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Abstract

In Mumbai, India, around 42% of total population lives in
slums and these houses lack adequate daylighting and air
ventilation levels indoors. For this study, a slum house
was selected from the dense urban fabric of Mumbai. The
daylighting and CFD simulations were conducted to
understand the feasibility of integrating a low cost
chimney that would improve the indoor ventilation rates
and illuminance levels. Various cases were considered to
optimise the chimney location and height. The simulation
results indicate that the 0.8 m high chimney in the centre
of the house can increase the Air Change Rate (ACH) by
2 to 5 times and reduce the air temperature by 2°C to 4°C
as compared to the existing case the addition of chimney
also increased the room average illuminance levels from
75 lux in existing case to 300 lux.

Key Innovations

The study has proposed an optimized design of chimney
that has a potential to improve both the ventilation and
daylighting in single-storey slum houses in Mumbai
region

Practical Implications

As per Municipal Corporation of Greater Mumbai
(MCGM) census (2011), the population of Mumbai is 12
million and around 42% of population lives in slums, out
of which, 57% of these slum houses are one room. Owing
to the cramped living spaces, a typical slum house has
inadequate air-circulation, poor illuminance levels, and
limited outdoor views. This often results in substandard
indoor environmental quality and further leads to health
issues. This study focuses on providing a practical and
affordable solution that could be implemented easily to
tackle these problems.

Introduction

In India, an estimated 44 to 105 million people live in
urban slums (Millennium Development Goals database,
2009; Ministry of  Statistics and Programme
Implementation, 2013). Census data also indicates that a
large section of the metropolitan city population lives in
these informal settlements. For instance, around 42% of
Mumbai’s population lives in slums or ‘Chawls’
Municipal Corporation of Greater Mumbai census,
(2011), and it is projected that this statistic will further
increase. The comfort conditions in these settlements are
very poor and the occupants live in substandard

daylighting and air ventilation rates (Sarkar and Bardhan,
2020).

This study aims at analysing the capability of the
proposed strategies to improve indoor air ventilation and
daylighting levels in a single room slum dwelling. The
compact and adjoined spaces in slums don’t allow open
planning and restrict the provision of external
fenestrations which results in poor airflow (Bardhan et al.,
2018). Also, the presence of utilities and toilets within the
living spaces make the air quality worse. The daylight
penetration in slum houses is also limited due to the dense
planning and small windows that hinder the sky view. The
constricted space only allows minimum daylight inside
the rooms which results in substandard illuminance
levels.

To improve the indoor ventilation and daylighting levels
in the slum house in Mumbai, an optimized design of
chimney was proposed to be installed on the roof. There
are many studies that indicate the positive effects of
integrating chimneys as an effective passive strategy for
addressing ventilation issues. The study conducted by
Bansal et al. (1994) showed that the integrating a chimney
was able to promote natural ventilation for low wind
speeds. Nugroho (2009) assessed the passive cooling
performance of a solar chimney using field measurement
and showed that it can reduce the air temperature in a
space. Zha et al. (2017) demonstrated that for a full-scale
solar chimney of 6.2 m length, 2.8 m width and 0.35 m air
gap, the air flow rate of 70.6 m3/h~1887.6 m3/h can be
achieved during the daytime. The chimneys perform best
duting transition seasons, when external conditions are
favourable (Zha, 2017). It could also save 14.5% of
energy when integrated in the system.

The geometrical parameters of chimney, such as the inlet
size and width were analyzed by Bassiouny and Korah
(2008) to predict the flow pattern in the room. He
concluded that three times increase in the inlet size could
improve the air change rate per hour (ACH) by almost
11 %. However, increasing the chimney width by a factor
of three improved the ACH by almost 25 %.

Kalkan and Dagtekin (2016) used black paint to facilitate
the stack effect of chimney. He studied a specific design
of solar chimney with glazed surface oriented towards the
sun, a massive black painted inner wall, an air channel and
air ventilation ports for inlet and outlet air. The
temperature difference created an updraft of air which
escaped from the upper chimney aperture and created
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negative pressure in the shaft. Among the geometrical
parameters, the solar chimney’s stack height, depth and
width had a direct relationship with the output air speed
(Tan and Wong, 2013). Greater the solar chimney’s stack
height, depth or width, the larger the output air speed.
However, the solar chimney’s inlet position was found to
have limited influence on the output air speed.

Objective

The main objective of this simulation study was to
propose an optimized integrated passive strategy which
enhances indoor daylighting and air ventilation levels in
single-storey slum houses in Mumbai.

Slum house details

An actual slum house was modelled along with its context
of adjacent buildings as shown in Figure 1. The slum
house was a ground floor, single room house located in
Andheri East, Mumbai, India.

Figure 1 Model context and geometry

The selected slum unit is show in blue, in Figure 1, and it
was surrounded by G+1 or G+2 houses from all sides.
The fenestrations were present only on the southern side
of the room. There was only one window (0.8 m*0.7 m),
one door (0.75 m*2 m) and one exhaust fan of (0.3 m dia)
in the existing space.

Table 1 Model inputs

Parameter | Value

Location and | Mumbai (Warm and Humid climate)
climate

Weather file | MumbailWEC.fwt

Orientation North-South facing

Floor Ground floor

Room inner | 2.8 m*2.8 m*2.7 m

dimensions | (including bathroom and kitchen)

(L*W*H)

Fenestration | Window — 0.8 m *0.7 m (South

dimensions | facing)

(L*H) Door - 0.75 m *2 m (South facing)
Exhaust fan — 0.3 m dia (South facing)

Envelope Walls — Brick 0.23 m (1.3 W/m2K)

details

Roof — Asbestos cement sheet 0.012 m
(5.7 W/m2K)

The space was occupied by four people, out of which, one
was an office going employee, a homemaker, and the
other two were school going kids. Considering this
schedule, the occupancy was calculated to be around 60-
70% of the total time, which could be even higher during
weekends or in current situation of COVID restrictions.
Most of the dwelling units were occupied by single
(nuclear) families. Some occupants go out for work, while
some had household business. The door and window were
usually kept open throughout the day and had curtains to
maintain privacy.

The house had only one room which was used for multiple
purposes. The cooking, sleeping, storage and living areas
were all within this compact room. The area near the
window was used as a bathing area (Figure 2) and there
were no toilets present in the room. These conditions
result in poor ventilation and daylighting levels.

a. Entrance (outside)

¥ lof] By B
Figure 2 Images of the slum house

Methodology

The simulation methodology was divided into two parts —
the Computational Fluid Dynamics (CFD) analysis and
daylighting analysis. The CFD analysis was conducted
using IESVE version 2021 and daylighting analysis was
done with Design builder version 6.1.6. To address the
issues of inadequate ventilation and lighting, the study has
analysed the effect of installing a chimney at the roof. To
initiate the performance analysis of proposed cases, the
chimney dimensions were considered to be 0.7 m*0.5
m*0.6 m (length*width* height). The proposed cases with
different chimney positions and heights were evaluated
through simulations. Figure 3 summarizes the cases that
were analysed for its daylight and ventilation
performance. Firstly, the position of chimney was moved
on X-axis (left, right and centre), to Y-axis (front and
back). Secondly, the height of chimney was changed from
0.4 m, 0.6 m, 0.8 mand 1 m to check the impact on air
flow rates.
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Position variation  Position variation Chimney height

(x-axis) (y-axis) variation
(chimney height  (chimney height =
=60cm) 60 cm)
Left Forward 0.4 m

0.6 m

Back 0.8 m

Figure 3 Iteration cases

The effect of solar-induced stack effect was analysed in
terms of overall ACH in the room. The proposed chimney
had translucent acrylic sheet on all four sides (South
surface was painted black) that would help in increasing
the daylighting levels in the room. The effect of its
integration in the space was quantified in terms of
improvement in illuminance levels and ACH.

Standard reference for CFD and daylighting analysis
The National Building Code (NBC) — 2016, of India was
referred for determining the threshold values for adequate
ventilation and daylighting levels in the space. There was
no defined segregation of space in terms of kitchen,
bathing or living rooms as the same room was used for
multiple purposes. Thus, the required ACH threshold for
this house was derived using the area-weighted-average
method, where, the required ACH values for living room
(06 ACH), kitchen (12 ACH) and bathroom (10 ACH)
were considered from NBC-2016. The required ACH for
the room was calculated to be 9 ACH. Moreover, the
adequate daylighting threshold was taken as 300 lux
(average) for the given space.

CFD simulation methodology

The CFD modules of IESVE were used for conducting the
CFD simulation and analysis. The construction, material
and operations of the existing house were finalized based
on the onsite collected data. The Business-as-usual
(BAU) or ‘base case’ model was created in the simulation
software by using these defined parameters. The slum
house model was created in the ModellT simulation
module along with its surrounding context. This was

followed by defining the natural ventilation parameters
for fenestrations, such as, opening area, opening
percentage, and operation schedule, etc., in the MacroFlo
module.

To initiate CFD analysis, the whole building annual
thermal simulations were conducted for the base case to
understand the variation in parameters, such as, air
velocity (external and internal), air flow patterns, surface
temperature and air temperature (indoor and outdoor).

To define the boundary conditions, the hourly data for
outdoor air flow rates were analysed for their annual
frequency, as shown in Figure 4. The relevant dataset with
more than 80% of occurrence in a year was considered for
further analysis. The selected 80% of dataset was
arranged in ascending order to identify the minimum,
average and maximum air flow rates, which were later
defined as boundary condition for the CFD simulation.
Also, the maximum outdoor air temperature (°C) at the
window for minimum, average and maximum air flow
rate were selected to form the set of boundary conditions
as shown in Figure 5 below.
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Figure 5 Data sets for boundary conditions

Next, the boundary conditions were defined in the models
of the base case and proposed case. The ACH levels were
determined to compare the performance of ventilation
rates in the base case and the proposed cases. Finally,
these boundary conditions for a particular date and time
were exported from VistaPro to MicroFlo module for
CFD simulations.
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Table 2 CFD model inputs

CFD model inputs Value
Grid line merge tolerance 0.01
Grid size (x,y,z coordinates) 01lm
Turbulence model k-epsilon
Termination residual 10-5
Outer iteration 100
Inner iteration 03

Daylighting simulation methodology

The daylighting analysis was conducted using Design
Builder and the simulation model was prepared as per the
existing house. The onsite illuminance levels were
measured using the lux meter and the base case model was
validated with it. The artificial lighting fixtures were
turned off during the onsite measurements to capture only
the daylight levels. The internal surfaces had dark colour
paint on them and most of the wall surfaces were utilized
for storage. This reduces the effective surface reflectivity
of walls, the measured values of which were taken in the
simulation model. Table 3 summarizes the daylight model
input.
Table 3 Daylight model inputs

Daylighting inputs

Value
Window VLT 30%

Chimney translucent surface VLT 60%
(Acrylic sheet)

Wall reflectance 0.25
Floor reflectance 0.20
Ceiling reflectance 0.30

11" Oct 2020, 14:00
Overcast sky
11" Oct at 14:00

Measurement date and time

Sky condition during measurement
Simulation date and time

(only for model validation)
Simulation date and time

(for simulation cases)

Sky condition for simulations

21t Sep at 12:00

Overcast sky

Task height 0.75m
Grid size 0.3m*0.3m
Ambient bounces 2

Summarized overall methodology

The overall methodology of CFD and daylighting
simulation process are summarized in Figure 6. The CFD
simulations were conducted for the base case to
understand the existing ventilation conditions. The results
indicated that the house was not complying with the NBC
standard, but the addition of chimney was helping
significantly with the improvement of air flow rates in the
space. The position of chimney was analysed followed by
the variation in heights. Once the chimney specifications
(position and height) were finalized from the CFD
analysis, the daylighting analysis was conducted for the
final proposed design.

CFD analysis —

Base case

Preparing Basecase model
with context

Hopening area & schedule,
location, etc

design the solution for
80% of the outdoor
conditions

Considering the min.

flow rate at window

As the space 13

Defining input parameters

Sorting of weather data to

Have., and max. outdoor air

CFD analysis —
Proposed case

Analyzing the effect of
0.6m height chimney at
min., avg., and max.,
outdoor air flow rate

Determining optimum
chimney position:
changing it on x-axis
(right, center, left) and y-
axis (top. center, bottom)

Determining optimum
chimney height (with
center position): vaned
heights like 0.4m, 0.6m,
0.8m and Im were
modelled

Modelling the base
case vs final
proposed case
(based on CFD
analysis)

Simulating the
impact of
translucent surface
orientation and
VLT (N,S.EEW.T)

Final design — All
sides (except S)
with 60% VLT

multifunctional, 9 ACH
threshold 1s derived from
the NBC-2016

Figure 6 Process for CFD and daylighting simulation
Results and discussion

The CFD and daylighting analysis were conducted for
checking the performance of the different proposed cases.
This section contains the CFD and daylighting simulation
outputs and the result discussion.

CFD simulation analysis
The CFD simulation was conducted to analyse the
effectiveness of the varying chimney position and height.
The derived NBC threshold of 9 ACH was taken for
analysing the performance of the cases. As shown in
Figure 7, the base case air change rates were ranging
between 4 ACH to 7 ACH (from minimum air flow to
maximum airflow), and were not meeting the
recommended NBC threshold.
Base Case performance at different air flow
rates

Vmax = 80 CFM or 0.04 m3/s 7

Vavg. =64 CFM or 0.03 m3/s 6

Vmin =45 CFM or 0.02 m3/s 4

Volume Flow Rate, (CFM)

Threshold =9 ACH

0

—
=)

ACH base case

Figure 7 Bascase performance at different air flow rates
Air change per hour (ACH)

Chimney position optimisation

The performance of chimney was tested for varied X and
Y axis locations on the roof. Indoor temperature and ACH
levels were compared amongst proposed cases to
determine the best chimney position. When the chimney
was added in the room, the ACH improved by 4 times the
local benchmark requirement (National Building Code,
ACH =9) compared to the base case. However, there was
a marginal difference observed in the ACH values when
the chimney position was moved X & Y axis (Figure 8).
This could be attributed to the small room size which was
resulting in almost similar ventilation performance for
varied chimney positions. Therefore, it can be inferred
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that the chimney can be installed on any location on the
building roof, however for analysing the upcoming cases
for varied chimney height it was considered to be
centrally positioned.

Chimney Position Optimisation

Front Chimney NN 290

37.3

Back Chimney  —— 38.1
Middle Chimney I 2.0 38.3
Right Chimney I :.0 37.7
Left Chimney I 8.0 .
0.0 10.0 20.0 30.0 40.0

m Indoor Temperature ACH

Figure 8 Effect of Chimney position on ACH (max.
temperature and max. air flow)

Chimney height optimisation

Similar parameters of indoor air temperature and ACH
were analysed to quantify the effect of change in chimney
height. Figure 10 compares the effect of changing
chimney heights on ACH levels at varied air flow rates. It
was observed form the graph that the performance of
chimneys at heights 0.4 m and 0.6 m did not meet the
required threshold of 9 ACH, when operated at the
minimum volume flow rate (45 CFM). However, when
the chimney height was increased to 0.8 m or 1 m, it was
able to meet the thresholds even at the minimum flow rate.

Proposed Cases -
Changing position of
Chimney (height 0.6m)

Laft

Base Case
(without any chimney)

Proposed Case -

Chimney height 0.4m  Chimney height 0.6 m  Chimney Height 0.8m

This was due to the fact that the chimney height has direct
impact on the stack effect induced within the space and
influences the suction of the indoor air. Although the
ACH levels were improving with increased chimney
height, once it goes beyond 0.8 m, it was not showing
significant change. Therefore, it is recommended to install
the 0.8 m height chimney as it is not only providing the
required ACH levels but would also be cheaper and easy
to install compared to 1 m height chimney.

ACH at Different Chimney Heights (H) & Vol. Flow

Rate (V)
45 41
. 41
10 38
35 33
30
L 25
< 20
15
tluei]mldJu———— —————— _ - - _ - -
=9ACH 5§
=04m =06m =0.8m =10m

® Vmin = 45 CFM or 0.02 m3/s m Vavg. = 64 CFM or 0.03 m3/s
Vmax = 80 CFM or 0.04 m3/s

Figure 10 Effect of Chimney height on ACH

Figure 9 provides the details and comparison for the
change in room air temperature of the simulated models.
The CFD analysis of the base case, which had no
chimney, shows that the existing indoor air temperature
for max, avg and min air flow was 31°C, 30°C and 27 °C
respectively. When a chimney of 0.6 m height was added,
the temperature dropped to 29°C, 27°C and 26°C for max,
avg and min air flow respectively. Although the addition
of chimney indicates reduction in room air temperature,

Proposed Case - Final Proposed Case - Proposed Case -

Chimney height T m

Max flow & max tamp
145 Oct 12:30 PM

Avg flow & max tamp
14%Apr 11:30 AM

Aax Sow & max tamp
I4*Oct 12:30 PM

Avg flow & max tamp
14% Apr 11:30 AM

Max flow & max tamp
149 0ct 12:30PM

Avg flow & max temp
14% Apr 11:30 AM

Max flow & max temap
147 Oct 12:30 PM

Avg flow & max tamp
4 Ape 11:30AM

Max flow & max temp
14* Oct 12:30 P

Avz flow & max tamp
14% Apr 11:30 AM

» Forward

Mo flow & max teenp

Min Bow & max temp

Min flow & meax t=mp

e .

Min flow & max temnp Ain flow & max teenp

1¥Fab 11:30 AM 1*Fab 11:30 AM 1¥Fab 11:30 AM 1#Feb 11530 AM 1<Feb 11:30 AM
1 E
Figure 9 CFD analysis for Base case and Proposed cases - air temperature distribution
Proceedings of the 17th IBPSA Conference 2856

Bruges, Belgium, Sept. 1-3, 2021

https://doi.org/10.26868/25222708.2021.30990



INTERNATIONAL
BUILDING
PERFORMANCE
SIMULATION
ASSOCIATION

but there was no significant change seen when the
chimney was moved from left, right or center position
(with same height of 0.6 m). This could be owing to the
fact that the analyzed space was a small room, however,
the integration of the proposed solution was able to
increase the air flow and reduce the air temperature within
the room.

However, the change in chimney position on X and Y
axis did not have much effect on the indoor air
temperature. Since the variation in chimney position did
not show a significant difference, it was finalized to be
centrally positioned as it would have positive effect on
daylighting distribution. Once the chimney position was
finalized to be in center, the effect of its height variation
was analyzed. When the chimney height was reduced
from 0.6 m to 0.4 m, there was slight increase in room air
temperature. However, if the chimney height was
increased to 0.8 m or 1 m, slight decrease in air
temperature was observed. Thus, it can be observed that
through chimney there was drop in the room’s indoor air
temperature and increase in indoor air flow rate.

Daylighting analysis

The daylighting analysis was conducted to analysing the
effectiveness of chimney in improving the illuminance
levels inside the slum house. Different cases of chimney
opening orientations were analysed to propose a final
design that helps in increased daylight levels in the space.

Daylighting onsite measurements

The daylighting simulations were conducted after
validating the base case model with onsite illuminance
measurements. The values were measured at three
different intervals of the floor plan. The surface
reflectance was also measured onsite for the purpose of
using actual values in the daylighting simulation. Figure
11 highlights the onsite daylighting measurement using
lux meter. During illuminance measurements, all the
fenestrations were open and the lighting fixtures were
turned off. However, for the surface reflectance
measurements, the lighting fixtures were turned on since
the daylighting levels were so poor that we couldn’t
measure the incident illuminance and reflecting
illuminance on the wall.

Y ' W
Figure 11 Onsite illuminance level & surface reflectance
measurement

The illuminance levels were recorded to be 20.9 lux near
the fenestrations (south wall) and 1.7 lux towards the end
of the room. These readings were much below the
required threshold of 300 lux as per National Building

Code (NBC) 2016 of India. Due to the compact planning
of the surrounding houses, it gets impossible to achieve
adequate daylight levels in these slum houses. Figure 12
shows the measured illuminance levels at different
intervals of room and the corresponding simulated values.
There measured vs simulated values for illuminance were
matching, thus, the same base case model was used for
analysing the proposed cases. Other input parameters for
the simulation model are explained further in the
daylighting methodology section.

1.7 lux
L ]

5.3 lux

20.9 lux
L]

Window Door

Figure 12 Base case simulation model validation with
onsite measurement

Daylight optimization and analysis

Once the base case model was validated, the proposed
case was simulated with different orientations. Total 5
cases were analysed with translucent material on different
sides of the chimney.

Sr. Orientation llluminance Uniformity Min Avg

No of opening image ratio (Min / lux  lux
Avg)

. 0.004 0.03 8.6

1 Basecase

2
0.081  40.74 503
3
0.058 16.58 280
4
0.138  41.74 301 lux
lsoo
400
5

B 300

200

81
I100

In first case, all five sides (North, South, East, West and
Top) were considered to be made of translucent acrylic
sheet louvers. In rest other cases, the translucent surface
was considered on following orientation - EWNS, EWNT
and EWN. A translucent acrylic sheet with visual light
transmittance of 60% was considered for all the models.
As seen in Figure 13, all the proposed cases are able to

0.16 13.01

Figure 13 Daylighting simulation results
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increase the illuminance levels significantly. However,
the proposed case 04 was able to provide an average of
300 lux in the space as compared to base case, which only
had an average lux of 8.6 lux. Thus, it is recommended to
consider design case 04 for achieving adequate
daylighting levels without causing excessive glare like
conditions in the space.

Conclusion

The proposed solution is exhibiting significant
improvement in indoor environmental quality. Based on
the analysis for the given house unit, it is recommended
to have a chimney (0.7 m*0.5 m) height of 0.8 m for
improved ventilation rates (Figure 14). The proposed
design is also enabling the space to meet the NBC lux
thresholds due to the presence of translucent acrylic
sheets on all five surfaces (E,W,N,S,T). It is also
suggested to paint the South side of chimney black to
control the direct sunlight penetration to an extent.

Louver design
(zoomed-in detail)

Chimney Design

Figure 14 Proposed chimney design and specification

Effect on ventilation

The proposed solar chimney is inducing a stack effect that
aids in providing adequate air exchange in the rooms.
Even at minimum air velocity (45 cfm), the proposed
chimney is able to increase the ACH values from 4 ACH
in base case to 10 ACH in proposed case, which is above
the derived NBC standard requirement of 9 ACH. At
maximum air velocity (80 cfm), the increase is 5 times,
from 7 ACH in base case to 41 ACH in the final proposed
case. The overall increase in air change rates is around 2
to 5 times in comparison to the existing case. Along with
improved air exchange rates, there is also 3°C to 4°C
reduction in the indoor air temperature in proposed case
as compared to base case. This is significant in terms of
providing healthy living conditions to the occupants.

Effect on daylighting

From daylighting perspective, the integration of proposed
chimney is enabling effective daylight penetration within
the spaces. This proposed solution is resulting in an
average increase of almost 300 lux in the living spaces.
Uniformity ratio (min/avg) has also improved from 0.004
to 0.13. The Illuminance levels have also met the NBC
standards requirement in the proposed case. The increase

in illuminance levels have resulted in significant
improvement in visual comfort conditions.

In conclusion, the integration of proposed chimney is
significantly improvising the room ventilation and
daylighting conditions for the occupants living in slum
houses. The existing compact planning calls for an
effective solution that helps in delivering adequate air
quality and daylighting levels in the spaces.

Future scope and limitations of the study

The existing study was conducted for a single room
ground floor slum unit situated in the dense fabric of
Mumbai city. Through the simulation analysis, the
authors had proposed to integrate the chimney that would
improve the existing ventilation and daylighting
conditions in the house. The current study can be
extended on the following topics:
e Proposing strategies for other housing typologies
having multiple floors, such as, G+1, G+2 etc.
¢ Analysing the effectiveness of high-level fenestrations
in housing typologies having ground and mid floors
(like G+1, G+2 etc.).
e Conducting detailed thermal comfort analysis for the
space.
e Analysing the cost of the system and comparing it
with other existing strategies.
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BMC: Bombay Municipal Corporation
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