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SUMMARY

This doctoral thesis deals with evaluation of tharsomfort of a man according to PMV

mathematical model given by ISO 7730 and ASHRAE d$i&ndards. The thesis

summarizes theoretical knowledge concerning theomaifort and related themes.

At the beginning of the work, the problems conaegninean radiant temperature (MRT),

which is the most difficult determinable factor,easolved. The thesis deals with

integration of surface temperature of whole spau tdes to eliminate problems arisen

from MRT measurement on spherical surface. Thezeuaed Matlab simulations in this

part.

Within this work, the PMV model was modified in erdto provide more accurate results
and be simpler applicable.

Further in experimental part, a software tool f&\P PPD, DR indices assessment and
also a tool computing these parameters in simglifreodel representing real room with

corresponding problems are prepared.

Another important part of this work is optimizing economic costs, energy saving and
emission reduction with SOMA evolutionary algorithm

The results of thesis led to design two thermalfoohevaluation systems — the laboratory
and embedded version. At the end, the resultsisfuibrk are discussed and suggestions

for further research in this filed are given.



RESUME

Tato doktorska prace se zabyva vyhodnocovanim népeglohody ¢lovéka podle
matematického modelu PMV, ktery je dan standard® 13730 a ASHREAE 55.
Disert&ni prace obsahuje souhrn teoretickych znalostijitgikae tepelné pohody a s ni
spojenych témat.

V Gvodni ¢asti je reSena problematika dfeni stedni radiani teploty (SRT), ktera
piedstavuje neptSi problém [ vyhodnocovani ukazatieltepelné pohody. Prace se
zabyva integraci povrchové teploty celého prostarisnahou je odstranit problémy
vznikajici @i meéteni SRT na kulové ploSe. V tét@sti feSeni jsou vyuZzity simulace
v prostedi Matlab s vyuZitim vSechgunosti, vetrg grafickych.

V rédmci této prace byl model PMV modifikovan takygposkytoval pesrgjSi vysledky a
byl jednoduseji aplikovatelny.

Dale v experimentélniasti byl gipraven softwarovy nastroj pro vyhodnocovani ukelaat
PMV, PPD a DR a néstroj pitajici tyto ukazatele ve zjednoduSeném modelu widiagici
realné mistnosti a s tim souvisejicich proliiém

DalSi vyznamnouwasti této prace je optimalizace, resp. hledaniéaxir ekonomickych
nakladi, uspory energie a snizeni emisi a to pomoci éudto algoritmu SOMA.

Vysledky disertani prace vyd&uji v navrh dvou typ vyhodnocovacich systéntepelné
pohody — laboratorni verze a embedded verze. ¥ragsou zhodnoceny vysledky této

prace a jsou dany navrhy na dalSi pokkeni v tomto vyzkumu.
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heat supply to the black sensor at two-spher@nagetier
percentage dissatisfied

predicted mean vote index

heat supply to the polished sensor at two-splestiemeter
predicted percentage dissatisfied

partial pressure of water vapour in the air

partial pressure of saturated water vapouriatesip

heat exchange by convection between the air angldie
thermometer

heat exchange by radiation between the walls of the
enclosure and the globe thermometer

radiant heat flux

relative humidity

heat transfer coefficient
construction heat resistence
Seebeck coefficient

surface of heating panel
thermal loss via breathing
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S m? sensitive area of sensor

T K absolute temperature

ta °C interior air temperature, ambient air tempeeatu
te °C temperature of the clothing

Ty K temperature of the black globe

Th K temperature of the net radiometer

top °C operative temperature

Tor K plane radiant temperature

tsi °C temperature of i-th heating panel surface

t; °C mean radiant temperature

Ts K sensor temperature

Tu % local turbulence intensity

Va ms* air velocity at the level of the globe thermometer
Vai ms* local mean air velocity

v, ms* relative air velocity

w w mechanical work

WME met external work

Atay °C vertical air temperature difference between readifeet
Aty °C radiant temperature asymmetry

n - efficiency of heating panel

D, W radiant flux
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LIST OF ABBREVIATIONS

ADC Analog to Digital Converter

ADI Analog/Digital Interface

ASC Absolute Seebeck Coefficients
ASHRAE érr?geizrr]iggpSSociety of Heating, Refrigerating and @onditioning
CMRR Common-mode rejection ratio

DAC Digital to Analog Converter

DR Drought Rating

EA Evolutionary algorithm

FOV Field of View

GA Genetic algorithm

GPIB General Purpose Interface Bus

1’C Inter-Integrated Circuit

10 Input/Output devices

IR Infrared

ISO International Organization for Standardization
LCD Liquid Crystal Display

MRT Mean Radiant Temperature

PD Percentage dissatisfied

PGA Programmable Gain Amplifier

PMV Predicted Mean Vote

PPD Predicted Percentage of Dissatisfied
RSE Relative Seebeck emf

RTD Resistance temperature detector
SOMA Self-Organizing Migrating Algorithm
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SPI Serial Peripherial Interface

UART Universal Aasynchronous Receiver/Transmitter
USB Universal Serial Bus
WBGT Wet Bulb Globe Temperature
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1 INTRODUCTION

Thermal comfort describes a psychological persatéde of mind concerning thermal
sensation in given environment and is usually reterto terms of whether someone is
feeling comfortably, hot or cold. This definitios €asy to understand; on the other hand, it
is difficult to express it in physical parameteechuse thermal comfort if a function of
many parameters and not only the obvious one, itheraperature.The general approach
in thermal comfort determination is based on theagolation of human body and heat
balance with surroundings. Based on this approdating the last century, there were
developed dozens of models rating heat stressteaid sf humans in given environment
(the list of available models is also presentedppendix A of this thesis). Out of these
models and research works, the PMV-PPD model frBanger, 1970) has been most
widely used. Also, the international organzatiorf8#RAE (American Society of Heating,
Refrigerating and Air-Conditioning Engineers) arflOl (International Organization for
Standardization) has adopted the PMV-PPD modehéir tstandards ISO EN 7730 and
ASHRAE 55 respectively. Both standards define tlroomfort as ,the condition of
mind which expresses satisfaction with the thermwavironment and is assessed by
subjective evaluation®.

As mentioned before, the determination of thernmhfort is quite difficult because the
evaluation takes into account various environmefaetors such as air temperature, mean
radiant temperature (MRT), relative humidity, rlat air velocity and personal
factors - insulative clothing and activity level.

As can be seen from ISO 7726 “Ergonomics of thenthéenvironment - Instruments for
measuring”, the most problematic measurable armligéed physical quantity is the mean
radiant temperature, which is the uniform tempeetf an imaginary enclosure in which
radiant heat transfer from the human body is etputiie radiant heat transfer in the actual
non-uniform enclosure. Mean radiant temperaturehze a greater influence on loosing
or gaining heat than any other parameter evenithteraperature. This heat exchange by
radiation between person and surroundings is heglalse of high skin absorptivity and

emissivity (the relative ability to absorb and eemiergy by radiation). The assessment of
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mean radiant temperature is also standardized ©y71&6 “Ergonomics of the thermal
environment - Instruments for measuring physicamiies” but methods described in this
standard have some limits and uncertainties discusater in this book and also in

(Alfano, 2011), (HruSka, 2003), (Health and Satexgcutive, 2005).
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2 STATE OF ART

People used to build various building to proteatntselves against different weather
conditions especially rain, cold, sun, thunderst@mnd others. The problem of thermal
comfort was recorded as early as Ancient Egyptgim@ound 400 BC the classical Greek
Athenian philosopher Socrates had thoughts on lthrtic suitability of houses, on how
to build to ensure thermal comfort. Vitruvius (&sntury BC) also wrote about the need to
consider climate in building design, for reasoneélth and comfort. This however had
very little influence on the practice of architeetfAuliciems, et al., 2007). The practical
solution of thermal discomfort issues was minimatduse of lack of appropriate tools and
devices. There were used hand-held fans, ventjlatiwers, tunnels or wooden shutter on
windows for cooling purposes and on the other hthede existed a fire to keep warm in
cold conditions.

The progress in heating technology became from 2 century and in cooling
(mechanical) technology became from earli{f 26ntury. The study of thermal comfort as
a relation to temperature we can date froffi @ntury second decade, especially in United
States and England. In 1923 the American Societyazfting and Ventilating Engineers
(ASHVE) has created a chart defining the comfomiezdéor most people in the United
States, but the results of this study were appkcaioridwide.

During thirties of 28 century brought some empirical studies, Vernon\Aadner in 1932
and Bedford (1936) and analytical works from Wimglélerrington and Gagge (1937).
The studies (Nevins, et al., 1966) and (McNallakt 1967) used participants that rated
their thermal sensation in response to specifiedntal environments and based on these
studies and own research, (Fanger, 1970) derivedfocb equation describing thermal
comfort on six parameters (physical activity anotluihg and environmental parameters:
air temperature, mean radiant temperature, aircigl@and air humidity). This equation
linked thermal conditions to the seven-point thdrsemsation scale defined by ASHRAE
(earlier ASHVE) and became known as the PredictedrMVote (PMV) index. Then,
Fanger developed Predicted Percentage Dissatigfied) index that predicts percentage
of people dissatisfied with given thermal conditon

The International Standards Organization (ISO) hdepted the PMV-PPD model in
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thermal comfort as ISO 7730 standard in 1984.

Beside these indices of the thermal comfort, thalumtion of dissatisfaction due to
draught should be taken in account. This dissatisia is caused by air velocity and
turbulence intensity; thus, cooling is caused mdy by air velocity, but also by fluctuation
in the air stream. For people in thermal neutralitye draught risk model was developed
predicting the percentage of individuals dissasflue to draught (Fanger et al, 1988).
Basically we can divide thermal sensation modeis iwo groups — physiologically based
and non-physiologically based group; the formeriswagorithm that produces a predicted
physiological state and predicted thermal comfatevfor human exposed to an indoor
environment using certain physical parameters wdrgienvironment and of the human as
input while the latter are based on statistica fit data relating comfort indices to the
physiological environment.

Basically, physiological model uses heat balancle@fuman body. The heat is generated
from metabolism and lost due to respiration angexeation. In addition, human body gain
or lose heat by conduction, convection and radiatidost of the models use initial values
for physiological constants and variables and tliterates. Within the iteration the
thermoreceptor signals to the brain are establishguysiological responses are
determined, heat flows, core and skin temperataregalculated. Iteration repeats usually
with minute period. In addition to this, the FarigePMV-PPD model (and other
modifications of this model) is based on iterat@iermining clothing surface temperature

and the convective heat transfer coefficient iedixeat flow.

Today, two versions are in general use:

- Two-node model from (Gagge, et al., 1986) - Thests first the heat transfer
from the body core to the skin, then from the dkirthe environment. In this
model the sensible heat loss from the body sudat®ilates with convection
and radiation, on the other hand these losses amsidered as one loss
depended on difference between skin temperaturaiabitnt air temperature.

- Comfort equation (PMV model) from (Fanger, 197Ylede standardized by
ASHRAE 55 and ISO 7730 standards. The PMV-PPD magsds a
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steady-state heat balance for the human body awes ghe relationship
between human physiological processes (sweatingpceastriction, and

vasodilation) and thermal comfort vote.

There are a large number of physical variablesitifatence thermal comfort. As can be
seen, the biggest limitation of PMV thermal modedym the input information point of
view, is the mean radiant temperature that is aliffi to determine precisely.
Measurements with globe thermometer recommendelb®y7726 standard suffer from
globe temperature dependency on convection andatr@awalj high time constants
(20-30 min), non-uniform temperature distributiondathe impossibility to measure
asymmetric radiant temperature. Some problems eaolved with two-sphere radiometer
method measurement that gives lower dependencyvection; on the other hand the

emissivity of surrounding surfaces must be known.

The PMV-PPD model solves heat balance equationthéohuman body and is generally

implemented on a computer. However; we suffer fthenlack of user-friendly interfaces.
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3 STATEMENT OF RESEARCH OBJECTIVES

» Processing of theoretical knowledge related tontla¢éicomfort and mean
radiant temperature
* Modification of PMV model to provide more accuragsults and simpler
deployment
» Creation of software tool used for computing PMWineanatical model
» Design and creation of simplified model of realmoosed for thermal
comfort indices evaluation
» Optimize the costs for maintaining the thermal aomniih modelled room
» Determination of mean radiant temperature basadeasurement with
several thermopile sensors
* Thermal comfort evaluation systems design
i. laboratory version — based on DatalLab unit andopetscomputer
- apparatus arrangement with connection to persamapuater
- implementation of sensory system for monitoring
- software creation for thermal comfort indices ew#ilon
- acquiring experimental data
ii. embedded version — based on ADI (Analog/Digitatiifetce)
- selection of appropriate ADI device
- preparation of the evaluation system
- programming modules

» Suggestion for further research in this field
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4 THEORETICAL PART

This part describes theory related to this work. thé beginning the general term

temperature is described. Then thermal radiati@hphysical laws are discussed. Middle
part of this section is focused on thermal comfmtl related standards. Next chapter
describes mean radiant temperature as a specifieneéer influencing thermal comfort.

Finally IR thermometers and pyrometers are intreduand one chapter is devoted to
thermopile sensors that are used in practicalgfarts work.

The final chapter presents possible modificationpoédicted mean vote mathematical
model. This modification is convenient when usihgrtnopile sensors in thermal comfort

evaluation and simplifies the computation of thdromamfort indices.

4.1 Temperature

Temperature is a state parameter that determinkty & heat transfer. The temperature
T’of a body is higher than the temperattlireof another body if after contact between the
bodies the first one transfers heat to the secoed ldowever, if the heat transfer does not
appear between these bodies when separated franstineundings, then between these
bodies there is a thermal equilibrium and the botliave the same temperatufé=(T ).
Maxwell formulated the following law regarding teerpture, known as the zeroth law of
thermodynamics. If three systems A, B, and C are state of respective internal thermal
equilibrium, and systems A and B are in thermalildgium with system C, then systems
A and B are in mutual thermal equilibrium, i.e.eythave the same temperature. This law
is the basis for using thermometers for the measemé of temperature. Thus,
thermometers allow for different systems for memgutemperature. As a principle, in
thermodynamic equations the absolute temperaturgivien in Kelvin (K). Another
commonly used scale of temperature is the Celsiale swherd = T — 273.15, wherd is

the absolute temperature. The value 273.15 islibelate temperature for the triple point
of water, which is the temperature at which thee¢hphases (solid, liquid, and gas) of

water can exist in equilibrium (Petela, 1983).
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4.2 Thermal radiation

Radiation source
Thermal radiation can be considered from many wffeviewpoints. It is caused only by
the fact that a radiating body has a temperatigieenithan absolute zero. According to its
purpose, radiation can be considered to be eleagoetic waves or a collection of
radiation energy quanta, i.e., photons, which lagematter particles.
The photons constitute a so-called photon gas.eftwer, analogously to a substance gas, a
photon gas can be the subject of statistical (mgwpic) or phenomenological
(macroscopic) consideration. Energy supplied to aglyb e.g., by heating, sustains
oscillations of atoms in molecules that then becdike the emitters of electromagnetic
waves. At expend of internal energy or enthalpytlod body substance the energy
propagates from the body via the waves in a procaksd thermal radiation. The terms
radiation and emission are two homonyms and canskd not only for the process but
also for the product of the radiation or emissioocpss, respectively, i.e., the collection of
emitted energy quanta or photon gas. The producdation is comprised of matter, the
rest mass of which, in contrast to a substancequsl to zero. According to the Prevost
law, a body at a temperature greater than absakite radiates energy that can differ
depending on different types of body substancéasersmoothness, and temperature. The
energy of this radiation does not depend on tharpaters, properties, or presence of
neighbouring bodies. The different bodies also dbsmcoming radiation in different
amount. Thus, energy exchange by radiation dependthe difference in emitted and
absorbed radiation. For example, if the energytenhils greater than the energy absorbed,
and the energy of the body is not supplementedy the temperature of the body
decreases.
Phenomenologically, heat exchange by radiationnierpreted as a transformation of
internal energy (or enthalpy) into the energy oéctlomagnetic waves of thermal
radiation, which then travels through the surrongdinedium to another body, at which
point the radiation energy transforms again torirgkenergy (or enthalpy).
Statistically, heat exchange by radiation is defirses the transportation of energy by
photons that emit from excited atoms and move timy are absorbed by other atoms.
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Radiation energy is composed of electromagneticewanf length theoretically from
0 tow. The lengthd of the waves is correlated with the oscillatioaginencyy and the

speed of propagatianas follows:
Av, =cC (3.1)

The speed, of the propagation of electromagnetic waves ia@uum is largest:
Co = 2.9979 x 18 m/s The ration of speedc, to the propagation speedin a given

medium

A (3.2)
is called the refractive index and is always latan 1. For gases,is close to 1, but, e.g.,
for glass it is about 1.5. In experimental investions it is usually more convenient to
measure the wavelength. In theoretical investigatiohowever, it is usually more
convenient to use frequency, which does not chamigen radiation travels from one
medium to another at different speeds.
The shorter are the wavelengths, the more penetratd the waves. Fig. 4.1 shows
approximately some characteristic regions of thevelengths. As the wavelength
decreases, i.e., the frequency increases, therpgartof the radiation within the matter
grows deeper and deeper. For example, X-rayslét’ Hz (Hz = 1/s) travel through the
human body, finding only slight difficulty in pemating bones. Gamma rays -a10” Hz
have no problem penetrating most substances imgudietals. Shields used against
gamma rays are made of dense metals, e.g., leadevdo, natural cosmic waves have far
greater penetrating power than manmade gamma imadiand can pass through a
thickness even of 2 m of lead. With increasing aadn frequency, the wavelength
becomes very short in comparison to even the densetsil lattices. For extremely large
frequencies even the heaviest metals lose thestdshg ability and are not able to reflect

the radiation.
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Thermal radiation
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Fig. 4.1. Scheme of the characteristic wavelenggiions (Petela, 2010)

With diminishing wavelengths the radiation energcreases significantly. The shortest
possible wavelength limit is equal to the so-caldnck’s length, which corresponds to
a frequency of 7.4 x 10Hz. All the regions shown in Fig. 4.1 overlap aedy., radiation
of wavelength 13 m can be produced either by microwave techniquesrgmave
oscillators) or by infrared techniques (incandesceaurces). All these waves are
electromagnetic and propagate with the same spg@u a vacuum. The properties of
radiation depend on their wavelengths. From thevpaent of heat transfer, most essential
are the rays that, when absorbed by bodies, canstceable increase of energy of these
bodies. The rays that indicate such propertiesrattigal temperature levels are called
thermal radiation. An electromagnetic wave is dmicbe polarized if its electric field
oscillates up and down along a single axis. Formgte, polarized radiation is comprised
of the waves generated by radio broadcasting witleréical antenna, which makes the
electric field point either up or down, but nevigtesvays. The light from an electric bulb is
an example of non-polarized radiation: the radgptetoms are not organized. Such
radiation arriving in the eyes can have, for a wtdl vertical electric field, but then it
rotates around to horizontal, then back to verticahndom fashion. The radiation can be
polarized, e.g., with use of a material such asaf@a that absorbs radiation in one
direction while transmitting radiation in the othdirection. For example, Polaroid
sunglasses can absorb horizontally polarized nadia¢mitted mostly from reflective

surfaces such as glass, water and others. (P2¢41Q)

Radiant properties of surfaces
The principles of propagation, deflection, and aefion of visible rays are valid for all

rays, thus also for all invisible rays. An energytpn E from any surface, striking the

27



considered body of finite thickness, splits intoeth parts as schematically shown in
Fig. 4.2. Generally, pak, is reflected, parE, is absorbed, and pdg; can be transmitted
through the body. The energy conservation equatimnthe portionE comes in the

following form:
=E +E +
E=E+E+E (3.3)
The parts can be expressed in relation to the gwoEi Thus we have the definitions:
reflectivity o=E /E, absorptivitya=E./E, and transmissivity=E /E, where:
1=pra+t (3.4)
The magnitude®, a, andt are dimensionless and can vary for different todiem

Oto 1.

Fig. 4.2. Split of emission energy E arriving a ttonsidered body (Petela, 2010)

In practice, there are some bodies with differepéctfic properties that make the
characteristic magnitudes of equation (3.4) takeesvery close to 1 or 0. In order to
systemize considerations, some idealized body reoti¢h extreme values of radiation are
introduced. If a body is able to totally absorb aagiation striking the body, i.ex=1, and

thus from equation (3.4) has the respitr=0, then such a perfectly absorbing body is
called perfectly black (i.e., a blackbody). If adgas able to totally reflect any radiation
striking the body, then in such a cgsel and a=7=0, and the body is called perfectly

white. If, due to the perfect smoothness of théasay, the reflection is not dispersed, i.e.,
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the incident and reflection angles are identicgle¢silar reflection), then the body is
additionally called a mirror. However, if reflecteadiation is dispersed in many directions
(diffuse reflection), then the surface is calledl.dMonatomic gases (e.g., He, Ar) and
diatomic gases (e.g., .ON;) are examples of bodies that practically transtaotal
radiation. Such bodies can be considered as a roatetl perfectly transparert=1), and
from equation (3.4) we get=0=0. Some bodies are permeable only for waves of a
determined length. For example, a window glassstrais only visible radiation and
almost entirely does not transmit other thermalatawh. Quartz glass is also practically
non-transmittable for thermal radiation except ¥@@ible and ultraviolet radiation. Solid
and liquid bodies, even of very small thicknessactically do not transmit thermal
radiation. They can be considered as a model ééqtéyr radio-opaque body for which

=0 and:
at+p=1 (3.5)
As the results from equation (3.5) show, the beitéody reflects radiation, the worse it

absorbs, and vice versa. The reflecting abilityttedfrmal radiation can be significantly

larger for smooth and polished surfaces in comparie rough surfaces.

Definitions of the Radiation of Surfaces
EmissionE of a surface is the energy radiated at the tenyeraf the surface and emitted
into the front hemisphere. The emission expreseedatts (W), related to the emitting
surface ared, is called the density of emission:
E
e=—
A (3.6)

and is expressed in Wm

However, generally, the radiation propagating fronsidered surface can be composed
of both the emission from such a surface and thetian from other surfaces that are
reflected by the considered surface. The particutatiation components can differ
depending on their temperature. In energetic cenatibn of radiation, the temperature of

such components is not distinguished and the tatdiation (emission and reflected
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radiation) is called the radiosity, The radiosity is expressed in the same unitsrasséon
and, analogously, the radiosity densitg related also to the surface area:

23

a (3.7)
For a blackbody, which does not reflect radiatitwe, radiosity equals the emissialFE).
Usually the general term radiation can mean eigngission or radiosity. The exchange of
radiation energy can occur between surfaces ofmdift size and configuration. In
calculations of the exchange between any two sesfa@andm, generally only a part of
the radiation from surface arrives at surfacen. Therefore, one can use the view factor
#-m, Which is defined as the ratio of the radiosity., arriving from surfacen at

surfacem, to the radiosity, leaving surface:

n (3.8)
The factor value can be within the range from Q.té¢f each of the considered surfaces is
uniform in terms of temperature and radiative proes, i.e., the density of radiosity is
constant at every point of the respective surfatems the factor depends only on the
location of both the surfaces in space and is samastcalled the view factor. However,
if j is not the same at any point of the considerethsararea\, then the radiosity density
has to be considered loca(jydJ/dA) as will be discussed later. The density of emissio
consists of the energy emitted at the wavelengftom zero to infinity. The very small
part of the emission corresponds to the wavelengtiyedA. Therefore, for the given
wavelength, the monochromatic dengfyof emission is defined as follows:

_de

~d/ (3.9)

The monochromatic emission density[Wm™] depends on the wavelength, temperature,

€

and radiative properties of the emitting surfacewever, the model of a black surface has
determined radiative properties and the monochrondgnsitye,, of emission of the
black surface

_dg

" dd (3.10)
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is only a function of temperature and wavelength.

Fig. 4.3. The area representing the elemental gradrgmission (Petela, 2010)

As shown in Fig. 4.3, the total, i.e. panchroméie all wavelengths), emission densgy
of the black surface is represented by the arearuthete,, spectrum, whereas the total
panchromatic emission of the gray surface corredpao the smaller area, under e
spectrum. The guantitg, can be determined based on equation (3.10) hbintegration

over the whole range of wavelengths from GtdPetela, 2010)

Planck’s law

Fig. 4.4 shows the theoretical model of a blackh@dyled the cavity radiator, which has
played an important role in the study of radiatibhe analysis of the nascent radiation in
the model led to the birth of modern quantum phs/sithe virtual model of the black
surface (Fig. 4.4) appears as a small hole in th# @mbracing a certain space. Any
radiation portiorP entering the space through the hole is the subfemiccessive multiple
deflections. Each deflection attenuates the poipaspecially when the interior is lined
up with material with high absorptivity. It can bssumed that the portid?is entirely

absorbed by the hole; therefore the hole behakesdiperfect blackbodya=1). The
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radiosity of the hole does not contain any refléatdiation, but it represents the density
of the emissiom, of a perfectly black surface. Thus, the densitplatk radiosityj, of the
hole is equal to the density of emissignof the black surfacg, = e,. The cavity space
does not contain any substance; the refractivexingel. The emission density,

expresses radiation energy emitted from the hatethe front hemisphere, i.e., within the

solid angle Z sr.

Fig. 4.4. Blackbody model (cavity radiator) (Pet&l@10)

In 1900, Planck announced his hypothesis with aildet model of the atomic processes
taking place at the wall of the cavity radiator.eTatoms that make up the cavity wall
behave like tiny electromagnetic oscillators. Eashillator emits electromagnetic energy
into the cavity and absorbs electromagnetic enagy the cavity. The oscillators do not
exchange energy continuously, but only in jump&edafuantay, wherev is the oscillator
frequency andh is Planck’s constanh = 6.625x10% Js
Thus, in radiation processes discrete quanta fatsevhich, if the principle of quantum-
statistical thermodynamics is applied, the follogviexpression can be derived for the
energy density,, Jm”, of radiation per unit volume and per unit waveémn

8rhg,

A (eﬂhch —1J
(3.11)
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wherek=1.3805x10% JK ! is the Boltzmann constant.

In order to obtain the radiation energy flux, i#e energy emissios,,, instead of the
radiation energy remaining within a certain voluntiee energy density, should be
multiplied by the factocy/4 resulting from the geometrical considerations ulsed, e.g.,
by (Guggenheim, 1957). Thus, based on the quartteory, initially empirically and later
proven theoretically, the Planck’s formula for thlack monochromatic emission density

&,4, can be established as follows:

S Rk
/15[@T —1)
(3.12)

where

¢, = 277h@ = 3.74x 10*° Wni

c, :%:1.438& 10? mK

are the first and the second, respectively, Plancknstants and [K] is the absolute
temperature of black radiation. Fig. 4.5 presehts durves of the black monochromatic
density of emissione,, as a function of wavelengtil and for some different
temperature3. The higher is the temperatufethe larger is the area between thaxis

and the respective curve.
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Fig. 4.5. Monochromatic density of emission asrecfion of temperature and wavelength
(Petela, 2010)

The dashed line in Fig. 4.5 represents pointhefrbaximum values o, , and it shows
that the higher is the temperature T the small¢heswavelengtii,,, corresponding to the
maximum. For the model of a perfectly gray surfade assumed that the panchromatic

emissivitye, defined later by Equation (3.29), is equal to tt@enochromatic emissivity,
as follows:

e
E=—= =

% S (3.13)
For comparison, Fig. 4.6 presents four examplaseifferent surface specteafor the

same temperature. The largest and always the maxwalues of the spectrum appear for
the black surface (dashed—dotted line). The redhses (solid line) have the smaller
values of the monochromatic emissieyn (alwayse; < &, ), which can be represented by
the regular averaged curve (dashed line) correspgrd the appropriately selected model
of a perfectly gray surface with a constant valfiernissivitye,. Thus, the spectra for the

models of black and gray surfaces reach the maxirfamthe same wavelength. An
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entirely different type of spectrum can appeard@as. The gas spectrum can be irregular
(e.g., dotted line) so that application of the gmegydel is too inexact.

— —— black surface
————- grey surface
real surface

snsmmsmn (JAS

g5

e
7

Fig. 4.6. Examples of spectra of three surfacesihlgray (at = 0.6), and real, compared
to the spectrum of gas £8), at the same temperature. (Petela, 2010)

For some cases the Planck’s formula (3.12) camniglified to the two forms; each giving
an error smaller than only 1%. Firstdiik T <3000 um K, thenc,/(AT) >> 1 and the

following formula derived by Wien, is obtained:

A° (3.14)
Second, ifAXT>>c, i.e., if AXxT > 7.8 x 10° ym K, then expanding the expression in

brackets in the denominator of equation (3.13keies:

2
e% _1:i+l(&j +

AT 20 AT (3.15)
and neglecting further terms, the Rayleigh—Jeamsuta can be applied:
T
ST
2 (3.16)
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Fig. 4.7. Comparison a4, , values for 2500 K (Petela, 2010)

The precision of the Wien formula (3.14), in comgan to Planck’s formula (3.12), is

illustrated in Fig. 4.7. foll = 2500 K The convergence for this temperature is better th
smaller is the wavelength. The Rayleigh-Jeans ftan(8.16) for the shown range of

wavelength gives significantly inexact values. Tpeecision of the Rayleigh—-Jeans
formula (3.16) in comparison to the Planck’s foren(B.12) is illustrated in Fig. 4.7 for

T=1000 K The convergence for this temperature is betetaiger is the wavelength.

The Wien formula (3.14) for the shown range of wewgth gives significantly inexact

values. (Petela, 2010)

Wien’s Displacement Law
The wavelengti,, for which the spectrum of black emission reaam@simum, can be
determined by considering the derivative of equef®12) as equal to zero:
d
Q),/i — O
dA (3.17)

36



Introducing a new variabbeas follows:

A=, di=--2dx
TX TX (3.18)
it could be written as:
di( e*xs 1} =0
X (3.19)
which leads to the transcendental equation:
e -1 (3.20)

with only one real solutiorx=4.965 Thus, the considered maximum value in the spectru

appears for the condition, called the Wien’s disphaent law:

AT =6 (3.21)

wherec, = ¢,/ Xx=2.8976x 16° mK

Substituting (3.21) into (3.12), the value of theximum of the monochromatic intensity

of the blackbody emission is:
&, =GT (3.22)

C _ w

Equation (3.22) presents the hyperbole with asytaptahat are the axes of the

wherec, =

coordination syster(M, g,,) as shown in Fig. 4.5 (dashed line). (Petela, 2010)

Stefan—Boltzmann Law
In order to determine the emission densifyof a black surface, equation (3.10) can be

applied in integrated form:

g=[g,d
0 (3.23)
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Applying Planck’s relation (3.12) into (3.23), wislubstitutiorx=c,/(AT), yields:

[ j j)é—d) (3.24)

The fraction in equation (3.24) can be represeatedhe sum of the infinite geometric

series:

e-1 m (3.25)
Using (3.25) in (3.24):

m=10 (3.26)

Then, combining consecutively the integration sotut

r 1 n

jx"eade:— x"éX——j XL &dx ( mO)
0 a a (3.27)
given, e.g., by (Korn, et al., 1968), and aftersdiition for the present considerations:

n=m anda=-n, integral (3.23) comes finally to the followingesin—Boltzmann law:

(-;-D:O'T“:ET4

(3.28)

where the Stefan-Boltzmann constant for black tamha

¢ w
0g="—-1=5669% 10° ——
15 ¢’ m’ K*

and the universal constant

a=7.564x 10" 3‘]
m

are determined theoretically.
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From the assumption for the gray surface modelressged by relations in equation (3.13),
the emission densitg, of the black surface, given by equation (3.28); ba used for

determination of the emission densitgf the gray surface as follows:
e=eoT’ (3.29)

For convenience in practical calculations, equai{dr29) is sometimes applied in the

e

form:

100 (3.30)

in which the radiation constant for a black surf@e10°x o . The experimental value is

Cy=5.729 Wrif K* which is a little larger than/10P=5.6693.

In practice, the choice of a proper value of emigsic is difficult. Some averaged values
of ¢ for different materials are shown in Table 4.1 amate values can be found in related
literature, e.g., (Holman, 2009).

Table 4.1 Emissivity values of different materigPetela, 2010)

Surface material Surface - temperaturq Emissivity Average emissivity
[°C] (&)p=0

Gold 20 0.02-0.03 -
Silver. polished 20 0.02-0.08 -
Copper. polished 20 0.03 -
Copper. oxidized 130 0.76 0.725
Aluminium 170 0.039 0.049
Steel. polished 20 0.24 -
Steel. red rust 20 0.61 -
Steel. scale 130 0.60 -
Zinc. oxidized 20 0.23-0.28 -
Lead. oxidized 20 0.28 -
Bismuth. shining 80 0.34 0.366
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Clay. burnt 70 0.91 0.86
Brick 20 0.93 -
Ceramics - - 0.85
Porcelain 20 0.91-0.94 -
Glass 90 0.94 0.876
Ice. liquid water 0 0.966 -
Frost 0 0.985 -
Paper 90 0.92 0.89
Wood 70 0.935 0.91
Soot - - 0.96
Asbestos 23 - 0.96

Lambert’'s Cosine Law
The radiosity density can be considered for a body surface or for angscsection in
a space. The radiosity densify determines the total energy radiated in unit time,
corresponding to the unit of surface area and limiegctions into the front hemisphere,
i.e., within the solid anglersr:
2
i=lidw
0 (3.31)
where iz is the directional radiation intensity, Wsr?, expressing the total radiation
propagating within solid angldwand along a direction determined by the flat aghhath

the normal to the surface Fig. 4.8.
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Fig. 4.8. Interpretation scheme of rays’ densigejpendent of direction (constant

spacingx between imagined rays is independent on aigléPetela, 2010)

Usually, the practical observations motivate thesuagption that a certain
surfaceA (Fig. 4.8), is seen at the same brightness undeaagles. It means that for any
direction determined byS the radiation intensity is the same as is schealti
represented by equal spaciix§ of the normal ray¢at f=0) and for the rays propagating
from surfaceA under arbitrary anglgs. Thus, the directional radiation intensity of
surfaceA along angles can be replaced by the normal radiation intengitf equivalent

surfaceAs:

Ay = Acog(f) (3.32)

If the surfacesA and A; have the same temperature and properties, theer@getic
equivalence of radiation of both surfaces leadbdcstatement:

Alg = Agly (3.33)
Substituting (3.32) into (3.33) the Lambert’s ceslaw is obtained which states that for

the flat surface the radiation intensigyalong a direction determined by anglevith the

normal to the surface is:
i, =i,cos(B) (3.3)
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Fig. 4.9. Circular diagram of radiation intensiBetela, 2010)

wherei, is the normal radiation intensity. Equation (3.84) be illustrated by a circular
diagram shown in Fig. 4.9. With the growing an@lefrom 0 to1v2 deg, the intensity;

decreases respectively from valugsto 0 deg. Based on Lambert’s cosine law the
following consideration can be developed.

| r sinB

dA’

2N
\\\\\\\\\\>‘

dw
(solid angle)

Fig. 4.10. Radiation of elemedA on elementA’ (Petela, 2010)

As shown in Fig. 4.10, the solid angley under which a surfacdA’ is seen from
surfacedA, is measured as a surface agéadivided by the square of distanceof this
surface from the observation point at surfdée

da):d_é

r (3.35)
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where

dA = r dg 27 sin( B)

(3.36)
Substitute (3.34) (3.35) and (3.36) into (3.31)
2 2 2
j =7, [ 2sin(B) cod B)d B =17, [ si Z?)d,B:HiOE— cofs ,&2)}
0 0 ° (3.37)
and finally:
J =1, (3.38)
based on equation (3.34) and (3.38)
T
i, ==—cCoO
»=7°0%P) (3.39)

For given values of the radiosity densityand angleg, formula (3.39) allows for

calculation of directional radiation intensity The result is that when Lambert's law is
fulfilled, the surface emitting radiation has theame radiosity intensity regardless of the
direction from which the surface is seen. For eXamhis is why heavenly bodies make

an impression like shining flat walls and not likkéump body. (Petela, 2010)

Kirchhoff's Law

The relation between the absorptivityand emissivity: of the surface can be derived with
use of the model of heat exchange shown in Figdl.4There are two flat, infinite, and
parallel surfaces facing each other; one is pdyfegtay (with any constant values of
emissivitye and reflectivityp), the other is perfectly bladk,=1 and0,=0). The same and
uniform temperaturd@ prevails over both surfaces. Emiss®r ¢ x e, of the gray surface
is totally absorbed by the black surface. Emissipof the black surface is partly absorbed
(a x &,) and partly reflectedd % &,). The system boundary (the dashed line in Figl}.1

defines the considered system, which is the vanylflyer next to the gray surface.
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Fig. 4.11. Scheme of energy radiation balance [#2610)

The energy conservation equation, applied for yiséesn, yields:
P& =€ (3.40)

After elimination of o ande from equation (3.40) by using, respectively, eimumt (3.5)
and (3.13), one obtains:

a=¢ (3.41)
which is Kirchhoff's law (also called Kirchhoff'slentity); the surface emissivity is equal
to the surface absorptivity at the same temperatarg@ractice, equation (3.41) can be
applied ife > 0.5. For smaller values of, Kirchhoff's law can be inexact. Derivation of
the obtained result (3.41) did not require assusngtabout any parameters, i.e., the result
does not depend on the wavelength temperatureT, and the angle; thus, for any

wavelength, temperature, or direction, we have:also

T8 = Eams (3.42)

Emissivities of real materials differ from the vetufor discussed models, e.g., Lambert’s

a,

cosine law, especially for polished surfaces. Thectlonal emissivitysg, in a direction

determined by angle3, is the following ratio of the respective direct# radiation
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intensities s andiy g, for gray and black surfaces:

&

I
ﬂ .
Ib

B

(3.43)

For example, Fig. 4.12 shows the comparison of thectional emissivitieses

for bronze and wood to the emissivity; for a black surfaces{,s =1). There are different

surfaces, e.g., bronze, for which, in the significeange of anglg, the emissivitye; can

grow with the increased anglg. However, for all materials, with the ang|@

approaching 90°, the directional emissivigyrapidly decreases to zero. Table 4.1 presents

some illustrative data on emissivity of differenirfaces, selected from data given by

(McAdams, 1954) and (Schmidt, 1963).

EB
0°
L
. 30° p
Wood
60’
/ Black
N surface
Bronze \\ X
= lo0° P
2 1

Fig. 4.12. Real directional emissivigy of bronze and wood as a function of arfgjle

(Petela, 2010)
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4.3 Thermal comfort

The problem of thermal comfort and its solution kaelved thousands of years (see also
State of art chapter). Many solutions and techrdeaices were developed during history
but until the last century and the progress inihgaechnology the thermal comfort cannot
be solved effectively. The last century also brduglso progress in theoretical area and
dozens on new thermal comfort models were developbid thesis deals primarily with
PMV-PPD thermal model declared in ISO and ASHRAtEnmational standards.

Next subchapters describe standards related diractthe thermal comfort and thermal
environment: ASHRAE 55, ISO 7730 standards and 7248 (for extreme environmental

conditions).

4.3.1 1SO 7730 Ergonomics of the thermal environment

Analytical determination and interpretation of themal comfort using calculation
of the PMV and PPD indices and local thermal comfariteria

This International Standard (2005 revision) cowgrihe evaluation of moderate thermal
environments was developed in parallel with thesexy ASHRAE standard 55 and is one
of a series of ISO documents specifying methodgHermeasurement and evaluation of
the moderate and extreme thermal environments tohwiuman beings are exposed (ISO
7243, 1ISO 7933 and ISO 11079, all three dealing) wittreme environmental conditions,
are others in the series).

A human being's thermal sensation is mainly relatethe thermal balance of his or her
body as a whole. This balance is influenced by ghysctivity and clothing, as well as
the environmental parameters: air temperature, madiant temperature, air velocity and
air humidity. When these factors have been estienatemeasured, the thermal sensation
for the body as a whole can be predicted by cdiogiahe predicted mean vote (PMV)
that is described in Clause 4 of this standard.

The predicted percentage dissatisfied (PPD) indewiges information on thermal

discomfort or thermal dissatisfaction by predictihg percentage of people likely to feel
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too warm or too cool in a given environment. ThéRfan be obtained from the PMV and
its definition is presented in Clause 5 of the déad.

Thermal discomfort can also be caused by unwamiesl tooling or heating of the body.
The most common local discomfort factors are radiamperature asymmetry (cold or
warm surfaces), draught (defined as a local coadiinthe body caused by air movement),
vertical air temperature difference, and cold orrwdloors. Clause 6 specifies how to
predict the percentage dissatisfied owing to laiatomfort parameters. Dissatisfaction
can be caused by hot or cold discomfort for theylmsla whole. Comfort limits can in this
case be expressed by the PMV and PPD indices.nBuatnal dissatisfaction can also be
caused by local thermal discomfort parameters. sglat deals with acceptable thermal
environments for comfort.

Clauses 6 and 7 are based mainly on steady-statiitions. Means of evaluating non-
steady-state conditions such as transients (temperateps), cycling temperatures or
temperature ramps are presented in Clause 8. Enmahenvironments in buildings or at
workplaces will change over time and it might nbtays be possible to keep conditions
within recommended limits. A method for long-termakiation of thermal comfort is
given in Clause 9.

Clause 10 gives recommendations on how to takedntmunt the adaptation of people

when evaluating and designing buildings and sys@8@ 7730, 2005).

4.3.2 ASHRAE 55 Thermal environmental conditions for human occupancy

ASHRAE 55 (2004 revision) is an American standardopged by international
organization ASHRAE (American Society of Heatingsffigerating and Air-Conditioning
Engineers). The purpose of this standard is toifgpte combinations of indoor thermal
environmental factors and personal factors thal yibduce thermal environmental
conditions acceptable to a majority of the occupavithin the space.
The scope of this standard is:
a) the environmental factors addressed in this stah@dae temperature, thermal
radiation, humidity, and speed; the personal factmre those of activity and

clothing;
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b) all of the criteria in the standard must be appliegether, since comfort in the
space environment is complex and responds to theattion of all the factors that
are addressed;

c) the standard specifies thermal environment condtiacceptable for healthy
people at atmospheric pressure equivalent to ddtguwp to 3000 m in indoor
spaces designated for human occupancy for periotdess than 15 minutes;

d) the standard does not address such non-thermatoemental factors as air
quality, acoustics, and illumination nor other phgs chemical, or biological

space contaminants that may affect comfort or hdAISHRAE 55, 2004).

The standard provides the list of definitions amdedmines the conditions that provide
thermal comfort. The very short definition saystttthermal comfort is that condition of
mind which expresses satisfaction with the theremlironment”. There are six primary
factors that must be addressed when defining dondifor thermal comfort. Other factors
can affect thermal comfort in particular circumstas Although the factors may vary in
time, this standard describes steady state onlg. Standard defines comfort zone as a
range of operative temperature that provide swgtdbermal environmental conditions,
where operative temperature is the uniform tempesaif an imaginary black enclosure in
which an occupant would exchange the same amoumaifby radiation plus convection

as in the actual nonuniform environment.

The calculation of operative temperature basedioana mean-radiant temperature given
by this form is

t, = At,+(1- At (3.44)
Wheret,, [°C] is an operative temperaturt, [°C] is air temperaturet, [°C] is mean
radiant temperature and the valuefof-] can be found from the values in table 4.2 as a
function of relative air speag [ms'] (ASHRAE 55, 2004).
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Table 4.2. Values used for operative temperatwsesssnent (ASHRAE 55, 2004)

v, |<0.2m& 0.2t0 0.6 ms 0.6to 1.0 m$

A |05 0.6 0.7

Under certain conditions described in Appendix DASHRAE 55 dry-bulb temperature
may be used, where dry-bulb temperature is the demtpre of air measured by a

thermometer freely exposed to the air but shiefdam radiation and moisture.

The comfort zone for typical application can be giyndetermined by graphical method
presented in standard ASHRAE 55. The range of tipereemperatures presented in this
method is for 80% occupant acceptability. Thisdasdd on 10% dissatisfaction criteria for
general (whole body) thermal comfort based on PMPADRndex, plus an additional 10%
dissatisfaction that may occur on average fromlltdoermal discomfort. Appendix D of
this standard provides a computer program for ¢aticen of PMV-PPD indices. The
definitions of PMV-PPD indices come from ISO 773@aASHRAE 55 standard adopted
it in 2004 revision.

For wider range of applications a computer progtzased on a heat balance model is
used. For given set of conditions, the results fitten two methods are consistent, and
either method may be used as long as the criteritned in respective section of the
standard are met. (ASHRAE 55, 2004)

4.3.3 1SO 7243 Hot environments

Estimation of the heat stress on working man, basmd the WBGT-index (wet

bulb globe temperature)

This standard provides a simple convenient metiwbith can be easily used in industrial
environments, and uses the wet bulb globe temper@\BGT) index to assess heat stress
of an individual in hot environments.

ISO 7243 is intended for heat stress assessmetiteohuman body during his activity.

However, this standard is neither suitable for Is¢r@ss assessment during very short time
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periods nor for heat stress assessment which ayeclase to thermal comfort conditions
(ISO 7243, 1989).

4.3.4 1SO 7933 Ergonomics of the thermal environment

Analytical determination and interpretation of heattress using calculation of

the predicted heat strain

This International Standard specifies a method floe analytical evaluation and
interpretation of the thermal stress experiencedabgubject in a hot environment. It
describes a method for predicting the sweat radktlam internal core temperature that the

human body will develop in response to the worldongditions.

The various terms used in this prediction moddd, iarparticular in the heat balance, show
the influence of the different physical parametdréhe environment on the thermal stress
experienced by the subject. In this way, this imional Standard makes it possible to
determine which parameter or group of parametaysldibe modified, and to what extent,

in order to reduce the risk of physiological stsain

The main objectives of this International Standaelthe following:

a) the evaluation of the thermal stress in conditibkely to lead to excessive core
temperature increase or water loss for the starsidijgct;

b) the determination of exposure times with which thleysiological strain is
acceptable (no physical damage is to be expedtet)e context of this prediction

mode, these exposure times are called “maximunwvalite exposure times”.

This International Standard does not predict thgsjatogical response of individual
subjects, but only considers standard subjectsood ghealth and fit for the work they
perform. It is therefore intended to be used byeagnists, industrial hygienists, etc., to
evaluate working conditions (ISO 7933, 2004).
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4.3.5 Thermal balance

Thermal balance of the human body and its surrogsdis a state, when the thermal
equality is kept between heat produced by the laodlyheat which is taken away from the
body by surroundings. Thermal balance of the b@ayle expressed as follows:
M-W=+R+C+ Kt E+ E + | * S+A D[ W (3.45)
whereM [W] is the metabolism valu&V [W] is the mechanical worl® [W] is the radiant
heat flux;C [W] is the convection heat fluX [W] is the conduction heat flwE;, is the
thermal loss via skin diffusiorEs,, [W] is the thermal loss via common sweatihg; [W]
is the latent thermal loss via breathir§,s [W] is the appreciable thermal loss via

breathingAS[W] is the change of thermal capacity. (Aulicierasal., 2007)

If ASis positive, the temperature of the human bodineseasing; if it is negative the
temperature is decreasing. In cas8 = 0 human body is in equilibrium with its

surroundings.

Individual components in Equation (3.45) are ddwadiin following subchapters. These

components are expressed for unit body surface area

4.3.6 MetabolismM [Wm™]

This is the body heat production rate resultingnfrthe oxidation of food. Its value for
every person depends upon their diet and levetiiity and may be estimated using the

equation below:

M = 2,06x10V E,-F,) W] (3.46)
whereV [dm’s™] is air breathing rateF; [-] and F_[-] are the fraction of oxygen in the
inhaled end exhaled air, respectively. The valud-gfis normally 0.206 but-_, varies
with the composition of food used in metabolismr fat diet F,=0.159 and for

carbohydrated- . =0.163 (Awbi, 1991).
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4.3.7 Radiant heat flux R [Wm™]

Radiant heat flux arises between human body suff@othing and skin) and surfaces of
surroundings places including heat sources. In wasts the mean radiant temperature is

lower than temperature of human clothing so it astly thermal loss.

R= Aéﬁea[(tc, +273)" - (1 + 2734} (3.47)
Ay = fc,% (3.48)
AD - O-ZOZTP'425hO'7ZE (349)

< 0.0781°KW™

c =

fd{ (3.50)
1.05+ 0.645, for |, > 0.07812KW™

1.00+ 0.290,, for |

wheref, [-] is the ratio of the body surface covered witbthing and naked body; [°C]

is the temperature of the clothirtg{°C] is mean radiant temperatugf-] is emissivity of
the clothing (for common clothing = 0.95); ¢ [Wm?K™] is the Stefan-Boltzmann
constanty = 5.6693x18 Wm?K™; A, [m?] is the surface of the human body participating
on radiant heat transfer (for sitting perség#\, = 0.70 and for staying persoAgA, =
0.73;Ap [m?] is the surface of human body — according Dubgisa¢ion (3.49)m [kg] is
the weight of human bodyy [m] is the height of human body; [clo] is the thermal
insulation of clothing (Auliciems, et al., 2007)d@nerova, 2001).

4.3.8 Convection heat fluxC [Wm™]

Thermal flow between human body and surroundingsisacaused by airflow around

human body. Two types of airflow can be distingai$k free and forced convection.

C=hfy(t-t) (3.51)

h =2.38(t, —t,)"* (3.52)
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h, =12.Wv (3.53)
where y, [ms] is the relative velocity of the air, it is finair velocity on the surface of
human body which is influenced by movements of bwly; h, [Wm?K™] is the
coefficient of heat transfer via convection; fortural ventilation ¢, < 0.1mg) — see
equation (3.52), for forced ventilation, (< 0.25m8) — see Equation (3.53); [°C] is air

temperature (Centnerovd, 2001).

4.3.9 Conduction heat fluxK [Wm™]

Conduction heat flux from human body to solid bed&very low in contrast to other heat

flows and in most cases it is neglected (Aulicieetsal., 2007).

4.3.10 Evaporative heat lossE [Wm™]

Evaporative heat loss from human body consists et Hoss via diffusion of skin
Eqs [Wm™] and heat loss via sweatig, [Wm™].

Evaporating via skin diffusion is invisible and ¢iomous sweat evaporation which occurs
all the time even in cold surroundings. On the @yt visible sweating occurs only if the
human body is in warm surroundings or during highetivity. Maximal heat loss via
sweating can be reached when the skin is completety Acceptable humidification is

about 25% of skin surface for moderately activespes.

Ey =3.05% 10°( Pys = Pua) (3.54)
P, = 256t — 3372 (3.55)
(Esw)max = Foohe( Pus= Pud (3.56)
Foa = ;h (3.57)
1+0.143¢
.
h,=LRRh (3.58)
E,,=0.42(M -W-58.15 (3.59)
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where p,s [Pa] partial pressure of saturated water vapourskah temperature, for
27 °C <ty < 37 °C is valid equation (3.59). [Pa] is the partial pressure of water vapour
in the air;f,q [-] is the coefficient of moisture vapour transsims through clothing, for
porous clothing the equation (3.57) is valid]Wm™?Pa’] is the coefficient of heat transfer
at sweat evaporatiohR [°CkPd'] is the Lewis ratio for common interior parameteRs=
16.5 °CkP4.

Equation (3.59) is valid for 1 met < M < 3 metihe skin is completely wet, heat loss via
skin diffusion is not considered and heat losssvieating is calculated according (3.56)
(Centnerova, 2001).

4.3.11 Heat loss via breathing [Wn?]

Heat loss via breathing arises due to warming aaistening of inhaled air in respiratory
tract. Two types of loss can be distinguished, ibnS. [Wm?] and latentl,es [Wm?]

thermal loss.

Se, =0,0014M( 34-t,) (3.60)
L.es =1.72x 10°M ( 5867 p, ) (3.61)

wheret, [°C] is ambient air temperaturg; [Pa] is the ambient water vapour pressure.

Ses is a small quantity in comparison with the latkrss. And in total, the sum of sensible
and respiration heat loss is only significant ghhactivity and under normal sedentary it is
less than 6 Wifiand can be neglected (Awbi, 1991).

4.3.12 Predicted mean vote (PMV)

The PMV is an index that predicts the mean valuthefvotes of a large group of persons

according 7-point thermal sensation scale (seecTafl).
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Table 4.3. Seven-point thermal sensation scale {1580, 2005)

Degree Thermal sensation
+3 Hot
+2 warm
+1 slightly warm
0 neutral
-1 slightly cool
-2 cool
-3 cold

This index is based on the heat balance of the humay. Thermal balance is obtained
when the internal heat production in the body isiaégto the loss of heat to the
environment. In a moderate environment, the huntarntoregulatory system will
automatically attempt to modify skin temperaturel amweat secretion to maintain heat
balance (ISO 7730, 2005).

The mean vote (PMV) from a large number of labasattudies has been correlated with

the thermal load L and produced the following et
oPMV

=0.30% 0% + 0.02 (3.62)

Then, the calculation of PMV can be written as
PMV :[o.?,oae'f’~°3‘aM + 0.02§ L (3.63)

whereL [W] is the heat balance of human with surroundings, difference between heat

flow produced by organism and heat flow taken afsam surroundings (see (3.64))
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L=(M-W)-3.05¢x10°[ 5733 6.96M -W)- |
-0.42 (M -W)-58.19- 1.%* 10M( 5867p,)

(3.64)
~0.0014M ( 34-t,)~ 3.98 I0f,[(t,+ 275-(T+ 273

_fclhc (tcl _ta)

t, =35.7- 0.02§M -W)

_Id{3.96.108 fy [(td + 27;34 T+ 27)§1J+f h )} (3.65)

whereM [W] is metabolism valueyw [W] is mechanical workp,, [Pa] is partial pressure

of water vapor in the ait;, [°C] is the air temperaturd; [-] is ratio of the body surface

covered with clothing and naked body{°C] is the temperature of the clothing; [°C] is

the mean radiant temperatuhe;]Wm?K™] is the coefficient of flux heat transfdg; [clo]

is the thermal insulation of clothing.

Equation (3.65) is implicit and may be solved ieration methods (Auliciems, et al.,
2007), (ISO 7730, 2005).

4.3.13 Predicted percentage dissatisfied (PPD)

The PMV predicts the mean value of the thermal voffiea large group of people exposed
to the same environment. But individual votes aatered around this mean value and it
is useful to be able to predict the number of pedigkly to feel uncomfortably warm or
cool.

The PPD is an index that establishes a quantitgtiegliction of the percentage of
thermally dissatisfied people who feel too coot@w warm. For the purposes, thermally
dissatisfied people are those who will vote hottraacool or cold on the 7-point thermal

sensation scale given in Table 4.3.

56



With the PMV value determined, calculate the PPingugquation (3.66), see Fig. 4.13.:

V4 o.21791v|v2)

PPD=100- 956 "

wherePMV [-] is predicted mean vote index.

(3.66)

PPD
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30

20

-2 -1,5 -1 0,5 0 0,5 1 15 2 PMV

Fig. 4.13. PPD as function of PMV (ISO 7730, 2005)

The PPD predicts the number of thermally dissatisfdbersons among a large group of
people. The rest of the group will feel thermallgutral, slightly warm or slightly cool.
(ISO 7730, 2005)

4.3.14 Local thermal discomfort

Draught

The discomfort due to draught may be expressetieapdrcentage of people predicted to
be bothered by draught. Calculate the draught (@2 using Equation (3.67) (model of
draught):

DR=(34-1,)(V,-0.09 " ( 0.3%, Tu 3.14 (3.67)
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wheret,, [°C] is the local air temperatures,, [ms'] is the local mean air velocity
(< 0.5 m&); T, [%] is the local turbulence intensity, 10 % to%Q(if unknown, 40 % may
be used). Fov,, < 0,05 m& usev,,= 0.05 m&. ForDR > 100% us®R = 100 %.

The model applies to people at light, mainly seagnactivity with a thermal sensation for

the whole body close to neutral and for predicobrdraught at the neck. At the level of

arms and feet, the model could overestimate thdigieel draught rate. The sensation of
draught is lower at activities higher than sedsn{ar 1.2 met) and for people feeling

warmer than neutral. (ISO 7730, 2005)

Vertical air temperature difference

A high vertical air temperature difference betwéead and ankles can cause discomfort.
The percentage dissatisfied (PD) is a functionhef ¥ertical air temperature difference

between head and ankles. People are less sensitisler decreasing temperatures.

Determine the PD using Equation

100
PD = (3.68)
1+ & 760858,y

where PD [%] is percentage dissatisfiéd,, [°C] is vertical air temperature difference
between head and feet. (ISO 7730, 2005)

Warm or cool floors

If the floor is too warm or too cool, the occupawctauld feel uncomfortable owing to
thermal sensation of their feet. For people wealigty indoor shoes, it is the temperature
of the floor rather than the material of the fleovering which is important for comfort.

For people sitting or lying on the floor, similaalues may be used. Determine the PD
using Equation (3.69)

PD =100- 943—1.387+ 0.118; - 0.0025 (3.69)

wherePD [%] is percentage dissatisfiegl[°C] is floor temperature. (ISO 7730, 2005)
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Radiant asymmetry
Radiant asymmetryit,, can also cause discomfort. People are most sengdi radiant
asymmetry caused by warm ceilings or cool wallsnfleiws). Determine the predicted
dissatisfied PD) using Equations (3.70) to (3.73)
a) Warm ceiling
100 B

1+ 62.84— 0.174&¢t
where PD [%] is percentage dissatisfied,, [°C] is radiant temperature asymmetry
and should bat, < 23°C.

b) Cool wall

PD= 55  (3.70)

100
PD= (3.71)
1+ e6.61— O.345tpr

where PD [%] is percentage dissatisfied],, [°C] is radiant temperature asymmetry
and should bat, < 15°C.
¢) Cool ceiling

100
PD=— oo — (3.72)
14 095 0y

where PD [%] is percentage dissatisfied],, [°C] is radiant temperature asymmetry
and should bat, < 15°C.

d) Warm wall

100

PD= 720052t

. 35  (3.73)
1+6

where PD [%] is percentage dissatisfied,, [°C] is radiant temperature asymmetry
and should bat, < 35°C. (ISO 7730, 2005)
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4.4 Mean radiant temperature (MRT)

The mean radiant temperature is the uniform tentpexeof an imaginary enclosure in
which radiant heat transfer from the human bodsgisal to the radiant heat transfer in the
actual non-uniform enclosure. The mean radiant &atpre can be measured by
instruments which allow the generally heterogenegadgation from the walls of an actual
enclosure to be "integrated" into a mean value aagtblack-globe thermometer, two-
sphere radiometer or constant-air-temperature s€abonstruments are discussed further
in this chapter). The black globe thermometerdevce frequently used in order to derive
an approximate value of the mean radiant temperdtam the observed simultaneous
values of the globe temperaturg, and the temperature and the velocity of the air
surrounding the globe.

The accuracy of measurement of the mean radianpeeture obtained using this
appliance varies considerably according to the tyfpenvironment being considered and
the accuracy of measurement of the temperaturdseajlobe and the air and the velocity
of the air. The actual measuring accuracy shalliinoécated wherever it exceeds the
tolerances specified in ISO 7726.

The mean radiant temperature is defined in relathe human body. The spherical
shape of the globe thermometer can give a reasomrgiproximation of the shape of the
body in the case of a seated person. An ellipdoaghed sensor gives a closer
approximation to the human shape both in the uppgkition and the seated position. The
mean radiant temperature can also be calculated fneasured values of the temperature
of the surrounding walls and the size of these svalhd their position in relation to
a person (calculation of geometrical shape factors)

The mean radiant temperature may also be estinfiatedtie plane radiant temperature in
six opposite directions weighted according to thejgrted area factors for a person.
Similarly, it can be estimated from the measurenwnthe radiant flux from different
directions. Any other measuring device or calcatatmethod which allows the mean
radiant temperature to be determined with the aoguspecified in ISO 7726 may be used.
(ISO 7726, 1998)
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The plane radiant temperature is the uniform temperature of an enclosure whbee t
radiance on one side of a small plane elementasséime as in the non-uniform actual
environment. The so-called "net" radiometer is mstrument which is often used to
measure this quantity. With this it is possibled&iermine the plane radiant temperature
from the net radiation exchanged between the emwviemt and the surface element and the
surface temperature of the radiometer.

A radiometer with a sensor consisting of a reflextlisc (polished) and an absorbent disc
(painted black) can also be used.

The plane radiant temperature can also be calcufeden the surface temperatures of the
environment and the shape factors between thecasrnd the plane element.

The radiant temperature asymmetry is the differeegween the plane radiant
temperatures of the two opposite sides of a sntalepelement. The concept of radiant
temperature asymmetry is used when the mean radiamgerature does not completely
describe the radiative environment, for instanceemwhihe radiation is coming from
opposite parts of the space with appreciable thlelmaterogeneities. The asymmetric
radiant field is defined in relation to the pogitiof the plane element used as a reference.
It is, however, necessary to specify exactly theitimn of the latter by means of the
direction of the normal to this element. The rattemperature asymmetry is measured or
calculated from the measured value of the planemademperature in the two opposing
directions.

Any other device or method which allows the radi@mperature asymmetry or the plane
radiant temperature to be measured or calculaté¢ld the same accuracy as indicated
below may be used (ISO 7726, 1998).

Instruments for measurement of the mean radiant terperature

Mean radiant temperature can be calculated fromamadiuxes incident to the human
body. It is possible to calculate radiant fluxesnir knowing the locations, dimensions,
temperature of surrounding surfaces and each sudatssivity. While it is possible to
calculate these fluxes, this method becomes vemptax in case of real environment

containing large number of surfaces with differeimapes and temperatures. Instead of this
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calculating method it is preferable to use a deuicat can measure mean radiant
temperature indirectly but easily.

The ISO 7726 uses so-callbthck-globe thermometerconsisting of a black globe in the
centre of which is placed a temperature sensoin&tance a thermocouple, resistant probe
or semiconductor thermometer. Black-globe thermembas usually 15 cm in diameter
and its surface is coated with matt black layealisorb the radiation from surroundings.
(ISO 7726, 1998)

Principle of black-globe thermometer measurement

The black globe shall be placed in the actual encwhere the mean radiant temperature
T,, is to be measured. The globe tends towards am#tdralance under the effect of the
exchanges due to the radiation coming from thesrifit heat sources of the enclosure and
under the effect of the exchanges by convectiore mperature of the globe at the
thermal balance allowg to be determined. The temperature sensor plasétkithe globe
allows the mean temperature of the latter to besoved. In fact, the temperature of the
inner surface of the globe (thin) and the tempeeati the air outside the globe (closed

space) are practically equal to the mean exteemapérature of the globe.

The balance of the thermal exchanges between tie gind the environment is given by
the equation

g +9 =0 (3.74)
whereq, [Wm?] is the heat exchange by radiation between théswélthe enclosure and
the globeg. [Wm?] is the heat exchange by convection between thanai the globe.

The heat transfer by radiation between the wallshef enclosure, characterized by the

mean radiant temperature, and the globe is expresstollows:
q =£0(T'-T) (3.75)
Whereeg, [-] is the emissivity of the black globe; [Wm?K™] is the Stefan-Boltzmann

constants = 5.6693x18¢ Wm?K™; T, [K] is the mean radiant temperatui®; [K] is the

temperature of the black globe.
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The heat transfer by convection between the aitaooed in the enclosure and the globe is
given by the equation:

g =hy(T,-T,) (3.76)
where heg [WmK™] is the coefficient of heat transfer by convectamnthe level of the

globe. In the case of natural convection

1/4
hCg :1.4(%j (3.77)
and in the case of forced convection
VO.G
hy = 6-3( D%AJ (3.78)

whereD [m] is the diameter of the globe; [ms] is the air velocity at the level of the

globe.

The thermal balance of the black globe is expreasddllows:

£,0(T =T+ hy(T,- T,) =0 (3.79)

The mean radiant temperature is given by

E ZJTJ”&(TQ -1) (3.80)

£,0

By natural convection, one obtains:

1/4

1/4
J x(t,—t,) | - 27¢ (3.81)

T=|(t,+27 g S

g

4+ 025 16 [\tg -t,

In the case of the standard globe D = 0.1%¢g1% 0.95 (matt black paint) and Equation
(3.81) becomes

f= [(tg +279" + 0.4¢ 16)t, -t[ x(t, —ta)T/4 - 27 (3.82)
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By forced convection, one obtains

1/4
T :{(tg + 273)4 +M(tg —ta)} - 272 (3.83)

0.4
Eg xD

or for the standard globe
_ 4 1/4
£ :[(tg +273" + 2.5¢ 10x0°%(t, —ta)} - 27 (3.84)

In practice, it is this expression which will be shdrequently used to calculate the mean
radiant temperature. It is valid only for a stambglobe by forced convection. (ISO 7726,
1998)

Black globe thermometer has some precautions that be taken:

- In case of heterogeneous radiation, the black-gtbbemometer measurement in
single point is insufficient and three black glolmegst be used (places at the level
of the head, the abdomen and ankles of occupant).

- The response time of black-globe thermometer isi6®® min to 30 min.

- Black-globe thermometer represents only approximnatietween occupant and
a globe.

- When using globe thermometer exposed to effecthef ghort-wave radiation

(sun), the surface absorptivity must be adjustedraling to cloths.

Two-sphere radiometer

In this method, two spheres with different emidstéi (one black and one polished) are

used. As the two spheres are heated to the sanpetature, they will be exposed to the

same convective heat loss. As the emittance dbldek sphere is higher than the polished
one, there is a difference in the heat supply ¢ottbp spheres and this is a measure of the
radiation.

To estimate the mean radiant temperature, the eitysand temperature of the sensors

are required.
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The mean radiant temperature is calculated fronetjuation:
ki N (3.65)
0'(£b —£p)

whereT, [K] is the mean radiant temperatuiig;[K] is the sensor temperature, [Wm?]

is the heat supply to the polished sen8fWm™] is the heat supply to the black sensor;
&, is the emissivity of the polished sensay;[-] is the emissivity of the black sensor;

o [WmK™] is the Stefan-Boltzmann constant 5.6693x1¢ Wm?K™.

Instead of a sphere, an ellipsoid shaped sensachvig closer to the shape of the human
body, can be used (ISO 7726, 1998).

Constant-air-temperature sensor

In this method, a sensor (sphere, ellipsoid) istroied at the same temperature as the
surrounding air temperature; there being no comwedteat loss and the necessary heat
supply (cooling supply) to the sensor being eqoidhé radiant heat loss (or gain).

The mean radiant temperature is calculated by exjuéd.86):

T =T -— (3.86)

whereT, [K] is the mean radiant temperatufig;[K] is the sensor temperaturig; [Wm?]
is the heat supply (cooling supply) to the senspf;] is the emissivity of the sensas,
[Wm?K™] is the Stefan-Boltzmann constant 5.6693x1§ Wm*K™* (ISO 7726, 1998).

Net radiometer

The net radiometer consists of a small black plaf@ment with a heat flow meter
(thermopile) between the two sides of the elem&he net heat flow between the two
sides is equal to the difference between the radiaat transfers at the level of the two
sides of the element. The measuring elements aralycovered by a thin polyethylene
sphere to decrease the effect of air velocity. Gooally the net radiometer is equipped

with an adaptor for unidirectional measurement. fiberadiation is given by the
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following equation:

P=o(Ts, - T,

o= Tor2) (3.87)

whereP [Wm? is the net radiation measurely, [K] is the plane radiant temperature, side
1; Tor2 [K] is the plane radiant temperature, sidesZWm?K™] is the Stefan-Boltzmann
constant = 5.6693x16¢ Wm?K ™.

The radiant temperature asymmetry is equal to:
At, =T,,- T, (3.88)

where4t,, [K] is the radiant temperature asymmetry.
This quantity is not measured directly by a netaaeter but has to be calculated.

Equation (3.87) can be written as:

P=40T?(T,, - T,.) (3.89)
In the linear radiant heat transfer coeffi(:ie(r14aTn3),Tn = O.S(Tprl—Tprz), or with

a closer approximation equal to the temperaturghef net radiometer. On most net
radiometersT, is easily measured. Thus the radiant temperagym@metry is equal to:

e

n

(3.90)

where4t,, [K] is the radiant temperature asymmetry.

The linear radiant heat transfer coefficient iduahced by the temperature level given
by T, [K]. At a temperature level equal to 20 °C theftioent is equal to 5.7 WitK™* and

for a temperature level equal to 50 °C the coefitis equal to 7.6 Wi ™.

The following equation is valid only when the ratha heat transfer on one side of the net

radiometer IP;) is measured.
— 4 4
R =0T,,-0&T, (3.91)

where P, [Wm?] is the radiation measured at side T [K] is the plane radiant
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temperature, side T, [K] is the temperature of the net radiometgris the emissivity of
the sensory [Wm?K™] is the Stefan-Boltzmann constant 5.6693x1¢ Wm*K ™.

For a black painted surface, the emissivity magstenated to approximately 0.95.

The plane radiant temperature is then equal to

T,.= 4/0.95rn“ +% (3.92)

To determine the radiant temperature asymmetrig #lso necessary to measure in the
opposite direction and to calculate the correspungiane radiant temperature (ISO 7726,
1998).
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4.5 IR thermometers and pyrometers

Pyrometer is derived from the Greek root pyro, nmegurire. The term pyrometer was
originally used to denote a device capable of m@aguemperatures of objects above
incandescence, objects bright to the human eye. drlggnal pyrometers were non-
contacting optical devices which intercepted araluated the visible radiation emitted by
glowing objects. A modern and more correct defimtiwould be any non-contacting
device intercepting and measuring thermal radiationtted from an object to determine
surface temperature. Thermometer, also from a Gueatkthermos, signifying hot, is used
to describe a wide assortment of devices used &sune temperature. Thus a pyrometer is
a type of thermometer. The designation radiati@rmiometer has evolved over the past
decade as an alternative to pyrometer. Therefoee téhms pyrometer and radiation
thermometer are used interchangeably by many refese A radiation thermometer, in
very simple terms, consists of an optical systech @etector. The optical system focuses
the energy emitted by an object onto the detewtbich is sensitive to the radiation. The
output of the detector is proportional to the antafrenergy radiated by the target object
(less the amount absorbed by the optical systema).tlze response of the detector to the
specific radiation wavelengths. This output canubed to infer the objects temperature.
The emittivity, or emittance, of the object is anportant variable in converting the
detector output into an accurate temperature signal

Infrared radiation thermometers / pyrometers, bgcgally measuring the energy being
radiated from an object in the 0.7 to @t wavelength range, are a subset of radiation
thermometers. These devices can measure thisicadieam a distance. There is no need
for direct contact between the radiation thermometed the object, as there is with
thermocouples and resistance temperature detg®di8s). Radiation thermometers are
suited especially to the measurement of movingatbjer any surfaces that cannot be
reached or cannot be touched. But the benefitadition thermometry have a price. Even
the simplest of devices is more expensive thanaadstrd thermocouple or resistance
temperature detector (RTD) assembly, and instaflatiost can exceed that of a standard
thermowell. The devices are rugged, but do requixgine maintenance to keep the
sighting path clear, and to keep the optical elédmelean. Radiation thermometers used
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for more difficult applications may have more coioaled optics, possibly rotating or

moving parts, and microprocessor-based electroriit®re are no industry accepted
calibration curves for radiation thermometers,hesd are for thermocouples and RTDs. In
addition, the user may need to seriously investigia¢ application, to select the optimum
technology, method of installation, and compensatieeded for the measured signal, to

achieve the performance desired (Omega, 2008).

Emittance, emissivity, and the N Factor

In an earlier chapter, emittance was identified aagritical parameter in accurately
converting the output of the detector used in aiatamh thermometer into a value
representing object temperature. The terms emitasnnd emissivity are often used
interchangeably. There is, however, a technicatindison. Emissivity refers to the
properties of a material; emittance to the propertf a particular object. In this latter
sense, emissivity is only one component in detdngiemittance. Other factors, including
shape of the object, oxidation and surface finislstnbe taken into account. The apparent
emittance of a material also depends on the temyerat which it is determined, and the
wavelength at which the measurement is taken. &urgandition affects the value of an
object’s emittance, with lower values for polisheafaces, and higher values for rough or
matte surfaces. In addition, as materials oxidemmjttance tends to increase, and the
surface condition dependence decreases. Repregergatissivity values for a range of
common metals and non-metals are given in TableThé basic equation used to describe

the output of a radiation thermometer is:
— N
V(T)=&KT (3.93)

where¢ [-] is emittanceV [V] is thermometer output with temperatut€,s constant,T

[K] is object temperature [-] is factor (N = 14388/4T)), A [m] is equivalent wavelength.

A radiation thermometer with the highest value Nf (shortest possible equivalent
wavelength) should be selected to obtain the lggys¢ndence on target emittance changes.
The benefits of a device with a high valueNoextend to any parameter that affects the
outputV. A dirty optical system, or absorption of energydases in the sighting path, has

less effect on an indicated temperatureNifhas a high value. The values for the
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emissivities of almost all substances are known pndlished in reference literature.
However, the emissivity determined under laboratanyditions seldom agrees with actual
emittance of an object under real operating comasti For this reason, one is likely to use
published emissivity data when the values are hgha rule of thumb, most opaque non-
metallic materials have a high and stable emigsif@85 to 0.90). Most unoxidized,
metallic materials have a low to medium emissividue (0.2 to 0.5). Gold, silver and
aluminium are exceptions, with emissivity values timee 0.02 to 0.04 range. The
temperature of these metals is very difficult toaswre with a radiation thermometer. One
way to determine emissivity experimentally is bynparing the radiation thermometer
measurement of a target with the simultaneous meamnt obtained using a
thermocouple or RTD. The difference in readingslig to the emissivity, which is, of
course, less than one. For temperatures up to @&rfissivity values can be determined
experimentally by putting a piece of black maskiage on the target surface. Using a
radiation pyrometer set for an emissivity of 0.9%asure the temperature of the tape
surface (allowing time for it to gain thermal edfilum). Then measure the temperature of
the target surface without the tape. The differéncesadings determines the actual value
for the target emissivity. Many instruments now daalibrated emissivity adjustments.
The adjustment may be set to a value of emissidgtermined from tables or
experimentally, as described in the preceding papig For highest accuracy, independent
determination of emissivity in a lab at the wavelnat which the thermometer measures,
and possibly at the expected temperature of tigetamay be necessary. Emissivity values
in tables have been determined by a pyrometeresigbérpendicular to the target. If the
actual sighting angle is more than 30 or 40 degfems the normal to the target, lab
measurement of emissivity may be required. In @fditif the radiation pyrometer sights
through a window, emissivity correction must bevied for energy lost by reflection
from the two surfaces of the window, as well asogtson in the window. For example,
about 4 % of radiation is reflected from glass @ates in the infrared ranges, so the
effective transmittance is 0.92. The loss throutifeomaterials can be determined from
the index of refraction of the material at the wawgth of measurement. The uncertainties

concerning emittance can be reduced using shorteleagth or ratio radiation
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thermometers. Short wavelengths, arounduin? are useful because the signal gain is
high in this region. The higher response outpuhairt wavelengths tends to swamp the
effects of emittance variations. The high gaintaf tadiated energy also tends to swamp
the absorption effects of steam, dust or water wapo the sight path to the target. For

example, setting the wavelength at such a band wvalise the sensor to read

within £5 to £10 degrees of absolute temperaturerwthe material has an emissivity of

0.9 (£0.05). This represents about 1 % to 2 % aoyufOmega, 2008).

Types of Radiation Thermometers

Historically, as shown in Fig. 4.14, a radiatioeniometer consisted of an optical system
to collect the energy emitted by the target; aaeteo convert this energy to an electrical
signal; an emittance adjustment to match the therater calibration to the specific
emitting characteristics of the target, and ambtentperature compensation circuit, to
ensure that temperature variations inside the thereter due to ambient conditions did

not affect accuracy.

Lens Temperature Filter Detector Power Supply
Controlled Cavity '
A4
—»To
Recorder
Opfical l ’ ) ‘ 3
Chopper Sync. Motor preamplifier Filter  Rectifier ~Readout Meter

Fig. 4.14. Traditional infrared thermometer (Omez208)

The modern radiation thermometer is still basedhis concept. However the technology
has become more sophisticated to widen the scotfeeaipplications that can be handled.
For example, the number of available detectors drastly increased, and, thanks to
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selective filtering capabilities, these detectaus more efficiently be matched to specific
applications, improving measurement performancerdfirocessor-based electronics can
use complex algorithms to provide real time lineation and compensation of the detector
output for higher precision of measured target trare. Microprocessors can display
instantaneous measurements of several variablel gsicurrent temperature, minimum
temperature measured, maximum temperature measwaeebage temperature or
temperature differences) on integral LCD displasesns. A convenient classification of
radiation thermometers is as follows:

* broadband radiation thermometers/pyrometers;

e narrow band radiation thermometers/pyrometers;

* ratio radiation thermometers/pyrometers;

» optical pyrometers;

« fibre optic radiation thermometers/pyrometers.
These classifications are not rigid. For examplgijcal pyrometers can be considered a
subset of narrow band devices. Fibre optic radiatiermometers, to be discussed in detail
in another section, can be classified as wide baadpw band, or ratio devices. Likewise,
infrared radiation thermometers can be considerdzbets of several of these classes.
(Omega, 2008)

Broadband Radiation

Broadband radiation thermometers typically are dimeplest devices, cost the least, and
can have a response from Qud wavelength to an upper limit of 2.5 to @. The low
and high cut-offs of the broadband thermometer aarfeinction of the specific optical
system being used. They are termed broadband ket@is measure a significant fraction
of the thermal radiation emitted by the objectthie temperature ranges of normal use.
Broadband thermometers are dependent on the totdtasce of the surface being

measured.
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Fig. 4.15. Effect of non-blackbody emissivity ontlitrmometer error (Omega, 2008)

Fig. 4.15 shows the error in reading for variousssiiities and temperatures when a
broadband device is calibrated for a blackbody.efmssivity control allows the user to

compensate for these errors, so long as the ewttdones not change. The path to the
target must be unobstructed. Water vapour, dustkemsteam and radiation absorptive
gases present in the atmosphere can attenuate@matliation from the target and cause
the thermometer to read low. The optical systemtnbeskept clean, and the sighting

window protected against any corrosives in theremvhent. Standard ranges include 0O to
1000 °C, and 500 to 900 °C. Typical accuracy ist0.5 % full scale. (Omega, 2008)

Narrow Band Radiation

As the name indicates, narrow band radiation thereters operate over a narrow range of
wavelengths. Narrow band devices can also be esferto as single colour
thermometers/pyrometers. The specific detector asdermines the spectral response of
the particular device. For example, a thermomesargua silicon cell detector will have a
response that peaks at approximately @ with the upper limit of usefulness being
about 1.Jum. Such a device is useful for measuring tempegatabove 600 °C. Narrow

band thermometers routinely have a spectral regpofdess than im. Narrow band
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thermometers use filters to restrict response selacted wavelength. Probably the most
important advance in radiation thermometry has lieenntroduction of selective filtering
of the incoming radiation, which allows an instrurnéo be matched to a particular
application to achieve higher measurement accurdibys was made possible by the
availability of more sensitive detectors and adesnin signal amplifiers. Common
examples of selective spectral responses are & fanl which avoids interference from
atmospheric moisture over long paths; @9, used for the measurement of some thin film
plastics; 5um, used for the measurement of glass surfaces3&&jum, which avoids
interference from car bon dioxide and water vagonutames and combustion gases. The
choice of shorter or longer wavelength responsdsis dictated by the temperature range.
The peaks of radiation intensity curves move towasigorter wavelengths as temperature
increases, as shown in Fig. 4.16. (Omega, 2008)
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Fig. 4.16. Blackbody radiation in the infrared (Qyag2008)

Applications that don’t involve such consideratiomgy still benefit from a narrow
spectral response around Qm. While emissivity doesn't vary as much as yourelase
the wavelength, the thermometer will lose sensgjtibecause of the reduced energy
available. Narrow band thermometers with short Wengths are used to measure high
temperatures, greater than 500 °C, because radiatitergy content increases as
wavelengths get shorter. Long wavelengths are deedow temperatures -45.5 °C.
Narrow band thermometers range from simple hand-hddvices, to sophisticated
portables with simultaneous viewing of target amdchperature, memory and printout
capability, to online, fixed mounted sensors wigmote electronics having PID control.

Typical accuracy is 0.25 % to 2 % of full scalen{€ya, 2008)
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Ratio Radiation

Also called two-colour radiation thermometers, thdsvices measure the radiated energy
of an object between two narrow wavelength bandd, @lculate the ratio of the two
energies, which is a function of the temperaturthefobject. Originally, these were called
two colour pyrometers, because the two wavelengpineesponded to different colours in
the visible spectrum (for example, red and gredtgny people still use the term two-
colour pyrometers today, broadening the term ttutlee wavelengths in the infrared. The
temperature measurement is dependent only on tibeofahe two energies measured, and

not their absolute values as shown in Fig. 4.17.
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Fig. 4.17. The two-color IR thermometer (Omega,800

Any parameter, such as target size, which affétsatnount of energy in each band by an
equal percentage, has no effect on the temperatgieation. This makes a ratio
thermometer inherently more accurate. The ratidwrtepie may eliminate, or reduce,
errors in temperature measurement caused by chamgasissivity, surface finish, and

energy absorbing materials, such as water vapetween the thermometer and the target.
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These dynamic changes must be seen identicallyhéyetector at the two wavelengths
being used. Emissivity of all materials does nairgie equally at different wavelengths.
Materials for which emissivity does change equaltydifferent wavelengths are called
gray bodies. Materials for which this is not true aalled non-gray bodies. In addition, not
all forms of sight path obstruction attenuate thgorwavelengths equally. For example, if
there are patrticles in the sight path that havestilme size as one of the wavelengths, the
ratio can become unbalanced. Phenomena which arglymamic in nature, such as the
non-gray bodiness of materials, can be dealt wjttibsing the ratio of the wavelengths
accordingly. This adjustment is called slope. Thmprapriate slope setting must be
determined experimentally. Fig. 4.18 shows a schienmdiagram of a simple ratio

radiation thermometer.
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Fig. 4.18. Beam-splitting in the ratio IR thermoarefOmega, 2008)

A multi-wavelength device is schematically repréednin Fig. 4.19. These devices
employ a detailed analysis of the target’s surfat@acteristics regarding emissivity with
regard to wavelength, temperature, and surface ishgmwith such data, a computer can
use complex algorithms to relate and compensateefoissivity changes at various
conditions.
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Fig. 4.19. Schematic of a multispectral IR thermtman€éOmega, 2008)

The system described in Fig. 4.19 makes parallelsomement possible in four spectral
channels in the range from 1 to 2%. The detector in this device consists of an aptic
system with a beam splitter, and interference réilteor the spectral dispersion of the

incident radiation. This uncooled thermometer wagetbped for gas analysis (Norkus, et
al., 1966).

Optical Pyrometers

Optical pyrometers measure the radiation from &nget in a narrow band of wavelengths
of the thermal spectrum. The oldest devices useptimeiple of optical brightness in the
visible red spectrum around O.@B. These instruments are also called single color
pyrometers. Optical pyrometers are now availabienieasuring energy wavelengths that
extend into the infrared region. The term singlocpyrometers has been broadened by
some authors to include narrow band radiation tbematers as well. Some optical designs
are manually operated as shown in Fig. 4.20.
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Fig. 4.20. Optical pyrometer by visual comparis@mgga, 2008)

The operator sights the pyrometer on target. Atsime time he/she can see the image of
an internal lamp filament in the eyepiece. In omsigh, the operator adjusts the power to
the filament, changing its color, until it matchie color of the target. The temperature of
the target is measured based upon power being msdde internal filament. Another
design maintains a constant current to the filaraedtchanges the brightness of the target
by means of a rotatable energy-absorbing opticalgeeThe object temperature is related
to the amount of energy absorbed by the wedge,haikia function of its annular position.
Automatic optical pyrometers, sensitized to meadareghe infrared region, also are
available. These instruments use an electricaatiadi detector, rather than the human eye.
This device operates by comparing the amount agatiad emitted by the target with that
emitted by an internally controlled reference seuithe instrument output is proportional

to the difference in radiation between the target the reference. A chopper, driven by a
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motor, is used to alternately expose the detecomt¢oming radiation and reference
radiation. In some models, the human eye is usaditest the focus. In Fig. 4.21 there is a

schematic of an automatic optical pyrometer witliciroic mirror.
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Fig. 4.21. An automatic optical pyrometer (Omed)&

Radiant energy passes through the lens into th@mwhich reflects infrared radiation to

the detector, but allows visible light to pass tlglo to an adjustable eyepiece. The
calibrate flap is solenoid-operated from the amenlifand when actuated, cuts off the
radiation coming through the lens, and focusesctiidrate lamp on to the detector. The
instrument may have a wide or narrow field of vieMl.the components can be packaged
into a gun-shaped, hand-held instrument. Activating trigger energizes the reference
standard and read-out indicator. Optical pyrometenge typical accuracy in the 1 % to
2 % of full scale range. (Omega, 2008)

Fiber Optic Radiation
Although not strictly a class unto themselves, ¢hdsvices use a light guide, such as a
flexible transparent fiber, to direct radiationth® detector. The spectral response of these

fibers extends to aboutpin, and can be useful in measuring object tempearstiar as low
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as 100 °C. Obviously, these devices are partiguladeful when it is difficult or
impossible to obtain a clear sighting path to gérget, as in a pressure chamber. (Omega,
2008)

Design and Construction

The manufacturer of the radiation thermometer $elige detector and optical elements to
yield the optimum compromise based upon the cdmflicparameters of cost, accuracy,
speed of response, and usable temperature rangeiséh should be cognizant of how the
different detectors and optical elements affect thege of wavelengths over which
a thermometer responds. The spectral response pyfameter will determine whether
a usable measurement is possible, given the presehcatmospheric absorption, or
reflections from other objects, or trying to meastire temperature of materials like glass

or plastics. (Omega, 2008)

Detectors

Thermal, photon, and pyroelectric detectors aréc@yly used in radiation pyrometers.
Radiation detectors are strongly affected by anitiemperature changes. High accuracy
requires compensation for this ambient drift. Tegponsivity of a radiation detector may
be specified in terms of either the intensity afiasion, or the total radiant power incident
upon the detector. When the image formed by thgetasurface area is larger than the
exposed area of the detector, the entire detegttace is subjected to a radiation intensity
proportional to the brightness of the target. Towltradiant power absorbed by the
detector then depends on the area of its sensitiface. The actual size of the effective
target area is determined by the magnificatiornefdptical system. Sensitivity typically is
not uniform over the surface of a detector, bug tlas no effect if the target brightness is
uniform. If substantial temperature differencesusamn the target surface within the patch
imaged on the detector, an ambiguously weightedageewill result. In the case of total
radiant power, the area of the target surface ichagethe detector is limited by a stop
optically conjugate to the detector. This area banmade arbitrarily small. As a result,

local temperatures can be measured on the targigt firface. The responsivity of the
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detector may depend on the location of this tasgetrce image on the detector surface.
Constancy of calibration will depend on maintainthg element in a fixed position with
respect to the optical system.

Thermal detectorsare the most commonly used radiation thermomettctbrs. Thermal
detectors generate an output because they aredhetthe energy they absorb. These
detectors have lower sensitivity compared to otletector types, and their outputs are less
affected by changes in the radiated wavelength® 3jeed of response of thermal
detectors is limited by their mass. Thermal detsctare blackened so that they will
respond to radiation over a wide spectrum (broadloltectors). They are relatively slow,
because they must reach thermal equilibrium whanthe target temperature changes.
They can have time constants of a second or mthmugh deposited detectors respond
much faster.

A thermopile consists of one or more thermocouples in ser@slly arranged in a radial
pattern so the hot junctions form a small circled ¢he cold junctions are maintained at the
local ambient temperature. Advanced thin film thepites achieve response times in the
10 to 15 millisecond range. Thermopiles also ineeethe output signal strength and are
the best choice for broadband thermometers. Ambieniperature compensation is
required when thermopile detectors are used. Anbstatically controlled thermometer
housing is used to avoid ambient temperature fataios for low temperature work.
Bolometersare essentially resistance thermometers arrargee$ponse to radiation. A
sensing element with a thermistor, metal film, cgtah wire transducer is often called a
bolometer.

Photon detectorsrelease electric charges in response to incigehation. In lead sulfide
and lead selenide detectors, the release of clmrgeasured as a change in resistance. In
silicon, germanium, and indium antimonide, the askeof charge is measured as a voltage
output. Photon detectors have a maximum wavelehglyond which they will not
respond. The peak response is usually at a wauelemdittle shorter than the cutoff
wavelength. Many radiation thermometers use phaletectors rather than thermal
detectors, even though they measure over a narfoavet of wavelength. This is because

within the range of useful wavelengths, the phaletectors have a sensitivity 1000 to
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100,000 times that of the thermal detector. Respaimee of these detectors is in
microseconds. They are instable at longer wavehsnghd higher temperatures. They are
often used in narrow band thermometers, or broatibdmermometers at medium
temperatures (93 to 427 °C), and often provided waioling.

Pyroelectric detectors change surface charge in response to receivedtiadi The
detector need not reach thermal equilibrium whenténget temperature changes, since it
responds to changes in incoming radiation. Thenmieg radiation must be chopped, and
the detector output cannot be used directly. A pkops a rotating or oscillating shutter
employed to provide AC rather than DC output frdme sensor. Relatively weak AC
signals are more conveniently handled by conditigrdircuitry. The detector change can
be likened to a change in charge of a capacitoigiwimust be read with a high impedance
circuit. Pyroelectric detectors have radiation absot coatings so they can be broadband
detectors. Response can be restricted by selettingoating material with appropriate
characteristics. Photon and pyroelectric detedtaxse thermal drift that can be overcome
by temperature compensation (thermistor) circuitgmperature regulation, auto null

circuitry, chopping and isothermal protection.
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Fig. 4.22. Relative sensitivity of IR detectors (€ya, 2008)

Fig. 4.22 shows the different sensitivity for varsoradiation detectors. PbS has the
greatest sensitivity, and the thermopile the I¢&tega, 2008)

Optical Systems
As shown in Fig. 4.23, the optical system of aatidh pyrometer may be composed of

lenses, mirrors, or combinations of both. Mirrosteyns do not generally determine the
spectral response of the instrument, as the refigcis not dependent on wavelength over

the range used for industrial temperature measureme
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Fig. 4.23. Typical optical systems (Omega, 2008)

A mirror system must be protected from dirt and dgenby a window. Copper, silver and
gold are the best materials for mirrors in thedrdd range. Silver and copper surfaces
should be protected against tarnish by a protedilive The characteristics of the window
material will affect the band of wavelengths ovdrieth the thermometer will respond.
Glass does not transmit well beyond @rb, and is suited only for higher temperatures.
Quartz (fused silica) transmits tquh, crystalline calcium fluoride to @m, germanium
and zinc sulfide can transmit into the 8 tout¥ range. More expensive materials will

increase the transmission capability even morehawn in Fig. 4.24.
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Fig. 4.24. IR transmission optical materials (Om&08)
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Windows and filters, placed in front of or behirne toptical system, and which are opaque
outside a given wavelength range, can alter thestnission properties greatly, and prevent
unwanted wavelengths from reaching the detectorrdvisystems are generally used in
fixed focus optical instruments.

Varying the focus of the instrument requires moviragts, which is less complicated in a
lens system. The selection of lens and window r@té& a compromise between the
optical and physical properties of the material] #re desired wavelength response of the
instrument. The essential design characteristicaaiérials suitable for lenses, prisms, and
windows include approximate reflection loss, andrshnd long wavelength cut-offs. Fig.

4.25. shows the transmittance of some common raiétexs a function of wavelength.
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Fig. 4.25. IR transmission characteristics (Omegag)

Chemical and physical properties may dictate chofcmaterial to meet given operating
conditions. The aberrations present in a single Brstem may not permit precise image
formation on the detector. A corrected lens, cosgati of two or more elements of
different material, may be required. The physidape of the optical system, and its
mounting in the housing, controls the sighting p&tr many designs, the optical system
is aligned to surface and measures surface tenuperakhis is satisfactory for sizable
targets. Visual aiming accessories may be requoedighting very small targets, or for
sighting distant targets. A variety of aiming teicjues are available which include: simple
bead and groove gun sights, integrated or detaelwgdtical viewing finders, through-lens
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sighting, and integrated or detachable light bearkars. (Omega, 2008)

Field of View

The field of view of a radiation thermometer esigiyt defines the size of the target at a
specified distance from the instrument. Field @wican be stated in the form of a diagram
(Fig. 4.26), a table of target sizes versus digaas the target size at the focal distance, or

as an angular field of view. (Omega, 2008)
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Fig. 4.26. Field of view (Omega, 2008)

Electronics

Today, microprocessors easily permit signals tolibearized very cost effectively.
Microprocessor-based electronics (Fig. 4.27) ar@esar to conventional analog
electronics because in situ computing can be ueedotrect detector imperfections,
provide emissivity compensation, and provide digit&puts for two way communications

between the thermometer and a PC or a controlraystarkstation.
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Fig. 4.27. Microprocessor-based IR thermometer (Gan2008)

Many of the shortcomings of thermal type detectans be handled by sophisticated data
processing techniques available in digital commutéfhe target temperature is an
exponential function of the detector temperatutee dutput signal from the detector is a
small voltage proportional to the difference in parature between the target and the
detector itself. To get the target temperaturds ihecessary to accurately measure the
detector temperature. Detector body temperaturas g range of the environment, from
-50 to 100 °C. Over this range, the most preciskaaturate temperature transducer is the
thermistor. However, thermistor outputs are higidy-linear and vary widely from unit to
unit. Analog devices must abandon use of the ttetamifor a less accurate and easier to
use element, such as an integrated circuit, whachahlinear output. But highly non-linear
responses are no problem for a computer, and wiits microprocessors can employ
thermistors. Detector responsivity is also a naedr function of the detector body
temperature. It is typically grossly corrected imakpg devices with a simple linear gain
correction produced by a temperature sensitivesta@siin the preamplifier feedback
network. A microprocessor can use a complex algaritfor the detection body
temperature to correct for changes in detectororesipity. The net radiant target signal
power impinging on the detector is highly non-lineath the target temperature, and for
temperatures under 538 °C, it is also dependetit@detector temperature itself. Again, a
microprocessor can make accurate compensationoforthese effects. There is a fourth

power relationship between the detector outputageltand target temperature. Analog
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devices typically use linear approximation techegjuo characterize this relationship.
A computer can solve, in real time, a complex atbor, with as many as seven terms,
instead of linear approximation, for higher accyradetector zero drift due to ambient
temperature conditions can also be corrected wsmgcroprocessor. This avoids errors of
several degrees when you move an instrument fr@ra@om to another having a different
temperature. Precise emissivity corrections cancddéed up, either from as many as
10 values stored in EEPROM, or from a complex tead- algorithm dependent on target
time-temperature relationships. An example is @@m to compensate for the emissivity
of a piece of steel, which oxidizes as it heathigher temperatures. Preprocessing by an
onboard microprocessor may allow extraction of dhly pertinent data needed by control
systems. For example, only out of range data, ohited by setpoints programmed into
the microprocessor, may be desired for data trasssom. This data can be transmitted
digitally, on a priority interrupt basis. This isone efficient than having the user transmit
all measured data to the host system, only to hiagertinent information sorted there.
An intelligent radiation thermometer can be prograd to run preprogrammed internal
calibration procedures during gaps, or windows masurement activity. This prevents
internal calibration checks from taking the devimfé-line at a critical moment in the
process. A thermometer reading the temperaturean$ on a conveyor belt can run an
internal calibration program whenever a gap betwseccessive cans is sensed. An
internal microprocessor can also perform exterraitrol functions on external loop
elements, using contact closure or relay outputwiged as options, and based on the
incoming temperature data. In addition, intelligdavices can accept auxiliary inputs from
thermocouples, RTDs or other radiation thermometens then use this data to support
internal functions. For example, a high temperasetpoint could be continuously, and
automatically reset by the microprocessor in respdn input variable history. A sample-
and-hold function is useful when a selected evemves to trigger the temperature
measurement of an object. The thermometer meadereperature at that instant,
disregarding earlier or later measurements. Analoguitry exhibited a slow drift of the
measurement during the hold period, but modernaligistruments hold the value without

degradation for indefinite periods. Sometimes, hlghest temperature within the field of
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view is of interest during a given period. Intedlig electronics can be programmed to store
into memory the highest temperature it saw in apsiag period. This is called peak
picking. Valley picking, when the lowest temperatimeasured over a given period is of
interest, also is possible. Averaging is used tev@nt rapid excursions of the object
temperature from the average value from causingenioi the control system. A common
way to accomplish this is to slow down the resparfsine instrument via software in the
microprocessor-based electronics. (Omega, 2008)
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4.6 Thermopiles

Radiometry is the science of measuring thermalatamti. The atoms and molecules that
compose real materials are in motion, and the dot&ms among them (collisions and
boxing forces) produce displacements in the eleamgmtharges within them. The resulting
accelerating charges and changing electrical dipudenents produce thermal radiation.

The electromagnetic spectrum is depicted in F284.

thermal
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Fig. 4.28. Electromagnetic spectrum (Weckmann, 1997

Based on the thermoelectric effect, the thermagsle be used as a heat sensor to measure
thermal radiation. A thermopile is made of thermgue junction pairs connected
electrically in series. The absorption of thermadliation by one of the thermocouple
junctions, called the active junction, increasedeémperature. The differential temperature
between the active junction and a reference jundtapt at a fixed temperature produces
an electromotive force directly proportional to ttiéferential temperature created. This

effect is called a thermoelectric effect.

This chapter presents the background in thermoel#gt essential to understand the
operation of a thermopile. It also presents thentobeynamics of the three effects in
thermoelectricity: the Seebeck effect, the Peleffiect and the Thomson effect. The
thermodynamics of thermoelectricity provides a nsedor describing the observed

thermoelectric properties (Weckmann, 1997).
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Nowadays the thermopile sensor allows measurenasotution up to 0.01°C, because of
new inventions in Seebeck-coefficient materialsdusethermopiles (www.melexis.com,
2007)

4.6.1 Background and Theory

This chapter presents some concepts of thermoielgctand solid-state physics related to

thermoelectric effects.

The thermoelectric effects
Any phenomenon involving an interconversion of haatl electrical energy may be
termed a thermoelectric effect. We differentiateraen reversible and irreversible energy
conversion (Jaumont, 196ajhe best known irreversible thermoelectric efisthe Joule
effect, where an electric currenfA) is transformed irreversibly into heRt(W) according
to

P=RI? (3.94)

whereR [Q] is the electrical resistance of the conductor.

The Seebeck, Peltier and Thomson effects are treksted reversible thermoelectric
effects. The thermocouple is well known and hasnbesed extensively over the last
100 years for measurement of temperature and @amsgrol. The principle governing

the operation of thermocouple devices is the Séebiéect.

In 1821, Thomas Johann Seebeck (1770-1831), a Gesaientist, discovered that a small
electric current will flow in a closed circuit comged of two dissimilar metallic
conductors when their junctions are kept at difiereemperatures. A thermocouple
consists of two such dissimilar metals connectegdries. The electromotive force or
emf [V], that appears in an open circuit is the el@weloped by the thermocouple to block
the flow of electric current.
If the circuit is opened the emf creatégl [V] is called the relative Seebeck emf (RSE),
or Seebeck voltage. The erffg [V] created is directly proportional to the diféattial
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temperaturaT [K] between the two junctions
Enn=SpAT (3.95)

whereSss [V/K] is called the Seebeck coefficient.

This effect and is illustrated in Fig. 4.29. TherpaB of conductors, or thermoelements,
creates the circuit which forms the thermocouplee Thermoelement A is the positive
conductor with respect to B if the current flowsrfr A to B in the cold junction.

Metal A
"Cold "Hot Junction"
Junction " T+AT
T
—p \
Metal B En Metal B

Fig. 4.29. lllustration of the Seebeck effect (Waekin, 1997)

In 1834, Jean Charles Athanase Peltier (1785-1845French watchmaker-turned-
physicist, discovered that when an electric curflemis across a junction of two dissimilar
metals, heat is liberated or absorbed dependintherdirection of this electric current
compared to the Seebeck current. The rate of hibatated or absorbe® [W] is

proportional to the electric currehfA] flowing in the conductor, that is
P=Pg(T) ! (3.96)
where Ppg [V] is called the relative Peltier coefficient. iSheffect is the basis of

thermoelectric refrigeration or heating. The Pelgifect is illustrated in Fig. 4.30.
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Fig. 4.30. lllustration of the Peltier effect (Wachnn, 1997)

In 1852, Thomson discovered that if an electricenir flows along a single conductor
while a temperature gradient exists in the condueto energy interaction takes place in
which power is either absorbed or rejected, dependin the relative direction of the
current and gradient. More specifically heat igtédted if an electric current flows in the
same direction as the heat flows; otherwise ibsogbed. Fig. 4.31 illustrates the Thomson

effect.

Heat Liberated

I

Electric current

Conductor

T » T+AT

Heat flow

Fig. 4.31. Thomson effect (Weckmann, 1997)
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The powerP” absorbed or rejected per unit length [W/m] is prtipnal to the product of

the electric current[A] and the temperature gradie%i-£ [K/m], that is
X

P=c(T)l— (3.97)

WhereJ(T) [VK "] is the Thomson coefficient.

While practical applications of the Thomson effant few, the Seebeck effect is widely
used in thermocouples to measure temperature @nBehier effect is occasionally used
for air conditioning and refrigeration units. Povgeneration is possible but because of the
low thermal efficiency of the Peltier effect its omercial exploitation is of limited
interest. Commercial exploitation of the Peltiefeet has generally been limited to areas
where quick heat and refrigeration is needed anérevlefficiency is not of utmost

importance (Weckmann, 1997).

4.6.2 Thermodynamics of thermoelectricity

An understanding of the thermodynamic interdepecgleamong the three reversible
thermoelectric effects is critical. The thermodymantheories presented here are
essentially from the work of (Pollock, 1971). Laeteonsider a thermoelectric circuit where
Joule heating is neglected. This system can thecoheidered a reversible heat engine.
Consider the circuit in Fig. 4.29, where the caldgtion is maintained at temperature

and the hotter junction at temperatufre AT by heat sinks and sources. If the emf

generated in this circuit B [V], the thermoelectric power is defined as tharge in

emf per degree KelvindE,, / dT [VK™], such that the electrical voltage is given by
En =(dE/ dT)AT (3.98)
It should be noted that althouglE,;/ dT is called the thermoelectric power its

dimensions are not power [W] but volts per kelWtK['] (Weckmann, 1997).

Taking into account the heat absorbed and liberatéuke junctions (Peltier effects) and
the heat absorbed and liberated within the condsi¢ithomson effects), the conservation
95



of energy in the system, considered as a reverbidd¢ engine, in which a curreinfA]

flows, can be written as
(dEg/ dT)ATI= Bg(T+AT) - By( 1) H(og—0 )ATI  (3.99)
where Pg (T+AT) | [W] is the heat absorbed at the hot juncti®h, (T) I [W], is the

heat liberated at the cold junctiog ATl [W] is the heat absorbed in conductor B, and

o ,ATI [W] is the heat absorbed in conductor A.

If we simplify Equation (3.99) by dividing throuddy | andAT and then taking the limit as
AT approaches zero, we obtain the fundamental theofénermoelectricity,
dE,;/ dT=(dR,/ dT)+(0,-0 )
[V/K] [VI K [V K

This equation, which is homogenous in VKgives the electrical Seebeck effect as the sum

(3.100)

of the thermal Peltier and Thomson effects. Ths/es the relationship between the three
effects and is the basis of the statement thaSeebeck effect is the result of both the
Peltier and Thomson effects (Pollock, 1971). Letnasv use the assumption that the
thermoelectric interactions are thermodynamicakyersible, and add heat sinks at
temperatureT+AT/2 at the midpoints of the two conductors. The netngfe of entropy
[kJK™], of the heat sinks at the junctions and alongcthreductors is zero so for a unit time
we can write
P (T+AT) I N Pe(MD1  oATI N o AT _
T+AT T T+(AT/I2) T+(AT/2) (3.101)
[kJ/ K] [k K [ kI K [ kO K

After dividing through by the current if we multiply the first two terms b} T/AT and

then take the limit a&T approaches zero, Equation (3.101) becomes
_%ij Ao LT OAT
dr\ T T+(AT/2) T+ AT/2)

If we now define the Thomson effect as the enetgnge for a temperature difference of

(3.102)

1 K, that isAT =1 K, then since T generally is much greater thafy we can assume that
T+AT/2is essentially equal to T. We then have from Equa3.102)
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i(%j _0n_0s (3.103)
arl T )" T T

Carrying out the indicated differentiation in Eqoat(3.103) and multiplying each term of
the resulting equation bl, we obtain

F)AB dI:)AB
—— = —=\|+0,—0 3.104

T ( ar ) * °°F (3109
which gives the change in entropy per unit charfgthe junction at a given temperature
and relates the Peltier and Thomson effects. Emu48.104) can be simplified using the

theorem of thermoelectricity, Equation (3.100) gieg

dE
P = BT 3.105
e[ 25) 2o

WhereP,g [V] is the Peltier coefficient and is describediwiespect to the thermoelectric
power,dExg/dT [VK 7].

If we differentiate Equation (3.105) with respexit we obtain

0P _ g 7 0 o (3.106)

dT dT dT?
and if we substitute this result into the theorefrth@rmoelectricity, Equation (3.100),

Equation (3.106) becomes

2
d°E,; _0,-0,

= 3.107
dT? T ( )
Upon integration Equation (3.107) becomes, foradiahermoelectric circuits,
dE,; O,— 04 o o
= dT=¢p—-LdT-¢p—=2dT 3.108
dT 45 T Cﬁ T CJ.) T ( )

Equation (3.108) shows that the thermoelectric pafe thermocouple can be expressed
in terms of the Thomson coefficients of its compaseln other words, the thermoelectric
power is the algebraic sum of the absolute thereutiét powers of its components:

dE,;
dT

=S,-S$= S (3.109)
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T T
Where SAZJ% dT[V/ K and SBZJ% dT[V/ K are the absolute Seebeck
0

0
coefficients (ASC) of each of the components of thermocouple materials, or
thermoelements, A and B. The symBalenotes the rate of change with temperature of the
Thomson voltage in a single conductor.
The concept of the ASC is very important becausdldtvs the study of the properties of
individual thermoelements. If the ASC of one theetemment is known and the
thermoelectric power of the couple is determinggeexnentally, the ASC of the unknown
element can be calculated using Equation (3.108).

After a second integration over a closed thermadetecircuit, Equation (3.109) becomes

B =S, dT-¢ S d=¢ § d (3.110)
where the integrals of the Seebeck coefficientsla@eabsolute Seebeck effects. The flow
of current in this circuit is induced by the relatiSeebeck coefficient (RSE) which is a
consequence of the temperature difference betweetwb junctions of conductors A and
B. Because the Thomson effect is present only véhearrent passes along the conductor,
the Thomson coefficientss{, og) are nonzero only in closed circuits. This meamest t
Equation (3.108) can account for thermoelectricoprobes only in a closed circuit. In
contrast to this, the electrical potential (emf)hin conductors is always present as long as
a temperature difference is maintained betweenwoejunctions, regardless of whether
the circuit is open or closed. Hence EquationsO®).-and (3.110) are valid for both open
and closed circuits. Usually the RSE is measuraxpén circuits to eliminate the Thomson
and Peltier effects, which cause extraneous thevaréhtions. From Equation (3.108) the
three laws of thermoelectric circuits may be inderr

1. The law of homogeneous conductors.
2. The law of intermediate conductors.

3. The law of successive temperatures.

The law of homogeneous conductors states that amtiedectric current cannot be
maintained solely by application of heat to a gngbmogeneous conductor, regardless of

any cross-sectional variations. In other words, thermoelectric circuit is formed of two
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conductors of the same homogeneous matediak &), ho emf exists in this circuit. The

law of intermediate conductors states that the stithe absolute Seebeck coefficients of
dissimilar conductors is zero when no temperatifferdnce exists between the junctions.
In other words no extraneous emf will be producedaicircuit made of intermediate

materials if no temperature differences exist betwthe two ends of the materials. This
law demonstrates that the contribution of a commioermoelement C to a pair of

thermoelements A and B vanishes if the junction€ Aand C-B are at the same
temperature. The law of successive temperaturésssthat the emf of a thermocouple
composed of homogeneous conductors can be measumdgressed as the sum of its
properties over successive intervals of temperatMia@thematically this may be stated
(Weckmann, 1997)

T

Ee=[(S-S) aF (S § oF[( & F ¢T( S IS G

To

4.6.3 Description of the device

This section is aimed at describing the thermogtesensor proposed for use as a thermal
radiation detector. The motivation behind the caa€ such a device is developed, as are

detailed descriptions of its operation, specifimasi and expected performance.

Thermocouple operation is based on the Seebeckteffeus, the amount of electrical

potential produced can be interpolated as a meaduesnperature difference. But what is
the relationship is there between the emf prodilede open circuit and the temperature
difference between the two junctions? It all deead the pair of thermoelements used:
some pairs of thermocouple elements give a Sealmtadge which varies in an anticipated
way with temperature. Thermocouples in common @& mearly linear temperature-emf
characteristics. Once the thermocouple calibratione is obtained, by maintaining one of
the junctions at a known fixed temperature, thesofhinction is used as the measuring
junction and is held at the temperature to be deterd. The junction maintained at a
known temperature is called the reference juncudrile the other is called the active

junction.
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For an ideal thermocouple, the open-circuit voltag®ained is proportional to the

temperature difference between the junctions coatsd of conductors A and B,
AV =Sg.(T)AT (3.112)

whereSys is the relative Seebeck coefficient, expressgeMK ™. This coefficient depends
not only on the temperature, but also on the choic¢he two materials used in the
thermocouple. A sign is assigned to the SeebecKicieat according to the sign of the
potential difference related to the temperaturdeddhce. However, it is much more
convenient to work with absolute values: the magtdt of the Seebeck coefficient of a
junction is then calculated as the absolute valuthe difference between the Seebeck
coefficient of each metal; that is,

S =S § (3.113)
Because a voltage is produced when a temperattfieretice exists between the two
junctions of the thermocouple junction pair showrFig. 4.29, the thermocouple can be
used as a detector of incident radiation. In opssuit operation the emf produced is
usually low, on the order of a tenth of a microvpéir degree Celsius of temperature
difference for a single junction pair. In order iticrease the output voltage, several
junction pairs may be connected in series. Theoresipity is then increased by n if n
thermocouple junction pairs are placed in sertes; ifs,

AV =nYgTNAT (3.114)
Such a device is called a thermopile. As showni@n #32, based on the description by
(Dereniak, 1984), elements of a series of thermplesuof alternate material A and B are
placed between a heat source and a heat sink. dhguiiction comes into thermal
equilibrium with the high temperature surroundiryeducing an emf at the leads. If a
current flow results, thermal energy is convertetb ielectrical energy. The remaining

energy absorbed at the hot junction is rejectétiédeat sink at the cold junction.
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Heat flow
Active junction
Material A Material B
Reference junction Leads

l

Heat sink

Fig. 4.32. Example of a thermopile (Weckmann, 1997)

We now turn our attention to thermal radiation d&ges. The two most important parts of
all thermal radiation detectors are the absorber tae temperature transducer. When a
thermopile is used, the radiant energy is absoriieda layer coated on the active junction
which acts as the heat source, and the differehtarperature between the active and the
reference junctions is translated into an outpltbge through the Seebeck effect. In most
practical implementations we can neglect the Joli®mson and Peltier effects because
the input impedance of the signal-conditioning witrés sufficiently high to ensure that a
negligible current flows through the thermopile @mann, 1997).
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4.7 Predicted Mean Vote modification

This thesis deals with evaluation of thermal comtmcording to the PMV model. First
concept of this work was based on evaluation of Piidel from (Fanger, 1970) that is
also given by standards ISO 7730 and ASHRAE 55.bigpgest limitation of standardized
PMV model is the measurement of mean radiant teatyper (MRT) as ncessary parameter
in PMV determination. The original objective of gshiesearch was the design of mean
radiant temperature sensor based on thermopilesraplacement of globe thermometer
(dry bulb thermometer encased in a 150 mm diammatdte-black copper sphere whose
absorptivity is similar to the skin) used as staddaeasurement device according to 1ISO
7726. This replacement solves the known shortcosnirigglobe thermometer
a) air movement influence
b) ambient temperature influence
c) impossibility to assess asymmetric thermal radmtio
The projection factors must be taken into accolingé influences of radiation
fluxes from above and below of person are diffefesrn radiant fluxes from
east, south, west and north direction. To calculeéan radiant temperature
correctly we have to multiply radiant fluxes witloreesponding weighting
factors which are derived from the projection fasto
d) long response time (20-30min)

These shortcomings are described in ISO 7726 atailetresearch concerning the cases
¢) and d) are described in (HruSka, 2003). Hru$ka did analysis of globe thermometer
in COMSOL Multiphysics (formerly FEMLAB) and alsoxjgerimentally verified his
simulations. COMSOL Multiphysics is an engineerimigsign, finite element analysis,
solver and simulation software environment for thedeling and simulation of any

physics-based system.

The next objective of this research is to modify BMV model. Basically, in evaluation of

PMV, we have to determine mean radiant temperatsirthe necessary input parameter of

PMV model. The MRT is either obtained directly, wéth globe thermometer or indirectly
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with measurement of radiant fluxes (net radiometand then the heat fluxes are
recalculated to MRT. Finally, PMV model uses MRBJculates the heat transfer from
human body through radiation and finally predictsam response of a larger group of
people with the PMV index. In case of thermopilssdiin thermal comfort evaluation, it
would be more convenient to evaluate the PMV dyeitom radiation fluxes measured
with thermopile. The radiation componeéR{Wm™] in heat balance of human body (unit

body surface) with surroundings in PMV model isagiwith equation (3.47)
R= Aéﬁea[(tc, +273" (1 + 27:)“]
After substitution of the appropriate numericalued (see Chapter 4.3.7) and expression it
we get
R=3.96x 10° f, [(tc, +27¥ - (t + 27)3‘]
which, as can be seen, is one term of heat batzfrtn@man with surroundings (3.64).
L=(M-W)
~3.05¢ 10°[ 5733 6.96M -W)- p, |
-0.42[ (M -W) - 58.1§
~1.7x10°M ( 5867 p,)
~0.001M ( 34-t,)
~3.96x 10°f, [(tcl +27% - (T + 27)?}
= fah (ta - t,)

To obtain the radiation component, we can use tbpilmvoltageU+p [V]:
U, =GP =KSD (3.115)
where G [Vm?W™] is sensor constantp, [W] is the incident radiant fluxkK [VW™]

instrument sensitivity ang, [m?] is sensitive area of detector.

The radiation component R can be written as

R=2 f,0, = A f, Ure (3.116)
A A TG
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whereG [Vm?W™] is sensor constant), [W] is the incident radiant fluxd, [m?] is the
surface of the human body participating on radiaeat transfer (for sitting persons
AlA, = 0.70 and for staying persoAgA, = 0.73;A, [m? is the surface of human body
according Dubois equation (3.49).

Substitution of the appropriate numerical value®sf

R=4.6938 10U, (3.117)

And the full PMV equation (3.64) will be
PMV =[o.303e'°-°36M + 0.02§x

(M-w)

~3.05x 10°[ 5733 6.96M -W) -, |
-0.42 (M -W)-58.1§

~1.7x10°M ( 5867 p,)

-0.0014M ( 34-t,)

(3.118)

_i f(:I(De
A

- fah (tcl - ta)

andt, changes from (3.65) to

t, =35.7
~0.028 M -W) (3.119)

- IcI {i fcIcDe + fclhc (tcl _ta)}
A,

and then we can write

cl 'cl

t, = 3.120
cl | f h ( )

cl'cl'c

35.7 - 0.02M -W) —|Clﬁ;qu>e—| fht,
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And consequently derived with thermopile voltage We get
PMV =[0.303°%™ + 0.02§x
(M-w)
~3.05¢ 10°[ 5733 6.96M -W)- p, |
-0.42 (M -W) - 58.15
~1.7x10°M ( 5867 p,)
~0.001M ( 34-t,)
-4.6938 10U,

- fclhc (tcl _ta)

(3.121)

and fort

35.7 - 0.02§M -W) -1, 4.6938 O, -1,f ht,
t, = — (3.122)

clcl'c

With this modification we can evaluate the PMV el without the determination of
mean radiant temperature, independently on emigsivi surroundings and without

iterative computing of.t

105



5 EXPERIMENTAL

Experimental part of this thesis deals with evatmatof thermal comfort according to

PMV mathematical model and especially with meamargdemperature determination.

Chapter 5.1 of this work describes the applicafmmcomputation of PMV, PPD a DR
indices according to (ISO 7730, 2005). The Matlatypss computing PMV, PPD and DR
indices were prepared as a result of this chapter.

The Chapter 5.2 describes the design of real rotmehms created to validate thermal
comfort (PMV index) on real environment. It is alsossible to change dimensions of the
room, different properties, person position andr wse place heating panels on walls to

study and verify the influence of mean radiant terafure on PMV index.

Next Chapter O introduces the solution allowing dipgimization of costs for heating. The

basic principle of this optimization is to distrieuthe total costs between costs on
convective heating and costs on radiant heating.clsts on convective heating and costs
on radiant heating correspond to the power on hgganels and to the power on radiator

respectively. These total costs are optimized BiTIMA evolutionary algorithm.

The mean radiant temperature (MRT) is the spep#i@ameter influencing the PMV index
and this parameter is the most difficult to detemiThe Chapter 5.4 deals with MRT
evaluation and with overlapping of scanned areasnwising several thermopile sensors.
The nonlinear curve fitting of field of fiew of thmopile sensor is done in Chapter 5.4.1.
Subsequently, the results of Chapter 5.4.1 are ims€thapters 5.4.2 and 5.4.3 which deal

with visualization of total signal of scanned araad with optimization of field of view.

The important part of experimental section is Chaph.5 dealing with design of
measurement system. Three measurement systemseaerqul: analog version (ambient

temperature compensation), digital laboratory wersind digital embedded version.
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The Chapter 5.6 briefly describes some devices wnstts work.

Finally; acquiring experimental data is presente@hapter 5.7.

5.1 Computing predicted mean vote (PMV) mathematical mdel

The computation of predicted mean vote (PMV) matitgsal model and percentage of
dissatisfied (PPD) are done according to (ISO 72805) see Equations (3.63), (3.64),
(3.65) and (3.66). The computer program given & i®rm is written in BASIC language
and therefore it is necessary to rewrite it to lllatlanguage for further utilization. The

computer program has defined set of input variatdes Table 5.1.).

Table 5.1. Input variables of PMV calculation corgsyprogram.

Variable Unit Symbols in
program

Clothing clo CLO

Metabolic rate met MET

External work met WME

Air temperature °C TA

Mean radiant temperature °C TR

Relative air velocity ms VEL

Relative humidity % RH

Partial water vapour pressure Pa PA

At the beginning, the program converts the valuethermal insulation of the clothing,
metabolic rate and external work to Sl units. ThHeralculates an internal heat production
of the human body, clothing area factor, heat tearsoefficient by forced convection and
other quantities in order to compute required mtedi mean vote. Every quantity can be
calculated except the surface temperature of eigthThe equation for calculation of
surface temperature of clothii@LAis given implicitly and therefore it may be solwdd

iteration methods. First; the valueELA[°C] is guessed according to Equation (4.1):
TCLA =TAA +(35.5-TA)/(3.5%(6.45¢ ICL+ 0.3) (4.1)
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Further, the value ofFCLAIs iteratively refined until it is changing morean a 0.0015 °C

from previous calculated value. Then the value refdigted mean vote (PMV) index is
calculated according to Equations (3.64) and (3.65pally the value of predicted

percentage of dissatisfied PPD is determined acuprib the equation (3.66) and both
indices (PMV and PPD) are returned as a result.

The validation of script has been also done vetisassample values given by the norm
(ISO 7730, 2005). Sample calculated values arengivdable 5.2.

Table 5.2. PMV sample calculated values

Input data Value | Unit
Clothing 1.0 clo
Metabolic rate 1.2 met
External work 0.0 met
Air temperature 19.0 °C
Mean radiant temperature 18.0 °C
Relative air velocity 0.1 s
Relative humidity 40.0 %
Output data Value | Unit
Predicted Mean Vote -0.7 -
Predicted percentage of Dissatisfigd  15.3 -

5.2 Design and creation model of real room

To practically use the PMV mathematical model ahdrrhal comfort evaluation, the
design and creation of model of real room has libmre. The application prepared in
Matlab environment introduces one room with deflaatimensions and wall properties.
These are entered by user on the first windows pfliGation (See Fig. 5.1.). The

dimensions of the room are taken from text boxbsllad “Room width”, “Room length”
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and “Room height” and are related to room diagramihe right bottom of this window.
The PMV index is determined at the occupant pasitidnich is also defined by user in
section “Occupant location” text box&sY whereX [m] coordinate represents horizontal
position andY [m] represents vertical position with origin irfti®ottom corner. It is also

important to define if occupant is in standing eated position.

Next, the PMV index depends on mean radiant tenypergMRT) and air temperature.
The MRT value is given by interior temperature reundings (walls) emissivity and heat
transfer from interior to outside through walls amel can modify it with heating panels. It
is possible to add (place) and remove these pamealsction “Heating panel location and
dimension”. The location is given by chosen walthe list “Wall” and this corresponds to
the scheme shown at the bottom of the window andely boxesX, Y where X [m]
coordinate represents horizontal position angn] represents vertical position with with
origin in the left bottom corner. Finally; the widand height\(V [m], H [m]) of the heating
panel must be entered. Button “Add” adds desiredep#o the list of heating panels
labelled “List of heating panels”.

The section “Wall participating in heat transfergfies which walls participate in heat
transfer. If the room shares walls with other roamith similar interior air temperature, we

can neglect the heat transfer through these wallsg(ling or floor).
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B PMV-PPD calculator

- =
RS T — - E=1ECn

() Properties
©) SOMA optimizing

) Results

@ Dimensions and locations

Dimensions and locations
Roomwidth [m] | 3.0
Roomlength[m] | 20 |
Room height [m] | 2.0
Occupant
, ’;[:‘] I :[:'] : © stanang
: - : @ Seated
Walls participating in heat transfer

@A B8 Elc Eo Ee @EF

Heating panels location and dimension

Wall X [m] Y [m] Wim] H[m]
A v| 00 0.0 1.0 1.0 |f

Fig. 5.1. Model of real room — Dimensions and st

110




The next window (see Fig. 5.2.) shows all propentedated to the room and environmental
parameters, heating panels, price for electrigity person activity and clothing. Following
is the list of adjustable properties:

- heat panel emissivity [-]

- wall emissivity [-]

- price for electricity [KW™h]

- wall heat transfer coefficient [WAK]

- efficiency of heat panel [-]

- clothing insulation [CLO]

- metabolic rate [MET]

- external work [WME]

- relative air velocity [md]

- relative air humidity [%)]

- water vapour pressure [Pa]

With clicking on the button “Calculate PMV index”ewskip “SOMA optimizing” tab

discussed later in Chapter 0 and we are redirdotdeesults” tab (see Fig. 5.3.).
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B PMV-PPD calculator

— Units

©) Dimensions and locations

(©) SOMA optimizing

() Results

Properties.

Heat panel emissivity [-] [

00 |

Wallemissivity []| 1
Unit price for convective heating [CZK/KWh] [ 1.18
Unit price for radiant heating [CZK/KWh] [ 5.40
Wall heat transfer coefficient (Wm2/K] | 1.2
Efficiency of heat panel [-] 0.9
Clothing insulation [clo] | 1.0
MET-metabolic rate [met] | 1.2
WME-external work [met] | 0.0
VEL - relative air velocity [m.s*-1] | 0.1
RH - relative air humidity [%] =~ 40.0
PA - water vapour pressure [Pa]
Outside temperature [*C] 5.0
Room thermal conditions-
@ from ambient temperatures and MRT
() from radiant and convective power
Ambient temperature [*C] ' 23.0
Mean radiant temperature (MRT) ['C] | 17.0
Calculate PMV index

Fig. 5.2. Model of real room — Properties
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The last tab (Fig. 5.3.) of this application evaédisathe PMV index of person in designed
room with properties defined in the previous paagbrand shows the results divided in
five categories:

1. calculated properties of room used in PMV evaluatio

a. The total surface of room.

b. Percent of total surface that participates heanstea according to “Wall
participating heat transfer” input on Fig. 5.1. W& consider the walls shared with the
room at ambient temperature same as our examiroeud tloat are not participating of
heat transfer.

c. Heating panel angle factor is a function of thepghahe size and the relative
positions of the surface in relation to the person it is needed in mean radiant
temperature avaluation. As most building materi@se a high emissivityg), it is
possible to disregard the reflection, i.e. to asstimat all the surfaces in the room are

black. The equation (4.2) is used to calculate nmadiant temperature:
T =T'F +T'F ,+. +T'F (4.2)
where T, [K] is mean radiant temperaturdy [K] is the surface temperature of

surrounding surfaces;, v [-] is the angle factor between a person and sarfdSO
7726, 1998)

Angle factor may be calculated from the equati@n3)( (4.4) and (4.5):

@) ¢

Fon =Fo|1-€7 || 1- X (4.3)
r=A+ B(Ej (4.4)
C
y=C+ D(9j+ E(EJ (4.5)
C C

whereFna [-], A [-], B [-], C[-], D [], E [-] are coefficients depending on person

position (seated, standing) and examined surfagez(ntal, vertical), see Table 5.3.
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(ISO 7726, 1998)

Table 5.3. Angle factor coefficients (ISO 7726, 899

Fmax[-] [A[] |B[] |C[] [D[] |E[]
Seated person, vertical 0.118 1.216| 0.169| 0.711 0.087 0.0832
surfaces
Seated person, horizontal 0.116 1.396/ 0.130| 0.951 0.080 0.085
surfaces
Standing person, vertical 0.120 1.242| 0.167| 0.61 0.082 0.031
surfaces
Standing person, horizontal | 0.116 1.595| 0.128| 1.226 0.046 0.044
surfaces

2. This section shows

a.
b.

interior air temperaturg [°C],
temperature of heating panel surfag¢°C] given by simplified evaluation

without convective heat transfer consideration:

_ |pPowege 4
t, =a—=—+(t,+273.1 4.6
. \/ 5. 9 (4.6)

wheren [-] is efficiency of heating paneRower2[W] is the input powerg [-] is
emissivity of heating panel surface[Wm?K™] is the Stefan-Boltzmann constant
o = 5.6693x1¢ Wm*K™, S:s[m?] is the surface of heating pangl[*C] is interior
air temperature.

Mean radiant temperatute°C]

t, = §1/Z Fop (tpg +273.15) + (1—iz Fei ), + 273.18) 4.7)

whereFyp; [-] is angle factor between person and i-th hegapanel;t,s [°C] is
temperature of i-th heating panel surface apd°C] is steady state surface
temperature of interior wall given as (Augusta, 199
t —t
tip :ti — e
R

wheret;, [°C] is surface temperature of interior wall[°C] is air temperature of

R (4.8)

interior, t. [°C] is external temperatureRo [m°KW™] is construction heat
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resistance,R, [mZKW'l] is heat transfer coefficient,; R 0.125 for horizontal
constructions{SN 73 0542, 1995) .

Calculated PMV index.

Electric power on radiator heating (Powerl) andheating panels (Power2).

Resulting price for electricity per hour, sepanatéle price for heating panels per hour
and price for heating by radiator per hour andltptace per hour (all in Czech

crowns).
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- Power Optim Tool

— Units

Results

() Dimensions and locations
() Properties
©) SOMA optimizing

Total surface of room [m2] 108.0
Percent of surface for heat transfer [%] | 0.77778 ‘

Heating panel angle factor [-] | 0.099272 |

arc| 229 |
rrel | 169
pspre)| 337
Ve 02

Power1 (radiator) W] | 1200.0

Power2 (heating panel) (W] |  600.0 |

Price1 [CZK] | 6.49
Price2[CZK] | 3.24

Totalprice [CZK] | 9.73

Fig. 5.3. Model of real room - Results
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5.3 Optimization of costs for heating proceed by SOMA ewuationary
algorithm

The optimization of costs for heating uses for deieation of the costs and the PMV
value the model of room described in previous daradthe basic principle is to distribute
the electric power between the radiant and the extiwe heating, which can lead to
energy (and also the costs) savings while maimtgithermal comfort. The radiant heating
iIs ensured with radiant heating panels mountedhenwall or ceiling and convective

heating is ensured with radiator installed in tle®nn. The optimization changes the
electric power on heat panels that changes the mashant temperature and the power on

radiator that maintains the air temperature.

The Self-Organizing Migrating Algorithm (SOMA) issed to find the optimal electric
power on heating panels and the electric poweragimator. During migration cycle, the
SOMA generates individuals (set of power on heapagel and power on radiator) in
given boundaries. The user sets these boundarisgdiion “Boundaries of optimized
parameters” as the minimal and maximal electric groan radiator and heating panels
(See Fig. 5.4.). The SOMA evaluates the cost fonatihich is defined as sum of costs for
electric power on heating panels, costs for elegtawer on the radiator and the absolute
value of PMV multiplied by empirically determinedrnstant. The SOMA optimizes the
individuals in order to minimalize the result ofstdunction. To run the optimization the
user either changes the SOMA algorithm by settiveggarameters or uses default values
(values in brackets):
0 step— the step size of individual during searchin@19.
o0 pathLength- defines how far the individual stops behind [¢elers (best
individual) (2.1)
0 prt - controls the generation of perturbation vectofluencing the
movement of individual (0.15)
o minDiv — terminating parameter, defines the minimal dé#fee between
actual and previous cost function value (0.0)

0 migrations— terminating parameter, number of migrations thatt be
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performed (16)
0 popSize- size of population (number of individuals) (18klinka, 2002)

To start optimization we use the button “OptimizBuring the optimization we can watch

the graph of result of cost function on migratiomsthe bottom of window (see Fig. 5.4.)

-
B PMV-PPD calculator el
— Units SOMA algorithm
_) Dimensions and locations
Step 0.1 MinDiv 0
) Properties
Path length 21 Migrations 50
Results PRT 0.15 Population size 30

Optimized function name (m-file) | cost_function

— SOMA Strategy
Q) Allto ONE ) Allto ALL adaptive
) Allto ALL ) All to ONE randomly

— Boundaries of optimized parameters

min max
Power1 (radiator) [W] 0.0 30000.0

Power2 (heating panel) [W] 0.0 3600.0

Optimize

2000
c '
2 1500},
g '
3 :
% 1000}
(&} '.‘

soob— R

0 10 20 30 40 50

Fig. 5.4. Model of real room — SOMA optimizing

When optimization is finished we are moved to “R&swindow, which shows the
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quantities described in Chapter 5.2. However thedaiv is the same as is in Chapter 5.2,
the results PMV, Powerl, Power2 and prices arenigeid now.

-
B Power Optim Tool . e e
— Units Results
(©) Dimensions and locations Total surface of room [m2] 620
e Percent of surface for heat transfer [%]  0.66452
©) SOMA optimizing
. Panel angle factor [-] | 0.099272
@ Results

ta[°C] 19.4
tr°c) 19.5
tps[Cl| 732
PMV] -05

Power1 (radiator) [W] 7124.2

Power2 (heating panel) [W] 147

Price1 [CZK] 38.53
Price2 [CZK] 0.08

Total price [CZK] 38.61

Fig. 5.5. SOMA optimized results
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5.4 Mean radiant temperature evaluation and overlapping of

scanned areas study

The mean radiant temperature is specific paranieténermal comfort evaluation. This
parameter can be measured with black-globe thertewméwo-sphere radiometer,
constant-air-temperature sensor or net radiometiérdéscribed in Chapter 0). In this
thesis, the thermopile sensor is taken into accomhén evaluating mean radiant
temperature and following subchapters deal with garticular sensor. Device developed
for this purpose consists from sensor’'s spherept#termopile sensors and evaluation

circuits ensuring ambient temperature compensainohsignal amplification.

5.4.1 Nonlinear curve fitting of field of view

The output signal of thermopile sensor depends hen @amount of incident thermal
radiation. This incident radiation is given by tesrgture of observing object, object
surface emissivity and atmospheric absorption spectThis statement is true while all
incident thermal radiation comes from observingeobj With thermopile sensor we can
measure only the solid angle given by sensor'sl fadl view. Furthermore, the relative
output signal depends on angle of incidence (sge3:6.). The typical field of view of
thermopile sensor up to 100° implies that 50% afmadized response is available at 50°
angle of incidence.

Evaluating mean radiant temperature of whole aggaires using several sensors to cover
whole space (the solid angle of gteradians) and we have to know how many sensers a

needed and how precisely is the whole space ddtaotdif any blind spaces appear.
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Fig. 5.6. Dependence of relative output signal mgleof incidence (PerkinElmer, 2003)

The FOV of each sensor is defined by producer tasieeet and it is needed to describe the
dependency of normalized signal by mathematicahiéba for further evaluation. Because
of different data sources provided from producers convenient to rewrite the graphical
interpretation (e.g. Fig. 5.7.), which is alwaysitable, into set of values (set of pairs) of
relative output signal, or normalized signal andlarof incidence, see Table 5.4. It is
sufficient to rewrite only one half of the graplmterpretation into the digital form because
the normalized signal on angle is an even funatioth second half of this characteristic is

the symmetric one to the first part.
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Fig. 5.7. Graphical interpretation of normalizedput signal on angle of incidence

Normalized signal in percent

100

80

—T T

1 1 L | PR | PR " 1 1

0 2 1
-80 -60 -40 -20 O

20 40 60 80
Angle of incidence in degree

(PerkinElmer , 2003)

Table 5.4. Obtained data of normalized signal

Angle [°] Normalized signal [-]
-90 0.00
-80 0.02
-70 0.08
-60 0.20
-50 0.42
-40 0.65
-30 0.82
-20 0.93
-10 0.98
0 1.00

We can use this data and create mathematical farniiiis procedure is done with the
Matlab script (See APPENDIX B). This procedure parfs nonlinear curve-fitting with
least-squares method with the help of Matktrurvefitfunction that finds coefficients to

the best fitting nonlinear functidrto the given data.
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Thelsqcurvefitfinds coefficients according to following equation
min|[F (x, xdatg) - ydath =min>(( K x xdaph- ydata (4.9)

wherexdata[vector] is given input datajdata[vector] is observed output data aRdx,
xdatg is a vector-valued function. The result of thisqedure is nonlinear function fitting
the input data (green squares) see Fig. 5.8.pbssible to change the nonlinear function;
this is simply done in script myfun.m, where thimdtion is defined (in this work thé"6

order polynomial function is used):
f=aX+axX+gxX+agxX+ gx+ ax ¢ (4.10)
wheref is the nonlinear functiongaa;, &, &, a, &, & [-] are the best fitting coefficients.

The resulting coefficients of thermopile sensore€ifically TPS 333 sensor in our case,

detail described in Chapter 5.6) are:

8 =-1.7689
8 = 7.2354
a, =-9.9893
8 = -5.6896
& = -2.0559
& =-0.1378
8 = 0.9994

and the graph of the best fitting nonlinear funcfidor angle from #/2 to 0 radians and its

symmetric part for angle from O tat/2 radians is shown on Fig. 5.8.
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Fig. 5.8. The best fitting nonlinear function

5.4.2 Visualization of total signal of scanned areas

The output of each thermopile sensor representgparteof total radiation received from
whole space. To visualize the total radiation reegifrom all sensors placed on sensor
head we have to sum up all outputs from individseaisors. This is the three-dimensional
summation of sensor’s outputs and the result iglalfgd on unit sphere surface and total
sum of normalized signal at any place is presehtedolour intensity. The colour bar is

also displayed (See Fig. 5.11.). The visualizagimgram has following inputs:

- location of sensors (given as matrix of elevatind azimuth of each sensor)

- quality of resulting image (influence the time neédo compute intensity of every
point on sphere surface

- function that describes the output signal on anglacidence of thermopile sensor
(discussed in Chapter 5.4.1)

Visualization script transforms spherical coordasainto Cartesian coordinates and then
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we can display normalized signal as 3-D shadedaserbf sphere with different colour.

Transformation and symbols used in transformat@mmesponds to diagram on Fig. 5.9.

>

. 7
A Y4

Fig. 5.9. Diagram of transformation between Caatesind spherical coordinates

Transformation FOV (Field of View) of each sensuoiCartesian coordinate system uses
Equations (4.11), (4.12) and (4.13):

X =rsin@)cosf ) (4.112)
y=rsin@)sin@) (4.12)
z=rcos@) (4.13)

wherex [-], y [-], z[-] are Cartesian coordinates}-] is radius, [-] is azimuth and [-] is

inclination.

The normalized signal of particular sensor is coteguaccording to the best fitting
nonlinear function. To calculate normalized sigimathree-dimensional space we have to
consider the angle of incidence in non-linear fiowctin Equation (4.10) as a half of an
apex angle 29 between the sensor’s location B and a point orrgphurface A (see Fig.

5.10.). In the diagram the half of an apex afidi§ can be determined as follows:
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distance

sin@ = + (4.14)
._distance
6 =asin—— (4.15)

wheredistance]-] is Euclidean distance between A and Bs the radius of a unit sphere

distance

Fig. 5.10. Graphical definition of an apex anglé 2*
Euclidean distance in three-dimensional spacelcsiieded as

distancec\/( X- 5()2+( y- y)2+( z ,32 (4.16)

where xi[-], yi[-], z[-] are coordinates of sensor locatior]-], y.[-] and z[-] are

coordinates of points on sphere surface.

To evaluate the intensity of any point we can simyge coordinates of the point, calculate
the distance and apex angle between point and rsémsation and then calculate the

normalized intensity with the nonlinear functibn
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The visualization has been programmed in Matlabirenment. These scripts are
prepared:

- myFun

- calcintensity

- calcSphere

- startVisualization

The myFun.m script contains the declaratiormyfFun function that is used to calculate
the normalized signal for given angle of incidenthis function takes angle of incidence

and coefficients of nonlinear functiéi§4.10) as input parameters.

The calcintensity function computes normalized signal at given paint unit sphere

surface. It has following inputs: location of poioh sphere surface which is actually
processed (given in spherical coordinates as ahkiand inclination), the sensors locations
(given as matrix of azimuth and inclination) andnier of actually processing sensor.
This function transforms actual sensor’s locationd docation of point into Cartesian

coordinates according to equations (4.11), (4.1%) é.13), calculates the distance
between points with Equation (4.16) and determthesangle between location of sensor
and actually processed point through the Equa#ob5]. The calcintensity calls myFun

function with calculated angle of incidence anctakltes the normalized signal.

The calcSphere_optimfunction iteratively computes normalized signaleskry point on
unit sphere surface (iteratively calls calcintgngitnction) and this procedure repeats for

each sensor. Finally; the normalized signals frachesensor are summed up.
We can usestart_visualization script to start visualization. This script contin

configuration settings such as coefficients of mwdr functionF (4.10) and sensors

locations and command displaying the sphere swgfaith normalized signals.
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The visualization of space with one thermopile senecated on the top and with
dependency of normalized signal on angle of inagdegiven by (4.10) is shown on the
Fig. 5.8. As can be seen the normalized signadjimleto 100 % near the sensors location

and from this point the normalized signal is desiggito 0 %.

0.9

0.8

0.3

0.2

0.1

-0.5

x[]

Fig. 5.11. 3-D map of whole space with one therheogpénsor

Fig. 5.12. shows the 3-D map of whole space withttsermopile sensors located on each

side, top and bottom.

Statistic results: MIN = 0.9091; MAX = 1.1201; STWE 0.0483; MEAN = 1.0000

where MIN is minimal value, MAX is maximal value@&STDEYV is standard deviation.
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Fig. 5.13. 3-D map of whole space with six therrnf®pensors

5.4.3 Field of view optimization

The visualization of six thermopile sensors showeat whole space is not scanned
uniformly and places where normalized signal is lésan 100% exist. There are two
possible ways to resolve this deficiency.
a) change the number of sensors and their locations
b) modify the nonlinear function describing dependeanynormalized signal on
angle of incidence

The a) optimization has been done experimentallghanging number of sensors and their
locations (i.e. changing the matrix of elevation azimuth of sensors). As a simplification

the platonic solids has been tried. Platonic sdigspolyhedrons composed from regular
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polygon and therefore the vertices are uniformgtrdbuted on sphere surface. We can use
Cartesian coordinates defining the vertices of lpetlyon, transform them into spherical
coordinates and then easily use them as sensogtdas. For example; the Platonic solid
dodecahedron has been tried Fig. 5.14. Regularcdbedron is composed from 12 regular
pentagonal faces meeting at each vertex. The Gartesordinates of this solid are:

(1, £1, +1)

(0, £14p, %)

(x1/p, o, 0)

(£9, 0, £1b)

1+/5

where ¢ :T =1.618is the golden ratio.

Fig. 5.14. Image of dodecahedron

The visualization of whole space with sensors mlaceeach vertex of dodecahedron is
shown on Fig. 5.15.
Statistic results: MIN = 0.9118; MAX = 1.0805; STBE 0.0390; MEAN = 1.0000
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where MIN is minimal value, MAX is maximal valuecdi® TDEV is standard deviation.

09

0.3
0.2
0.1

y [ x [

Fig. 5.15. 3-D map of whole space with twelve thepite sensors

In optimization b) we are modifying nonlinear fuioct f defined by (4.10) and its
coefficients @ to a in order to achieve more uniform distribution afrmalized signal.
The Field of View (FOV) can be modified with custaing cover hole size and internal
aperture (see Fig. 5.16.) of the sensor as deskciibeDexter Research Center). The basic
idea is to calculate normalized signal of everynpof the sphere surface, evaluate the cost
function corresponding the the quality of normadizeignal distribution, modify
coefficients of nonlinear functiohand repeat this process to achieve the lowesilpess

value of cost function.
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Fig. 5.16. Effects of internal aperture and cowv@elon FOV ( Dexter Research Center)

We can optimize this numerical problem with someletionary algorithm (EA) or
genetic algorithm (GA). In this work, the Self-Ongang Migrating Algorithm (SOMA) is
used in optimization. The source code of SOMA faatlelb was downloaded from www
(Zelinka). There are 5 Matlab functions used ingp#mization:

- myFun

- calcintensity

- calcSphere_optim

- soma_all to _one

- start_optim_polynomial
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Sets variables and starts
optimization process by
calling soma_all_to_one

Calls calcSpehere_optint start_optim_exp -
i )
and minimalizes returned ™., g
: : A 4 o]
@
_ soma_all to_one
>
©
>
3 v Calculates
o .
calcSphere_optim . . normalized signal
P of every point on
N Bk
T —
g O g v
S 2 [ .
€ @ Kk calcintenzity .
i T Calculates
i Function of : normalized signal
normalized signal on;’ ----------- myFun in particular

anale of incidenc

Fig. 5.17. The flowchart representing the optima@aprocess

Functions myFun, calcintensity and calcSphere_optiendescribed in Chapter 5.4.2. The

calcSphere function is modified because of useOMA& and this modification returns the

cost value given as the sum of standard deviationoomalized signal of all points on

sphere surface and the difference between the nahxand the minimal value of

normalized signal.

Thestart_optim_polynomial declares and initializes variables

precision — defines the density of points on s@fsghere
sensors location

boundaries — limits of acceptable values of cokffits of functiorf
optimized function as a parameter used in SOMA

SOMA parameters sfep pathLength prt, minDiv, migrations popSizg¢ -
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discussed in Chapter 0

and calls the evolutionary algorithm scrgmma_all_to_oneThere was used the nonlinear
functionf with six coefficients describing the dependency@fmalized signal on angle of
incidence in the first concept of this optimalinati Unfortunately, the results were
insufficient and evolutionary algorithm could nathee this problem. The six coefficients
cause difficulties because small changes in coeffis (especially in term with largest
degree, the six degree in our case) causes lar@egehin the shape of function and
therefore evolutionary algorithm does not work.
To solve this problem we can replace the polynorBfabrder nonlinear function with
more appropriate one and as suitable function eamsbd

1

angler g

= - @ 4.17
1+ae ™ (4-17)

exp

wherea, b, ¢ [-] are coefficients.

The optimization with SOMA found the optimal sobtuti where the sum of standard
deviation of normalized signal of all points on sphsurface and the difference between
the maximal and the minimal value of normalizechalgs minimal. The optimization set

the coefficients ofe,, to

a=37.1960
b =5.9368
c=1.4108

and optimized FOV is shown on Fig. 5.18. This resslafter 16 migration cycles
(Fig. 5.19.) and optimized 3-D map of whole spacpresented on Fig. 5.20.

Statistic results: MIN = 0.8809; MAX = 1.0439; STWE 0.0334; MEAN = 1.0000

where MIN is minimal value, MAX is maximal valued®TDEYV is standard deviation.
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Fig. 5.20. Optimized 3-D map of whole space withteermopile sensors

5.4.4 Evaluation of mean radiant temperature asymmetry

This chapter deals with radiant asymmetry thatos possible to measure with standard
globe thermometer which is recommended by ISO 73taédard. Globe thermometer
provides only one temperature — the temperatutbeoblack globe, which is use for mean
radiant temperature determination. With this ppleiwe are unable to measure radiant
asymmetry that can alslo cause discomfort. As dtateChapter 4.3.14, most people are
sensitive to radiant asymmetry caused by warmngglior cool walls, and therefore 1ISO
7730 provides Equations (3.70) to (3.73) used &temmination of percentage dissatisfied
(PD) from radiant asymmetry. To evaluate these #@opm we have to know the
temperature of ceiling, floor and walls. With thencept of MRT measurement with
several thermopiles (at least six) presented mttiésis we can determine the temperature

of ceiling, floor and walls independently, calcelaadiant asymmetryt, and determine
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the percentage of dissatisfied with Equations (3.(®71), (3.72) and (3.73) for warm

ceiling, cool wall, cool ceiling and warm wall resgively.

Non-contact two-dimensional area temperature measment

The study of influence of local temperature diffases on thermal comfort (discomfort)
has been done within the scope of this work andsgmed as (Non-contact two-
dimensional area temperature measurement, 2008heaR0th International DAAAM
Symposium. In this work the series of measuremémtglifferent parts of building
(especially in places with cooling, heating, windewroundings and others) has been
done (See Fig. 5.21.). The measurement was performith Horiba ii-1064 infrared
thermometer containing 64-element thermopile a(8xB elements) combined with CCD
camera. The main purpose of this work was to cuialigly and quantitatively describe

these influences on thermal comfort.

h.OC HOR PE i 26 .60 HORHAL™ PRESET2 REC

Fig. 5.21. Sample images of measurement

5.5 Measurement system design

This chapter describes measurement system usedkfification of validity of standard

PMV model. There were designed three measuremstersg:

Analog version - ambient temperature compensation

This measurement system provides device capabbnalibg mean radiant temperature
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measurement of half space with five thermopile mesament. The emissivity and ambient
temperature compensation are taken in account. vengon has been alredy verified by
(Skocik, 2004).

Digital laboratory version (solution)

This verification system is used for laboratory swament and it is designed with high
modularity and easy to operate. It utilizes Datal#® (input/output devices)
communicating with personal computer with Contraéoftware. This device enables to
connect different sensors and signal processinth Wis capability it is easy to set up and

reconfigure the system.

Digital embedded version (solution)

This solution presents design of embedded vergiahis able to measure and evaluate
thermal comfort. This system uses microcontrollADYC845 device) from Analog
Devices that incorporates many features such degdaital interface, microprocessor,
and flash memory on single chip, communicationgaviatchdog and others). This system
is prepared on the evaluation board, sensors ammdl wé€re connected and application is

programmed.

5.5.1 Analog version - ambient temperature compensation

As a result of thermopile principle (described iha@ter 0) the measurement with this
sensor is influenced by ambient temperature andefibre the ambient temperature
compensation must be done. According the Stefate®ann law the total radiation

powerP, emitted by measured area of temperalyrand emissivity, is

P=c0T! (4.18)

where g, [] is emissivity of detected area amd[Wm?>K™] is the Stefan-Boltzmann
constant = 5,6693x1¢ Wm?K™.
Analogically to measured area the thermopile detemmits radiation of powd?[Wm-2]
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P=e0oT, (4.19)
wheregs [-] is sensor emissivity ant [K] is sensor temperature (we can consider it equa
to the ambient temperature.

Then the incident radiant flux on the thermopile is
®, =¢,0[ T, ~£T:] (4.20)
whereg,, is field of view (-)
Incident radiation generates on thermopile theag@tU-p [V]
Use =G0 &,T, —€T: | = KS¢,0] £ T-¢ T (4.21)

where G [Vm?W™] is sensor constan [VW™] instrument sensitivity an& [m? is
sensitive area of sensor.

The output voltage of detector is in the range dfivalts and therefore it is needed to
amplify it with low noise and low offset operatidremplifier. We obtain the resulting

voltage

*

Ure (T, T) = ApGRo| e.To -6 Ty [V (4.22)

whereAqr [-] is gain of operational amplifier.

The thermopile detects whole area wjpth = 1 at mean radiant temperatinge This lead
to the equation
Use (Tor T.) = AGo| &, T —& T4 | (4.23)
From (4.23) can be seen that amplified voltagehatniopile depends on temperature of
detected area and also on ambient temperatureompensate this dependency we have to
add to the thermopile signbl.,(T.,T,) a voltage of value
U, (T.) = AGooe T (4.24)

To obtain this voltage and compensate output sigmambient temperature we can use
thermistor incorporated in thermopile housing tlsatecording sensor’s temperature. In
this research we have designed electronic circisingu non-linear thermistor

characteristics, operational amplifier, serial-flatacombination of R, R, thermistors

139



and adjustable voltage input, [V] (see Fig. 5.22)

Re

Uin ATH UOUT

el

Rrh

GND

Fig. 5.22. Circuit diagram of compensation (Pag&@04)

This compensating signal is then added to therragpdnal and the resulting voltage is

then
Us (TouT,) = AFPGJ[EOTI";—EST‘;} = A @ t- A,@ T (425
U (To T.)+U(T) = A Goe To- A@e T+ AGe T (4.26)

Ure (To T,)+U(T) = U(T) = A Goe T (4.27)

Finally, from equation (4.27) (which is independehthe ambient temperature) is derived

the temperatur@&, [K] of measured area

_ T Ul (To, T,) + U (T
0 0 2 T
A GoE, A GO,

For calculation we have to know the emissivity efatted area. For most substances the

emissivity is 0.93 £ 0.05 [-]. If precisely measment is needed, the emissivity has to be

find out (the Table 4.1 shows the list of materiaith emissivity). The final electronic
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circuit that ensures low level thermopile voltagmpéification and compensation on

ambient temperature is shown in Fig. 5.23. (P&Rka4).

A >~
I
GND
Q .S I ) 1L SUM
RTH! Re
R F:li
R1
L ]
GND Unn ‘ ATH

Fig. 5.23. Ambient temperature compensation elegatrarcuit (Palka, 2004)

Described solution has been also experimentallifiedrin testing chamber constructed
for these purposes. This work has been done inc{isk2004). The walls of chamber were
made from known emissivity and MRT was adjustedifterent values. Adjustment has
been done by inserting a hotplate with regulateshperature and known surface
emissivity. Different ways of measurement and ofgdiresults are described in (Skocik,
2004).

5.5.2 Sensor’s sphere construction

Measurement of mean radiant temperature with sktleamopile sensors requires object
that will hold sensors. The object should hold able number of sensors and different
sensor’s location. As a result of this requiremémg, object should have a shape of sphere.
The sphere has six holes with 4.7 mm in diametarage of our measurement with six
thermopiles TPS 333. The thermopile output is level voltage signal (tens and hundreds
of microvolts) therefore the length of wires linkithe thermopiles and DatalLab unit must
be as short as possible. To achieve this, the BataQ' is placed inside of sphere. The

maximal power consumption of DataLab 101 is 190 ai/% V, i.e. 0.95 W and therefore
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the heating can be neglected. Nevertheless, ifteaging (and temperature of sensor’'s
sphere change) arise; the radiant temperaturenipeosated according to temperature of
sensor’s sphere.
The diameter of sphere is chosen with the resgect o

a) diameter of black globe thermometer recommendefi3® 7726, 1998) that

is0.15m

b) the dimensions of DataLab tGncluded inside of senso

Sensor’s sphere surface is painted with shiny istebour in order to reflect radiation and

to have the temperature of sensor’s sphere the aammbient temperature.

Fig. 5.24. Sensor’s sphere

5.5.3 Digital laboratory solution

This solution is intended for laboratory testing @gperimentally verify assumptions
declared in previous chapters. This system is basddlatalab unit produced by Moravian
Instruments. DatalLab is modular device with on@, dwfour slots for I/O modules and we
can choose how many modules and which modules Weusé. In this solution we use
module DataLab I®&(Fig. 5.25.) equipped with module AI3 having 8 lagainputs with
16-bit resolution. DataLab s connected to personal computer via USB and desal is

processed in Control Web software, which is intehide the usage with DataLab units.
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Fig. 5.25. Datalab 1&device placed in sensor sphere (left) and Al3 neihside (right)
(Moravian Instruments, 2009)

The variability of this digital laboratory solutiads given by analog inputs which can be
used for different purposes (for measurement differsensors with voltage or current
output). Easy to operate mentioned above meansdmaecting sensor to DatalLab is the
only hardware operation needed because signalaimjuand processing is accomplished
with the DatalLab unit configuration and applicatiprogrammed in ControlWeb. The
block diagram of digital laboratory solution is peated on Fig. 5.26. The environment
and physical parameter are represented by “Momit@aeea” block. The device that
measures the physical quantity and converts itdgigoal is represented by “Sensor” block.
Outputs from sensors are read by DataLabufit with AI3 module. This uses a 16-bit
resolution analog to digital converter and prograhla gain amplifier in order to be able
measure low level signals. The result of DatalLali undigitized data — is send via
universal serial bus (USB) to personal computehw@dbntrolWeb software installed. An
application programmed in ControlWeb provides datacessing, computations, presents
results, archives data and communicates with uadr@D, keyboard and mouse.
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Fig. 5.26. Block diagram of digital laboratory Stdum

The application “PMV-PPD meter” displayed on FigR% is programmed in ControlWeb
environment and the basic function of this appiatis to present measured and
processed data in graphical form. Secondary, fpsication archives all measured data in
MS Excel.

The “PMV-PPD meter” application provides processioffj measured signals from

thermopile sensors, thermistor incorporated inntogiile housing (described in Chapter
5.5.1) and humidity sensor. The application displayeasured thermopile outputs [1V]

on all channels (thermopile sensors). The needatdllab ADC offset value measurement
resulted from measurement discussed later in Chapie2. The offset value is displayd
informatively; its value is applied automaticallypy @ach channel. Application provides
real-time calculation of radiant temperatutgSC] from corresponding thermopile outputs
and compensated according to ambient tempert{if€] obtained from thermistor. The

emissivity constant in application is set to theueaof 0.95.
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Beside measured values, the user can input thesatueditable, white text boxes which
are related to human activity (metabolic rate, ekework) and clothing insulation. The
value of relative air velocity is also editable;this thesis, the relative air velocity was

measured externally with Testo 435-4 describedhapfer 5.6.1.

Results:

MRT [°C] — resulting mean radiant temperature cotegufrom individual radiant
temperatures

Thermal comfort indices — predicted mean vote (PN}, predicted percentage
dissatisfied (PPD [%]), draught rating (DR [%])

Graph with course of*ithermopile output in time.

“ PMY-PPD meter R‘l
Channels
1 2 3 4 5 6 offset
ulP  -208 -58.3 702 69.1 -40.0 -39.5 [uV] 82.4

tr 27.8 27.4 27.3 27.3 27.6 27.6 [C]

Clothng raulaten jcbo] 1

MET metabolc rate jmet] [77 11871C) 215 v -
WME estemal work [met] [
| w) 280 PO 1X) 41.2
VEL - selative ax velocty [m1™) [0
R 0.0

R - selotve an humedity [X) (255

Fig. 5.27. PMV-PPD meter
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5.5.4 Digital embedded solution

For digital embedded solution we need a systemigiray high-resolution analog to digital
converter (ADC) for data acquisition, microprocesssed for calculations, programmable
gain amplifier (PGA) for low-level signal measurarhe user and data memory,
communication peripherals.
There are several international corporations proguthese systems: Texas Instruments,
Analog Devices, National Semiconductor, Atmel, Bosde Semiconductor and others.
The comparison of available products according tmynparameters such as number of
analog inputs, A/D resolution, common-mode rejectiatio (CMMR), the way of code
development, evaluation board, price and othersdeag. As a result of comparison, the
ADuC845 microcontroller from Analog Devices was sbn. This microcontroller (also
called microconverter) includes:

- 24-bitX-A ADC, up to 10-channel, input multiplexing

- 8-bit microcontroller based on Intel 8051

- programmable gain amplifier from 1 to 128

- 62 kbyte Flash program memory

- 4 kbyte Flash data memory

- 12-bit voltage output DAC

- 16-bitX-A DAC

- on-chip temperature sensor

- serial input/output — UART (Universal AasynchrondReceiver/Transmitter)’C

(Inter-Integrated Circuit) and SPI (Serial Periphieinterface)

With this device we can measure up to 10 differeraintities with 24-bit ADC resolution
which is sufficient for thermopile low level voltagmeasurements, evaluate thermal
comfort indices, and display results on LCD, arehilata and eventually control climate

systems. Block diagram of system using all posgaaéures is shown on Fig. 5.28.
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Fig. 5.28. Block diagram of digital embedded solut
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Optimizing and D/A conversion

control module module

Module for
archiving and
system
configuration

PMV, PPD and DR
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module

physical quantities
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1
1
1
1
1
! measured voltage tq
1
1
1
1
1
1

y \
Display Keyboard

driver driver

Fig. 5.29. Block diagram of software on ADuC845 mgontroller

Sofware is programmed in C language in KEIL embddtk/elopment tool.

5.5.5 Microconverter programming

Program created on ADuC845 uses modular programrpitigciples, which brings
advantages such as simpler and clearer prograndigiil easier debugging, program
modification and multiple usage of single moduleitiAappropriate definition of inputs
and outputs, which is one of the basic conditioncaee debug modules independently and
finally link verified modules into final program.r€ation of modules can be described with
following procedure (presented on Fig. 5.30.):

- description of programming task
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appropriate algorithms design

tasks splitting into smaller parts, representedulyprograms

choosing suitable programming language (assembhgukge or high-level
programming language i.e.C language, Basic or pther

translation of source codes with compiler into agsy language

translation with assembler into object code (module

linking modules and libraries into absolute program

conversion of absolute program into machine cdee fi

follows debugging, function testing and uploadinmgoi EPROM memory of

controller
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Fig. 5.30. Procedure of creating program

The complete program consists of six modules petiftg required functions. A brief
description of each module is given in followingggraphs.
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A/D conversion subprogram
At first, the subprogram configures the ADC:

- Input voltage range choosing with setting the paognable gain amplifier (PGA)

- Bipolar / unipolar configuration of ADC. Analog inpcan accept either unipolar
or bipolar input voltage ranges. Bipolar input resglo not imply that the part can
handle negative voltages with respect to systerargtpbut rather with respect to
the negative reference input. Unipolar and bipsignals on the positive analog
input on the ADC are referenced to the voltagehenrespective negative analog
input input.

- Data output coding. When the primary ADC is confeglifor unipolar operation,
the output coding is natural (straight) binary witlzero differential input voltage
resulting in a code of 000...000, a midscale vatagsulting in a code of
100...000, and a full-scale voltage resulting ocode of 111...111. The output code
for any analog input voltage on the main ADC canrépresented as follows
(ADuC845, 2005) :

Code= ( AINx GAINK2")/1.024x V.. (4.29)

where AIN is the analog input voltage; GAIN is tR&A gain (from 1 to 128);

N = 24 (for ADuC845).

When the primary ADC is conf ured for bipolar oféna, the coding is offset

binary with negative full-scale voltage resulting a code of 000...000, a zero
differential voltage resulting in a code of 800...0@Ghd a positive full-scale

voltage resulting in a code of 111...111. The outygpm the primary ADC for any

analog input voltage can be represented as fol{@gsiC845, 2005):

Code=2""[( AINx GAIN/(1.024x V. )+ 1] (4.30)

where AIN is the analog input voltage; GAIN is tR&A gain (from 1 to 128);
N = 24 (for ADuC845).
- Buffering enabled or disabled.

- Digital filtering to remove the quantization noiséh low-pass Sintfilter.

Then the program runs conversion function whicldsethe value from the analog input,
151



waits until the read is finished and read from newtlog input. This reading repeats

periodically in a loop.

Subprogram for measured voltages to physical quarties conversion
This subprogram contains algorithms for calculatipimysical quaintities needed for

thermal comfort indices evaluation (voltage valureshost cases).

Thermal comfort indices calculation subprogram

This subprogram calculates thermal comfort indi(@sedicted Mean Vote, Predicted
Percentage of Dissatisfied, Drought Rate) from j®sactivity and clothing and
measured environmental parameters. These modeps@eammed according (ISO 7730,
2005) and the code given by norm had to be modifiebde compilable and runnable on
ADuC845 device.

Display driver
This part of program is created for communicatioithvdisplay SIC2004AGPDEB20c
from Snail Instruments. The communication is enduna FC bus of ADuC845 device

and the driver is programmed according to (PCF21287).

D/A conversion subprogram
This subprogram provides method that sets the gnailtiage output to required voltage.
The process is analogous to A/D conversion, ie. DAt be configured; voltage value

must be coded into the binary number.

5.6 Used instruments

This section presents pictures and short descnigialevices used in experimental part of

this work.

5.6.1 Testo 435-4 (Testo)

Testo 435-4 AC System Analyzer is a measuring unsént for ambient air conditions
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such as air temperature, humidity, velocity andergh{see Fig. 5.31. on the left). The air
parameters are measured with specific probes. Taseused the thermal velocity probe
with built-in temperature and humidity measurem@iig. 5.31. on the right) in this work.
This probe has telescopic handle (max. 745 mm) andasurement ranges
are -20 to +70 °C for temperature, 0 to +100 %RH Homidity and O to +20 risfor

velocity.

Fig. 5.31. Testo 435-4 (left) and velocity probevjwtesto.com)

5.6.2 TPS 333 thermopile detector (PerkinElmer — Excelita Technologies)

TPS 333 is a thermopile detector encased in mi@agansor housing TO 18 (Fig. 5.32.).
This device contains thermistor as a temperatufereece for ambient temperature
compensation. The detector is characterized wittstemt sensitivity characteristics over
the wavelength. (PerkinElmer, 2003). Its major gesas in ear thermometers and
miniature pyrometers. The datasheet of this desice APPENDIX H.
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Fig. 5.32. Thermopile sensor (PerkinElmer , 2003)

5.6.3 I-square two-dimensional infrared thermometer ii-1064 (Horiba)

This infrared thermometer (Fig. 5.33.) displays tphof object and the two-dimensional
image of temperature distribution on LCD. This themeter is based on 64-element (8 by
8 matrix) thermopile array. Temperature of eachaaom frame (each element) is
represented with color and it can be also displayediigital form by selecting the

particular are with cursor.

Fig. 5.33. I-square two-dimensional infrared themmater ii-1064 (www.horiba.com,

2003)
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5.6.4 34420A Micro-Ohm Meter (Agilent Technologies)

The Agilent 34420A (on Fig. 5.34.) is nanovolt amitroohm meter. This device is a
high-sensitivity multimeter optimized for low-leveheasurements with up to 7% digit

resolution.

Fig. 5.34. Agilent 34420AWww.agilent.com

5.6.5 ADuCB845 24-bit analog to digital converter (AnalogDevices)

ADuCB845 is a complete smart transducer front emdegrating multichannel 24-bit
>-A analog to digital converter, microcontroller umtemory on single chip (Fig. 5.35.).
The digital embedded solution described in Chapt®rd. uses this chip as the core. The
development of digital embedded solution is proegssn evaluation board which carries
ADuC845 chip with all usable terminals connectedotmted circuit board (PCB). The
PCB contains pads and terminals for simple conmectf external pheripherals (e.g.

Sensors).
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Fig. 5.36. ADuC845 evaluation board
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The evaluation board with ADuC845 chip was conreédte PC via debug hook from
Accutron. This hook provides enhanced debuggingeandlation used for microprocessor

system development.

Fig. 5.37. Debug hook for microprocessor systems
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5.7 Acquiring experimental data

This chapter presents measurement of thermopitemaith DataLab unit and comparative
measurement with accurate nanovolt meter Agiled284 Second part of acquiring data

deals with FOV measurement.

5.7.1 Thermopile noise measurement

Measurement of thermopile output (voltage) in dgrinnchanging conditions. The
measurement of very low voltage signal from theribeofs performed with accurate
nanovolt meter Agilent 34420A.

Agilent 34420A PC

TPS 333 nanovolt meter m S |- MS Excel
. o >

thermopile o W | - IntuiLink

Fig. 5.38. Measurement chain |

In first measurement we use measurement chainagisglon Fig. 5.38. It consists of
thermopile sensor TPS 333 exposed to stable emagntal conditions (sensor is placed in
testing chamber to not be influenced by unstal#enthl sources such as sun radiation or
operator). Thermopile is connected to a nanovoltemeéigilent 34420A by cable
conductor. Measured data is sent to a PC via GF8B/(General Purpose Interface Bus
to Universal Serial Bus) interface and stored in E&el with the help of IntuiLink
Connectivity software from Agilent. Agilent 344204 configured for highest accuracy
measuremens (according to Agilent 34420A User'sd€uito work with 7% digit
resolution, channel 1 input, and digital filter ofhere were taken 100 values during
measurement and stored in MS Excel. The graph afured data is shown on Fig. 5.39.
and sample data of measurement is presented in RBPEF and the statistics are

presented in Table 5.5.
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Table 5.5. Statistics of thermopile noise measurgmith Agilent 34420A

Standard Relative
deviation V] | error [%)]
-50.6 -56.7 -53.7 15 2.9

Min [uV] | Max [uV] | Average V]

After this analysis and according to accuracy dpations of Agilent 34420A (Agilent
Technologies, 2003) we can claim, that nanovoltemencertainities can be neglected.
Agilent 34420 has an error of £0.0050 % of readind +0.0020 % of range gives at 1 mV
range an error of 0.005 % x 1.2 mV + 0.002 % x 1 a1%80 nV.
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1 10 19 28 37 46 55 64 73 82 91 100

Fig. 5.39. Thermopile noise measurement with AgiB20A

Second measurement is focused on thermopile nassumement with DataLab 10The
assumption is that DataLab unit is able to measheemopile low level signals but
accuracy specification in DataLab documentationvéak and only temperature drift is
mentioned. This measurement will show the uncetiasarisen from measurement with
DataLab 1Q in comparison to professional nanovolt meter Awilé84420A. The
measurement chain with DatalLab unit is shown on%:ip.
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DatalLab 13

TPS 333

thermopile

Al

USB

Fig. 5.40. Measurement chain |l

Thermopile is exposed to the same environmentatliions as it was at measurement
with Agilent 34420A and is connected to DatalLab' ih Al input. DatalLab unit is
configured - analog inputs are set to voltage memut bipolar 100 mV voltage range and

application in ControlWeb saves values into the EX8el file. The results are shown on

Fig. 5.41. and statistics are presented in Tal@le 5.
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Fig. 5.41. Thermopile noise measurement with DatdC
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Table 5.6. Statistics of thermopile noise measurgmith DataLab 1&

Standard Relative

Min [uV] | Max [uV] | Average pV
W] ] ge bVl deviation V] | error [%)]

91.6 219.7 150.8 29.2 19.3

Statistics show that Datalab unit can measurehtiertopile output with 29.2V standard

deviation, it means about 0.27 °C temperature dewvigor 1.74 WrAiradiant heat flux)

5.7.2 Datalab Offset measurement

The measurement with DataLab has shown very diffesitistical average in comparison
with Agilent 344420A measurement. DatalLab unit doetsprovide automatic input offset
voltage cancelling (even the analog to digital @ter ADS1216 used in DataLab unit
provides an offset correction according to techna@umentation (Texas Instruments
ADS1216, 2006)), therefore it is needed to compiengaby ourself. We can use one
unconnected differential input on DatalLab AI3 amrs-circuit it to ground. With this

design, we can read offset value of analog to aligibnverter (the offset is identical for all
inputs because multiplexing of input signals isd)s®ead offset is in digital form and we

can simply numerically substract the offset fromitél values on all measured channels.

5.7.3 Field of View (FOV) measurement

The Chapter 5.4 has dealt with field of view (FQM)thermopile sensor and taken the
FOV characteristics from datasheet. This subchajgscribes field of view measurement
of real thermopile TPS 333 sensor. The measureligedbne in accordance with GE

Thermometrics Technologies Application Note. Theckldiagram on Fig. 5.42. describes
the principle of measurement. Data acquisition esyistmeasures thermopile output
depending on angle of incidenge The angle of incidence changes with moving IRpoi

source (representing heat source). The dependemogasured with step of 10 degrees of
arc from 0° to 90° and graphical interpretatiomofmalized thermopile output on angle of
incidence is shown on Fig. 5.43. Figure shows tleasured FOV (blue stars) and for

comparison, the origin FOV taken from TPS 333 datas (red squares) is also added.
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Sample data of measurement is presented in APPENIDIX

thermonpile
Data 0
acquisition IR sourc
system

Fig. 5.42. Block diagram of FOV measurement
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Fig. 5.43. Results of FOV measurement
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6 DISCUSSION OF THE RESULTS

The main subject of this thesis deals with evatuatf thermal comfort of a man. In past
hundred years people developed many thermal mbasksd on different principles, some
of them are standardized, however their practipglieation is still rare. This work is
focused on elimination of limitations and probleinsthermal comfort determination.
Theoretical part solved some of shortcomings withdification of most widely used
PMV-PPD model, which then enables its convenieitization and more accurate results.
The modification is based on computing PMV indeanir radiant heat flux instead of

mean radiant temperature, which is the most profierdeterminable parameter.

The software tool computing thermal comfort indi@sording to PMV mathematical
model in Matlab environment was prepared withingkperimental part. This tool is then
used in evaluation of thermal comfort in “PMV-PPRlaulator”. The “PMV-PPD
calculator” is the Matlab application created wittihe experimental part and it represents
simplified real room with definable dimensions, pios of occupant in room, his/her
position and properties influencing thermal comféiirthermore, it is possible to place
heating panels on the walls in order to adjust tiean radiant temperature and thus
modifiy the thermal comfort of the occupant. Theth function of “PMV-PPD calculator”

is the determination of thermal indices. The sedondtion is the optimization of costs for
heating while maintaining thermal comfort. This dptimized with self-organizing

migrating algorithm (SOMA).

The important part of this work is intended to deti@ation of mean radiant
temperature - the input parameter, which is thetrdifcult to determinable of all input
parameters of PMV model. In this thesis, the speaiblution using several thermopile
sensors was developed. The overlapping of scanneak groblem was solved with
numerical solution and also the visualization ofakosignal measured on thermopile
sensors is done. The determination and visualizatfanean radiant temperature helps to

quaintitatively and qualitatively describe how psety the whole space is detected.
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Based on this research, the improvements in mediamatemperature measurement are
performed (with changing number of sensors and fiwation of thermopile FOV). This
improvement is based on minimization of standandad®n and is done with SOMA. The
results of optimization are statistically evaluasel graphically presented at each method.
Furthermore, the proposed solution with thermopéesbles to evaluate mean radiant
temperature asymmetry, which is impossible to measwith the standard globe

thermometer recommended by ISO 7730.

In conclusion of this work, the thermal comfort kxdion systems were designed and
created. There were prepared two versions: labgratod embedded. The former uses
DataLab unit from Moravian Instruments providingthiflexibility, easy configuration and
programming. The latter solution is based on ADU&E8dnverter from Analog Devices
incorporating high resolution analog to digital eerter, programmable gain amplifier,
microprocessor and memory. Necessary subprogramdulas) ensuring A/D conversion,
conversion of measured signals into physical qtiasti thermal comfort indices
calculation, display support and D/A conversion avprogrammed. The source code of

created software is presented in appendices B, &hdE.

Various measurements were taken during this warkobly some of them are presented
in appendices. Moreover, the sets of values wererted to 20 values in order to keep the

volume of this book in reasonable size.

Suggestions for further research in this field:

- to utilize an IR thermometer that consists both ttermopile detector and the
signal conditioning chip in the same package anth whe communication via
SMBus. This device provides higher accuracy up .tb @ in the range from
20 °C to 30 °C, and example of this is Melexis MI0§95

- to finalize the prototype on evaluation board aedigh and create own printed

circuit board
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to use developed sensor's sphere capable of dinattiradiant heat flux
measurement for thermal comfort control in spegilices such as trains or cars.

In this area the smart windows (switchable windowgh electrically controlled
transmissivity glass would be efficient.
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7 OUTPUTS FOR MANUFACTURING PRACTICE

One of the most important results was the propeshation that uses thermopile sensors
as a basis in mean radiant temperature (MRT) datation, which solves the limits given

by standard globe thermometer and enables evatuatimean radiant temperature.

Second practical usage can be seen in predicted wma modification which deals with
evaluation of PMV index independently on MRT ca#tidn which is very problematic.
Instead of MRT, the radiant heat flux measuredHBrmopile sensors is used in PMV-

PPD determination.

Last, but not least significant output was the giesind creation of measurement systems.
Created digital laboratory solution is modular, satile, easy to operate and able to
evaluate thermal comfort of a man according to PW¥thematical model. Designed
digital embedded solution was programmed on ADuCBd&oconverter with modular

programming principles. This embedded solutiorréppred on evaluation board.
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APPENDIX A

Table of proposed systems for rating heat stredstrain (heat stress indices) (Epstein, et

al., 2006)

Year Index Authors
1905 Wet-bulb temperature () Haldane
1916 Katathermometer Hill et al.

1923 Effective temperature (ET)

1929 Equivalent temperature {J

1932 Corrected effective temperature (CET)
1937 Operative temperature (OpT)

1945 Thermal acceptance ratio (TAR)
1945 Index of physiological effect (ft

1946 Corrected effective temperature (CET)
1947 Predicted 4-h sweat rate (P4SR)
1948 Resultant temperature (RT)

1950 Craig index (1)

1955 Heat stress index (HIS)

1957 Wet-bulb globe temperature (WBGT)
1957 Oxford index (WD)

1957 Discomfort index (DI)

1958 Thermal strain index (TSI)

1959 Discomfort index (DI)

1960 Cumulative discomfort index (CumbDI)
1960 Index of physiological strain dl

1962 Index of thermal stress (ITS)

1966 Heat strain index (corrected) (HSI)
1966 Prediction of heart rate (HR)

1967 Effective radiant field (ERF)

1970 Predicted mean vote (PMV)
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Houghton& Yaglou
Dufton

Vernon & Warner
Winslowet al.
lonides et al.
Robinsol et al.
Bedford

McArde! et al.
Missenarcet al.
Craig

Belding & Hatch
Yaglou & Minard
Lind & Hellon
Thom

Lee & Henschel
Tennenbauret al.
Tennenbauret al.
Hall & Polte
Givoni

McKarns & Brief
Fuller & Brouha
Gaggeet al.

Fanger



Threshold limit value (TLV)
1970 Prescriptive zone
1971 New effective temperature (I)
1971 Wet globe temperature (WGT)
1971 Humid operative temperature
1972 Predicted body care temperature
1972 Skin wettedness
1973 Standard effective temperature (SET)
1973 Predicted heart rate
1978 Skin wettedness
1979 Fighter index of thermal stress (FITS)
1981 Effective heat strain index (EHSI)
1982 Predicted sweat loss (g
1985 Required sweating (S\W)

1986 Predicted mean vote (modified) (PMV*)

1996 Cumulative heat strain index (CHSI)
1998 Physiological strain index (PSI)
1999 Modified discomfort index (MDI)
2001 Environmental stress index (ESI)
2005 Wet-bulb dry temperature t WBDT)

Lind

Gaggeet al.
Botsford

Nishi & Gegge
Givani & Goldman
Kerslake

Gaggeet al.

Givoni & Goldman
Gonzalestal.
Nunneley & Strible
Kamon & Ryan
Shapiroet al.

ISO 7933

Gaggeet al.
Franket al.
Moranet al.

Moran et al.
Moranet al.

Wallaceet al.

2005 Relative humidity dry temperature (RHDT) Wallaceet al.
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APPENDIX B

% Finds coefficients to best fit the nonlinear func
% to input data saved in data.txt

%

% Myfun declaration is included in myfun.m file.
% function f = myfun(x,angle)

% a = x(1);
% b = x(2);
% c = x(3);

% f = 1./(1 + a*exp(-b*(angle+c)));

% load input data from data.txt file

[data] = load( 'data.txt' , "-ascii' );
angle = data(:,1);
f = data(:,2);

% initial essessment
x0 = [4e-7, 0.1, -90];

% solve nonlinear curve-fitting
[x,resnorm] = Isqgcurvefit(@myfun,x0,angle,f);

% found coefficients
a=x(1)
b =x(2)
c =x(3)

% print the result (source data and function)
plot(angle,f, b ),
hold on;

angle = -90:0.1:0;
plot(angle,myfun(x,angle),

—~
~

angle = 0:0.1:90;
plot(angle,myfun(x,-angle), ™)

% describe axis
xlabel(  'Angle of incidence [°]' );
ylabel( 'Normalized signal [-]' );
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APPENDIX C

% Function calculating Predicted Mean Vote (MPV) in dex and
% Predicted Percentage of Dissatisfied (PPD) index

% Author: Jiri Palka

% Date: 7.8.2006

function  [PMV,PPD,HL]=PMV(CLO, MET, WME, TA, TR, VEL, RH, P A)
% inputs:

% CLO(clothing),

% MET (energy expenditure of human body)

% WME((external work)

% TA(air temperature)

% TR(mean radiant temperature)

% VEL(relative air velocity)

% RH(relative humidity)

% PA(water vapour pressure)

HL = 0;
if nargin ==
%CLO - clothing. 1CLO= 0.155m"2.°C.W"-1 [clo]
CLO = input( 'Input thermal resistance of clothes. 1CLO=
0.155m”2.°C.W"-1 [clo]>\n' );
if isempty(CLO)
CLO=1.0;
end

%MET - metabolic rate. LIMET=58.2W.m"-2 [met]

MET=1.2;

%WME - external work. In most cases equal to 0. [me t]
WME=0;

%TA - air temperature [°C]
TA=19;

%TR - mean radiant temperature [°C]
TR=18;

%VEL - relative air velocity [m.s"-1]
VEL=0.1;

%RH - relative humidity [%]
RH=40;

%PA - water vapour presure [Pa]
PA=0;

end

% water vapour pressure [Pa]

if PA==0
PA=RH*10*exp(16.6536-4030.183/(TA+235));
end
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% clothing [m"2K.W"-1]

ICL=0.155*CLO;

% MET - metabolic rate [W.m"-2]

M=MET*58.15;

% W - external work [W.m"-2]

W=WME*58.15;

% MW - internal heat production in the human body [
MW=M-W;

% FCL - clothing area factor [-]
if (ICL<0.078)
FCL=1.00+1.290*ICL;
else
FCL=1.05+0.645*ICL;
end

% HCF - heat transfer coeff. by forced convection
HCF=12.1*sqrt(VEL);

% TAA - air temperature [K]

TAA=TA+273;

% TRA - mean radiant temperature [K]
TRA=TR+273;

% ITERATIVE CALCULATION OF surface temperature of ¢

TCLA=TAA+(35.5-TA)/(3.5*(6.45*ICL+0.1));
% first guess for surface temperature of clothing
P1=ICL*FCL;

P2=P1*3.96;

P3=P1*100;

P4=P1*TAA,;
P5=308.7-0.028*MW+P2*(TRA/100)"4;
XN=TCLA/100;

XF=XN;

N=0;

EPS=0.00015;

% HCN - heat transfer coefficient by natural convec
HC=0;
for N=0:150,
XF=(XF+XN)/2;
HCN=2.38*abs(100*XF-TAA)"0.25;
if HCF>HCN
HC=HCF;
else
HC=HCN;
end
XN=(P5+P4*HC-P2*XF"4)/(100+P3*HC);
if abs(XN-XF)<EPS
break ;
end
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end

% surface temperature of clothing
TCL=100*XN-273;

% HL1 - heat loss diff through skin
HL1=3.05*0.001*(5733-6.99*MW-PA);
% HL2 - heat loss by sweating(comfort)
if MW>58.15

HL2=0.42*(MW-58.15);
else

HL2=0;
end

% HL3 - latent respiration heat loss
HL3=1.7*0.00001*M*(5867-PA);

% HL4 - dry respiration heat loss
HL4=0.0014*M*(34-TA);

% HLS5 - heat loss by radiation
HL5=3.96*FCL*(XN"4-(TRA/100)"4);

% HL6 - heat loss by convection
HL6=FCL*HC*(TCL-TA);

% TS - thermal sensation tran coeff.
TS=0.303*exp(-0.036*M)+0.028;

% PMV - predicted mean vote
PMV=TS*(MW-HL1-HL2-HL3-HL4-HL5-HL6);
% PPD - predicted percentage of dissatisfied
PPD=100-95*exp(-0.03353*PMV"4-0.2179*PMV"2);
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APPENDIX D

//zapise byte pres I2C

void SENDEYTE (unsigned char OUTPUT)
{
// nastav SDATA pin jako vystup
MDE = 0x01;
LEDBLINK{() ;

for (i=0; 1 < 8; i++)

{
// nastav hodiny na low
MCO = 0x00;

// nastav pozadovany bit

if ((OUTPUT & 0xB80) == 0x30)
MDO = 1:

else
MDO = 0:

LEDBLINK{() ;

// nastav hodiny k poslani bitu
MCO = 0x01;
LEDBLINK{() ;

// vynuluj hodiny
MCO = 0x00;
LEDBLINK{() ;

// prejdi na dalsi bit

OUTPUT = OUTPUT << 1;
}
// uvolni datovou shernici pro acknowledge (pro vstup)
MDE = 0x00;

LEDBLINK() ;

// mastavi SCLOCK pro acknowledge
MCO = 0x01;
LEDBLINK{() ;
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APPENDIX E

TCL=100%XN-273;
HL1=3.05%0.001%(5733—6.99%MU-nPAa):

if (MW > S8.15) then
HL2=0.42%(MW-58.15):

else

HL2=0:

end ;

HL3=1.7%0.00001%M*(5867-—nP4):
HL4=0.0014%M*(34-TA):

HLS=3 . 96%FCL*(pow (XN, 4)—(pow( (TRA-100).,4))):
HL6=FCL»*HC»({TCL-TA) :
TS=0.303%exp(—0.036%*M)+0.028;

PMV=TS»* (MU-HL1-HL2-HL3-HL4-HLS-HL6) :

PPD=100-95%exp(—0.03353%pow(PMV, 4)-0.2179%pow(PHV.2)):
end_procedure;

end_sequencer;
end_timer;
instrument

panel backpane;
rem = 'hlavni panel aplikace':
owner = background:;
position = 27, 48, 623, 480;
window = normal;
win_title = 'PMV_evaluation':
win_disable = zoom:

procedure OnStartup():
begin
HoveTo{ WorkX + WorkW 2 — ( 640 + NoZoomWinReduceW ) ~ 2,
ForkY¥ + WorkD ~ 2 — { 480 + NoZoomWinReduceD ) -~ 2
Select():
end_procedure;

)

end_panel

label label_3:
owner = backpane:
position = 153, 292;
win_disable = zoom, maximnize:

text_list
text = 't6 [*C]1':
end_text_list;
end_label;

label label_3:
owner = backpane:
position = 153, 267:
win_disable = zoom, maximnize:
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APPENDIX F

Table: Thermopile noise measurement

Measurement with Agilent 34420A Measurement with DatalLab Al3
n [-] Measured voltage [uV] n [-] | Measured voltagduV]
1 -55.57471 1 131.23
2 -55.04785 2 183.11
3 -55.40914 3 180.05
4 -55.33314 4 170.90
5 -55.17119 5 131.23
6 -55.90958 6 115.97
7 -55.72467 7 115.97
8 -55.60298 8 119.02
9 -55.21973 9 103.76
10 -55.76477 10 167.85
11 -54.95822 11 112.92
12 -54.68301 12 125.12
13 -55.20395 13 112.92
14 -54.98161 14 103.76
15 -54.90206 15 115.97
16 -55.70549 16 122.07
17 -55.67108 17 170.90
18 -56.56042 18 94.60
19 -55.86394 19 128.17
20 -56.17575 20 140.38

Appendix shows sample data only. All data is saveld@ctronic form and is available on

my computer.
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APPENDIX G

Table: Thermopile FOV measurement

Angle of incidence [°]
0] 10| 20| 30| 40| 50| 60| 70| 80 90
Normalized thermopile output [V]

1| 1146.6| 1084.9| 1008.7| 884.8| 681.5| 415.1| 190.8| 10.3| 2.1| 0.7
2| 1144.3| 1087.2| 1009.9| 883.7| 680.4| 415.1| 189.7| 114 2.1| 4.3
3| 1142.0| 1086.0| 1007.6| 884.8| 680.4| 414.0| 188.7| 11.4| 2.1| 4.5
4| 1139.7| 1086.0| 1006.5| 883.7| 679.3| 414.0| 189.7| 10.3| 21| 1.7
5| 1138.6| 1087.2| 1007.6| 882.5| 680.4| 415.1| 190.8| 12.4| 0.0| -2.0
6| 1138.6| 1086.0| 1008.7| 883.7| 679.3| 416.2| 189.7| 13.4| 0.0| 2.2
7| 1137.4| 1086.0| 1011.0| 884.8| 679.3| 417.2| 189.7| 13.4| -2.1| 4.1
8| 1136.3| 1086.0| 1011.0| 883.7| 678.2| 416.2| 188.7| 14.5| -1.0| -0.5
9| 1135.1| 1087.2| 1013.3| 883.7| 677.1| 417.2| 187.6| 14.5| 0.0| 2.1
10| 1132.9| 1087.2| 1015.5| 883.7| 676.0| 417.2| 187.6| 15.5| -2.1| -0.2
11| 1131.7| 1088.3| 1017.8| 883.7| 674.9| 417.2| 188.7| 155| -2.1| -24
12| 1131.7| 1086.0| 1017.8| 884.8| 673.8| 417.2| 188.7| 17.6| -3.1| -0.3
13| 1131.7| 1086.0| 1017.8| 883.7| 673.8| 418.3| 188.7| 16.5| -3.1| -3.2
14| 1131.7| 1086.0| 1018.9| 883.7| 674.9| 417.2| 187.6| 16.5| -3.1| -1.0
15| 1131.7| 1084.9| 1021.2) 884.8| 674.9| 416.2| 186.6| 15.5| -2.1| 0.0
16| 1132.9| 1086.0| 1022.3| 883.7| 674.9| 417.2| 187.6| 16.5| -3.1| -4.5
17| 1132.9| 1087.2| 1021.2| 882.5| 676.0| 417.2| 188.7| 17.6| -1.0| -2.5
18| 1135.1| 1087.2| 1023.5| 883.7| 677.1| 417.2| 188.7| 16.5| -1.0| 0.3
19| 1134.0| 1086.0| 1024.6| 883.7| 678.2| 417.2| 188.7| 17.6| -2.1| -1.4
20| 1135.1| 1086.0| 1024.6| 883.7| 679.3| 418.3| 187.6| 17.6| -2.1| -0.2

Appendix shows sample data only. All data is saveectronic form and is available on

my computer.
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APPENDIX H

TPS 333 DATASHEET

TPS 333 - Thermopile Detector Miniature Sensor Housing

1 THERMOPILE R T (TP8 333
S i T S i
k)
THERMISTOR 3 “
2 s 4 3¢
"—m— I s
§ 2
connected =
g E - e
Froquency in e Angle of inci in degres

Dimensions in mm

Figure 5. Bottom View

Table 1. TPS 333

Parameter Typical Units Condition
Sensitive area 07x07 mm2 absorbing area
Window size 24x24 mm?
DC sensitivity 35 viw S00K BB 5 ... 14um
Reslistance 75 kQ
Noke 38 nVAHzZ r.m.s. 300K
NEP 12 nNWAHZ S00K BB 5 ... 14um
D* 0.6x 108 cmyHzZW S00K BB 5 ... 14um
TC of sensitivity 0.02 WK
TC of resistance 0.02 WK
Time constant 25 ms
Operating temperature -40 to 100 °C non parmanent
Storage temperature 40 to 100 °C non parmanent
Thermistor  resistance 100 kQ 25°C
beta 3064 K 25°CA00°C
Flek of view 100 . at 50% points
For more information e-mai us at opto@perkinslmer.com or visit our websits at www.p p
All values are nominal; specifications subject to change without notica.
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