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Abstract 

Residential apartments in India designed with prototype 

designs and natural ventilation based solutions for wind 

incidence angles (WIA) can address the rise in cooling 

loads. This research studies a prototype cluster using  a 

water table apparatus to analyse multi-zone ventilation 

flow with evaluation of relevant architectural details and 

multiple WIAs. The design modifications are evaluated 

including shading, openings, wing walls while 

considering structural, circulation and furniture layout 
issues. The proposed modifications are able to achieve 

more than 80% good access to ventilation to all the units 

for all WIAs while some showed more than 90% good 

access to ventilation. 

Introduction 

About 5.25 million residential units will be added each 

year until 2030 in India, the world’s third largest energy 
consumer, where 45% of the electricity in the residential 

sector is used for ventilation and air-conditioning (EIA, 

2016; Kumar, 2016; Climate Works Foundation, 2010). 

A survey of architects conducted in Pune, India, showed 

that despite designing bedrooms for cross ventilation, 

60% reported making provisions for air-conditioning 

(AC) units such as shelves, chases, electrical outlets, etc. 

New apartment blocks are designed by re-arranging 

prototype designs of individual units, which presents a 

huge opportunity to improve the natural ventilation (NV) 

of the prototypes to reduce the future installation or use 
of ACs and the resulting cooling energy use.   

Of the survey participants, only 20% have reported the 

use of simulation tools through their consultants, while 

67% use intuitive judgement or experience to design 

NV. The performance of NV depends on various 

parameters like orientation, wind incidence angle (WIA), 
form, the openings, obstructions, etc.  Owing to the 

complexity of airflow in the buildings as a result of 

interior partitions and openings, it is difficult to correctly 

anticipate wind flow before the building is erected.  

Previous research used physical modelling tools like 

wind tunnels, smoke test chambers, salt baths, water 
tables. These methods use air or water as a medium to 

visualize airflow and give limited but useful data for 

design decisions. These physical modelling tools use 

soap bubbles, kerosene smoke, titanium tetra chloride 

smoke, etc. to create markers that reveal the airflow 

pattern. The WTA developed at CEPT University, 

however, uses potassium permanganate water to displace 

the clear water in the table to help visualise the air-flow 

path and has been validated by comparing the flow 
patterns with those from a smoke chamber test (Royan, 

2018).  The displacement approach also enables the 

calculation of various ventilation metrics (Mundhe, 

2018). 

This study documents the use of water table simulations 

for a cluster prototype of 1-bedroom-hall-kitchen 
(1BHK) typology of a typical multifamily residential 

design in Pune, India. Ventilation is analysed in terms of 

percentage of area with good or poor access to 

ventilation. This study, considers realistic conditions like 

internal partitions, partial closing of openings with 

sliding shutters, etc. In previous studies exterior 

fenestrations were assumed to be shaded when 

ventilation analyses were conducted. This study however 

first solves the shading problems for different 

orientations before testing the designs for NV. Royan 

(2018) established a methodology to quantify percentage 

of well-ventilated area, area of dead spots, air change 
rate and mixed air temperature. Based on this 

methodology, the effectiveness of the apparatus to 

quantify the results of different design decisions such as 

WIA, opening sizes, and internal obstructions have been 

examined. However, the WTA is limited to wind 

pressure driven effects and lacks the ability to model air 

flow due to buoyancy.  For apartments where most 

openings are at the same height the buoyancy effects are 

ignored and the WTA is considered an adequate 

simulation tool.   

 

Figure 1: Building Floor Plan 

A 14-storeyed residential building located in Pune, India 

was used to select a prototype cluster of apartments. The 

latitude is 18.5ºN and Pune falls in the moderate climatic 

zone in India. The city experiences a maximum 

temperature of 41.3ºC, and a minimum of 5ºC, and had 

2610 cooling degree days (base 18ºC) in the past 12 

months. The building comprises of two identical clusters 
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of four identical 1BHK units on each floor. Though the 

study area was limited to a single cluster (highlighted in 

red in Figure 1), the model included additional adjacent 

units (highlighted in blue in Figure 1) to account for 

their impact. Figure 2 shows a 3-D model of 1BHK unit. 

 
Figure 2: 3D Model of 1BHK unit 

Methodology 

Identification of base case conditions  

To analyse the performance of the existing design (base 

case) for NV, a bare bone structure of the design was 

modified to represent conditions that are most likely to 

prevail during occupancy. These are:  

 Typical sliding window shutters with 1/3rd area of 

the opening blocked due to the stacking of shutters 

when fully opened.  

 Main entry doors remain closed for privacy, bedroom 

doors remain open in 1 BHK apartments, windows 

and doors of kitchen remain open, and toilet and 

bathroom doors remain closed at all times.  

 Windows and glazed doors that allow direct solar 

radiation to enter when the outdoor dry bulb 

temperature exceeds the comfort range will have 

curtains to be drawn, resulting loss of the almost all 

of the opening area for NV. However, if shaded, 

these doors/ windows can be expected to remain 

open without the curtains being drawn allowing NV. 

Comfort range is based on ASHRAE Standard 55-

2010 Adaptive Model.  

Water table runs  

A video of each WTA run was recorded using a smart 

phone camera mounted above the water table.  The 

videos and still images captured were used for analysis. 

Ventilation analysis was done for the existing prototype 

design for 8 WIA’s, namely 0⁰, 45⁰, 90⁰, 135⁰, 180⁰, 
225⁰, 270⁰ and 315⁰ with the above base case 

conditions. Based on the quantitative analysis in terms of 

areas under good and poor access to ventilation, 4 worst 

performing WIAs were selected for further study to 

develop design modifications. Shading analysis for all 

openings have 2 best orientations that allowed the design 

to provide NV for all hours of the year. The combination 

of the 2 orientations with the 4 WIA’s gave a total of 8 

cases to solve. Using qualitative analysis of the flow 

patterns, problem areas in the design and the 
architectural elements causing it were identified. A 

sequence of design modifications for each case were 

proposed and tested in the WTA. The goal was to 

maximize the area with good access to wind-induced 

NV.   

Qualitative analysis  

The design elements that caused undesirable deviation in 

the airflow were noted by studying the flow path of the 

dyed water through the designed enclosure in the WTA. 

This was done by extracting images at every interval of 

5 seconds from the documented video.  

Quantitative analysis  

Quantification of ventilation performance was done 

based on the areas under good and poor access to 

ventilation as described by Royan (2018). A common 

time frame was chosen for all the experiments when the 

flow was in a steady state and the patterns were clearly 

observable. The images of this timeframe were 

processed to divide the entire range of pixels into 6 

bands where the 3 darker bands represented the areas 

under good access to ventilation and 3 lighter bands 

represented the areas under poor access to ventilation.  

Shading analysis  

Using the TMY weather file, Dry Bulb Temperatures 

(DBT) for the period between sunrise and sunset for 

Pune were compared with the comfort range from 

adaptive model in ASHRAE Standard 55-2010. Hours 

when the DBT exceeds the comfort range were 

identified as those that need to be shaded. Vertical 

Shading Angles (VSA) of the existing shading devices 

were calculated. Using the solar profile angles for each 

orientation, shading effectiveness of existing shading 

device was analysed and the hours for which the existing 

design does not provide shade were noted. To account 

for the complete 3-dimensional shading effect of the 
existing design, including adjacent and opposing walls, 

shading masks of the existing conditions were drawn and 

overlaid on the sun path diagram for Pune and the hours 

for which the existing design does not provide shade 

were noted. Horizontal shading devices (HSA) were 

given a priority in proposing shading solutions, since as 

per Lee, Alshayeb, and Chang (2015), horizontal devices 

are more effective in cooling energy saving while having 

a minimal impact on cross ventilation air flow. 

Results and Analysis 

Analysis of existing design 

On comparing leeward units for all WIA’s, units 2 and 3 
gave least (less than 50%) good access to ventilation (see 

Table 6 for results). Further, unit 2 gives worst 

performance (2% for 90⁰ WIA and 0% for 135⁰ WIA) 

for good access to ventilation. This is because a major 

portion of the air reaching unit 2 escapes out through the 

adjoining open areas. Contrary to this, the openings of 

unit 4 that face open areas, which enables it to get good 

access to ventilation for all WIA’s. WIA’s with less than 

75% of their total area with good access to ventilation, 

i.e. 45⁰, 90⁰, 135⁰ and 315⁰ were selected for further 
study. Figure 3 shows images of common steady state 

frames for selected WIA’s. 
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Figure 3: Common Steady Images of selected WIA’s 

Shading Analysis 

The section below shows the detailed shadow analysis 

for one condition, i.e. the door and window of the 

exterior wall of kitchen of unit 1 facing the East 

direction. The weather data analysis in Table 7 shows 

the months and time of day with outdoor DBT, and the 

hours when the DBT exceeds the comfort range 
according to the adaptive comfort model in ASHRAE 

Standard 55-2010 are highlighted in red. For the months 

of April and May, DBT exceeds the comfort range from 

10:00 onwards. For July, August, September and 

December, the DBT exceeds the comfort band 12.00 to 

16:00. April has longest duration where DBT exceeds 

comfort range. 

Table 1: Solar profile angles for East facing condition 

shown in degrees 

Month 08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Jan 22.70 54.90 90.00 0.00 0.00 0.00 0.00 

Feb 25.70 56.80 90.00 0.00 0.00 0.00 0.00 

Mar 28.80 58.70 90.00 0.00 0.00 0.00 0.00 

Apr 31.90 60.60 90.00 0.00 0.00 0.00 0.00 

May 34.20 61.90 90.00 0.00 0.00 0.00 0.00 

Jun 35.10 62.40 90.00 0.00 0.00 0.00 0.00 

Jul 34.20 61.90 90.00 0.00 0.00 0.00 0.00 

Aug 31.90 60.60 90.00 0.00 0.00 0.00 0.00 

Sep 28.80 58.70 90.00 0.00 0.00 0.00 0.00 

Oct 25.70 56.80 90.00 0.00 0.00 0.00 0.00 

Nov 22.70 54.90 90.00 0.00 0.00 0.00 0.00 

Dec 21.50 54.10 90.00 0.00 0.00 0.00 0.00 

As seen in Figure 4, the VSA for the exterior overhang 

above K1 window and door is 73.64⁰. Table 1 shows the 

profile angles for the sun for an East facing wall.  Of the 

hours identified in Table 7 when the DBT is higher than 

the comfort band, those that are shaded in the current 

design are highlighted in yellow in Table 1.  Thus, 10:00 

in the month of April and May are the only hours that 
are not shaded by the exterior overhang above.  

 

Figure 4: Shading Devices in the Current Design 

 

Figure 5: Shading mask for the shading device in the 

current design, overlaid on the sun path diagram for 

Pune 

Figure 5 identifies the relevant shading angles to get the 
VSA and HSA in the current design.  These are used to 

develop the shading mask shown in Figure 5, where the 

hatched area is the portion of the sky that is shaded.  It 

also shows the sun path diagram overlaid on the mask. 

The overlay shows that the existing shading device fails 

to shade the interiors at 10:00 of April and May. 
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Figure 6: Proposed Shading Device 

Table 2: Shading Analysis for Proposed Shading Device 

Month 08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Jan               

Feb 
 

            

Mar               

Apr               

May               

Jun               

Jul               

Aug               

Sep               

Oct               

Nov               

Dec               

Figure 6 shows proposed shading device that includes 
installation of a Howe truss along with the tensile fabric 

running diagonally across the width of the duct, which 

measures 8.15 m x 6.90 m, installed at the terrace 

parapet level.  The red outline in the key plan highlights 

the location of the truss in the floor plan. Table 2 

documents the hours when the proposed shading device 

provides shade (highlighted in yellow). 

Similar process was carried out for all other conditions 

and for all windows and glazed doors. Shading analysis 

showed that only orientation with bedrooms facing north 

and south could be shaded adequately to allow NV. 

Table 5 shows 3D models of all the shading devices 

proposed along with their indicative illustration. Table 6 

shows the application of the proposed solutions for their 

respective orientations. Except for the bedroom 

fenestration facing north and south, all other 

fenestrations have been provided with only horizontal 

shading devices. 

Table 3: Shading Solutions Proposed for Fenestration in 

Existing Design 

K 

3D 
model 

    

Symbol     

BR 

3D 
model 

   

 

Symbol     

TR 

3D 
model 

  

  

Symbol     

Alt. 

TR 

3D 
model 

 

   

Symbol     

Table 4: Application of Proposed Shading Solutions 

Proposed 

  East West North South 

Kitchen 

Unit 1   NA  

Unit 2   NA  

Unit 3   NA  

Unit 4   NA  

Bedroom All units     

Terrace All units   NA  

Alternate 

Terrace 
All units NA  NA NA 

Modifications Proposed 

 

Figure 7: Good access to ventilation for experiments 

with/without shading device 

Figure 7 shows the results for selected WIA’s with and 
without shading devices. Though the primary intention 

of the shading device was to provide shade causing 

minimum interference to its ventilation performance, 

analysis shows that shading devices have improved 
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ventilation performance by 15% for 45⁰ WIA, 12% for 

90⁰ WIA, 1% for 135⁰ WIA and 9% for 315⁰ WIA. 

Though the study was carried out to solve 4 WIA’s, this 

paper only documents results for 2 WIA’s. 

Table 5: Modifications for 90⁰ and 135⁰ WIA 

Experiment Modification Anticipated Results 

1 NA (existing design) NA (existing design) 

2 
Introduction of proposed 

shading devices 

Shading devices parallel 
to the wind direction to 
cause no impact on the 

ventilation performance 

3 

Introduction of ventilator 
openings on walls at side 

1 of L1 and L2 and on 
walls at side 3 of L3 and 

L4 and stacking the 
shutters of the opening in 
L1 to side 2 along with 

the proposed shading 
devices 

Direct passage of flow 
from living rooms of 

windward units to 
living rooms of leeward 

units through 
introduced ventilator 

openings. 

4 

Introduction of a double 

shutter self-closing door 
in the common passage 

area along with the 
modifications in E3_3 

Create more positive 
pressure by the 

ventilator openings in 
the leeward units than 
any other openings in 

the common lobby area 

5 

Increase in width of the 
ventilator opening by 

0.3m in the living rooms 
of leeward units only 

Reduce eddy formation 
in the flow at the 

entrance of the leeward 
units and provide better 

flow through them. 

6 

Introduction of window 

openings in BR1 and BR2 
on side 2 along with their 
respective wing walls and 
proposed shading devices 

and with the 
modifications in E3_3 

Improved access to 
ventilation to respective 
bedrooms through the 
introduced window 

openings. 

 

Figure 8: Proposed Common Design Modifications 

Table 5 shows the series of experiments conducted to 

solve 90⁰ and 135⁰ WIA with the modifications tested 

for their performance and anticipated results. These 

modifications came from the qualitative analysis of the 

base case experiments. Figure 8 illustrates these 

modifications in the plan. Habitable areas like living 

room, dining room, terrace, alternate terrace, bedroom, 

kitchen, entrance lobby, passage, utility, toilet and 

bathroom  in the units are denoted as L, D, TR, Alt. TR, 

BR, K, LO, P, U, T and B in the Figure 8. 

Qualitative Analysis for 90⁰ WIA (E3) 

1. Experiment 2 (E3_2) (with shading device)  
Since the incident wind is perpendicular to the openings 
in unit 3 and 4, these units get good access to ventilation 

(Image 2_1 in Figure 13). Large eddy formations 

observed in habitable areas of unit 1 and 2 due to 

number of obstructions in L, D and K (Image 2_2 in 

Figure 13). Toilets and bathrooms of these units block 

windward side for their respective bedrooms causing 

them to get least access to ventilation. Although unit 2 

gets an additional source of ventilation from the 

common passage, the flow in unit 2 is less than unit 1 

because of the open areas around the staircase block 

which draws the flow out (Image2_1 in Figure 13).  

2. Experiment 3 (E3_3) (with L ventilators)  
The ventilator opening in the living room of unit 3 and 4 

causes the flow through it to flow out into the common 

lobby area. (Image 3_1 in Figure 13). The anticipated 

flow from the L3 and L4 ventilator openings towards the 

L1 and L2 ventilator openings, initially escapes through 

the common passage area while, later, with the increase 
in the flow, enters unit 1 and 2 and increases its access to 

ventilation. (Compare Image 2_2 and 3_2 in Figure 13) 

3. Experiment 4 (E3_4) (with passage door) 
The blockage in the common passage increases the flow 

from ventilator openings of L3, L4 to L1 and L2 

developing pressure at its ventilator openings.  This 

causes the flow through L1 and L2 to immediately 
escape out through its openings on the opposite wall 

(Image 4_1 in Figure 13). The blockage also reduces the 

flow to K2 from the openings in K4 (Compare Image 

3_2 and 4_2 in Figure 13). Thus, introduction of self-

closing double doors in the common passage area 

deteriorates the flow to unit 2. 

4. Experiment 5 (E3_5) (Increased L1 and L2 

ventilators) 
Increasing the size of the ventilators in L1 and L2 causes 

the flow from the ventilator openings of L3 and L4 to 

flow towards that of L1 and L2 due to the increased 

positive pressure. The flow pattern then after is similar 

to that observed in E3_4 with slight increase in the flow 

from K4 to K2 (Image 5_2 in Figure 13). However, this 

modification does not show any notable improvement. 

5. Experiment 6 (E3_6) (with BR1 and BR2 windows) 
The flow in all the units is identical to E3_3 except for 

the flow in BR1 and BR2. Addition of a window 

opening with a wing wall has caused the flow parallel to 

walls on side 2 of BR1 and BR2 to flow through them, 

increasing its access to ventilation (Compare Image 3_2 

and 6_2 in Figure 13). Thus, access to ventilation in 

E3_6 is improved compared to E3_3. 
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Qualitative Analysis for 135⁰ WIA (E4) 

1.  Experiment 2 (E4_2) (with shading device)  

For 135⁰ WIA, unit 3 and 4 being on the windward side 

get good access to ventilation. Kitchen openings of the 

units 3 and 4 become the only source of ventilation for 
units 1 and 2 respectively. Compared to other areas of 

unit 1, bedroom gets least access to ventilation (Image 

2_2 in Figure 14). However, owing to the open areas 

around the staircase block, the incoming flow from unit 

4 to unit 2 escapes out resulting it in getting least or no 

access to ventilation (Image 2_1 in Figure 14).  Thus, 

comparatively, entire unit 2 and BR1 have been 

observed to get least access to ventilation.  

2. Experiment 3 (E4_3) (with L ventilators)  
With the introduction of L ventilators in all units, the 

major portion of the flow from L3 and L4 ventilator 

openings enters unit 2 through L2 ventilator openings. 

(Image 3_1 in Figure 14) However, this flow 

immediately leaves through its openings on its opposite 

side and partially recirculating within the habitable areas 

of unit 2. The flow in unit 1 is similar to that in E4_2 

with a slight increase in access to ventilation (Compare 

Image 2_2 and 3_2 in Figure 14). Thus, E4_3 gives 
improved access to ventilation to both unit 1 and 2.  

3. Experiment 4 (E4_4) (with passage door) 
Due to the introduction of a self-closing door in common 

passage between unit 2 and 4, the flow from the 

ventilator openings in L3 and L4 directly passes through 

the common lobby area into that of L1 and L2. (Image 

4_1 in Figure 14). Due to the small inlet openings in L1 
and L2, large eddies are observed in common lobby area 

at its entrance (Image 4_2 in Figure 14). The flow 

pattern in unit 1 and 2, then after is identical to that in 

E4_3. Thus, compared to E4_3, E4_4 does not show any 

notable improvement in access to ventilation.  

4. Experiment 5 (E4_5) (Increased L1 and L2 

ventilators) 
The flow in E4_5 is identical to that in E4_3 except that 

the increase in ventilator size in living room of unit 2 has 

slightly increased the amount of flow drawn through it 

which recirculates within its habitable areas. Increasing 

L ventilator size has caused no notable difference in the 

flow through unit 1 (Compare Image 4_1 and 5_1 in 

Figure 14).  

5. Experiment 6 (E4_6) (with BR1 and BR2 windows) 
The flow in all the units is identical to E4_5 except for 

the flow in BR1 and BR2. Addition of a window 

opening with a wing wall has caused the flow parallel to 

walls on side 2 of BR1 and BR2 to flow through them 

increasing its access to ventilation. In unit 2, living room 

and bedroom now get first access to ventilation followed 

by the kitchen (Image 6_1 in Figure 14). Thus, 

comparatively, E4_6 gives best access to ventilation to 

both unit 1 and 2. 

Quantitative Analysis for 90⁰ WIA (E3) 

Figure 9 shows improvement in good access to 

ventilation to unit 1 from 25% to 85% good access and 

unit 2 from 5% to 95% for E3_6 for 90⁰ WIA. 

 

Figure 9: Good access to ventilation to unit 1 and 2 for 

all experiments 

Quantitative Analysis for 135⁰ WIA (E4) 

 

Figure 10: Good access to ventilation to unit 1 and 2 for 

all experiments 

Figure 10 shows improvement in good access to 

ventilation to unit 1 from 70% to 100% and unit 2 from 

0% to 100% for E4_6 for 135⁰ WIA. 

Summary of Results 

 

Figure 11: Results of the Performance Improvement 

All the WIA’s showed units in the leeward direction get 

least access to ventilation. Bedrooms of all leeward units 

had access to ventilation (less than 15% of area). With 

the modifications in the existing design like, provision of 

opening with the shading device and wing wall, 

reposition of openings, etc. Significant improvement in 

each leeward unit of 90⁰ and 135⁰ has been achieved 
with the following modifications - 
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1. Proposed shading devices for all the fenestrations 

2. Introduction of ventilator openings on walls at side 1 

of L1 and L2 and on walls at side 3 of L3 and L4 and 

stacking of shutters of the opening in L1 to side 2 

3. Introduction of window openings in BR1 and BR2 on 

side 2 along with their respective wing walls and 

proposed shading devices. 

Figure 11, shows the improvement in the access to 

ventilation for all the units of each WIA in percentage of 

total unit area. The graph shows, with the modifications 

proposed, an improvement (100% access) was achieved 

for all units for 135⁰ WIA and (80% and above) for the 

leeward units for 90⁰ WIA without affecting the 

performance of the windward units. See Figure 12 for 

the proposed design for 90⁰ WIA and 135⁰ WIA. 

 

Figure 12: Design solution proposed for 90⁰ and 135⁰ 
WIA 

Discussion 

As found in the survey, architects rely on intuitive 

judgment to anticipate the NV performance of their 

design. This study used WTA to analyse the 

performance of the existing design by an architect and 

derive design decisions to improve the performance of 

the design for NV. It has enabled the study of ventilation 

performance of a complex cluster along with their 

internal partitions in a two-dimensional space. Observing 

the flow of dyed water during the experiment itself 
guides the observer to closely study the pros and cons of 

the design for air circulation. As found in E3_5 and 

E4_5, the experiment runs did not confirm the 

anticipated flow, and proved the need to simulating 

designs for NV.  The WTA provided a way of evaluating 

ventilation performance of the design and drive design 

decisions. The flow of water in the apparatus is governed 

by the functioning of the motor, electric supply, etc. 

Small variations in the initial stages of experiment due to 

the motor and its vibrations, etc. could affect the results 

over the course of the experiment. One has to be 

watchful to note sudden changes during experimentation. 

For the given reasons, repeatability of the simulation 

results needs to be tested in future research. 

Conclusions 

A survey of current practices of architects designing for 
NV showed the following findings  

1. Though all the respondents reported that they design 

for cross ventilation for bedroom and single sided or 

cross ventilation to living/dining room, 100% make 

provisions for installation for air conditioning in 

bedrooms and 40% also do so for living/dining rooms.  

2. Contrary to literature, 20% of the respondents 

reported that shading is irrelevant for natural ventilation.  

3. 67% of the respondents reported using intuitive 

judgement/ experience as their approach to design NV.  

4. Only 20% used simulations or quantitative estimates 

to predict their design performance for any energy 
conservation measures.  

In this study, the water table apparatus was used to 

develop design solutions to increase NV access for a 

prototype design of 1BHK residential apartments in 

Pune, located in the moderate climate zone of India. 
Ventilation performance for the existing prototype for all 

the WIA’s tested showed that of the cluster of 4 units, 

the windward units showed good access to ventilation 

for all rooms, and the leeward units had lower access to 

ventilation with the bedrooms in the leeward units 

having the least access. Modifications for shading and 

ventilation performance were proposed and tested. 

Ventilation performance was improved for all identified 

cases. Access to ventilation in leeward units has been 

improved to more than 80% for all WIAs and some units 

shows 90% access. This was done without affecting the 

good ventilation performance of the windward units in 
the existing prototype. 

References 

EIA. (2016). Country Analysis Brief : India, 1–28.  

Kumar R, V. D. V. M. (2016). Energy Consumption in 

India- Recent Trends. Asia Pacific Journal of 

Research, I(XXXVI), 140–151. 

Royan M., Vaidya P. and Damle R. (2017). Simulating 

natural ventilation in residential buildings using 

water table apparatus. Inspire. Jaipur (India). 

Lee J., Alshayeb M. and Chang J.D. (2015). A Study of 

Shading Device Configuration on the Natural 

Ventilation Efficiency and Energy Performance of a 

Double Skin Façade. School of Architecture, Design 

& Planning, The University of Kansas, U.S.A. 

Mundhe P., Damle R. and Vaidya P. (2018). 

Quantifiication of Airflow Patterns In A Naturally 

Ventilated Building Simulated In A Water Table 

Apparatus. Plea. Hong Kong.  

  

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
686

 

 
  



 

 

Table 6: Good Access to Ventilation 

  Good access to ventilation 

  Unit 
E1 E2 E3 E4 E5 E6 E7 E8 

0⁰ 45⁰ 90⁰ 135⁰ 180⁰ 225⁰ 270⁰ 315⁰ 
Area in sq. m 

1 
26.1 17.5 12.3 35.7 43.1 48.8 48.8 47.2 

% area 53 36 25 73 88 100 100 97 

Area in sq. m 
2 

41.6 7.2 1.0 0.0 47.9 47.7 48.8 48.8 

% area 85 15 2 0 98 98 100 100 

Area in sq. m 
3 

46.2 48.3 48.7 47.9 44.2 24.0 20.8 2.0 

% area 95 99 100 98 91 49 43 4 

Area in sq. m 
4 

45.9 48.8 48.8 48.6 47.0 35.6 37.3 46.2 

% area 94 100 100 100 96 73 76 95 

Total area in sq. m   159.8 121.7 110.8 132.3 182.1 156.1 155.6 144.1 

Total % area   82 62 57 68 93 80 80 74 

Table 7: DBT values in C for Pune weather. Comfort Range based on ASHRAE Standard 55-2010 adaptive model 

Month Comfort Range 08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Jan 21.50 - 26.80 14.01 21.07 26.62 27.99 27.75 25.71 21.41 

Feb 22.00 - 27.3 16.51 23.67 29.17 30.62 29.98 27.23 22.92 

Mar 22.50 - 28.90 21.06 28.6 34.09 35.67 35.03 32.48 27.98 

Apr 24.00 - 29.30 25.72 31.52 35.52 36.91 35.94 33.11 29.46 

May 24.00 - 29.30 27.55 31.75 34.55 35.66 35.06 32.37 28.89 

Jun 23.20 - 28.90 25.72 27.72 29.2 29.58 28.65 26.82 25.17 

Jul 22.90 - 28.20 24.19 25.57 26.46 26.58 25.9 24.7 23.72 

Aug 22.90 - 27.90 23.27 24.89 25.9 25.89 25.24 24.16 23.11 

Sep 23.00 - 28.20 23.93 26.44 27.98 27.96 26.61 24.75 23.26 

Oct 22.20 - 28.00 22.85 26.13 28.84 29.47 27.98 25.5 23.31 

Nov 21.80 - 27.30 19.82 24.56 27.78 28.74 27.95 24.63 20.48 

Dec 21.20 - 26.80 15.76 21.9 26.3 27.41 26.72 23.53 19.03 

 

Figure 13: Documentation of images for 90-degree WIA experiments 

 

Figure 14: Documentation of images for 135-degree WIA experiments 
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