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Abstract

This paper presents a methodology to calculate and plot
operative temperature (Top) for naturally ventilated (NV)
spaces at multiple points in a thermal zone both spatially
and temporally. The proposed methodology calculates 3
environmental variables (air temperature (Tair), mean
radiant temperature (solar adjusted) (Tmn ) & air velocity
(Vair)) which affects comfort for NV spaces and bisects
the workflow into thermal simulation & CFD.

Top has been calculated for T for NV spaces, but are
either point-in-time or space and do not capture impact of
Var On Top. This research attempts to integrate all 3
comfort parameters and captures thermal diversity in an
indoor NV space both spatially & temporally.

Results indicate that the proposed methodology captures
thermal non-uniformity in the space due to spatio-
temporal variation of Tt & Vair. The directional impact
of Vi distribution counter the high Ty in the south &
core zones thereby, reducing T in these grid points.
Thus, the proposed methodology can capture the thermal
non-uniformity due to geometric implications and thermal
properties of materials into meaningful spatiotemporal
comfort maps, enabling designers in making informed
design decisions ranging from facade to interiors and
energy to comfort.

Key Innovations

e Plotting thermal comfort both spatially and
temporally using all the three parameters of
comfort. (Tair, Trart, Vair)

e Proposed methodology captures the both
magnitude & directional impact of Var on
comfort.

Practical Implications

The proposed method limits itself to iso-thermal airflow
and hence accounts only for wind assisted ventilation.
Thus, natural ventilation passive strategies which are
driven by buoyance like Stack cannot be simulated using
this methodology.

Introduction

In tropical countries, natural ventilation along with fan-
assisted ventilation has been a relevant way to provide
thermal comfort. Not just from the point of energy but
many studies have pointed out the role of Natural
ventilation on occupant’s well-being & productivity
(Jaakkola, Jouni J.K. Miettinen, Pauli, 1995).

Traditionally, the building industry has mostly addressed
optimization for NV during the design process using
estimation of intuitive decisions, rules of thumb or using
Computational Fluid Dynamics for a given scenario. One
of the obstacles faced by designers & consultants in
analysing NV today is lack of understanding of wind
behaviour in a space across the year. This is because many
building thermal simulation tools are not geared towards
modelling of passive design strategies needed for the
application of complex natural ventilation schemes. Even
if CFD can model these phenomena the results lack
temporal characteristics for a designer to take decisions.
CFD being a point-in-time analysis tool thus, reliance on
a single point-in-time CFD run to take design decisions
clearly lacks temporal characteristics of the thermal
diversity in the space.

Comfort has both a spatial and a temporal dimension, as
users respond to different weather or different activities
by adjusting clothing levels, temperature settings and
window openings or by moving to another space (Kim &
De Dear, 2012). Brager & Baker, 2009 conducted a web-
based surveys (as per CBE) in twelve mixed-mode
buildings and compared with a benchmarking database of
370 buildings. The survey focuses on seven areas of
indoor environmental performance, thermal comfort
being one of them. As per the results out of 41%
dissatisfied people, the top reasons for dissatisfaction
were spatial nonuniformity (‘my area is hotter/colder than
other areas’) and 4th being the lack of air movement (“air
movement too low’) clearly indicating the thermal
diversity & the need to study the space discretely rather
than in control volume.

Most of the building simulation tools/ methodology
perform analysis at a zonal (or "coarse") level first, to
understand the global comfort conditions for the building.
This type of analysis can tell us, over the course of a year,
what the thermal conditions are for each zone. But a
second analysis at a finer level is also required. This may
be finer analysis using a human body model or using a
spatially resolved model of a room (Webb, 2013). While
the coarse analysis tells us when a space might be
uncomfortable, the finer analysis tells us more precisely
where and why. Even when a space is comfortable it is
not necessary that it is evenly comfortable across the
entire space.

Therefore, to ensure comfort in NV spaces, it is important
to design for it more granularity, that is, ensuring
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maximum comfort possible over the entire whole floor
plate across the year. This is because even if one part of
the floor plate is not comfortable enough at any point in
time, it will quickly be turned into an air-conditioned
space that defeats the purpose of designing a space for
NV. Hence, understanding the spatial and temporal
characteristics of operative temperature is critical in
ensuring a successful NV design.

All the recent studies were analyzed broadly from 4
points. The concept to predict comfort conditions and plot
detailed comfort contours within a given space was
prototyped and used in practice since the late 90s by Arup
(White and Holmes 2009). The tool used thermal building
simulation engine to calculate dry bulb temperature, air
speed using CIBSE guidelines, mean radiant temperature
by calculating wall surface temperature & direct radiation
falling on occupants. The tool was applicable for both NV
& AC spaces but was point in space for air velocity.
Though, Holmes, 1991 realised the need for spatial
distribution of air velocity and talks about the possibility
to link the outputs of the tool with CFD. Gan, 1994
developed a numerical methodology to access thermal
comfort in air- conditioned spaces. CFD was used to
predict mean radiant temperature, air temperature & air
velocity to predict thermal comfort. Srebic, 2000 also
developed a methodology on similar lines but used
coupling between CFD & building simulation engine. The
short coming of all these methodologies is that they are
temporally point in time. Levitt, Ubbelohde, Loisos, &
Brown, 2013 & jakubiec, 2019 tried to incorporate impact
of airflow inside naturally ventilated spaces but the
reliance on Airflow network models (AFN) restrict the
result output of airflow to be point in time. Genesis 2
developed by Herkel et. al. was one of the first advanced
tools to map variables like Mean radiant temperature
(Solar adjusted) and access its impact on thermal comfort
and used radiosity method to calculate view factors.
Precedent to this work Webb, 2013 developed cMap
which had the ability to generate To, plots over a range of
period as algebraic method was used to calculate view
factors but mean radiant temperature calculations didn’t
consider the impact of short-wave radiation. (Mackie,
2015) conceptualized a method of predicting spatialized
comfort metrics based on (Webb, 2013) previous work.
Mackay’s work incorporated the impact of short-wave
radiation using Effective radiant field (Arens et al., 2015)
like SolarCal (Arens et al., 2015) to calculate short wave
radiation along with long wave radiation using ray trace
methodology (Beckers & Beckers, 2016) and Tregenza
sky dome to project view vectors. ‘Micro climatic map’
(Mackie, 2015) produces spatial and temporal maps of Top
but only considers Tair & Tmrt . Nevertheless, this thesis
is a precedent to Chris Mackie’s work but will focus on
Naturally ventilated spaces as all the methodologies exist
for air-conditioned spaces and do not consider air velocity
in the calculation of To,. Many attempts have been made
to map temperature distribution in the past but most of
these studies have only accounted for radiant asymmetry
of the space because of variability of Tmrt and not
because of variation in Air Velocity in NV scenarios. Air

velocity distribution is one of the major factors behind
thermal non-uniformity in a naturally ventilated space and
should be considered while calculating operative
temperature.

Hence, a methodology is needed to map spatial and
temporal diversity of parameters that affect comfort for
naturally ventilated spaces by incorporating the impact of
air velocity. To fill this gap, this research proposes a
methodology to map Top Spatially over a temporal range.
Hence, this study aims to develop a methodology to plot
Top both spatially over a range of period for Natural
Ventilation scenarios amalgamating data from CFD &
thermal Simulation.

Methods

Operative temperature is the usual metric by which
comfort is measured and is defined as a uniform
temperature of an imaginary black enclosure in which an
occupant would exchange the same amount of heat by
radiation plus convection as in the actual nonuniform
environment. (ANSI/ASHRAE, 2017) Air temperature,
radiant temperature, humidity and air velocity are the four
basic environmental parameters which define the
environmental thermal state. Typically Top is computed
using the following formula:

— (Tmrt+(To X /10047 ) (1)

1+ /10v4;y

Air temperature can be calculated through 2 types of
simulation tools: thermal building simulation and
computational fluid dynamics (CFD). The output from
thermal simulation engines assumes that the air in the
zone is well mixed at a specific temperature and velocity
is the same throughout a space but has a temporal range.
On the other hand, running a CFD simulation to account
for the effects of thermal mass & heat transfer on thermal
dynamics of the building can be extremely complicated,
since it requires estimating the expected heat flux through
every wall at each time step. (Alexandra, 2012)

Thus, most of the methodology/ research towards spatial
& temporal mapping of comfort variables take AT as a
base temperature and is calculated using building
simulation engines assuming well mixed indoor
conditions. cMap (Brager & Baker, 2009) simulates a
single mean indoor air temperature for the zone and
calculated the spatial distribution of thermal comfort
based on the differences in MRT. Indoor microclimatic
map (Christopher Mackey, 2017) also calculates zone
average air temperature using energy plus and the same
value is used for all the points within the zone. Thus, this
methodology will be adopted to calculate air temperature
and same base air temperature will be used for the entire
zone.

The temperature of a uniform, black enclosure that
exchanges the same amount of heat by radiation with the
occupant as the actual surroundings. It is a single value
for the entire body and accounts for both longwave mean
radiant temperature and short-wave mean radiant
temperature. Radiant temperature from long-wave
radiation from interior surfaces expressed as a spatial

to
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average of the temperature of surfaces surrounding the
occupant, weighted by their view factors with respect to
the occupant. radiant temperature from short-wave direct
and diffuse solar radiation expressed as an adjustment to
long wave mean radiant temperature. (ANSI/ASHRAE,
2017) Expression in fig.1 is used to calculate mean radiant
temperature, where F is the fraction of the spherical view
occupied by a given indoor surface and T is the
temperature of the surface. N refers to the number of
surfaces within the room, indicating that the equation
above is summed for all surfaces surrounding an
occupant.

mrt = [BX, F T @

The view factor is the basic element of the radiative
studies and is purely geometric. To calculate view factor,
a ray tracing methodology has been developed and
validated (Christopher Mackey, 2017) which generates
vectors by means of the Tregenza sky dome, which is a
division of the hemisphere originally devised for daylight
calculations and produces a relatively even distribution of
vectors. This methodology has been converted to a tool
which computes the intersections of vectors with surfaces
using the 3D geometry engine of the Rhino computer-
aided design (CAD) software on which it runs.

Further to compute solar adjusted mean radiant
temperature, methodology has been developed and
validated (Mackie, 2015) which is based on SolarCal
method proposed by (Arens et al., 2015). Traditionally, in
order to determine this solar adjusted MRT, a radiation
study of human geometry is performed, and this is then
used to produce an Effective Radiant Field (ERF) through
the following formula:

alW ERFsolar = aSW Esolar 3

Where Esolar is the short wave solar radiant flux on the
body surface (W/m2), aSW is shortwave absorptivity, and
alLW is the long-wave absorptivity (typically around
0.95). The ERF can then be related to an MRT through
the following formula:

ERFgp10r = (0.5 feff fsvw (Idiff + Iy Rfloor) +

Ap fbes Idir/AD) (aswsw/alw) (3)
Where lqir, laifr, and Iy are direct normal radiation, diffuse
horizontal radiation, and total horizontal radiation
respectively, all of which can be obtained from publicly
available TMY weather data. Ap and Ap are geometry
coefficients of the human body, which are computed
based on sun altitude and azimuth. Ry is the reflectivity
of the ground, which is assumed to be 0.25 by default in
the comfort maps. (Arens et al., 2015) fsv and fyes are the
sky view factor and the fraction of the body visible to
direct radiation respectively.

Indoor thermal comfort to a large extent is influenced by
airflow behaviour in the space. (Gan, 1994) Heat transfer
by convection is usually caused by air movement within
the living space or by body movements. The faster the
motion, the greater the rate of heat transfer by convection
and evaporation. Thus, air velocity is one of the most
important criteria for thermal comfort in NV scenarios
because it is the only tactic to attain physiological comfort

at high temperatures, as it affects both evaporative and
convective heat losses from the human body. (ASHRAE
fundamentals 2015)

Currently, air velocity distribution across the space in NV
can be modelled through computational fluid dynamics
(CFD).

To reduce the number of environmental input parameters
& reduce the computation time, buoyant forces have been
ignored in many studies to that use CFD to analyse airflow
in interior NV space primarily because of small
temperature difference between indoor and outdoor
environments and to reduce requirements of computing
time and capacity, and to improve the efficiency of
solving other equations. (evola et al., 2005) Thus, for
Incompressible & isothermal flow energy equation (and
therefore temperature) can be dropped and only the mass
and linear momentum equations are solved to obtain the
velocity and pressure fields. (Sert, 2012) Thus, the
number of environmental inputs reduce to only air
velocity & wind direction and internal wall surfaces as
adiabatic. RNG k- ¢ RANS turbulence model will be
used as it has best overall performance compared to the
other models in terms of accuracy, computing efficiency,
and robustness. (Chen,2007) Quality control criteria’s
like grid independence, Convergence criteria: 104- 107
have been followed.

The methodology involves calculation of 3 major comfort
variables and splits the workflow into 2 i.e., Thermal
simulation for air & surface temperature & CFD for air
velocity. Further, To, for every grid point will be
calculated. Rhinoceros along with Grasshopper (visual
scripting interface that is developed on top of Rhinoceros)
will be used as it includes many open-source libraries like
Lady Bug tools which are environmental plug-ins
for Grasshopper and will be helpful for the creation of
such maps. Honeybee has the ability to connect with
validated simulation engines such as EnergyPlus via open
Studio for thermal simulations & butterfly which is a
plugin and a python library to create and run advanced
computational fluid dynamic (CFD) simulations
using OpenFOAM. The advantage of such a platform is
that these tools are parametric, Ladybug Tools runs within
3D modelling software and allows data transfer between
its simulation engines. Thus, all geometry creation,
simulation, and visualization happen within one interface.
And hence, same geometric model can be used for both
CFD & thermal simulation. Also, the component-based
organization of this visual scripting interface makes it
easy to package the methodology in the form of workflow
or even a component. shows detailed methodology and
steps are as follow:

Step 1: Generation of Air temperature Map over a
temporal range

Node air temperature can be simply derived out of an
energy model. In case of single zone air temperature
single air node temperature will be used as base air
temperature throughout the space.
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Step 2: Mean Radiant Temperature Map over a
range temporal range

Base MRT (Long wave radiation):

The base radiant temperature map calculation begins by
first calculating a base MRT from the temperatures of the
surfaces surrounding each test point. This calculation
occurs by first calculating view factors from each of the
test points to each of the visible surfaces. Later, these view
factors are multiplied by the respective surface
temperatures for a given hour of the simulation and
summed together to give a final base MRT for every grid
point.

Solar radiation on occupants (Short wave radiation):

After the calculation of a base MRT off surface
temperature, the next step in the creation of the thermal
map is to adjust this MRT for incoming solar radiation
that can fall directly onto occupants through windows
which is calculated using SolarCal methodology as
proposed by Mackie, 2017.

Step 3: Air Velocity Map over a temporal range

The 3 step is to obtain air velocity for which CFD will
be used. The weather data will be binned for wind speed
to minimize the CFD runs. CFD for each scenario will be
conducted to obtain air velocity distribution over temporal
range. Standard k-€ model (Launder & Spalding, 1973)
will be used for CFD simulations. SIMPLE (Semi-
Implicit Method for Pressure Linked Equations)
algorithm will be used to solve for steady state
incompressible flow for velocity & pressure using
Reynolds-averaged simulation (RAS) modelling

Step 4: Data refinement to achieve Top Spatially over
temporal range

Once all the 3 parameters to calculate To, have been
obtained over a temporal range the next step is to
interpolate them to a common grid size. Since the spatial
resolution of air velocity distribution will depend on mesh
refinement of the CFD, it will be necessary to bring all the
data to common spatial resolution.

Results

Aga Khan Academy, Hyderabad has been selected as the
building to be used for this methodology. It is a 3,500sgm
institutional building. A lecture room on the ground floor
has been selected having the orientation as North-South.
This is a G+2 building with shading devices on southern
side and corridors on other. The lecture hall has 4
windows in the south. On the northern side there is one
window with similar configuration. And an opening with
horizontal louvres above the door. The building is
operated from 9am-4pm.

Thermal Model Set-up

A multizone energy simulation model was prepared using
Rhinoceros & Honeybee by an approach of surface-by-
surface model generation. EnergyPlus’s “airflow network
model’ for wind driven natural ventilation was carried out
using Open studio via honeybee. The proposed
methodology will be tested on a lecture room on the
ground floor with east wall exposed. The upper &

Lecture hall sefected for this study
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Figure 1 Building géometry to test the proposed
methodology

adjacent classroom has also been modelled as separate
Zones.

Indoor surface temperatures for all the surfaces for all
2920 hrs. have been extracted from the thermal
simulation. Parallelly, view factors have been obtained for
390 grid points of the space (Mesh size 0.5mx0.5m). And
Solar adjusted T for all the data points over 2920 hours
were extracted.

Air Temperature

Indoor surface
Temperature

. WY .

&

Tund mar (Pointin space): 39.1°C  Tue;(Pointin space): 39.7°C  Tyuar(Pointin space): 35.2°C

El N

10am 12am 4pm

Solar Adjusted T,

Figure 2 Solar adjusted MRT distribution for 2nd May

The mean radiant temperature for 2" May shows a trend
of higher Tmr on the eastern side from 8am in the
morning. The Tmq increases from 35°C to 41°C on the
eastern side of the room till 10am. And during the
afternoon Tmn is highest from southern facade. Due to
higher solar altitude angle in Hyderabad, there is no direct
sun penetration inside the space within this time frame
because of shading and facade elements. Hence, the
thermal simulation model shows physically realistic
results. The air temperature at this simulation timestep is
36.3°C and same temperature is used throughout the
space. Similarly, such data was extracted for all 2920 hrs
and exported in the excel spreadsheet.

Computation Fluid Dynamics set-up

Indoor natural ventilation simulations were carried out by
utilising the CFD library OpenFOAM. All numerical
simulations are based on OpenFOAM’s steady state
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simpleFoam solver for isothermal & incompressible The wind tunnel was created using the best practices, a
fluids in combination with RNG k-Epsilon RANS box shaped wind tunnel was constructed with dimensions
turbulence model (Chen, 2007). The pressure-velocity in relation to the building geometry as shown in. The
coupling was established with the SIMPLE algorithm and blockage ratio of < 3% has been ensured. The blocking
buoyancy effects were neglected. Furthermore, ratio is defined as the ratio between the projected facade
convergence criteria were set when reaching residuals of area of the building’s perpendicular to the inlet to the total
1x107* for pressure & velocity. Each case was simulated area of the inlet in wind direction. The mesh was created
until the convergence criteria were reached. The domain by using the blockMesh utility for the background mesh
inlet was set to an atmospheric boundary layer profile for and snappyHexMesh to subsequently snap the
U, k, and o. At the outlet of the computational domain, background mesh to the building geometry, producing a
constant pressure is assumed, while the other variables are mixed polyhedralmesh.

assumed to be zero-gradient. Further, mesh dependence study was conducted to obtain
Geometry generation & Mesh dependence study grid independent solution. To verify and report grid
The geometry was modelled in Rhinoceros neglecting the independence, refined meshes were created by increasing
wall thickness. The window area has been reduced to 50%  the refinement level of the building geometry surfaces by
as the window configuration consists of sliding shutters. ~ factors of one in each cartesian direction while keeping
The classroom above it and the ones adjacent to it have the number of divisions of the background mesh constant.
been included as in the case of energy model. Grid independent results started to be obtained from

iteration 3 (normal) onwards. Deviation in the air velocity
H‘ reduced in iteration 3 & 4 and the results were mesh
I independent. Hence, iteration 3 (normal) with surface grid

\ ‘ H| size of 0.3m was taken forward to conduct CFD for all the
MR 13 scenario.
\
|
|

AN By decoupling the CFD with energy equations, the
il environmental inputs for CFD boundary condition reduce
i to only air velocity & wind direction. Thus, both wind

Window Ventilotor with
louvres

e B speed & direction were studied in concurrence for all

M| P R = - 2920 occupied hours.
s | S=== All the hours where wind speed was <1 ms™ were not
= M considered as the air velocity inside the space will be

<0.1ms™. For wind speeds <0.1ms™ the T is an average
Of Tair & Tmrt and is air speed doesn’t have any impact.

Wind Direction

Figure 3 3D visualization of CFD model The wind direction data was divided in 8 segments. For
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Figure 4 CFD results for magnmitude of air velocity over 374 grid points for wind direction 135, 180 & 225 for different
air velocity
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similar reasons wind from the segment 247.5°-292.5° &
67.5°-112.5° were also omitted as the wind direction was
perpendicular to window orientation which would result
in very low internal wind speeds. For the rest of the hours
wind speeds were divided in the bins 2ms™ starting from
1ms and maximum being 9ms* which resulted in 24 bins.

CFD Results

24 CFD runs were conducted to extract air velocity
distribution for all the bins. Results of bin 17 with inlet air
velocity 6ms? & 180° wind direction. The solution was
ran for 600 iteration to ensure the results stabilize and
convergence criteria of 10 is achieved for velocity,
pressure & epsilon. The probe utility of OpenFOAM
allows to generate grid points of specified dimensions.
The grid point picks up the air velocity of the nearest cell
in the mesh and air velocity distribution of desired spatial
resolution can be achieved.

On analysing the results of all 24 CFD simulations a
relationship was found between air velocity distribution
across every grid point with the inlet air speed from the
same wind direction. The wind direction in all these cases
is 180° and with inlet wind speed 2, 4 & 6ms™ respectively
at reference height 10m. It can be observed that indoor air
velocity increases proportionately as the inlet wind speed
increases and hence follow a proportionate relationship.

Thus, to reduce the number of CFD runs ‘wind factor’ can
be calculated for every grid point by dividing the
magnitude of air velocity across all the grid points by inlet
air speed at a given reference height. Once, the wind
factors are obtained across all the grid points, air velocity
distribution can be obtained for every grid point at any
inlet wind speeds but from the same wind direction.

Therefore, Wind factor can be then calculated for all the
grid points using the formula below for any inlet air speed.

4
Inlet air speed @ reference ht ( )

Once the wind factor has been obtained across all the grid
points, air velocity can be predicted by multiplying the
required inlet air speed at the same reference height by the
wind factors on all the grid points.

Wind speed @ grid point =

Wind factor X Wind speed (5)
Wind factors were calculated using CFD results of bin 5
with wind direction 180° and wind speed 2ms™. After the
wind factors were obtained for all the grid points
magnitude of air velocity was calculated for inlet air
velocity 4 ms™? & 6 ms™ and compared with bin 11 & 17
having same wind speed & direction. The wind speeds
calculated using wind factor method show a very close
agreement compared to the actual CFD result. This study
was done for all the bins and similar results were
observed. The reason behind this relationship is because
of the assumption of isothermal airflow incompressible &
SteadyState CFD simulations (using RNG k- ¢ RANS
turbulence model).

Hence, the number of CFD runs can be reduced to

number of directions/ segments the wind rose is split
into.

wind speed on grid point

Wind factor =

Air velocity results using CFD simulations

2.0

=== Air velocity predicted using wind factor

.

=

o
Grid points

Figure 5 Comparison of magnitude of wind velocity
across all grid points between CFD & wind factor
calculation

Post Processing the data to obtain Top

Tair, Tt & air velocity data across 394 grid points for
2920 occupancy hours was extracted. Conditional
statements were scripted in Microsoft Excel to link air
velocity distribution of all the 2920 hours with their
respective bins and data for all the three parameters was
streamlined in similar format and To, was calculated
across all the grid points. For the grid points with air
velocity <0.1ms™ To, was calculated as an average of Tair
& Tmr. Point-in-time thermal plots of T, can be generated
for all the hours.

The indoor Taron 2" May 10am is 37°C which has been
interpolated along all the grid points. The T plot show
the impact of high surface temperature of the eastern wall
because of the direct solar radiation falling on the exposed
wall. And the air velocity distribution map represents bin
42 with inlet wind speed 3.2ms™* & wind direction as 272°.
The Toqp plot indicates reduction in impact of mean radiant
temperature in the south eastern zone of the room because
of the high air velocity distribution in this area.

Discussions

Figure 6 consists of a series of Top plot for 2" May from
9am - 2pm which can be compared to Figure 4 in which
Top Maps which have been calculated by just averaging
Tair & Tmr. The impact of direct solar radiation in the form
of mean radiant temperature on the eastern zone of the
room have been reduced by almost 3°C in the morning
hours and in the afternoon the impact of short-wave
radiation on the south side has reduced by at least 4°C
(Tmrt)-

The directional impact of air velocity distribution can also
be observed. The wind direction during the morning hours
is from the wind rose segment 112.5-157.5° hence, lowest
operative temperature is noted in south east zone of the
room. In the afternoon hours, the wind direction is from
the segment 157.5-202.5° segment and the operative
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Figure 6 Point in time heat maps of air temperature, mean radiant temperature & air velocity for 2nd May, 10am

temperature distribution changes gets affected in similar
pattern and central zone of the space has lowest operative
temperature. Hence, the proposed methodology captures
the spatial variations of air velocity by integrating CFD
with thermal simulation and generates richer thermal
maps by incorporating the impact of all the 3 comfort
variables.

Once, the Top obtained for every grid point across all the
hours, conditional statement to assign value ‘1’for the
times when Top <30°C (upper value of IMAC band for NV
buildings, Hyderabad) else ‘0’ was scripted in Microsoft
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Figure 7 Top distribution for 2nd May from 9am-2pm

excel. These values for each grid point were averaged
across the temporal range to obtain percentage of times
when the condition is met. A spatial plot was generated
that represents capability of each grid point to provide
comfort. The map also brings out thermal non-uniformity
in the space over the range of period. It can be observed
that the southern zone of the lecture room has lowest
percentage hours for temperatures below 30°C because of
direct solar radiation. East zone has lower percentage
compared to west zone because of exposed Eastern wall.
There is difference of almost 10% between East & West
zones. This data can be further manipulated to exhibit

thermal diversity of the space as per the desired threshold
values.

Conclusion

The study proposes a methodology to generate thermal
comfort maps for NV spaces and splits the workflow into
thermal simulation to calculate air temperature & Mean
radiant temperature and CFD to calculate air velocity.

To decrease the computation time of CFD and decrease
the number of CFD simulations, an assumption of
isothermal airflow (incompressible & SteadyState
simulation using RNG k-g¢ RANS turbulence model) was
made, and buoyancy driven/ assisted ventilation have
been ignored. With these assumptions, the number of
CFD runs reduce to only number of segments the wind
rose is split into and wind factors can be obtained across
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Figure 8 Spatial distribution exhibiting varied capability
of grid point to provide comfort over temporal range
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Figure 9 Proposed methodology to develop thermal maps with Tair, Tt & Vair

spatially. The air velocity distribution then can be
obtained for any inlet wind speed condition Excel
spreadsheets with conditional statements have been
scripted that can post process the data and generate spatial
point-in-time maps as well as over the range of period.

From the practitioner’s perspective this methodology is
beneficial for any typology irrespective of size of the
space. This is because the methodology can capture
thermal asymmetry caused due to 3 comfort parameters
due to the impact of geometric implications of aspect
ratio, orientation, WWR, window placement, shading,
etc. along with thermal properties of materials in the
calculation of operative temperature. Thus, this
methodology can be used to find thermal non-uniformity
in NV space for any scale/ size of space across all
typologies.
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