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Lecture — 16
Fundamentals of Thermal Comfort

Good morning. Welcome to this lecture on Fundamentals of Thermal Comfort for the
online course on Sustainable Architecture and I am your instructor Dr. Alvokita
Agrawal, Assistant Professor at Department of Architecture and Planning IIT, Roorkee.
In the previous lecture, we have discussed about the green building rating programs and
components and prior to that we have seen the process of designing green and

sustainable buildings.

In that we have seen that the first step towards designing any green building any
sustainable building is to understand the climate. Now, to understand the climate why at
all are we doing this need to be understood. So, the fundamental purpose of a building
for humans is that it provides the human beings, the level of comfort that they cannot get

outdoors.

Now, this comfort could be of many types. One of the most important ones is the thermal
comfort. So, people want to reside inside buildings because they want to be thermally

comfortable. Now, what is thermal comfort?

(Refer Slide Time: 01:48)
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What is Thermal Comfort?

"...absence of irritalion or discomfort due to heat or cold...
(Givoni, 1969)

“Thermal comfert is that condition of mind which expresses
salisfaction with the thermal environment. Because there are large
variations, both physiologically and psychelogically, from person te
person, it is difficult fo safisty everyone in a space.”
[ASHRAE Standard 55, 2010)



So, through this lecture let us look at the fundamentals of thermal comfort. Now, as
defined by ASHRAE Standard 55 thermal comfort is that condition of mind which
expresses satisfaction with the thermal environment because there are large variations
both psychologically and physically from person to person it is difficult to satisfy
everyone in a space. Yet thermal comfort is defined as a state in which a person

experiences or expresses satisfaction with the thermal environment.

Very simply this thing was put by Givoni long back before ASHRAE Standard 55 define
thermal comfort as absence of irritation or discomfort due to heat or cold. So, when we
are at peace, when we are comfortable with the thermal environment that is what
thermal. comfort is. Now, how do we define whether we are at thermal comfort or not,

whether we are thermally comfortable or not.

So, the entire discussion and the research around thermal comfort was on defining

thermal comfort and quantifying it.

(Refer Slide Time: 03:43)
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What is Thermal Comfort?

+  To carry out statistical analysis numerical values were assigned to
subjective comfort votes,

First such scale was developed in 1927 by Yaglou.

In terms of sensations, thermal comfort is described as a thermal
sensation of being neither too warm nor too cold.

+  ASHRAE proposed a similar seven point scale to thermal
sensations which are shown below.

.

0: Neutral \

So, what are the factors and parameters which determine thermal comfort? How these
parameters interact with each other so that a condition is generated which can be called
as a condition of thermal comfort. So, a scale was supposed to be defined developed and
the first attempt at it was in 1927 by Yaglou where he tried to assign numerical values to

different comfort votes.



So, 0 in almost all thermal comfort scales is taken to be the neutral which is the
thermally comfortable state and it was a 7 point scale which was proposed by ASHRAE
not by Yaglou the first attempt was not a 7 point scale like which we used today which is
proposed by ASHRAE which is from minus 3 which is extremely cold to plus 3 which is
extremely hot and this comes minus 1 to plus 1 comes to be a relatively comfortable

state.
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What is Adaptive Thermal Comfort?

+  Adaptive comfortis based on the principle that people experience
differently and adapt, up fo a certain extent, to a variety of indoor
conditions, depending on their clothing. their activity and general
physical condition.

+ Theretore, contrary to the conventional cooling which is based on pre-
calculated temperatures and humidity levels, the adaptive approach is
based on a non fixed set of conditions, taking inte account thermal
perception and behaviour of the user.

+ This process requires the user fo fake an active icle in contrelling his
indoor envirSnment.

Be it the Normal or Adaptive thermal comfort model, there are a few
important determining parameters that affect the design directly.
+  These factors are as follows:

Now, as ASHRAE defines thermal comfort they define a range of various parameters
within which thermal comfort can be experienced. However, a new discussion which is
recent not very recent, but a recent discussion around thermal comfort is also there which
is adaptive thermal comfort. An adaptive thermal comfort is based on the principle that

people experience and behave differently, their bodies behave differently.

So, people who are used to living in warm climates they are comfortable at higher
temperatures while people who are used to living in extremely cold climates are
comfortable even at much lower temperature. So, if you look at our own country people
coming from the extreme southern part of the country which does not experience any
winter months extreme winter months are comfortable at very high temperatures while if
you go to the extreme north where we are talking about Ladakh and Kashmir where the

temperatures are significantly low throughout the year the people are quite comfortable



at temperatures which are probably very cold for the people coming from extreme south

of our own country.

So, there is a great variation. So, thermal comfort cannot be defined as one limited range
it is adaptive and it also changes from season to season. So, that is what was the concept

of adaptive thermal comfort.
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Primary Factors

ASHRAE Slandard 55 defined the primary factors to be addressed while determining
thermal comfort condifions for indoor air quality.
These condifions are majory divided into lwo caleqgories:

- Foctors dependant on environmenial condilions.

Facton dependent on persanal preference.

- Environmental Factors:

* AirTemparature
= AirSpeed

*  Relafive Humidity / 'w GM_

+  Radianl Temperature |

- Personal Factors:

+ Clothing Insulation /
+ Metabolic Rate

Now, whether it be a fixed defined thermal comfort or it be adaptive thermal comfort

there are some factors which help us assess whether the given condition is thermally
comfortable or not. Now, there are some primary factors which determine comfort
thermal comfort and they can be clubbed in two distinct categories. One is environmental

factors and the other one is personal factors.

Now, there are four factors with an environmental factor, air temperature, air speed,
relative humidity and radiant temperature while in addition to these environmental
factors which are the more predominant ones, we also have clothing insulation and
metabolic rate. So, together these six parameters interact together to determine whether a

person will be experiencing thermal comfort or not.
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Now, let us look at each of these primary factors individually.
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Air Temperature

Air Temperature is the average lemperature of the air, an
occupant is surounded with,

Ithas a directimpact on perceived thermal comfort.

+  lican also be dubbed as Dry Bulb Temperature as if is measured
using a dry bulb thermometer.
Dry Bulb Temperature (DBT): “The temperature of air, read on an
thermometer, taken in such a way so as to avoid errors due to
radiafion.” (SP 41, 1987

+  Wet Bulb Temperature {WB;}r"The steady temperature finally
given by a thermemeter having ifs bulb covered with gauze or
muslinmoistened with distilled water an placed in an air stream
of not less than 4.5 m/fs.” (SP 41, 1987)

So, air temperature is the average temperature of the air ambient air with which the
occupant is surrounded with and it has a direct impact on perceived thermal comfort. So,
we very clearly know that when the summers come and the air temperature increases to
40 — 42 degree directly we start experiencing heat as the temperatures go on increasing.
Now, this air temperature is of two types you might have already studied it, but let us

quickly brush it up.



One is dry bulb temperature which is the temperature taken in such a manner and this is
taken by the regular thermometer in such a manner so as to avoid errors due to radiation
this is defined as what SP 41 of India SP 41 is a code prevalent in our country India. The
other is WBT which is Wet Bulb Temperature which is the temperature which takes into
account the impact of humidity in the air. So, dry bulb temperature does not take into
account the humidity while WBT wet bulb temperature takes into account the humidity

which is present in the air.

Now, what does the humidity do? So, humidity helps us release some heat from our body
evaporate. So, take away some heat and makes us feel comfortable. So, wet bulb

temperature takes into account that.
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Radiant Temperature

Mean Radiant Temperature: “The uniform suiface femperature of an
imaginary black enclosure in which an eccupant would exchange
the same amount of radiant heal as in Ihe aclual nan-uniform
space.” [ASHRAE Standard 55, 2010)

MRT =1, +2.42x V (T, -T,)
[Novalynx Comporation. 2010)
. Ty - At lemperature
(1) Globe temparature
V- Velacity in centmebe per second

The Mean Radian! Temperature can be used fo calculate he
Operalive Temperature

Tn = 05 Tdb1 + 05 Tmr1

T, - Cparative Temperature

T i~ Dry Bulb Tomparature

Now, another thing is radiant temperature which there are several different terminologies
which we use when we are talking about radiant temperature the most common one
being MRT or mean radiant temperature. Now, mean radiant temperature takes into
account the radiation effect of these surrounding surfaces the surfaces which are

surrounding the occupant.

Now, that is taken into account with the help of a term with the help of a quantity called
globe temperature. Now, what is globe temperature? Globe temperature is the
temperature of the air only, but it takes into account the radiation which is received from

the surfaces which are surrounding anybody, a blackbody. So, what is done to note this



globe temperature in a globe thermometer is used. So, we cover a thermometer, regular

thermometer surrounded by a black globe and then place it in any space.

So, the heat which is the radiation which is absorbed by this black globe which is
surrounding this thermometer and the radiation which is passed on to the thermometer is
accounted for through the globe temperature reading. So, with the help of and also the
MRT takes into account the air velocity, velocity of the air in meter per second
centimeter per second; the globe temperature which is taking into account the radiate

radiant temperature radiation the temperature of the air and velocity.

The mean radiant temperature is further used to calculate operative temperature. Now,
operative temperature is also a terminology which takes into account the impact of
radiation as well as the air and giving us a condition, which is equivalent to a given
surface condition with at different temperatures and also the air which is surrounding.

So, together both these two quantities are taken together.

(Refer Slide Time: 11:19)
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Now, if we have to explain the radiant temperature very simply through this image. We
can see assume that the occupant is surrounded by different surfaces say surface 1 which
is this at a different temperature; surface 2 which is at a different temperature; surface 3

which is as at a different temperature and so on.



So, what is the experience of this occupant who is receiving radiations, who is
experiencing surfaces on all the sides. So, this has to be clubbed together. So, the
experience remains the same where the experience of this person here with so many
different surfaces is the same if all these surfaces were made of one material and at one

particular temperature. This is the radiant temperature we are talking about.
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Relative Humidity

Relative Humidity (RH): “The r1atio of the parfial pressure (or
density)of the water vapour in the air to the saturation pressure
|or density] of water vapour at the same temperature and the
same total pressure.” (ASHRAE Standard 55,£010)

It can be calculated using a psychrometiic chart, when the Dry
Bulb Temperature and the Wet Bulb Tempero?ute are known

Now, second quantity is relative humidity. Now, relative humidity is the ratio of partial
pressure or density of the water vapor in the air to the saturation pressure of water vapor
at the same temperature. So, we very clearly know as the temperature of the air increases

it can hold more water it can hold more moisture.

So, what percentage of that saturation pressure or density is present at a given point of
time is what relative humidity is and it is a very common terminology which is used to
define the environmental factors of a given place in a given time. So, rains happen when
it is 100 percent relative humidity. So, the air is saturated with moisture maximum that it

can contain.
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IS 000
Relative Humidity

+ The importance of the relative humidity value playing a role in
the perception of thermal comfort cannot be stressed enough.

+  Maintaining an optimum relative humidity value isimportance
due fo many reasons of which ane is shown below.
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So, relative humidity has to be maintained at optimum level between 40 to 60 percent
from not just thermal comfort point of view, but also from the point of view of growth
and development of different kind of bacteria and viruses in the environment. So, and
fortunately apparently 40 to 60 percent is also the range where human beings feel

thermally comfortable, of course, along with the given conditions of temperatures.
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Now, these three quantities one is of a temperature which is dry bulb temperature, the

wet bulb temperature which takes into account the humidity, but if we do not have that



then we have this humidity relative humidity percentages which are going and if we
know the temperature if dry bulb temperature if we know the relative humidity we can
automatically calculate the wet bulb temperature through psychometric chart. This also
takes into account or it also has the lines for the air velocity within the psychometric

chart.

(Refer Slide Time: 14:27)

Reading a Psychrometric Chart
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So, if we have to understand the psychometric chart. So, we have the dry bulb
temperature DB we have WBT which is wet bulb temperature we have relative humidity
through these curved lines and we have dew point temperature which is this. So, we
would know the dew point temperature, if we know the temperature of a place at a given
point of time if we know the relative humidity, we can also calculate the dew point

temperature.

This along with that we can also calculate the specific volume. Now, here if we look at
the psychometric chart again the psycho through the psychometric chart very clearly the
comfort range can be defined, we can define the comfort range which is experienced

thermal comfort range which is experienced by the human beings.
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Air Speed

+  Indoor Air Speed: The average of
wind speeds measured at
symmetrically distibuted points
on a horizontal plane in the
normally eccupied zone (a
region lying between 0.6m fo 1.2
m above the floor| (NBC, 2005 &
SP 41, 1987)

+  Air Speed is generally measured
using @ Wind Anemometer,

So, psychometric chart was a good way of demonstrating experimenting and also
defining the thermal comfort, but not in a very comprehensive manner as other
parameters for example, the air velocity and the personal factors could not be taken into

account.

Another measure is air speed. So, air speed is the speed average wind speed which is
present in the environment surrounding the occupant the user and it is usually measured
with the help of anemometer. Now, if we understand if you want to understand the
impact of air speed on thermal comfort, we can very clearly relate with our common day
everyday experiences. So, at the same temperature suppose you start or turn on a fan you
suddenly start to feel comfortable while the temperature and the relative humidity have

remained the same.

So, the temperature is the same, say 32 degrees, the relative humidity is around say 50
percent at that temperature when a person occupant a subject was feeling relatively hot
slightly warm at the same temperature with wind speed rain coming in the same subject

would feel relatively less hot slightly more towards thermal comfort.
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So, there are different devices which are used for measuring these environmental
parameters. We have data loggers which help us measure relative humidity as well as
temperature, we have anemometers for air speeds, we have surface temperatures which

are measured using the data loggers and thermometer surface thermometers.

We have the thermometers which are specifically used for measuring the wet bulb
temperature where the thermometer is covered with the wick and which is moist which is
wet and then it is rotated. So, it takes into account the rate of evaporation and hence the
impact of humidity presence of humidity on the temperatures which is wet bulb

temperature and then we have relative humidity which is measured.
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Personal Factors

Now, we come on to personal factors. Now, personal factors are two — one is clothing

and the other one is metabolic rate.

So, if we are properly clad when in woolen clothing winter clothing at the same
temperature, we would feel comfortable because our clothing is heavy our Clothing
value is high the second factor personal factor is metabolic rate. So, suppose I am in a
given space and [ am standing still or I am just sitting comfortably, I would have a
metabolic rate which is low because I am not very active as compared to that and I am
likely to be comfortable at lower temperatures while if I am say working out in a

gymnasium my metabolic rate is very high.

So, when my body itself is producing heat I am likely to be more comfortable thermally
comfortable at temperatures which are lower when I am at a sedentary when I am not

working out much.
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Clothing Insulation
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+  Clothing insulation may be expressed in ¢lo units.
+  Ithas similar dimensions as the R value.
lelo=0155Km*W'=088R
+  Itmay be defined as:

“The amount of insulation that allows a persan af rest to maintain
thermal equilibriumin an environment at 21°C in a normally
venfilated room (0.1 m/s air movement).”

So, the first factor which we have is clothing insulation and it is expressed in Clothing
value this it has a similar dimension as the R value or resistance. So, it is Kelvin meter

square per watt which is the resistance offered by the clothing for the exchange of heat.
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Clothing Insulation

Table 1. Clo-Values for Different 1tems of Clothing and Ensembles

0.05%

Clothing | Clo-value
|
4
Haked | 0.0
Briefs | 0.06
Teshirt | 0.09
|

Bra and panties
Long undervear

upper

Lower
Shirt |

Light, short sleave | 014

neavy, long slesve 029

Add 3% for tie or tartleneck
Skirt 0.23-0.70
Trousars | 0.26-0.32
Sweater 0.20-0.37
Socks 0.04-0.10

0.02-0.08

Light summar outfit 0.3
Working elothes 0.8
Typical indoor winter clothing combination 1.0
Heavy basiness sait 1.5

So, there are defined Clothing values, insulation values for different kinds of clothing
patterns clothing types starting from O when the subject is not clothed at all to a very
heavy business suit which may go as high as 1.5. So, by varying the Clothing values, we



our clothing patterns we can feel comfortable for the given same set of environmental

parameters.
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For an average man, one met roughly corresponds to 100 W /
m?,

Human Body also regulates core body temperature (36.7° C) as
per need (Vasodilation or Yasocontraction.p

The next is metabolic rate. Now, metabolic rate varies from people to people from
communities to communities from subjects to subjects and that is why the adaptive
thermal comfort varies because from subjects to subjects and that is why different
countries when they are developing their own energy conservation code, energy codes
they take into account objects in those specific regions to define what is the adaptive

thermal comforts.

If you look at India the world’s developed countries for example, US they already have
their adaptive thermal comforts in place. India, in our country, we have also tried to
develop an adaptive thermal comfort scale which is called IMAC where we have tried to
understand at what temperatures are people comfortable the Indian subjects, tropical

subjects. So, this is by virtue of the climate that the people are exposed to.
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Metabolic Rate

Table 2. Met-values for selected activities

ACtivity | Mets

Sleaping \
Seated, guiet
Reading Home Energy articles
Standing
Walking, level
3 foat/sac |
6 feat/sec
House cleaning 2
Cooking 1.6
Typing 1
Driving
Writing Home Energy articles
Dancing 2
Calisthenics 3
Carpentry, sawing \

-
R

-

Basketball
Wrestling

bombarebabun
RS e

So, for different types of activities we are not talking about the subjectivity which is
coming in because of the chosen subjects, but we are talking about the metabolic rate
variation because of the different types of activities which are there. So, from sleeping
which is the lowest of metabolic rate which is 0.7 Mets to an intensive activity sports
activity; for example, wrestling where the metabolic rate is very high if a person is

involved. So, based upon this we also have the metabolic rate.
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Thermal Comfort Indices

+The conditions required for thermal comfort may vary according
to various locations, indoor | outdoor conditions ete.

+ They may not be uniferm even over a single occupants body let
dlone in-between individuals,

+  Butto make it easier fo understand and quantity, the particular
combinations of temperature, humidity and wind velocity
producing the same thermal sensations in an individual are
considered fo have the same elfective temperature, SP 41, 1987

+ A single scale which combines the effects of various thermal
comfort factors [such as air temperature, humidity, air movement
and radiation) is called a Thermal Index or Comfort Scale.

+  Various such indices were developed over a long period of fime
and some of these are more effective in particular situations than
others for different reasons that are further discussed.

+  Some of the more popular ones are as follows: o



Now, all these six parameters which we have seen so far come together to give us a
perception of thermal comfort. So, suppose the air temperature is high the relative
humidity is low the radiation is also high, the air speed is also high the metabolic rate is

low and Clothing value is also low.

Now, what is the combined effect of all these? How do we know that how do these
parameters what is the weightage of each one of this whether a temperature is more
important? So, usually we understand that oh it is very hot today, it is 42 degree
centigrade. So, it is going to be very hot today, but we may not perceive it as that hot or
maybe say 35 degree on some days with a very low humidity and a good wind speed will
not be the same as 35 degrees with a high humidity. In a very humid place, the same
temperature might be resulting in an environment which is absolutely uncomfortable, it

1s discomfort.

So, the attempt was made to understand how these different parameters interact together
to give us a perception to give us a feeling of what thermal comfort is or whether it is
comfortable or not. Now, this was called thermal comfort index. So, several attempts to
develop thermal comfort index they have been happening across the world and different

thermal comfort indices have been developed.

(Refer Slide Time: 23:32)

Effective Temperature (ET)

+ The effective temperature scale was developed by Houghton
and Yaglou in 1923,

+  This was done by plotting their findings on a psychrometric chart
representing ‘equal comfort lines'.
Effective temperature can be defined os:

“The temperature of slill, saturated atmosphere, which would, in the
absence of radiation, produce the same effect as the atmosphere in
question.”

(Koenigsberger, Ingersoll, Szokolay & Mawhey, 2013)
+ This was then later on modified by Yaglou in 1947 and was
generally accepted,

+ A nomogram for effective temperature in the normal scale is
shown in the next slide that makes the values easy to calculate.
o

The first one was developed by Houghton and Yaglou in 1923 which was called

effective temperature.
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Effective Temperature Nomogram
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Now, effective temperature brought together three quantities three parameters — one is
dry bulb temperature, the other one is velocity of the air and third one is humidity which
is taken into account by wet bulb temperature. So, wet bulb temperature is always lower
than the dry bulb temperature by virtue of the humidity which is present in the air. So, it
combined these three quantities together and resulted in a quantity called effective

temperature.

So, if we knew these three quantities, we would know the effective temperature and we
would know whether at what range of the effective temperature would people feel
comfortable. So, this was one quantity which put together three parameters, but this was

not enough and more and more research started to happen starting from 1923.
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Corrected Effective Temperature (CET)

While the effective temperature scole considered three
variables, air temperature, relafive humidity and air velocity.

The conected effective temperature also accounts radiatien
effects in addifion fo the three environment variables.

The consideration of heat gain or loss by the radiation effect s
helpful in adjusting the effective temperature to the CET.

+  The CET is measured by airtemperature, air movement, relative
humdity and the radient heat [Koenigsberger, Ingerscll, Szokolay,
& Mawhey, 2013 .

It can be measured using globe thermometer (radiant
femperature), wet bulb thermometer (for relative humidity) and
air speed measuring devices.

So, the next index which was developed was corrected effective temperature CET.

(Refer Slide Time: 24:46)
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And, in CET the additional quantity which was added was the radiation the radiant
temperature which was taken into account by replacing the dry bulb temperature with the
globe temperature. The velocity of air remained the same and the wet bulb remained the
same which was taking into account the relative humidity and the graph looks very

similar the nomogram looks very similar, but it is it is not and the index now was called



corrected effective temperature which took into account all the four environmental

parameters.

(Refer Slide Time: 25:22)
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Equivalent Warmth (EW)

+ 1.Bedford conducted a study on 2000 factery workers in England in 1936, who were
engaged in light work with changing indoor conditions

Subjective responses from workers were recarded along with simultaneously
measuring Air temperature, relative humidily and Mean radiant femperature.

He also considered fhe surface femperatures of clothing and skin.-

+ After comelating the findings, using statistical anulysi—s methods, the equivalent
warmth scale was constructed and defined by @ nomogram (Koenigsberger
Ingersoll, Szokelay, & Mawhey, 2013).

This method is perceived as reliable within the zone of comfort up to 35° C along with
low RH and up to 30° C with high RH.

+  One of the shortcomings is the underesfimation of the ceoling effect of air movement
during high humidity.

Now, more research was happening and new and new indices were coming into place.
So, equivalent warmth was brought into was developed which was developed by T.

Bedford in England in 1936.

Now, here for the first time he considered the surface temperatures of clothing and skin.
So, in some way the clothing and metabolic rate was brought in, but it was not the units
which we currently understand. It was only the surface temperatures of clothing and skin
which were brought together. So, almost all the parameters including environmental

parameter and the personal parameters were brought in.
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Operating Temperature (OT)

+ Winslow, Herrington and Gagge developed another thermal comfort scale in
USA, similar in working principle to the scale of equivalent warmih by Bedford.
«  |tconsiders air temperature and radiation effect.

+  The study was done for a specific region of cold condifions with negligible air
mavementand effects of humidity was considerably low.
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Very similar to the equivalent warmth another thermal comfort index was created in
USA which was operative temperature and this particular study was actually done for the

specific region of cold conditions with negligible air movement.

So, both in equivalent warmth and in operating temperature the air movement was

considered to be almost negligible.
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Equatorial Comfort Index (ECI)

+  Thisindex was developed by C. G. y I I
Webb in Singapore during 1960's. !

+  Inthis approach the subjective
responses of acclimatised subjects
were recorded together with s
measurements of air temperature, ¢
humidity and air mevement. .

+  The experimentally-found
relationships were organised info a |8
formula and shown on a graph, very
similar to the ET nomogram.
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Another thermal comfort index was developed in 1960s which was called equatorial

comfort index and it was developed in Singapore by C.G Webb and here the subjective



responses and these responses were acclimatized. So, this equatorial comfort index was
based upon these equatorial tropical subjects and they took into account the air,
temperature, humidity, air movement and then recorded the subjective responses and this
was organized. So, this was very similar to the effective temperature nomogram where
we have dry bulb temperature what wet bulb temperature and humidity and air

movement put together and the resulting in an equatorial comfort index.
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This scale is a slightimprovement
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Many such indices were developed another one being resultant temperature which was
also very similar to the effective temperature scale very close to that also. Again, taking
into account the dry bulb temperature, the wet bulb temperature the air velocity and the
resultant temperature again came out to be very similar to the effective temperature

nomogram.
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Predicted Four Hour Sweat Rate (P4SR)

+  The method attempts to comrelate
subjective sensations with climatic
measurement,

Itis primarily concemed with the
objective determination of physical
stress.

+  Metabolic rates as well as elothing, air
temperature, humidity, air movement
and mean radiant femperature of the
surroundings were considered”

The sweal rate scale was established on
the: basis of many different combinations
of the above variables producing the
same sweal rale, thus presumably the
same physiclogical stress.

g b B g 0 e . o o ™

Another index which was slightly different from the all previous ones that we have

discussed is the P4SR which is predicted for our sweat rate. Here the metabolic rate as
well as clothing, air temperature, humidity, air movement and mean radiant temperature
of the surrounding was considered for the first time in the same state as we understand

today.

So, all these six parameters were put together and the index actually looked at the sweat
rate, the 4 hour sweat rate to identify and to index the given circumstance to give to
understand the given environmental condition and understand the thermal comfort
implication of it whether it will be thermally comfortable based upon the predicted sweat

rate.
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Heat Stress Index (HSI)
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of subjects doing various
kinds of work is measured
and taken as an indication
of heat stress.

+  |tis thought fo be reliable
for still air between 27 &
35°C, 30 and 80% RH, and
for lower humidity if /
temperatures are higher,
but unsuitable for the
comfort zone.
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So, this was a new and an interesting concept another one was heat stress index. So, we
have seen that gradually from the initial thermal comfort indices where only the
environmental parameters were clubbed together gradually, we started moving on to
indices which had metabolic rate and clothing values integrated with the environmental

parameters.

So, this one heat stress index talks about the metabolic heat production of subject which
would which was doing different kinds of works and it was actually talking about the
stress heat stress on the human body based upon the temperature and relative humidity
and the resulting heat stress which would lead to the different kinds of impacts on human

body.
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Fanger's Comfort Analysis

+  Perhaps the mast commonly cited experiments on the human perception of
thermal comfort have been performed by Povl Ole Fanger.

His analysis indicaled thot the sensation of thermal comfort was most significantly
defermined by narrow ranges of skin femperature and sweat evaporation rate,
depending on aclivity level.

That is more active people were comfortable ot low skin temperatures and higher
evaporation rates.

By combining this infermation with the thermal energy balance equations, he
developed a set of comelations giving the Predicted Mean Vote (PMY) as a
function of six variables: air temperature, mean radiant femperature, dir velocity,
air humidity. clothing resistance, and activity level.

+ There are many tools nowadays incorporating these equations developed by
Fanger to find the PMV, like the Thermal Comfort Tool developed by the Centre for
Built Enviranment at University of California Berkeley.

After all these the most commonly used the most popular comfort index which is used is
Fanger’s comfort analysis which was performed by P.O Fanger and it has become one of
the most common popular tools for understanding thermal comfort. So, it was
determined and it took into account all the six variables which were established by that
time through P4SR and the previous ones. So, all the six air temperature mean radiant
temperature, air velocity, air humidity, clothing and activity level were all took into
account to develop the correlation to develop a set of correlation which gave the

predicted mean vote.

So, whether for the given same set of parameters the environmental as well as personal
parameters what would be the predicted mean vote as neutral which is 0 to thermally to
hot or cold. So, what would the subject be voting this particular set of conditions as
which was PMV was developed by Fanger’s comfort analysis and that became a very

common method of indexing in a very simple manner the environmental conditions.
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Predicted Mean Vote (PMV)

+ Fanger's equations are used fc calculate the Predicted Mean
Vole [PMV) of a large group of subjects for a particular
combination of air temperature, mean radiant temperature,
relative humidity, air speed, melabolic rate, and clothing
insulation, (Fanger, 1970}

+  Tero s the ideal value, representing thermal neutrality. and the
comfort zone i defined by the combinations of the six
parameters for which the PMV is within the recommended limits (-
0.5<PMV<+0.5). (ASHRAE Standard 55, 2013)

+  ASHRAE Standard 55-2013 uses the PMV model fo set the
requirements for indoor thermal conditions. It requires that at
least 80% of the occupants be satisfied.

So, ASHRAE 55 which is the standard which we commonly use for understanding the
thermal comfort use the same scale PMV to define thermal comfort and 0 was taken
which was what we were seeing in the first initial slide of this presentation where a 0
expressed thermal neutrality and it would vary both sides besides 0 from minus 5 to plus

0.5.
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CBE Thermal Comfort Tool

+ The CBE Thermal Comfort Tool for ™5™
ASHRAE 55 allows users to input 2555y |

the six comfort parameters o~ .2
deteiming whether a certain (5
combinalion complies with ha |
ASHRAE 55 -

+ The results are displayed on a -
psychromelric or a lemperalure mmer
relafive humidity chart and
indicale the ranges of iy
temperature and relative
humidity that will be comfortable
with the given the values input
for the remaining four
parameters,




The CBE thermal comfort tool used the same data of ASHRAE 55 and the PMV the
same method to understand from the user’s perspective and give it on the basis of

ASHRAE 55 whether the given set of condition is going to be comfortable or not.

(Refer Slide Time: 33:07)

Predicted Percentage Dissatisfied (P_Ep),

The Predicted Mean Vote (PMV) is the average response of a large number of
people. Given the subjective nature of comfort, there will actually be a
distriibution of salisfaction ameng a large group of people.

+  The following figure shows an empirical relationship between the Percentage of
People Dissatisfied |PPD) with a thermal environment as a function of the PMV,
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Now, this could be done on the basis of PMV method or adaptive comfort method where

the user inputs the air temperature, the MRT, air speed, humidity, metabolic rate or
clothing level and bringing all six of them together to give you a condition which as per
PMV the fixed thermal comfort mode whether it will give you a condition which is
comfortable or not. If it was the adaptive comfort method which we could select from
here, we could also see from adaptive thermal comfort point of view whether the given

set of condition is thermally comfortable or not.

The inverse of PMV was understood as PPD. So, if there are there is a predicted mean
vote where more people would say that [ am comfortable, there is also a percentage of
people who are predicted to be dissatisfied. So, there was a relationship between PMV
and PPD, and PPD also became the measure of understanding how many people in a
group will remain dissatisfied at the given environmental conditions set. So, this was also

used.
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ASHRAE Comfort Standard

+  ASHRAE has developed an industry consensus standard fo describe comfort
requirements in buildings.

+ The standard is known as ASHRAE Standard 55-2004 Thermal Environmental
Conditions for Human Occupancy.

+ The purpose of this standard is to specify the combinations of indoor thermal
environmental faclors and  personal factors that will produce  thermal
environmental conditions acceptable to a majerity of the occupants within the
space.

+  One of the most recognizable features of Standard 55 is the ASHRAE Comfort Zone
as portrayed on a modified psychrometric chart.

+ The Standard allows the comfort charts to be applied to spaces where the
occupants have activity levels that result in metabolic rates between 1.0 met and
1.3 met and where clothing is worn that provides between 0.5 clo and 1.0 clo of
thermalinsulation.

+ The comfort zone is based on the PMV values between -0.5 and +0.5.

Now, ASHRAE comfort standard which is ASHRAE 55 which was developed in 2004
defined all these six parameters to define a range of conditions which will be perceived
as thermally comfortable. Now, this is not adaptive thermal comfort this is based on
PMYV values between minus 0.5 to plus 0.5 and it defines that within this range of minus
0.5 to plus 0.5 people are going to remain comfortable. They are most likely to feel

comfortable.

(Refer Slide Time: 34:25)
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Tropical Summer Index (TSI)

Tropical summerindexis a thermal comfort index based on climate of India.

Itis adaptive thermal comfort index since is based exclusively for Indian subject
based on research done by CBRI Roorkee.

The TSl is defined as: “The temperature of calm air, at 50 percent relative humidity
which imparts the same thermal sensation as the given environment.”

+  The 50 percent level of relative humidity is chosen for this index as it is a reasonable
intermediate value for the prevailing humidity conditions. (SP 41, 1987)

s (1SF1aT, 34T, 2

T.= Wet Bulb Temparaturein °C / s

1,2 Globe lemperaturein 42°

V= Aripeedinmfy

+ TSl Defines the Thermal comfort range as 25°C - 30°C with best optimum comfort at
27.5°C.



The thermal comfort index which was developed for India by scientists from CBRI
Central Building Research Institute at Roorkee they developed an adaptive thermal
comfort index because it was exclusively based on the study of Indian subjects human
beings within the tropical climate of India and it took into account the wet bulb
temperature, the globe temperature and air speed. So, we are taking into account the

radiation, the dry bulb temperature, humidity and air speed.

So, all four environmental parameters were taken into account and the subjects were
tropical subjects. So, we were taking in through this we are taking into account the
adaptive thermal comfort. However, no specific consideration for the clothing value and
the metabolic rate has been taken through the tropical summer index. Yet because
tropical summer index is based on the study of Indian subjects it is very close to the

experience of tropical Indian subjects as far as thermal comfort is concerned.

(Refer Slide Time: 35:57)
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Heat Exchange

|
+  There are mulliple ways heat Radiation
exchange fakes place befween
{he human body and the
environment,
+  The most common ways it occurs
are;
- Conduction 7/
- Convection I
- Radiation 0 10U a
- Evaporation { e >
- The human body attempts fo ] ‘, rwduclion
regulate the heat exchange in \,‘ 1]l Convection
many ways 50 as to not affect the ) ll
health of the individual. i ‘é

Now, once we have understood that these six parameters are responsible for defining the

thermal comfort, we have to quickly revise the ways in which heat exchange takes place

between different bodies.
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Heat Exchange

The loss of heat in the human bedy is regulated through various processes of which
the Vasodilation and Vasoconfraction are important to understand as they affect
different individuals differently, leading to varied levels of sensation of comfort.

So, let us quickly go over this.

(Refer Slide Time: 36:07)

Conduction

Conductionis caused when heat is
directly fransmitted through the material
of a substance when there is a
difference of temperature between
adjoining regions through vibration and
without movement of the material,

So, one first is through conduction where the heat transfer is happening through the
material of a substance when there is a temperature difference between adjoining regions
and it is through vibration and without movement of that material. All of us very clearly
understand that when we are in direct touch with a surface with a body that is when
without movement of a material the heat transfer heat exchange takes place which is

conduction.
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Convection

Conductionis caused by the movement
of particles within a fluid or air by the
fendency of hotter and therefore less
dense material fo rise, and colder, denser
material to sink under the influence of
gravity, which consequently results in
transfer of heat. {

COMVICTION J_

Convection is which is the heat transfer is caused by the movement of particles. So,

through the movement of air, this is convection.
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Evaporation

Evaporation is the process of a \
substance in a liquid state changing to ‘
a gaseous state due fo an increase in \ """'""'?
temperature and/or pressure.

Then, we have evaporation which is the process of change of state from liquid to vapor

to gaseous state. So, the process of evaporation is also a way of heat exchange.
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Radiation

+  Radiation is a method of heat
transter that does not rely upon
any contact between
the heat source and the heated
object as is the case with
conduction and convection.

+ Heat can be fransmitted through
empty space by
thermal radiation often called
infrared radiation. This is a type of
electromagnetic radiation.

HADAATION

Then is radiation which is the method of heat transfer where there is no direct contact
between the source and the sink and the radiation is directly taking place without a

medium and the direct radiation is reaching the sink the body that is radiation.
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Short & Long Wave Radiations

Longwave radiation (infrared ight)

+ Shortwave radiation [visible light)

confains a large amount of energy.
Shortwave radiation has a shorter
wavelength than the longwave
radiation,

Solar energy enters our almosphere
as shortwave radiation in the form of
Ultraviolet (UV) rays and visible light.
The sun emits shortwave radiation
because itis af a very high
temperature and therefore it can
afford fo lose more energy.

conltains less eneray than shortwave
radiation.

Longwave radiation has a larger
wavelenglh than shortwave radiation

Once in the Earlh's almosphere, clouds
and the surface absorb the solar
energy the around heats up anfl re-
emils energy as longwave radiafion in
the form of infrared rays,

Earth emils longwave radialion
because Earth is cooler than the sun
and has less energy available 1o give
off.

So, all these four ways of heat transfer are responsible for causing the heat exchange into
a building. So, a building both receives heat and it loses heat through either of the four

mechanisms conduction, convection, evaporation or radiation. Evaporation is added here



because the buildings because it is very important for designing the buildings and

understanding the physics behind performance of buildings.
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Radiant Heat Exchange

A process that fakes place as a result of the processes of conversion of the
intemal energy of matter into radiant energy, the transfer of the radiant energy.
and its absorption by matter

+ The course of processes of radiant heat exchange is controlled by the relative
spatial posifion of the bodies exchanging the heat and the properlies of the
medium separating the bodies,

So, we have radiant heat exchange where these surfaces the surfaces of the building
absorb the heat during winters and then they transmit the heat inside and they re-radiate

the heat to outside as well.
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Choice of Materials
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Once we understand that how this heat is going to be transferred it may be from outdoor

to indoor or indoor to outdoor depending upon the climate of the place and depending



upon the season, we have to choose our design features carefully, we have to choose our
materials very carefully. So, for example, we are in an extremely hot dry climate where
the outdoor temperatures are very high. So, and there is very strong radiation which is

present.

Now, the heat exchange will happen take place from outdoors to indoors through one is
conduction. So, the heat which is absorbed by the walls of the building will conduct that
heat to indoors; second is through conduction. So, the hot air from outside will be
traveling to indoors and that is by way of conduction there is radiation when the sun
direct sun is entering the building the indoors. So, that is by radiation. Now, these three

have to be controlled by through design.

So, through conduction if we have to control, we make the mass thick. So, thicker the
world lesser is the heat which is conducted because more will be absorbed within it.
Convection, so we use feature such as Jalli. So, the hot air because it will be passing
through these small holes, pores will lose out it is heat and cool down by the time it is
transferred to indoors. For radiation we provide the shading devices we provide
Jharokas, we provide Chajjas, we provide over overhangs, so that the direct radiation is

cut off.

So, these fundamentals of heat exchange are important to understand because then we
can design the buildings appropriately for the given climate and for the given context in

which we are working. So, that is all for this lecture today.

Thank you very much and see you in the next lecture.



