ranging from 180 to 420 square meters. Specifically, Type A
comprises ten units, accommodating up to six residents plus a servant’s
room. In this unit, verandas to the north-west and a double-height
terrace to the south-east are placed. The main part of the dwelling
unit is on two floors, connected by a mezzanine floor facing the pre-
vailing winds. Type B is the smallest accommodation. It has three rooms
for a total of five people. It has verandas on the south-east facade and a
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Fig. 2. Axonometric cross-section and 2D cross-section of Kanchanjunga Apartments.
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double-height terrace on the north-west facade.

Type C has two main floors connected by two staggered mezzanines.
It is suitable for ten people and is characterised by a double veranda
profile on the north-west windward side and a double-height terrace on
the south-east side. Finally, type D, present in only two units, is char-
acterised by a double-height terrace on both sides and is the only type
that does not have double-height spaces within it. All units are charac-
terised by connecting elements and double-height spaces in the centre,
which become central elements to connect the windward and leeward
sides of the building, allowing free airflow through cross-ventilation.
The slight changes in height between the different functional spaces of
the house, as well as the creation of a hierarchy between the spaces,
minimise the presence of physical obstacles to airflow pathway.

Among the several typology units of the building, the analysis was
carried out on the one identified as Type A, which represents the most
recurring unit in the building. In particular, the one located at 35 m
above ground level to avoid the influence of the surroundings on the
wind flow and facing west was studied, as it represents the worst situ-
ation for cooling demand due to solar load. Fig. 3 shows the main
architectural features of the selected typology. The apartment has a total
volume of 675 m® and a total floor surface of 196.70 m? on three levels.
The windows-to-wall ratio (WWR) is equal to 17.40. The total window
opening area is 31.9 m?, with 7 m? on the windward side and 24.9 m? on
the leeward one. The inlet-to-outlet ratio (A;,/Aoye) results equal to 0.28.

2.2. Site and climate

Mumbai belongs to climate zone Aw (tropical savannah climate)
according to the Koppen-Geiger classification.

Typical climatic conditions include mild, dry winters and humid, hot
summers. The average annual temperature is 26.7 °C. During the hottest
month, April, the outdoor temperature reaches 38.5 °C, while during the
coldest months, it remains above 18 °C, rarely falling below 15 °C. The
daily and annual temperature ranges are high, especially in winter. The
building is oriented 295° N, therefore, with the main fagades facing
northwest and southeast.

Regarding wind site characteristics, Mumbai, influenced by its

Lower Plan
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proximity to the sea, experiences high wind velocity throughout the
year. The prevailing winds are concentrated between the N and W di-
rections. The average annual wind speed is 5.5 m per second, and the
average maximum wind speed is more than 10.5 m per second. The main
climatic characteristics of the city of Mumbai are summarized in Table 1.

3. Methodology

In the present work, a novel comprehensive modelling approach
across multiple digital environments was carried out to assess the ven-
tilative cooling potential of cross-ventilation on thermal comfort in the
case study. The analysis consisted in four steps, as shown in Fig. 4.

Firstly, a 3D RANS equations with k-@ SST turbulence model simu-
lation was performed in the external environment to evaluate the wind-
induced pressures on the building surfaces using Ansys Fluent.

By measuring the average pressures at the building openings, the
behaviour of wind-driven natural indoor ventilation was simulated to
evaluate the indoor air distribution and the average air velocity inside
the building due to cross-ventilation, using the building envelope of a
Type A apartment as the CFD domain. The previous step’s indoor airflow
characteristics were utilized to assess the impact of natural ventilation
on the building’s thermal performance via a thermal dynamic analysis
carried out on DesignBuilder (DB) on an hourly basis, across three

Table 1

Mumbai climatic site characteristics.
Location Mumbai
Latitude 18°57' 53" N
Longitude 72° 49' 33" E
Prevalent wind NNW
Average wind speed 5.5m/s
Koppen-Geiger climate classification Aw
Average yearly temperature 26.7 °C

Outdoor Tpax
Outdoor Ty,
Max direct solar radiation

38.5 °C (5th April)
14.2 °C (2nd January)
2019.56 kWh/m?

N
Upper Plan @

I —

'l i\ MY

Cross-Section

Fig. 3. Architectural project apartment type A.
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Step I
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distribution and average
air velocity

Define Wind-induced
pressure field on building
surfaces

Evaluate indoor operative

Verify consistency with
IMAC 80% acceptability

lemperature ooa
s limit

Fig. 4. Methodology flowchart.

typical days corresponding to the three seasons identified by the Indian
Meteorological Department for Mumbai. Finally, the values of the three
typical days’ operative temperatures were compared in Matlab with the
acceptability limits provided by the Indian Model for adaptive comfort
by evaluating two long-term discomfort indexes.

3.1. Step 1: outdoor CFD analysis

3.1.1. Computational domain and mesh

The first modelling step considers the CFD Analysis of outdoor wind-
induced pressures generated on the building surfaces through a 3D
RANS equations simulation with Ansys Fluent 2021 R1. The computa-
tional domain is built on a full scale with dimensions of 1296 m x 871 m
x 510 m for depth, width and height (Fig. 5). The computational domain
size was adopted based on the best practice guidelines elaborated by the
Working Group of the Architectural Institute of Japan (ALJ) [111] where
H denotes the height of the analysed building equal to 85 m.

The computational domain’s upstream and lateral boundaries are
situated at a 5 H distance from the building, while the downstream
boundary lies 10 H away from the leeward wall. The top boundary is
positioned 5 H above the roof, resulting in a blockage ratio of 0.4 %, less
than 3 % as recommended.

The computational domain was divided into an unstructured grid
comprising a polyhexahedral surface mesh, accomplished using the
Fluent Meshing tool within Ansys. The computational mesh was created
with finer grid resolution near the ground and the building’s surfaces,
including its openings.

The resolution gradually increased as it moved towards the domain’s

Outlet
(Pressure)

Side boundary

S) u
(Symmetry) 510m

Side boundary
(Symmetry)

(Wall)

Inlet
(Velocity inlet)

Fig. 5. Computational domain and boundary conditions.

boundaries, resulting in a smallest cell size of 0.25 m on building sur-
faces. By moving away from the building, the cells first grow at a rate of
1.0 near the building, gradually reaching a rate of 1.2 at the boundary
area with a maximum cell size of 1.5 m, resulting in a total number of
cells of 2,379,766.

3.1.2. Boundary conditions and solver

In the external CFD simulation, the inlet boundary condition was set
as the inlet wind velocity profile. Initially, the Mumbai reference wind
velocity from the nearest meteorological station was updated to evaluate
the reference site wind speed, considering the varying site roughness
attributed to its urban surroundings according to Eq. (1):

Uy = Aot @ In <£) (@D)]
20

Where u, represents the site reference speed at 10 m height, A roughness
coefficient equals 0.25 for high-density urban centres, uref is the refer-
ence wind speed at 10 m and zj equals 0.05 [m/s].

The wind profile is defined according to the logarithmic law as in Eq.
(2), where u* is the friction velocity, k is the von Karman constant
(0.41), and z is the height coordinate.

u(z) :% {ln (Z ?OZ())} (2)

The value of u* is determined based on the values of the wind site
reference speed (u, = 2.2 m/s) at reference height (z;f = 10 m) and
results equal to 0.504 m/s. Taking into account the urban surrounding of
the analysed building, the aerodynamic roughness length (zp) is set
equal to 2.0 m for the city centre.

The turbulence dissipation rate € is computed with Eq. (3):

_ W)
ela)= k(z + z0)

3

While the specific dissipation rate » for the SST k-o model is esti-
mated via Eq. (4):

o(z) = @

where Cp is an empirical constant taken equal to 0.09.

The building was positioned in the domain perpendicular to the wind
action. At the outlet boundary, a zero-static gauge pressure was imple-
mented. The building surfaces and ground employed no-slip boundary
conditions, whereas symmetry boundary conditions were applied to the
lateral and top boundaries, as shown in Fig. 5. The 3D steady RANS
equations were solved in combination with the shear stress transport
(SST) k-o turbulence model. Furthermore, the pressure-velocity
coupling algorithm was used, with second-order pressure interpolation
and second-order discretization schemes. Convergence was achieved
once the scaled residuals plateaued, reaching a minimum of 10° for x, y,
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and z momentum and 10* for k, ®, and continuity.
3.2. Step II: Indoor CFD analysis

3.2.1. Computational domain and mesh

Measured the average pressures on building openings, an indoor CFD
analysis on the Type A apartment was performed to assess the three-
dimensional distribution of air velocities inside the apartment, using
the building’s internal volume as a computational domain.

A non-uniform grid approach was used, with increased mesh density
surrounding the inlets, outlets, and building walls, while a lower mesh
density for the distant field regions. Consequently, the tetrahedral mesh
was transformed into a poly hexahedral mesh, enhancing the overall
grid quality. To calibrate the CFD analysis results, a grip independency
analysis was performed. Three mesh models were analysed: a coarse
mesh model with 768,284 cells (M1), a medium-mesh model with
1,536,568 cells (M2), and a fine mesh model with 3,073,136 cells (M3).
To assess all areas within the domain, three criteria were considered: the
average air velocity along the diagonal line connecting two corners of
the domain, the mean air velocity across the entire domain, and the inlet
mass flow.

The results of the coarse mesh model deviate to some extent, while
the other two models fit well, which indicates that the medium mesh
model already has a certain accuracy. The variation between the results
obtained using the finer mesh (M3) and the medium mesh (M2) is as
follows: 1.7 % for the average air velocity along the diagonal line, 1.1 %
for the overall average air velocity, and 0.2 % for the inlet mass flow.
These minor discrepancies indicate that the differences between the two
mesh models are negligible, affirming the mesh independence of the
results. The fine mesh was implemented with an overall number of
nodes equal to 10,140,800, a minimum cell size of 0.02 m and a
maximum cell size of 0.1 m.

Concerning the computational domain boundary conditions, no-slip
boundary conditions and adiabatic boundary conditions were imposed
at all walls. The inlet and outlet boundary conditions were set to match
the building openings. Pressure boundary conditions were implemented
for both inlets and outlets to match the pressures obtained from the Step
1 CFD analysis. The windward openings were considered as inlets, while
the leeward ones were as outlets.

In this simulation, as well, the 3D steady RANS equations were
solved in conjunction with the shear stress transport (SST) k-0 model.
The pressure-velocity coupling employed a coupled algorithm, utilizing
second-order pressure interpolation and discretization schemes.

3.3. Step III: Thermal analysis

In Step III, by implementing the indoor ventilation results from the
CFD analysis into the building thermal model, a dynamic thermal
simulation was performed hourly using DesignBuilder software [116].
The apartment was rebuilt in the geometric model by dividing the
various dwellings into different thermal zones according to their
intended use. The climate file Mumbai ISHRAE in the Energyplus archive
was used as the climate file.

Concerning the envelope characteristics for the simulation, the
external walls are predominantly made of non-insulated reinforced
concrete, the floors consist of a composite structure of concrete and non-
insulated brick, and a single-glazed window (SHGC = 0.819) with a
wooden frame was assumed. Specifically, a thermal transmittance of
2.54 W/m?K was used for the external walls, 1.92 W/m?K for the in-
termediate floors and 5.70 W/m?K for the window. No window blinds
were set up in the simulation, as they were not in the original design.

As the free-running behaviour of the building was only studied under
the effect of natural ventilation, no mechanical systems were used. The
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thermal simulation was performed for three typical days according to
the meteorological seasons identified by the Indian Meteorological
Department: the winter season from December to March, the summer
season from April to June and the monsoon and pre-monsoon season
from July to November.

Specifically, the analysis was carried out on the hottest day of the
TMY year, April 5th, characterised by a maximum external temperature
of 38.3 °C and a minimum of 25.2 °C, for the summer period, on
September 8th, characterised by a maximum temperature of 29.3 °C and
a minimum of 24.9 °C, for the monsoon period and on January 13th for
the winter period with a maximum temperature of 33.2 °C and a mini-
mum of 17.5 °C. The temperature excursion between day and night on
the three analysed days equals 13.2 °C for April 5th, 4.4 °C for
September 8th and 15.7 °C for January 13th.

To compare the effectiveness of natural ventilation on indoor ther-
mal comfort, four different ventilation scenarios were considered. The
first scenario, named below as WDO, evaluates the thermal building
behaviour without natural ventilation driven by the wind action (ACH
= 0); the second scenario (WD1) examines the presence of air changes
per hour (ACH) of 0.5 h’l, the minimum value required for indoor air
quality in residential buildings according to ANSI/ASHRAE 55:2020; the
third scenario (WD2) studies the behaviour of the building with an ACH
equal to 12 h™!, a typical value in naturally ventilated buildings [112,
113], finally the last scenario (WD3) analyses the ACH driven by
cross-ventilation as measured in the CFD analysis with site average ve-
locity wind speed and prevalent direction. Specifically, the average wind
speed and prevailing wind direction according to the site wind map were
used to assess the typical natural airflow conditions under the most
frequent occurrence.

To prevent the adverse effects of indoor overheating resulting from
NV during the hottest hours of the day, an operating schedule for the
openings was devised. This operative mode is designed to curtail the
total opening area dynamically, contingent upon the external tempera-
ture, thereby effectively regulating the overall air exchange rate. Fig. 6
shows the percentage of overall ACH used for natural airflow for sce-
narios WD2 and WD3 according to outdoor temperature in the three
analysed days.

Airflow distribution within the dwelling’s thermal zones, as
measured in the CFD analysis, was set in the thermal simulation using
the Interzone airflow tool in DesignBuilder. Except for the natural
ventilation characteristics, the occupancy, envelope properties, internal
loads and operation schedules of the openings were kept constant. Based
on the number of beds in the house, the simulation was based on a total
occupancy of seven people. Scheduled daily occupancy and internal heat
gain for the different thermal zones used in the simulation are summa-
rized in Table 2. LED lamps with a normalised power density of 2.5 W/
m? 100 lux were provided.

To account for the different average air velocities in the ventilation
scenarios, the operative temperature was calculated using ASHRAE
Standard 55: 2020 [114] as Eq. (5):

t, =At, + (1 = A)i, (5

Where t, is the operative temperature, t, is the average air temperature,
t; is the mean radiant temperature, and A is a coefficient selected as a
function of the relative air velocity v, ranging from 0.5 (v; < 0.2 m/s),
0.6 (0.2<v; < 0.6 m/s) and 0.7 (v; > 0.6 m/s).

3.4. Step IV: Thermal comfort assessment

The last step evaluates the consistency of the indoor operative tem-
peratures for each scenario to the indoor thermal comfort limits. Among
the different worldwide formulations of the adaptive model, including
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Fig. 6. Daily ACH variability according to outdoor climatic conditions for WD2 and WD3 simulations.

Table 2
Scheduled daily occupancy and internal heat gain for each room.

Level N. of people Occupancy daily time Appliances and occupancy load [W/m?]*

Master Bedroom Up 2 from 10 p.m. to 8 a.m. 2.67
Double bedroom Up 2 from 10 p.m. to 8 a.m. 2.67
Double bedroom Lo 2 from 10 p.m. to 8 a.m. 2.67
Service room Lo 1 from 10 p.m. to 6 a.m. 2.67
Living room-Dining room Lo 6 from 8 a.m. to 12 a.m.,, from 1 p.m. to 2 p.m. from 6 p.m. to 10 p.m. 9

Kitchen Lo 1 from 7 a.m. to 9 a.m. from 12 p.m. to 2 p.m. from 8 p.m. to 10 p.m. 9

Office room Lo 1 from 9 a.m. to 12 a.m. from 2 p.m. to 6 p.m. 2.67

@ According to EN ISO 13790.

Table 3
Airflow characteristics for the analysed ventilation scenarios.

Scenario  Volume  Average Max air Air flow Air change per
Airspeed speed rate hour
14 Um Umax qy ACH
[m?] [m/s] [m/s] [m®/s] (h™']
WD1 675 0.02 0.05 0.10 0.5
wbD2 0.19 1.15 2.25 12.0
wWD3 0.83 4.39 12.60 67.2

the ones proposed by ASHRAE-55:2020 and EN Standard 16798:2019
[115,116], an adaptive model modified explicitly for the Indian climate
called IMAC (India model for adaptive comfort) introduced by Manu
et al. [117] and applied in several studies on the assessment of comfort
in naturally ventilated buildings in India [118,119] was adopted.

The IMAC model represents an adaptation of the adaptive model
proposed by ANSI/ASHRAE-55 modified on real data from buildings
located in India and considers the different cultural and climatic con-
texts of India compared to the assumptions of the ANSI/ASHRAE model
mainly developed on data from buildings belonging to temperate/cold
climates.

It was, in fact, experimentally found that the comfort standards of the
Indian population have higher limits of perceived comfort than the
predictions offered by the ANSI/ASHRAE-55 and EN 16798 models.
Equation (6) presents the mathematical expression provided by the
model for calculating the neutral temperature, as well as the upper and
lower 80 % and 90 % acceptability limits compared to ANSI/ASHRAE-
55.

IMAC (Indian Model for Adaptive Comfort) ANSI/ASHRAE-55

Tout—SODRM = (1

Upper80% acceptability limit (° C)
=0.54(T pur—3008M ) +16.93

Upper90% acceptability limit (° C)
=0.54(Tu—30prM)+15.23

Neutral comforttemperature (°C)
=0.54(T pur—300rm ) +12.83

Lower90% acceptability limit (°C)
=0.54(Tpu—300rm)+10.43

Lower80% acceptability limit (°C)

=0.54(Tu—30prm ) +8.73

The Tout.30prM represents the 30-day running mean outdoor tem-
perature Toy calculated as follows with a = 0.8:

Upper80% acceptability limit (°C)
=0.31(Tour—300r0m)+21.3

Upper90% acceptability limit (°C)
=0.31(Tu—300rM)+20.3

Neutral comfort temperature (°C)
=0.31(Tous—300rM)+17.8

Lower90% acceptability limit (°C)
=0.31(Tou—300rm)+15.3

Lower80% acceptability limit (° C)

=0.31(Tous—300rM ) +14.3

- (Z) [tam(d—l) + a(taut(d—Z)) + (12 (tom(d—3)) +.. }

To compare the different scenarios, two long-term comfort indexes
were evaluated. Specifically, the POR (Percentage Outside the Range)
index, which indicates the percentage of hours in which the operative
temperature is outside the acceptable range predicted by the adaptive
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model, and the LPD (Long-term Percentage of Dissatisfied) based on the
ALD (ASHRAE Likelihood of Dissatisfied), which evaluates how much
the indoor operative temperatures deviate from the neutral temperature
were assessed [120,121]. The POR, introduced by ISO 7730, requires
calculating the percentage of occupancy hours (h;) in which the opera-
tive temperature is outside a specified comfort range relative to the
chosen comfort category as follows:
POR — Z?:hl (;‘;ﬁh' hi)

o by

i=

(€©))

where wy is a weighting factor depending on the chosen comfort range.

When referring to the adaptive model, the comfort interval is
expressed in terms of operative temperature and the index is denoted
PORAgaptive- Its formulation follows the Eq. (9):

PORA‘I X Wj;: 1 <=(Tup.in < Tvp,Iuwer Iimit)\/(Top,in > Tap,upper limit)
apiive Wﬁ: 0 <=(Top.,[ower limit S Top,in S Top,upper limit

©)]

The LPD aims to assess the probability of an uncomfortable phe-
nomenon occurring under certain indoor conditions and to evaluate
thermal stress phenomena. LPD index is calculated as follows (Eq. (10)):

T VA
LPD(LD) = 2 it (Per LDy ¢ ) a0

2;123:1 (Pz.r o hz)

where t is the counter for the time step of the calculation period, T is the
last progressive time step of the calculation period, z is the counter for
the zones of a building, Z is the total number of the zones, p is the zone
occupation rate at a certain time step, LD, is the Likelihood of dissat-
isfied inside a certain zone at a certain time step and h; is the duration of
a calculation time step (e.g., 1 h).

The formulation of the Likelihood of dissatisfaction can vary based
on the specific reference comfort model used. Among those in the
literature [122], the ALD index (ASHRAE Likelihood of Dissatisfied) was
used, which is defined in Eq. (11):

o~ 305T+0.419AT,,,+0.007AT2,

1+ £3057+0.419AT,),+0.007AT7,

ALD (AT,,) = PPD(AT,,) = an

where AT, is the difference between the indoor operative temperature
and the neutral temperature according to the adaptive comfort model. In
the analysis, the upper and lower limits of 80 % acceptability predicted
by the IMAC model were used as limit values in the calculation of these
indexes.
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4. Results and discussion
4.1. Outdoor CFD analysis

The first CFD simulation was carried out to assess the wind effects on
the building surfaces. Fig. 7 shows the building’s influence on the wind
flow and summarises its aerodynamic behaviour. As the wind ap-
proaches the building, it experiences a slowdown in speed, which comes
to a standstill in contact with the building facade. According to the log
law wind profile, the wind speed varies from 0 m/s at ground level up to
4.5 m/s at the building’s top edge.

Two vortex zones are created, one upwind at the base of the building
and a recirculating vortex at the rear due to the shadow zone created by
the building as a function of its height. Near the building, the boundary
layer detaches, and the laminar becomes turbulent, causing fluid-
dynamic instability.

This phenomenon modifies the atmospheric pressure field around
the building, transforming the kinetic energy of the airflow into poten-
tial energy in the form of a pressure differential. A higher pressure
(overpressure) than the ambient atmospheric pressure is created in the
upwind zone, the one facing North-West. In comparison, a lower pres-
sure than the atmospheric pressure (depression) is recorded in the
leeward zone and on the roof of the building (Fig. 8). Fig. 9a shows the
pressure distribution upstream of the windward facade (y = 0 m) on
three different vertical lines: at the outer edge of the building (x = 0 m),
at one-quarter of the upwind facade of the building (x = 5.5 m) and half
of the upwind facade (x = 10.5 m).

As can be seen, the pressure over the upstream facade strongly in-
creases as the height of the building rises. Pressure also varies in the
plane, reaching maximum values in the building centre and decreasing
symmetrically towards the edges. In the middle of the windward
building facade, the maximum values of overpressure are recorded,
varying between 4.20 Pa in the lower zone and 11.73 Pa in the upper
zone. Approaching the edge, the pressures decrease to become negative
at the roof’s edge.

On the leeward side (Fig. 9b), facing the southeast, a depression is
recorded with greater values in the lowest part of the building. At the
halflength of the downwind facade (x = 10.5 m), a maximum depression
equal to 4.70 Pa is reached; as the height of the building increases, lower
values are achieved until reaching the edge of the roof, where the
depression begins to grow once more.

The facades in North-East and South-West, parallel to the direction of
the wind, present symmetrical pressure values and are characterised by
negative pressures. As revealed by the CFD analysis, on the windward

Velocity
Contour 1

I 6.86
5.88

4.90

3.92

294

1.96
0.98

0.00
[m s*-1)

Fig. 7. Wind velocity streamline at the cross-section of Kanchanjunga Apartments.
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South-Est facade

Fig. 8. Wind-induced pressures on building facades.

and leeward building sides, a marked pressure difference that can supply
cross-ventilation inside the building, is recorded. Hence, most of the
openings in the building were located on these two sides to capitalise on
the natural behaviour promoted by wind action and building
morphology.

The wind-induced pressure distribution on the surface of the build-
ing openings, determined through CFD analysis, is employed as
boundary conditions for evaluating indoor ventilation. The average
pressure values reached on Type A apartment openings at 35 m above
the ground level are shown in Fig. 10.

4.2. Indoor natural ventilation assessment

The distribution of airflow velocity and velocity streamlines in the
dwelling are shown in Fig. 11. The air velocity values within the
building are normalised by dividing them by the reference site wind
speed Uy, resulting in a dimensionless parameter named k, as shown in
Eq. (12).
(-]

k_u

Uref

(12)

The spatial layout of indoor spaces enhances the airflow pattern
within the building. This allows for the airflow to move from the side
directly facing the wind to the opposite leeward side, thereby improving
cross-ventilation (Fig. 11). Horizontal and vertical connections between
several building rooms prevent the creation of physical resistance to
airflow path, ensuring proper indoor ventilation.

Focusing on the velocity streamlines, wind-induced cross-ventilation
is evenly distributed over the entire dwelling. The impact of proper in-
door ventilation through placement of air inlets and outlets on opposite
sides is apparent. Due to the absence of any openings on sides parallel to
the prevalent wind direction, the incoming air experiences no deflection
over the length of the building. Consequently, the air reaches significant
velocities up to its ends.

A 0.38 average k-value is reached in the dwelling, with peaks near
2.0 achieved at the narrowing of stairways where the airflow section
strongly decreases. Higher k-values are achieved at the inlet, peaking at
1.68 in the centre of the smallest opening on the windward side. As the
depth of the apartment increases, the k-values decrease. The double-
height living room exhibits a maximum k-value of 1.42 at mid-height,
with outlet opening k-values reaching 0.70 and 0.72 at the upper and
lower floors respectively. Inlet and outlet openings achieve average k-
values of 0.82 and 0.28 respectively.

Through CFD building section analysis (Fig. 12), the key elements in
this building to ensure proper ventilation can be easily identified. By
placing verandas on the windward side, the inlet opening surfaces are

10

reduced, which decreases the effective opening area available for
airflow. This effect is opposed on the leeward side by increasing the total
outlet opening area with a double-height terrace, resulting in an inlet/
outlet ratio of 0.28.

To achieve optimal airflow in the dwelling, a gradual increase in
permeability is arranged by modifying section and indoor opening
heights. The flow inlet and outlet openings are placed opposite each
other, and the elements obstructing the path of air movement are
reduced to a minimum, allowing the air to pass freely from the wind-
ward side to the leeward one. The double-height living area, located at
one-third of the dwelling’s length, plays a crucial role in distributing
airflow throughout the building. It connects the windward and leeward
sides, and thanks to the horizontal floor’s subsequent positioning be-
tween the two-unit levels, airflow is distributed evenly. To let the air
flow through, the double-height core is equipped with indoor openings
that allow communication between the two areas of the unit. The layout
of the indoor spaces is ensured by the different heights of the horizontal
levels, allowing the spaces to be interconnected. Vertical and horizontal
connections, such as stairwells, enable the communication between the
windward and leeward sides of the building, facilitating the effective
performance of natural cross-ventilation. The narrowing of the stair-
cases section, compared to the width of the other room, increases the
speed of air movement, producing an acceleration of the airflow along
the length of the building till its end.

Under the site’s typical wind conditions, the total cross-ventilation
airflow reached in the dwelling is 12.6 m>/s, with 5.2 m>/s exiting
from the upper floor (42 % of inlet airflow) and 7.3 m%/s from the lower
one (58 % of inlet airflow). Within the floors, higher values of airflow
rate are concentrated in the area towards the centre of the building,
where most of the occupied rooms are placed.

Fig. 13 shows the 3D distribution cross-ventilation airflow according
to three analysed ventilation scenarios: scenario WD1 examines the
presence of air changes per hour (ACH) of 0.5 h!, scenario WD2 studies
the building behaviour with an ACH equal to 12 h™!, while last scenario
(WD3) analyses the ACH driven by cross-ventilation as measured in the
CFD analysis with site average wind speed.

The airflow properties achieved by the different ventilation scenarios
via CFD simulations are shown in Table 3. An average air speed of 0.83
m/s, 0.19 m/s and 0.02 m/s are achieved by WD3, WD2 and WD1,
respectively. WD3 scenario reaches a maximum air speed of 4.4 m/s,
WD2 of 1.2 m/s and WD1 of 0.05 m/s. Nevertheless, under the site
average wind speed evaluation, too high air indoor velocity for indoor
comfort [114] is locally experienced. Therefore, a lower ACH would be
more beneficial to prevent the negative effects of draughts.

Table 4 shows the airflow rate values for all openings used to
simulate the thermal performance of the building under cross-
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Fig. 10. Average wind-induced pressures on Type A apartment openings at 35 m above ground level.
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Fig. 11. Air velocity and velocity streamlines on the horizontal plane in Type A
and z = 6.0 m) from the lower floor.

ventilation effect via multi-zone circuit model: openings are represented
as resistances (R), while rooms are represented as nodes. Subscripts
indicate where the airflow comes from and goes to: “i" and “o" indicate
the inlet from the outside and the outlet to the outside, while the
numbers indicate the different rooms. Fig. 14 shows the schemes of
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resistances and nodes in the dwelling.

4.3. Indoor thermal analysis
The natural ventilation properties achieved by the different
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Fig. 13. 3D distribution cross-ventilation airflow according to three ventilation scenarios.

ventilation scenarios in the CFD analysis were implemented in the
thermal model to assess the thermal dynamic performance of the
dwelling under the cross-ventilation effect.

Fig. 15a shows the operative temperature values for the different
ventilation scenarios on April 5%, the hottest day, compared to no
ventilation. The analysis clearly shows the influence of natural venti-
lation, which, thanks to its ventilative cooling potential, significantly
reduces indoor operative temperatures. Compared to the scenario
without cross-ventilation (WDO), all the scenarios with natural ventila-
tion provide a reduction in indoor operative temperatures that improves
with increasing air change rate and increasing average air velocity. The
maximum operative temperature difference between the unventilated
and ventilated configurations is recorded in the WD3 scenario.

In this scenario, a maximum decrease in operative temperature of
6.5 °C occurs in the early hours of the day (4:00 a.m.) when the building
benefits from the structural cooling produced by night ventilation. In
comparison, the minimum reduction of 4.0 °C occurs at 7:00 p.m. when
the building is affected by the thermal lag of the heat accumulated
during the hottest hours of the day.

Scenario WD2 exhibits a maximum operative temperature difference
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with case WDO of 5.3 °C and a minimum of 3.1 °C, while scenario WD1
achieves lower reduction values like no-ventilated one. A maximum
drop in operative temperature of 0.9 °C and a minimum of 0.5 °C is
achieved.

During the daytime hours, when the outdoor temperature reaches its
maximum, all scenarios ensure temperatures significantly lower than
the outdoor dry bulb temperature with increasing values as the amount
of ventilative cooling at night increases. The most marked reduction
occurs at 12:00, during the daily temperature peak of 38.3 °C, with
values of 3.6 °C in the WD1 scenario, 6.4 °C in the WD2 scenario, and a
maximum of 7.6 °C in the WD3 scenario.

As the outdoor temperature difference between the daily maximum
and minimum temperatures reduces, the cooling effect of natural
ventilation decreases. Nevertheless, as shown in the analysis for
September 8" (Fig. 15b), a significant reduction between the operative
temperature of the unventilated and the ventilated scenarios is recorded,
with an average decrease of 3.5 °C over the day. The maximum drop in
operative temperatures is generated by the WD3 scenario with a
reduction of 5.8 °C, followed by the WD2 scenario with a decrease of 4.7
°C and finally by the WD1 scenario with 0.7 °C.
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Table 4
Airflow rate for each apartment opening according to three analysed ventilation scenarios based on Fig. 14 schematisation.
Lower Floor Upper floor
Opening ID Opening surface Air flow rate Opening ID Opening surface Air flow rate
[m?] [m?/s] [m?] [m?/s]
Scenario WD3 WD2 WD1 Scenario WD3 WD2 WD1
Ri,1 2.76 3.91 0.70 0.031 R7,11 2.82 4.38 0.78 0.035
Ri,2 0.57 0.88 0.16 0.007 R11,12 1.91 2.84 0.51 0.023
Ri,3 0.57 2.02 0.36 0.016 R8,11 1.78 0.66 0.12 0.005
Ri,4 3.08 5.80 1.04 0.046 R8,13 3.55 1.54 0.27 0.012
R1,5 3.30 3.91 0.70 0.031 R11,13 1.93 0.87 0.16 0.007
R2,5 1.51 0.88 0.16 0.007 R13,14 3.00 2.42 0.43 0.019
R3,6 1.51 2.02 0.36 0.016 R14,0 3.76 2.42 0.43 0.019
R4,6 2.16 5.80 1.04 0.046 R12,0 3.67 1.34 0.24 0.011
R5,7 1.89 4.79 0.86 0.038 R12,15 1.51 0.15 0.03 0.001
R6,7 1.84 1.16 0.21 0.009 R12,16 2.33 1.36 0.24 0.011
R6,8 6.91 6.65 1.19 0.053 R16,01 2.79 0.81 0.15 0.006
R7,8 2.82 1.58 0.28 0.012 R16,02 2.74 0.54 0.10 0.004
R8,10 1.90 1.16 0.21 0.009 R15,0 0.57 0.15 0.03 0.001
R8,9 1.90 0.16 0.03 0.001
R8,02 4.29 3.92 0.70 0.031
R8,01 3.75 2.18 0.70 0.031
R9,10 1.49 0.16 0.03 0.001
R10,0 2.73 1.31 0.23 0.010
TR 12,0
R 12,15 R 150
R11,12 W 15 “W—e
1 —W— 12
R 12,16 R 16,01
L W— 16 —W—e
= R11,13
] |
= R 16,02
R 13,14 R 14,0 1
13 FW— 14 —W—e
: ] = R7,11 L
H 1 D { = R813
| o - —L] o =1 P | T
(3¢ « 1 | - = R
e S T | R 9,10 R 10,0
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Ri1 R15 ‘
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5 ]
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Fig. 14. Scheme of Type A airflow rate using a multi-zones circuit model: openings are represented as resistances while rooms are nodes.

On January 13™ when there is a greater daily temperature fluctu-
ation, the thermal performance of the dwelling is similar to those on the
hottest day, as shown in Fig. 15c. Nevertheless, due to the relatively
lower minimum outdoor temperatures, the effect of night-time ven-
tilative cooling becomes more evident. Therefore, natural ventilation
exhibits increased efficiency in decreasing the maximum operative
temperature in all ventilated scenarios when compared to the baseline
case. The maximum operative temperature difference, compared to
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WDO, drops by 1 °C, 6.1 °C and 7.2 °C in WD1, WD2 and WD3 scenario,
respectively.

4.4. Thermal comfort assessment

Fig. 16 presents the operative temperature values achieved by the
various analysed scenarios compared to the acceptability limits pro-
vided by the IMAC comfort model on April 5t September 8t and
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January 13", The 30 days-running mean outdoor temperatures (Toyf.
30drm) 1S estimated at 27.2 °C for April 5th, 24.2 °C for January 13™ and
27.5 °C for September 8™,

On the hottest day, operative temperatures exceeding the acceptable
upper limit of IMAC model are observed throughout the day in scenarios
where there is no natural ventilation or minimal air changes per hour.
The effectiveness of night-time ventilative cooling becomes evident
when air change rates exceed 12 ACH. In the WD2 scenario, comfort
limits are met during the early morning and evening hours, while
operative temperature values rise significantly during peak daytime
heat.

On the other hand, the WD3 scenario, which incorporates natural
cross-ventilation based on the site’s average reference wind speed,
achieves indoor comfort throughout most hours of the day, primarily
due to night-time ventilative cooling. This is the case except for 19:00
when the heat accumulated during the hottest hours of the day begins to
affect the building. However, reactivating natural ventilation leads to a
return of operative temperature values to the acceptable range.

On 8t September, WD2 and WD3 scenarios ensure operative tem-
peratures within acceptable indoor comfort limits for all analysed hours.
Conversely, WDO and WD1 scenarios do not meet these conditions and
exceed the acceptability limit. On 13" January, when a more significant
daily temperature excursion occurs, WDO and WD1 scenarios meet the
indoor comfort acceptability values only for a limited part of the day.
Specifically, the WDO scenario maintains acceptable values between
1:00 a.m. and 8:00 a.m., while the WD1 scenario extends this interval
from 11:00 p.m. to 1:00 p.m. In contrast, the WD2 and WD3 scenarios
record operative temperatures within acceptable limits throughout the
day. Table 5 shows the POR and LPD index values for the various
ventilation scenarios on typical days. On the hottest day, the WDO and
WD1 scenarios indicate a POR value of 100 % for discomfort hours.

Comparatively, the WD2 scenario shows a 58 % reduction in
discomfort hours compared to the scenario without ventilation, and the
WD3 scenario achieves a more amplified decrease of 96 %, hence
yielding a POR value of 4 %. On September 8™ the POR index reaches a
full 100 % for both WDO and WD1 scenarios, but drops to 0 % for WD2
and WD3 scenarios.

This demonstrates how ventilative cooling, thanks to cross-
ventilation with an air changes rate higher than 12, generates a 100 %
reduction in the number of discomfort hours in the building. Among the
simulated days, January 13% exhibits the lowest recorded POR value. In
the WDO scenario, the POR stands at 68 %, while the WD1 scenario
records 32 %. On the other hand, the WD2 and WD3 scenarios both yield
a POR of 0 % for the hours analysed, resulting in a total 100 % reduction
in discomfort hours when compared to the no-ventilated scenario.

Focusing on LPDagaptive Values, as the air changes rate and average
air velocity increase, the potential of ventilative cooling in improving
thermal comfort conditions increases. The WD3 scenario generates a
reduction in the probability of dissatisfaction of 80 % on the hottest day
and 81 % on September 8 compared to the scenario without natural
ventilation, recording the closest values to thermal neutrality among the
different scenarios. On 13™ January, the WD2 scenario generates the

Table 5
POR and LPD index values on different days calculated for the different venti-
lation scenarios.

PORpdaptive IMAC 80 %)

WDO WD1 WD2 WD3
April 5% 100 % 100 % 42 % 4%
September 8th 100 % 100 % 0% 0%
January 13 68 % 32% 0% 0%
LPD pgqpiive <ALD>

WDO WD1 WD2 WD3
April 5% 62 % 54 % 20 % 12%
September 8™ 26 % 20 % 8% 7 %
January 13" 35 % 29 % 7% 10 %
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most substantial reduction of 71 %, in contrast to the scenario without
ventilation.

Indeed, the WD3 scenario shows a higher LPD value than the one for
the WD2 scenario. Although WD3 represents a solution with values
closer to thermal neutrality during the hottest hours, increasing the
ventilation flow rates at night, when outside temperatures are lower,
produces a more significant downward deviation of operative temper-
ature from thermal neutrality than the values obtained from the WD2
scenario with lower ACH.

4.5. Discussion

The findings of the present study demonstrated the ventilative
cooling potential of cross-ventilation on thermal comfort for high-rise
buildings in a hot and humid climate.

In such climatic conditions, structural cooling through cross-
ventilation at night is discovered as a successful approach to decrease
the operative temperature on the hottest days, even when the outdoor
temperature reaches up to 39 °C. The cooling effect achieved during the
night reduced the operative temperature up to 6.5 °C compared to the
one without NV. Scenarios with higher air change rates ensure better
indoor thermal comfort conditions, especially on days marked by
elevated daily thermal excursion. In line with Dhalluinn et al. [123] and
Chiesa et al. [11], NV can produce overheating problems in a hot and
humid climates. Therefore, increased air exchange through ventilation is
advantageous at night. Conversely, during the hottest hours, it is not
beneficial, and low or no air flow is preferred. When the temperature is
not excessively high, increasing air speed through cross ventilation can
reduce occupants’ discomfort. It was found that cross-ventilation,
increasing airflow velocity, affects the occupants’ perception of com-
fort, whereas night ventilation provides a higher level of comfort in air
temperature reduction.

Hence, to fully benefit, the NV operating mode is crucial. Higher air
change rates are more beneficial in reducing indoor temperatures, but
simultaneously result in a more significant deviation from the neutral
temperature during the hottest or coldest hours. At the same time,
although the relationship between draught sensation and indoor air
velocity at different temperature ranges indicates that the air velocities
required by occupants increase with increasing operative temperatures,
the WD3 scenario with higher ACH, resulted in a localized peak velocity
inside the building that exceeded the acceptable level. Consequently,
this solution is unsuitable.

Although several studies [57,124] have demonstrated how, in
naturally ventilated buildings, average air velocities of up to 1.5 m/s
during the hot season can be tolerated, scenario WD3, even with an
average air velocity of 0.83 m/s, achieved localized peaks of up to 4.4
m/s. This finding stresses the importance of the combined use of CFD
with BES to precisely evaluate airflow distribution within buildings and
identify potential localized discomfort issues.

The cooling potential achieved in the WD3 scenario may, however,
provide an interesting application for high-rise office buildings, where,
due to different occupancy schedules that generally do not include
night-time occupancy, it may represent an effective passive cooling
technique.

Moreover, it is also worth noting that the most significant reduction
in operative temperature between scenarios occurs between the 0.5 and
12 ACH scenarios. While WD3 had the greatest reduction in operative
temperature, a small difference is observed between it and the WD2
scenario on all days examined. When analysing the reduction rate in
operative temperature compared to the increase in ACH, it was found
that the effectiveness of reducing operative temperature decreases as the
air change rate increases.

For example, on the hottest day, when the most significant reduction
occurred at 4:00 a.m., the WD1 scenario with 0.5 ACH achieved a drop
in operative temperature of 0.85 °C compared to WDO. The reduction
rate between 0.5 and 12 ACH (WD2 scenario) attained a value of 0.16 °C
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for each 0.5 ACH increase, while between WD2 and WD3, the rate drops
dramatically to 0.02 °C for each 0.5 ACH increase. This is mainly due to
the reduced cooling potential of outdoor temperatures, given the high
average temperatures, and suggests that in other colder climates,
increasing ACH may be otherwise beneficial.

The research also points out that in naturally ventilated buildings,
occupant adaptation is particularly relevant when assessing thermal
comfort acceptability, and the correct choice of comfort model becomes
paramount. Conversely to other comfort models ineffective in predicting
comfort conditions in hot climates, the IMAC offered a wider range of
acceptability limits able to manage the more effective use of NV.
Compared to the previous studies [118,125,126], higher reductions in
discomfort hours ranging from 96 % to 100 % were achieved, thanks to
the cooling potential of cross-ventilation.

This phenomenon is attributable to the impact of building form
design on enhancing the potential for cross-ventilation and the correct
distribution of airflow within the building, thereby contributing to an
improved perception of thermal comfort. The CFD analysis carried out
on the examined building proposes noteworthy findings, which have
been effective in enhancing the building’s natural ventilation. These
findings may be suitable for this building typology.

In contrast to the usual spatial layout of high-rise buildings, where
multiple apartments on the same floor typically face a single side or, at
most, a corner exposition, a more favorable approach entails designing
flats that extend along the entire length of the building. This guarantees
them dual exposure to the prevailing winds and maximises the pressure
difference between the building’s facades. Implementing a duplex
apartment layout in high-rise buildings, achieved by vertically shifting
horizontal floors, has demonstrated to be a successful design strategy to
tackle this issue.

The ideal positioning for openings involves placing them primarily
on the windward and leeward sides of the building, taking advantage of
pressure differentials. To enhance airflow rate within the building,
wider openings need to be situated at the center of the windward facade,
where the highest overpressure is attained. Furthermore, for improved
airflow pathways throughout the building, it is essential to sustain a
smaller inlet surface area than on the leeward side, which enhances the
air velocity at the inlet. Keeping the inlet-to-outlet ratio at 0.28 is
effective in accomplishing a proper free-flow path.

This finding, related to a real case study, confirms what was found by
Zhang et al. [86] in the analyses of an ideally cross-ventilated cubic
single zone. The study recommended an inlet/outlet ratio of less than
0.5 between the total inlet and outlet area to improve air distribution
within the building.

Simultaneously, a growing progression of air permeability, attain-
able through adjustments in section heights and indoor opening place-
ment and size, proved to be effective in ensuring continuity throughout
the building. A double-height space at 1/3 of the building depth pro-
vided with indoor openings allows an easier functional indoor layout,
ensuring airflow path interconnection between different building levels.
Likewise, an open stairwell helps channel the airflow, directing it to
other building areas. Further investigations should be carried out to
evaluate more in-depth their influence on the airflow distribution by
means of comparative analysis.

In addition, future investigations would also look more closely at
characterising the effect of wind on natural ventilation. This study
assumed that the wind effect is constant in intensity and direction and
evaluated the influence of surrounding environments empirically.
However, many studies have shown how this can adversely affect
ventilation rates [127-129] and how ventilation varies with atmo-
spheric stability [130]. In addition, fluctuations in wind speed and di-
rection, as well as air temperature and humidity, cause the ventilation
rate to deviate significantly from its mean value, as assumed in the study
[83,131]. Explicit modelling of the building surroundings, varying at-
mospheric stability, and several wind directions will be useful in future
CFD simulations to improve ventilation rate prediction accuracy.

18

Building and Environment 248 (2024) 111096

5. Conclusions

Given the evident impacts of climate change, it is undeniable that a
re-evaluation of the interaction between buildings and climate is
imperative to meet the challenging increase in global cooling energy
demand. Adopting the passive principles of bioclimatic architecture and
prioritizing the synergy between building design and the environment
must once again become central to the building design process, and
national policies must be used to promote their use, especially con-
cerning the UN Sustainable Development Goals. Natural passive cooling
methods, such as natural ventilation, have the potential to play a crucial
role in reducing energy consumption in contemporary building design
and in coping with the rising energy poverty, particularly in the Global
South.

Wind-induced cross-ventilation has undoubtedly proved to be the
most passive and effective ventilation method for buildings, especially if
cooling loads are to be reduced. Notwithstanding, the struggling chal-
lenge in empowering cross-ventilation potential within the buildings is
to ensure spatial continuity between the windward and leeward sides
against the indoor spaces’ layout needs. This objective turns out to be
even more complex when dealing with high-rise buildings, where, due to
the high-density building typology, the main design effort is made to
maximize the number of apartments available on the same floor.

In this study, the viability of ventilative cooling in an emblematic
cross-ventilated post-modernist high-rise building was investigated.
With a novel simulation methodological approach across multiple dig-
ital environments, the study demonstrates how cross-ventilation can
ensure affordable indoor thermal conditions even in adverse climatic
conditions like the Indian ones.

The ventilative cooling potential of NV, primarily through night-time
structural cooling, achieves notable improvements in indoor comfort
conditions. A maximum reduction in operative temperature of up to 5.3
°C compared to the scenario without natural ventilation and up to 6.4 °C
compared to the peak outdoor temperature on the hottest day. As daily
thermal excursion grows, the ventilative cooling potential of night-time
natural ventilation increases, providing a drop in operative temperature
up to 6.1 °C compared to no ventilated scenario.

Consistently with IMAC’s 80 % acceptability limits, cross-ventilation
ensures a reduction of up to 58 % of discomfort hours on the hottest day
and a total reduction of discomfort hours on typical monsoon and winter
days. The methodology and results of this study are intended to assist
architects and policymakers in quantifying the cooling potential of
natural ventilation in high-rise buildings, suggesting alternative passive
solutions for cooling energy saving.

Future work will include a more in-depth analysis of local indoor
thermal comfort to assess possible localized discomfort due to excessive
air velocity. A parametric study evaluating the influence of different
opening surfaces and dwelling depths on cross-ventilation potential will
be carried out to provide further design guidelines for better indoor
ventilation performance in high-rise buildings.
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