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Evyopiotieg
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opilovteg. Emiong, Oa Bsia va guyoapiomom to dvo péAN TG €EETAGTIKNG EMTPOTNG KK.
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Abstract

People, nowadays, most of the times are looking to an environment in which they feel
thermally comfortable. Houses, commercial buildings, airplanes, trains, etc. widely use thermal
comfort standards in order to provide a friendly environment to the user. The significance of
pleasant thermal sensation has been highly recognized in the construction and transportation
industries. For example thermal comfort in automobiles is of major importance in reducing
traffic collisions, while in motorcycles thermal satisfaction is more difficult to be achieved,
especially under hot and cold weather conditions.

In order to achieve thermal comfort in humans, a deeper understanding of the human
passive thermoregulation system is needed and the present thesis is focusing on this issue. First,
the most well-known thermal comfort models are reviewed and the so-called Fiala model is
selected to be implemented in this work. Then, the human body is simulated as several human
body elements which are composed of human tissue layers and are further spatially separated
into sectors. The introduced physical properties are the realistic ones and are obtained from the
literature based on experimental data and observations. All the passive system mechanisms
contributing to the human body heat transfer and heat exchange with the surroundings are
considered. These mechanisms include conduction within the human body, metabolic heat
production, blood circulation, convection, long and short wave radiation, evaporation and
respiration.

Furthermore, the governing equations of the human passive system are described and
included in the computer model, in Matlab, which is solved based on a finite difference scheme
using the implicit Crank Nicholson method. Finally, two benchmark tests are successfully
carried out and two single body elements, namely the head and the neck, are simulated
providing physically justified results.
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ITPOXOMOIQXH ANOPQIIINOY ITAOHTIKOY XYXTHMATOX

OEPMOPPYOMIXHX
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[Tavemomuo Oeococoriag, Tuua Mnyoavordymv Mnyovikov, 2019

EmBrénov Kadnynmg: Ap. Balovyedpyng Anuntprog, Kabnyntg, Tunqpoe Mnyoavolodywv

Mnyovikadv, [Tovemiomuo Osccoariog

Hepiinyn

Ot GvBpwmot, ot PEPEG HOG, TPOKEWWEVOL VO oGHAVOVTOL TKOVOTOINGT O0TavouV
apkeTd Ypoévo M ypnuo PBertiovovtag Tic Oeppukéc ocvvOnkeg tov TEPPAAAOVTOS YDPOL,
otoxevovtog otV Bepuikn| Tovg aveon). [Ipdtuma Beppikng dveong xpPNGLOTOLOVVTOL EVPEWS
G€ E0MTEPIKOVG YMPOVG CTITIDV, EUTOPIKOV KTIPI®V, AEPOTALVOV, TPEVAOV, KTA. L€ GKOTO VO,
TPOCPEPOLY GTO YPNOTN £va Pk Ttepiaiiov. H avtoxivntofropnyavia £xet avayvopicet To
vYE€YOVOg TG M Ogpkn GvEST) TOL 0ONYOL Eival GMULAVTIKY oTNV KotevBuvon ¢ peimwong twv
Tpoxoimv dvoTuynudte®y. Opmg, Yo TOuG HOTOCIKAETIOTEG TOPAUEVEL Vo OVGKOAO TPOG
emiAvon mpoPAnua, wiaitepa otnv 0dnynom vd Youypés N Bepuég cuvinkeg mepiPairovtog.

[Ipog emitevén tov 6TdHYOL AVTOV omatteitan PabbTePn KaTAVOTON TNG BEPLUKTG veoNC
TOL aVOpPAOTIVOL COUOTOG Kot 1 Tapovsa gpyaciot otoyevel ot Katevbuvon avth. Apykd
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To avOpoOTVO GOUO TPOGOUOIDOVETOL MG KLAWOPIKE 1 GEAIPIKO UEAN TO Omoia
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OVOTOPIGTOVV TOLG O1000YIKOVG 16TOVG TV HeA®v. H mpooopoimon kot 1 1010TNTeEG OV
ypnoonoovvtor faciloviol 6 peaMoTiKd 0e00UEVE TTOL EIVOL OTOTEAEGLOL TG EPEVVOS TOV
Fiala. Olot ot unyaviopoi tov avBpmdmvov maHNTIKOD CLGTAUATOS TOV GLVIEAODV OTNV
petdooon BepuodTTog £vtdg TOL 16TOL KOl TNV avtoAdayn Oeppotntog pe to mepifaiiov
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Ot e€100GE1G OV SEMOVV TOVG UNYOVIGLOVS TOL OvVOPOTIVOL TOONTIKOD GLGTHUOTOG
HEAETM®VTAL, TEPLYPAPOVTAL KOl GLUTEPIAAUPAVOVTOL 68 £va VTTOAOYIGTIKO poviélo oe Matlab
7oL EMADETAL UE TN LEBOOO TV TETEPATUEVDV S10POPDV EPAPUOLOVTOC TO TETAEYUEVO YL
Crank Nicholson. Emtivovton 600 mpotuma mpoPAnpoto kot emPefoidvetor n axpifeia tov
VTOAOYIGTIKOD HOVTEAOV. TN GUVEXELN TPOGOUOIDOVOVTOL OV0 HELOVOUEVO avOpOTIVOL PEAN,
TO KEPAAL Kol O AQUUOG KO TO OOTEAEGUOTO TOV TPOKVLTOVYV HE®POVVTIOL OTMOJEKTH Kot

axpipn.
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1 Introduction

1.1 Human thermal comfort

There is an unceasing effort of people to live in a comfortable thermal environment.
While people is relaxing, socializing, working or even driving they are always in pursuit of
thermal comfort. In several activities, thermal comfort is directly connected to public safety
issues. For example in driving the vulnerability is higher when there is thermal discomfort and

therefore it is of great concern.

A contributing factor to the person’s comfort that needs not to be neglected is thermal
comfort. By thermal comfort we mean the well-functioning state of the mind emanating from
the satisfaction with surrounded thermal environment [8]. Human body is able to function into
a limited range of temperatures between 36 to 38 °C. Temperature difference of five degrees in
the body temperature may cause serious problems, while ten degrees difference may even cause
death [2]. The human body temperature balance depends on the temperature of the surrounding
environment, the air speed, the level of humidity and the radiative heat gained or lost.
Furthermore, individual characteristics such as age, height, body fat and physical fitness level
can attribute to the amount of heat loss or gain which can result to difficulties in maintaining
comfort body temperatures [2]. In extreme conditions, is vital for the proper functioning of the
mind and the human organs, to maintain the body temperature between 36-38 °C. The
thermoregulatory system accounts for the complex reactions of a human body being activated
to maintain body temperature and so it influences largely the thermal sensation. It appears that
the temperatures within the body play a significant role on the functionality of the

thermoregulatory system [10]. As a result, an in depth analysis of both the heat exchange



between human-environment and the heat transfer within the human body is mandatory so as
to provide a better perspective on how human thermoregulatory system works and under which

circumstances is being activated.

Automotive industry has also taken comfortable driving under serious consideration
over the last decades. The purpose of the involvement in the thermal comfort during driving by
automotive industry is to provide improved services and satisfaction to the costumer as well as
to achieve safer driving experience. It has been noticed that the level of the careful observation
and attentiveness of a driver after one hour of public road driving at surrounding temperature
of 27°C is significantly lower compared to one of 21 °C [26]. Especially in Motorcycle Industry
where the driver’s exposition to the environmental conditions is notable, the impact of thermal

comfort on the driving behavior is even greater and the need to address this issue is urgent.

Given the necessity of the thermal comfort to be assessed some clearly defined standards
of thermal comfort for indoor spaces, such as ANSI/ASHRAE Standard 55 and the European
Standard EN15251, have been established. There are two main methods to evaluate the thermal
sensation of indoor occupants: the first one is the predicted mean vote and predicted percentage
of dissatisfied (PMV/PPD) model and the second one is the Adaptive model. The PMV/PPD
model is used for indoor spaces that are sealed from the outdoor environment (e.g., air-
conditioned spaces). With this model only one combination of temperature, humidity, radiant
temperature etc. is implemented throughout the year. On the contrary, the Adaptive model is
used mainly in naturally conditioned buildings and spaces where current weather conditions
may have a greater impact on the indoor conditions (e.g., spaces with freely opening and closing
windows) [21]. The Adaptive model takes under consideration physiological, psychological

and behavioral factors to result in a level of acceptability in current conditions. It is



characteristic that the Adaptive model results in a greater range of seasonal conditions and
temperatures than those resulted from the PMV/PPD model.

In order to improve human thermal comfort it has been decided that an effective
computational tool is needed. This tool should be able to calculate the temperatures of a human
body including the core temperature, the temperature of hypothalamus, the outer skin
temperature, as well as the temperature distribution across the whole human body. Towards this
effort, several models have been developed and are available in the literature.

Closing this introductory section it is noted that the author of this thesis had the
opportunity to participate at the Hellenic Institution of Transportation (HIT-CERTH) in a non-
funded project related to the thermal comfort of motorcycle drivers. This effort was part of a
larger European Union project, namely the Adaptive Advanced Driver-Assistance Systems
(ADAS&ME) project focusing on the development of an interactive system between the rider
and the current weather characteristics to increase comfort and safety of the rider in long

journeys.

1.2 Basic understanding of human heat exchange

Body internal and outer skin temperatures, depend on the heat flux taking place between
the human and the surrounding environment. There are four main mechanisms contributing the

heat transferred:

Convection

Radiation

Evaporation

Conduction



e Respiration
These mechanisms compose the so-called human passive system.

When the metabolic heat production is not balanced with the heat losses the human
thermoregulatory system is activated. Human body has developed nature effective mechanisms
so that it can sustain greater range of environmental conditions. The human thermoregulation

comprises of the following mechanisms:

e Vasodilation
e Vasoconstriction
e Sweating

e Shivering
These mechanisms are vital for temperature to be maintained within the desired range.

In additions, people, have the ability to adjust clothing based on the current

environmental conditions to improve their thermal comfort.

1.3 Thesis structure and objectives

Thermal comfort tools are widely used for several situations. More commonly, such
tools are used in indoor spaces of houses, business offices, warehouses, or even cars. However,
in outdoor spaces, such as in motorcycling, the situation becomes more complicated. In general,

there is a growing industrial interest in thermal comfort applications.

In this framework the topic of the present diploma thesis is human thermoregulation

modeling. The thesis structure is outlined as follows:



In Chapter 1 an introduction on human thermal comfort is provided and its importance in
various human activities is argued. A short description of existing standards assessing
thermal comfort is written explaining the reasons clarifying that further research work is
needed. Some information about the basic mechanisms that govern the heat exchange
between a human being and the environment is given. The chapters of the thesis are
outlined.

In Chapter 2 the literature review is presented. The ANSI/ASHRAE 55 Standard referring
to thermal comfort is described. Also, a review of the available models that concern the
thermal comfort assessment is carried out following a chronological progress of the
conducted research. A classification of the existing models is carried out describing the
basic characteristics of each model. Then, the thermal model introduced by Fiala in 1999,
which is implemented in the present work is described. Finally, a reference is made to the
universal thermal comfort index (UTCI).

In Chapter 3 the passive system of the Fiala Model used in this present work is described in
detail. The mechanisms, the parameters and the equations in continuous form that govern
both the heat transfer within the human body tissue and the heat exchange between the
human body and the environment are analytically presented.

In Chapter 4 the discretization of the equations based on a finite difference scheme and
more specifically on the Crank Nicolson method is formulated. The boundary conditions
are also discretized and explained. The mesh construction method and the equations applied
to each node are considered.

In Chapter 5 a verification of the present work is carried out by comparing results of the

present work with corresponding results available in the papers by Fiala. Furthermore,



results for two individual elements of the human body, namely the head and the neck are
reported.

e In Chapter 6 some concluding remarks and suggestions concerning future work are made.



2 Literature review

2.1 Thermal comfort ANSI/ASHRAE 55 Standard

Standards regarding human thermal comfort are certainly needed. One of the common
standards that has been an acceptable thermal environment is the ANSI/ASHRAE 55 Standard.
However, a space meeting the criteria of the standard does not necessarily indicate a universal
acceptance. This is happening because the criteria are based on surveys conducted to a large
group of people concerning their own thermal sensation in different indoor thermal
environments and there are no specific conditions satisfying all occupants due to large

individual preferences and characteristics [21].

While the ANSI/ASHRAE 55 Standard concerns indoor spaces, it is used in several
applications from commercial and residential buildings to cars, trains and airplanes. There are
two main methods evaluating the conditions existing in an indoor space according to the
Standard. The first is the PMV/PPD model (PMV calls for Predicted Mean Vote and PPD for
Predicted Percentage of Dissatisfied). The PMV is an index resulting from the mean of the votes
in a survey conducted to a large group of people voting for their thermal sensation based on the
ASHRAE thermal sensation scale. This scale, as shown in Figure 2.1, ranges from -3 (cold) to
+3 (hot). The scale includes zero for neutral thermal sensation indicating thermal comfort.
Similarly, PPD is an index representing the percentage of the voters being dissatisfied based on
ASHRAE thermal sensation scale. PPD assumes that votes of £2 and 3 indicate dissatisfaction.
As a result PPD diagram is symmetrical to 0 and neutral thermal sensation. It is notable that
there is no combination of variables statistically satisfying everyone i.e. the predicted

percentage of dissatisfied does not reach 0% [21].



It is characteristic that PMV/PPD Method is applied in indoor air-conditioned spaces
where the impact of the weather on indoor conditions is negligible. This means all the variables
such as humidity, air speed, radiant temperature and activity level have to be under control and

into the range the method suggests. The method acceptable range of activity level is 1 to 1.3
met (1 met equals58.1W /m?), which corresponds to the activity of a seated and standing
person, while clothing must be from 0.5 clo, a typical summer clothing (1 clo equals
0.155 m® K /W ), to 1 clo, a typical winter clothing. The air speed is suggested to be less than
0.2 m/s. Furthermore, this method considers a whole body thermal comfort and, yet, does not

take discomfort of body local parts under consideration [21]. Local discomfort can be
influenced by radiant temperature asymmetries, air movement asymmetries, vertical air

temperature differences, floor temperature and temperature variations with time.

The second method is the Adaptive Model and concerns the indoor spaces that are being
naturally conditioned. Such spaces can be conditioned by the freely closing and opening of
windows from the occupants except for mechanical ventilation which is allowed. The Adaptive
Model, as it is called, concerns activity levels of 1 to 1.3 met, while there is not a specific range
of clothing insulation, air speed and humidity. A useful conclusion made by the survey
conducted for the Adaptive Model is that occupant expectations regarding the thermal sensation
are different when they control the surrounding conditions, for instance by controlling the

window operation, compared to when the indoor space is automatically conditioned [21].
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Figure 2.1 : The ASHRAE thermal sensation scale [4]

2.2 Discomfort index

For outdoor spaces a Discomfort Index (DI) that measures the thermal sensation of
human has been proposed by Thom since 1959. Thom’s Discomfort Index was used to evaluate
the level of human discomfort based on the parameters of ambient air temperature and humidity

[8] and is useful due to its simple formula. The formula is given by
DI =T -0.55 (1-0.01RH) (T -14.5) , (2.1)

where T is air temperature in °C and RH is the relative humidity in percentage (%). The
Discomfort Index classification is shown in Table 2.1 with the higher values of DI

corresponding to higher discomfort.

Classification DI Values
Uncomfortable DI <14.9
Comfortable 15.0<DI £19.9
Partially comfortable 20.0<DI <264
Uncomfortable DI >26.5

Table 2.1 : A classification for the discomfort index values [8].



2.3 Review and classification of thermal comfort models

Thermal comfort determination and simulation has caused concern to scientists for
many decades. The history of thermal comfort is long and has been greatly influenced by the
following researchers: a) the kata-thermometer found by Leonard Hill, b) the effective
temperature index introduced by Houghton and Yaglou, c) the corrected effective temperature
brought by Vernon and Warner, d) the wet-bulb globe temperature introduced by Yaglou and
Minard introduced and e) the equivalent temperature and a correction of it found by Dufton and
Gagge respectively. Furthermore, thermal comfort models have greatly influenced by the
Fanger postulations. The PMV Model, used by the ASHRAE Standard until today, has been

based on the conclusions made by Fanger [19].

The human thermal physiological have made the determination of thermal comfort in
different situations a more complicated problem. Methodologies needed for evaluating the
human thermal sensation in indoor and outdoor environments pushed scientists to conduct
further research with more detailed thermal physiological models. The models are classified
according to two levels: first according to the human body separation, for instance into
segments, and second according to each segment separation as shown in Figure 2.2. In the first
level the human body can be simulated in three ways: a) as a single-segment body, b) as a multi-
segment body or ¢) as a multi-element body. In the second level of classification each segment
IS separated into: a) one-node, two-node, multi-node and multi element thermal physiological

models [19], [6].

Single-segment models represent the human body as one segment or element, while
multi-segment models separate it into more elements. Multi-element models simulate a three

dimensional body representation using finite element analysis. Each segment can be
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represented as a) uniform layer (one-node), b) two layers (two-node) and c) with multiple layers

(multi-node).

A famous single-segment one-node model was introduced by Givoni and Goldman. It
is an empirical model that is applied in spaces with hot conditions [6] proposing equations for

metabolic costs of specific human activities [19].

The single-segment two-node models simulate the whole body as one spherical element
with two concentric layers. One famous model is the Gagge model, a two-node model which
represents the outer layer as the human outer skin and the inner layer as the core. Both layers
appear to have the same temperature at each layer volume and it is important to mention the
model is separated into two systems; a control and a controlled system [6] while the simulation
includes physiological calculations for sweating, shivering, vasoconstriction and vasodilation
[19]. The Gagge model can be applied in environments with uniform conditions and without
extreme activity levels [6]. Another well-known two-node model is the KSU model, named
after the Kansas State University, with differences in the equations regarding sweating and
blood flow in comparison with the Gagge model [6]. Other two-node models have been

developed and all of them simulate the human body as two concentric shells.

While many models represent the inner and outer shell as the core and the outer human
skin respectively with uniform temperatures, the problem complexity requires more detailed
simulations in order to obtain reliable and accurate information of the heat flux inside the human
body. Such an analysis is adopted by the multi-segment multi-node models. These models
represent the several human body parts as cylinders or spheres made up of many coaxial and
concentric layer shells respectively [11] with a non-uniform temperature distribution within

each layer. As far as the active system is concerned, every body part can have different
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thermoregulatory responses based on its temperatures that enable the model to have a better

estimation of the human local temperatures [19].

The first multi-node model introduced by Crosbie using the analog computer technology
to perform the needed calculations [19]. Then, Stolwijk introduced a revolutionary multi-
segment multi-node model [24] in thermal physiological models with passive and active
systems. The human body was divided into six segments each one including four layers and
regarded a uniform central blood temperature throughout the body without taking counter-
current flow heat exchange under consideration. The active system is governed by the rate of
temperature changes and hot or cold signals. It is notable that Stolwijk model was developed
and supported by NASA aiming to simulate and predict astronaut responses. Although the
Stolwijk model is restricted to steady environmental conditions, it has largely contributed to
thermal comfort model progress forming the basis for many future projects [19]. The Tanabe
Model, the Berkelay Model, which is based on Tanabe work [6] and the Munir et al model have
been all partially based on Stolwijk approaches [19]. Multi-node models are also, the Berkley
Comfort Model, the Tanabe Model, the Fiala Model, the ThermoSEM Model and others [19].

The present work is based on Fiala Model.

The most complicated models are the multi-element models. These models separate the
body into several body parts where finite element or finite difference method is applied and
may contain mass balances for oxygen, carbon dioxide, lactic acid and detailed simulation of
the blood circulatory system, respiratory system [6]. Therefore these models are able to predict
the physiological responses. However, as it is mentioned, due to their complexity memory
capacity is necessary — especially when no symmetry is assumed — [19]. Most of them are
computationally expensive for general purposes and they are applied when the requirement is

to predict the thermal comfort of people within a specific range of individual characteristic
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differences. Multi-element models are the ones introduced by Wissler, by Smith (the KSU

Model), by Ferreira et al, by Schwarz et al and several others [6], [19].

Body Separation Classification Model
Single-Segment One-node Fanger 1970
Givoni and Goldman 1971
Two-node Gagge 1971
KSU two-node 1977
Multi-Segment Two-node Kohri and Mochida 2002
Crosbie 1961
Multi-node Stolwijk 1971
Fiala 1999
UC Berkeley 2001
Tanabe 2002

ThermoSEM 2004
Lai and Chen 2016
Multi-element Wissler 1985
Smith 1991
Ferreira 2009
Schwarz 2010

Table 2.2 : Classification of the most famous thermal comfort models

Figure 2.2 : Descriptive view of the model classification [19].
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2.4 The Fiala model characteristics

The Fiala Model is a multi-segment multi-node thermal comfort model and one of the
most well-known and recognized models. It is thoroughly predicted in [11] and there are also
some improvements of the original model in [12], [13] . The original Fiala Model, introduced
in 1999, is including an active and a passive system with blood circulation simulated.
Furthermore, the Fiala Model is applicable to indoor and outdoor environments in steady or
transient conditions and to a great range of activity levels, from low activity level till up to 10

met [10].

The active system is taking under consideration the thermoregulatory reactions of the
human body; vasomotion, sweating and metabolism changes due to shivering [10]. Data for
simulating the active system have been obtained with regression analysis of experiment data,
given in Table 2.3. The analysis showed that the thermo-physiological reactions are influenced
by the skin temperature, hypothalamus temperature and the rate of skin temperature changes.
Based on the physiological effects the predicted percentage of dissatisfied (PPD) can be

calculated, while a dynamic thermal sensation has also been developed [10].

The passive system refers to the heat transfer by conduction within the human body, by
convection due to blood circulation and the heat exchange with the environment. The human
body is separated into fifteen cylindrical and spherical body parts each separated into sectors in
order to better apply the non-uniform environmental conditions. In a following improvement
of the model the human body parts are further broken down to 20 [13]. At each sector a 1D heat
transfer problem is solved with the finite difference method and all 1D problems are then

coupled via the blood circulation throughout the body [10].

14



In the present work it has been decided to implement the original Fiala model with the
15-elements because it combines reasonable computational effort with reliable results. Also,

only the passive system is considered.

2.5 The Universal Thermal Climate Index

European Union has created a European Program called COST Action 730 a part of
which funds the development of a Universal Thermal Climate Index, the so-called UTCI. The
term universal refers to the range of the outdoor thermal conditions assessed. Its main purpose
is to carry out an assessment of the conditions of an outdoor thermal environment [3]. The UTCI
approach is to develop an equivalent temperature at which a reference environment of 50%
relative humidity, still air and the mean radiant temperature equaling the air temperature would

cause equivalent physiological responses with the actual environment [3].

It is notable that among all the human thermoregulation models evaluated one of the
most appropriate model is found to be the Fiala model. Some of the conducted research has
been focused on simulating the clothing insulation of the general public as function of the
environmental conditions. More specifically, it has been considered how clothing insulation is
distributed to the body resulting to a local clothing insulation model and how this insulation is
influenced during walking by the relative speed of air [3]. These developments are providing

tools that are adjusted to be working well with the Fiala Model.

The UTCI, finally, aims to be established as an international standard that could have
the potential to be useful in several disciplines and fields such as bio-meteorology, weather

services, health systems, urban planning, tourism and others.
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Passive System Parameters (Fiala Model)

Body L hx he,mix ask amw Sector 7 v o Tissue N T k p c Om,bas,0 Whi,0
Elements  (cm) (WK) aw aw  am 0 Sed  Sind [] Sed Smd ' Material © (cm) WI/mK) (kg/m®) J(kgK) (Wm®) l(smd)
Head - 0.00 3.0 113 -5.7  0.0835 0.00 0.00 Forehead 10 1.00 1.00 0.99 Brain 5 8.60 0.49 1080 3850 10.1320 13400
Head 170 0.90 0.90 0.80 Bone 2 10.05 1.16 1500 1591 0.0000 0
Fat 2 10.20 0.16 850 2300 0.0036 58
Skin 4 10.40 0.47 1085 3680 5.4800 368
Face 9.84 0.00 3.0 113 -5.7 0.0418 0.00 0.00 210 0.90 0.90 0.99 Muscle 1 2.68 0.42 1085 3768 0.5380 684
Bone 1 5.42 1.16 1500 1591 0.0000 0
Muscle 1 6.80 0.42 1085 3768 0.5380 684
Fat 2 7.60 0.16 850 2300 0.0036 58
Skin 2 7.80 0.47 1085 3680 11.1700 368
Neck 8.42 000 16 130 -6.5  0.0417 0.03 0.01 Anterior 180 0.70 0.70 0.99 Bone 1 1.90 0.75 1357 1700 0.0000 0
Posterior 180 0.75 0.75 0.99 Muscle 4 5.46 0.42 1085 3768 0.5380 684
Fat 2 5.56 0.16 850 2300 0.0036 58
Skin 4 5.67 0.47 1085 3680 6.8000 368
Shoulders 32.00 080 59 216 -10.8  0.0300 0.05 0.02 130 0.90 0.90 0.99 Bone 1 3.70 0.75 1357 1700 0.0000 0
Muscle 2 3.90 0.42 1085 3768 0.5380 684
Fat 2 4.40 0.16 850 2300 0.0036 58
Skin 2 4.60 0.47 1085 3680 1.0100 368
Thorax 30.60 000 05 180 -7.4  0.3060 0.12 0.07 Anterior 150 0.80 0.90 0.99 Lung 1 7.73 0.28 550 3718 (ef0) 600
Posterior 150 0.95 0.95 0.99 Bone 3 8.91 0.75 1357 1700 0.0000 0
Inferior 60 0.05 0.10 0.99 Muscle 3 1234 0.42 1085 3768 0.5380 684
Fat 6 12.68 0.16 850 2300 0.0036 58
Skin 6 12.90 0.47 1085 3680 1.5800 368
Abdomen 55.20 000 1.2 180 -9.0 0.1210 0.46 0.20 Anterior 150 0.80 0.90 0.99 Viscera 1 7.85 0.53 1000 3697 4.3100 4100
Posterior 150 0.95 0.95 0.99 Bone 3 8.34 0.75 1357 1700 0.0000 0
Inferior 60 0.20 0.30 0.99 Muscle 3 10.90 0.42 1085 3768 0.5380 684
Fat 6 1244 0.16 850 2300 0.0036 58
Skin 6 12.60 0.47 1085 3680 1.4400 368
Arms 127.40 413 83 216 -10.8  0.1800 0.19 0.08 Anterior 135 0.75 0.85 0.99 Bone 1 153 0.75 1357 1700 0.0000 0
Posterior 135 0.80 0.90 0.99 Muscle 3 3.43 0.42 1085 3768 0.5380 684
Inferior 90 0.10 0.20 099 Fat 6 4,01 0.16 850 2300 0.0036 58
Skin 6 4.18 0.47 1085 3680 1.1000 368
Hands 62.00 057 83 216 -10.8  0.0900 0.02 0.01 Handback 180 0.80 0.80 0.99 Bone 1 0.70 0.75 1357 1700 0.0000 0
Palm 180 0.10 0.20 0.99 Muscle 2 1.74 0.42 1085 3768 0.5380 684
Fat 2 2.04 0.16 850 2300 0.0036 58
Skin 4 2.26 0.47 1085 3680 4.5400 368
Legs 139.00 690 53 220 -11.0  0.2080 0.11 0.60 Anterior 150 0.85 0.90 0.99 Bone 1 2.20 0.75 1357 1700 0.0000 0
Posterior 150 0.95 0.90 0.99 Muscle 6 4.80 0.42 1085 3768 0.5380 684
Inferior 60 0.10 0.65 099 Fat 6 533 0.16 850 2300 0.0036 58
Skin 6 5.53 0.47 1085 3680 1.0500 368
Feet 48.00 340 6.8 210 -10.5  0.0750 0.02 0.01 Instep 180 0.90 0.90 0.99 Bone 1 2.00 0.75 1357 1700 0.0000 0
Sole 180 1.00 1.00 0.99 Muscle 2 2.50 0.42 1085 3768 0.5380 684
Fat 4 3.26 0.16 850 2300 0.0036 58
Skin 4 3.50 0.47 1085 3680 1.5000 368
Blood 1069 3650

Table 2.3 : Passive-system parameters for the Fiala Model. L: length; hx: countercurrent heat exchange coefficient; hemix: heat-exchange coefficient for mixed convection; anat, asec, amix: corresponding
regression coefficients, as: skin sensitivity coefficients used for mean skin temperature; amw: workload distribution coefficient, ¢: sector angle; w: view factor between sector and the surroundings;
Sed and Stnd: sedentary and standing activity, & surface emission coefficient; N: no. of nodes; r: outer radius; k: heat conductivity; p: material density; c: heat capacitance; Wi o and Qm,pas,0: basal
values for blood perfusion and metabolic rates in thermal neutrality, respectively, table received from [11].



3 The human thermoregulation Fiala model: the passive system

3.1 Human body characteristics

The way a body exchanges heat with the environment and the thermoregulation
reactions differ from person to person. There are thermal physiological models that can roughly
predict the human body reaction and thermal comfort by calculating uniform temperatures
throughout the human body. In addition, there are human thermoregulation models which are
able to calculate the body core temperatures, outer skin temperatures and the temperature
distribution within the tissue a more sophisticated analysis must be conducted. One of the most
well-known and recognized human thermoregulation models is the Fiala Model, which
simulates the human body in a pretty realistic way, taking under consideration the properties of

many basic tissues of the body, with modest computational effort.

Furthermore, since the body characteristics contribute to the heat transfer mechanisms
it is important to give an emphasis on how the human body is simulated. The aim is to simulate
an average person and therefore the subject’s overall data for the passive system are presented

in Table 3.1.

Weight (kg) | Body Fat (%) | Ax(m?) | Wtk (%) | CO(U/min) | Moaso(W)

73.5 14 1.86 6 4.9 87.1

Table 3.1 : Overall data of the subject for the passive system: Ask the total skin surface, wtsx the
wetted skin area ratio, CO the basal cardiac output, Mbaso the basal metabolism [11].
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According to the Fiala Model the human body is separated, as shown in Figure 3.1, into
fourteen cylindrical partitions: face, neck, thorax, abdomen and a pair of shoulders, arms, hands,
legs and feet, plus one spherical: the head. In the simulation the above separation is presented
with 10 elements, 9 cylindrical and 1 spherical, by just assuming the pairs of partitions as 1
element with the aggregate length. The elements may be made up of 7 different tissue materials:
bone, muscle, brain, viscera, lung, fat, skin. To encounter the asymmetrical conditions around
the body taking place in the heat transfer problem every element is separated in sectors. For
most of the elements there are three sectors, namely the anterior, posterior and inferior sectors,
while there only two sectors for the head element (head and forehead), the hand elements
(handback and palm) and for the feet elements (instep and sole). The parameters of the whole

passive model simulation are presented in detail in Table 2.3.

The sector separation of every element enables the model to apply different conditions
and thus simulate the environment in a more realistic way. The different environmental
conditions are applied through the boundary conditions of the heat transfer problem. For
instance, in a case where a source in front of the body radiates heat, the anterior sectors will be
influenced more compared with the hidden sector. Given that such inhomogeneous conditions

are always taking place, sector separation is practically necessary.

Every element of the body is assumed to have a core with uniform temperature. The core
is the first layer of each and every element. The only exception is the head element whose inner
core (hypothalamus) is made up by brain tissue and has an outer radius of 4 cm which is less
than the brain outer radius. Every layer following the core is presented as a coaxial cylinder

shell for the cylindrical elements and concentric spherical shell for the spherical one.
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Figure 3.1 : Schematic view of human body for Fiala Model

3.2 Tissue heat transfer

The human body passive system depends on the heat transferability of the human tissue.
Pennes introduced a differential equation which describes the heat transfer within a single

tissue, named the “bioheat equation” which is formed as [11]

oT T wdT
pCE:k(ﬁ_F?Ej"'qm_'_pblwblcbl (Tbl,a _T) ' 3.1)

where T (°C) is the unknown tissue temperature, r is the radius (m), t is the time (s), w is a

geometry factor equal to 1 for cylindrical coordinates or 2 for spherical, k (W/(m K)) is the

thermal conductivity, p (kg /m3) is the density, ¢ (J/(kg K)) is the heat capacity, Thia is the
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arterial blood temperature, gm (W/mS) is the tissue metabolism produced in a finite tissue

volume, p,,w, and c,, are the blood density, blood perfusion rate and blood heat capacity

accordingly. It is noted that the arterial blood temperature Tyia IS, in general, not known and in
most cases it is expressed in terms of the tissue temperatures of all body elements. It is also
noted that the parameters wp and gm are influenced by the active system and they are updated

at every iteration.

3.2.1 Metabolic heat production

The human body produces heat constantly as a result of human activity and body organ
functioning. It is important, at this point, to define the thermal neutral conditions for the human
as presented in Fiala [11]. Thermal neutral (or thermoneutral) conditions are the environmental
variables (air temperature, relative humidity, air velocity, etc.) to which a reclining unclothed
subject is exposed, while no thermoregulation reactions occur [10] and the subject is in thermal

comfort. These conditions are described in Table 3.2.

Tair (OC) Tmrt (OC) Vair (m/S) RH (%) Ew actpas (met)

30 30 0.05 40 0.93 0.8

Table 3.2 : Environmental conditions of thermoneutral conditions: Tair is the air temperature,
Tmrt IS the mean radiant temperature vair is the air temperature, RH is the relative humidity, ew is
the wall emissivity and actpas is the basal activity level [11].

The heat produced in thermo neutral conditions by a finite tissue volume regardless of

the activity level is the basal metabolic heat 0, 40 (W/ms) and it is given for the model for

all the tissues and elements of the body in Table 2.3. Assuming that AQ,, (W/m3) is any
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additional heat produced, the total metabolic heat production q,, (W / ms), in equation (3.1), is

the summation
qm = qm,bas,o + Aqm * (32)

The additional heat Agm is a result of the activity level and the thermoregulation

reactions of the body such as shivering. To be more specific, the heat produced by shivering
Oin.sh (W/m3) and by workout q, , (W/mg) are produced only in muscle tissues, while in all
other tissues are equal to zero. However, there is an additional basal metabolic heat
AQy pas (W/ m3) which is the difference between the actual basal metabolic heat and the basal

one in thermo neutral conditions is given by
Ay = AQp pas + G s + O 3.3)
for muscle tissues and
A, = Ay, pas 3.4)

for the rest of the tissues. The change in the basal metabolic heat rate is due to the changes of
the human body thermal state and it is governed by the temperature coefficient Q1o with the

value equal to 2. So, it is written as

10

+A T TT
Q10 — 2 :(qm,bas,o qm,bas J - Aqm,bas — qm,bas,o Lz 10 _1} . (35)

qm,bas,O

The heat produced gmw due to body movement, is not distributed uniformly in all
muscles because of the difference of the activity throughout the body parts. The distribution

coefficient amw expresses this heat distribution between the element muscles and is found in
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Table 2.3 for sedentary and standing activity level. The heat produced due to body movement

is computed as

o(a,H)

=W 3.6
Y, (3.6)

msc

where H (W) is the internal whole body workload and Vmsc(m3) is the element muscle
volume.

The internal whole body workload is the difference between the workload and the
external mechanical work. Similar to every machine, human body has its own mechanical

efficiency 5, introduced by Fiala [11] with regression analysis as

n=0.2tanh(b, act +b,) , (3.7)

where act (met) is the actual activity level and b, =0.39+0.13, b, =—-0.60+0.28 are regression

coefficients [11]. For activity level up to 1.6 the human body efficiency is zero and rises when
increasing the activity level. The internal workload due to exercise is

M
H=act—22(1-n)-M, ., 3.8
aCtbas ( 77 ) bas,0 ( )

where M., and act,,, are obtained from Table 3.1 and Table 3.2 accordingly.

bas,0 bas

3.2.2 Blood circulation

Blood supplies the element tissues with perfusion rates wy which in thermoneutral
conditions is the basal perfusion rate wei0, given in Table 2.3. Studies have shown that by

increasing the metabolic heat gm the perfusion rate is linearly increased [11]. For the amount of

22



the product p,c,w, the Fiala Model assumes an energy equivalent $. Since the product p,,c,,

Is constant, g rises linearly with the metabolic heat increase. The relationship between the
change of the energy equivalent A and metabolic heat Agm is governed by the proportionality

constant 44, =0.932 (1/K) as [11]

AB =y AQ, (3.9)
and finally

B=p+AB (3.10)

where By = Lo CotWor 0 -

The blood circulation within the human body is simulated in the Fiala Model. Warm
blood is supplied from the blood pool to the major arteries. From the arteries the blood enters
the capillary beds where most of the heat exchange with the tissues occurs. The blood is carried
towards the heart via the veins and ends up to, what we call the so-called blood pool. In the heat
exchange problem, the warm blood is obtained by the blood pool and while it is going to the
capillary beds, it exchanges heat with the tissues in the capillary beds. In extremities and in the
shoulders [11], heat is also exchanged by convection with the adjacent veins operating as a
counter-current heat exchanger (CCX). This circulation is taken under consideration in the Fiala

Model and it is described in detail in the following equations.

Considering any element e, the rate of heat loss of the arterial blood temperature that
reaches the element e (Tui,ae (°C) ), due to the CCX with the veins, equals the heat gain rate of
the vein blood temperature before (Toiy (°C)) and after the CCX (Toivcex (°C) ). It is readily

deduced that

'[/de (Tbl,p _Tbl,a,e) = jﬂdv (Tbl,v,ccx _Tbl,v)’ Ve ) (311)
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where Toip (°C) is the blood pool temperature, (W/(m3 K)) is the blood energy equivalent

of the corresponding dV (m3) finite tissue volume. The counter-current heat flow rate for every

element e between arterial and vein blood is calculated as

dx = hx (rbla,e _Tbl,v,e)’ Ve, (3-12)

where hy is the counter-current heat transfer coefficient (W/7K). Given that the model assumes

that the blood after the capillary beds reaches equilibrium with the surrounding tissue it is

readily deduces that

prav (3.13)

jﬂdv '

bl,v,e

The heat loss rate of the arterial blood that reaches the element e is equal to the CCX rate

between arterial and vein blood. By combining (3.11) and (3.12)

J"de (Tblyp _Tbl,a,e) = hx (Tbl,a,e _Tbl,v,e)! Ve.

Then, by inserting Eq. (3.13) to the equation above and rearranging yields

Tup [BAV h [ AT dv
h+[ pav +jﬂdv(hx+jﬁdv)

bl,ae ™

Ve, (3.14)

While Eq. (3.14) is valid for every element, the CCX does not occur in all elements and

therefore hy may be zero to some of them (Table 2.3).
3.3 Human-environment heat exchange
The human thermoregulation is responsible for the body temperature maintenance. For

this reason the body has developed complex reactions such as shivering, sweating, etc. The heat
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exchange with the surroundings is a very significant factor. In extreme conditions the body
could be unable to manage to achieve the desired temperatures. Since the environmental
conditions are playing an important role to human thermal comfort emphasis must be given to

how a person loses or gains heat from the surroundings.

The human body exchanges heat with the environment via five mechanisms:
convection, long and short wave radiation, evaporation and respiration. A practical way for a
person to influence the thermal equilibrium is clothing, a factor that although it does not depend
on the thermoregulation system, it must be taken under consideration. The thermal equilibrium

for the human environment heat exchange is expressed to
qsk = qc +qR _qu +qe ’ (315)

where gsk (W/mz) is the net heat flux from the skin, qc (W/mz), Or (W/mz) and ge (W/mz)

are the convective, radiative and evaporative heat flux, while gsr is the heat loss due to short

wave radiation. All these heat transfer mechanisms are analyzed in detail in this section.

3.3.1 Convection
The convective heat flux is given by
qc = hc (Tbs _Tair) ' (316)

where h¢ (W /m? K) is the convective heat transfer coefficient, Tps (°C) is the temperature of

the outer face of the corresponding body sector (might be the outer cloth surface if clothes are
worn) and Tair (°C) the air temperature. The convective heat transfer coefficient is obtained for

free and forced convection with regression analysis [13] and is given by
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hc = \/anat \/Tbs _Tair + afrcvair + a‘mi>< ’ (317)

where anat, arc and amix are the resulted coefficients of the regression analysis and vair is the

relative local air speed.

3.3.2 Long and short wave radiation

Long wave radiation is an important way of heat exchanging, especially when the air
velocity is relatively low, and it is due to the temperature difference between the human body
and the surroundings. The asymmetries in the temperatures in the environment are encountered
in two ways: a) by defining a mean environment temperature Tenvm Of a uniform envelope
“seen” by a sector [11] which would radiate the same amount of heat with the actual heat being
radiated or b) by defining a mean radiant temperature Tmqt Which considers a uniform black
envelope [11] resulting to a difference in the emissivity values. The latter approach is
implemented to this present work. Tenv,m calculation process is described in [11] while the
quantity Tmrt of a thermo neutral environment is shown in Table 3.2. The view factors for every

element sector are given in Table 2.3.

The total radiative heat flux g is computed as

qR = hR (Tbs _Tenv,m) ) (318)

where hg the radiative heat transfer coefficient (W / (m2 K)) is

hR = ngs genv lr// (szz +Te:1v,m2 )(sz +Te:1v,m) ' (319)
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where o =5.67-10° W/(m*K*) is the Stefan-Boltzmann constant, zvs, y are each sector

emissivity and view factor respectively of each sector (both given in Table 2.3), genv is the

emissivity of the surroundings and T, and T,  are the body sector absolute temperature and

mean environment absolute temperature all in Kelvin. The emissivity eeny for the case of mean
radiant temperature equals 1 (black envelop), while for the case of mean environment
temperature is typically 0.93 for indoors otherwise has to be calculated [11]. The geny IS typically

0.95 for clothing [11].

Heat flux via short wave radiation or irradiation gsr also contributes to total heat transfer.

Irradiation is emitted by high temperature surfaces and sources (e.g. sun) and is calculated by
Or =8 ¥'S (3.20)
where aps is an absorption coefficient of the sector surface, y is the view factor of the body

sector and environment and s (W/mz) is the radiant intensity which magnitude is given

according to the climate characteristic.

3.3.3 Evaporation

Evaporation is the only mechanism of the human thermoregulation that allows cooling
when the temperature of the environment exceeds the body temperature. It is a useful reaction
which is mainly driven by the difference between the partial water vapour pressure at human
skin (psk in Pa) and partial water vapour pressure of air (pair in Pa), which is called the

evaporative potential. The latent heat balance for each sector is given by

Ps — Pair _ ps,sk — Py " 1 dmsw

R R Wo A, dt (321

e,IT e,sk
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where the pssk is the saturated water vapour pressure (Pa) within the skin (location of sweat

glands) [13], Reur ((m2 Pa)/\N) is the local evaporative resistance of clothing described in

Subsection 3.3.5, R, , (W/(m2 Pa)) is the human skin moisture permeability, 4. (J/kg)

is the heat of vaporization of water, A is the sector’s skin surface (m?) and dm,, /dt (kg/s)

Is the sweat production rate. More specifically, the left hand side is the net energy transfer which
Is equal with the summation of the two terms on the right hand side of the equation representing

the heat transfer by moisture diffusion (first term) and the total sweat evaporation on the skin

(second term). The human skin moisture permeability is R, 4 =1000/3 W/(m2 Pa) [11], the

heat of vaporization of water is A, =2256x10° J/kg , the local evaporative resistance is

discussed in subsection 3.3.5 and the saturated water vapour pressure within the skin is

calculated for the model according to [11]

3.22
T. +235 ( )

osk

P, « =100exp (18.956 — ﬂ] .

The calculation of the saturation value of partial water vapour pressure Pairsat iS also
presented. Although it can be calculated with several formulas, in the present work, the

following equation is used [1]

(3.23)

*82
air

pair,sat = TL exp£77345+ 0.0057 'Ta’:r _ 7_??5\] .

air

Here T,

is the air temperature in Kelvin and pairsat is in Pascal. Then, the actual partial water

vapour pressure of air is calculated by

pair = RH pair,sat 1 (324)
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where RH is the relative humidity (as a decimal). Based on the above, in Eq. (3.21) for the latent

heat balance, the only unknown variable is p, , which is calculated by rearranging the equation,

resulting to
Pair 1 dmsw pS,Sk
R, ‘oA dt R,
Py =—"——1— = (3.25)
Re,IT Re,sk

It is important to mention that when sweating occurs, the pressure psk may reach its

saturation value (pssk). Then, the sweat starts to accumulate according to equation

dmacc — dmsw _ '%k (ps,sk B pair) (3 26)
dt d A, Ry '

HO

where dm, /dt is the sweat accumulation rate (kg /s). It has been founded by Jones and

Ogawa [11] that the accumulation of sweat stops when the amount of sweat per square meter

of skin m,./ A, reaches the amount of 359 /m?.

3.3.4 Respiration

For the human body heat transfer problem the heat losses due to respiration must also
be included. However, they comprise only a small amount of the total heat transferred. The
respiratory losses occur by convection and evaporation. The Fiala Model uses the work by
Fanger, which takes under consideration both convection and evaporation for calculating the

latent and dry heat losses [11] the summation of which comprise the total respiratory losses.
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The latent heat losses are influenced by three factor: a) the whole body metabolism Qnm

(in Watt) (Qm :qudv), because of the relationship between the ventilation rate and

metabolism, b) the difference in humidity of the exhaled and inhaled air, which depends on the
air temperature and partial vapour pressure and c) the latent heat of vaporization. The formula

for the respiratory latent heat losses Ersp (W) is [11]
E,, =4.373Q, (0.028-6.5-10°T,, -4.91.10° p,; ) . (3.27)

The respiratory dry heat losses Crsp (W) are influenced by the breathing rate, thus by the
whole body metabolism and the partial vapour pressure and temperature of ambient air [11]. It

is given by
Crep =1.948-10°Q, (32.6—0.066 T, -196-10" pair) . (3.28)

For the present work both formulas are used, although in the most recent work by Fiala ( [12],

[13]) they have been slightly changed.

The total respiratory heat losses, which is the sum of E,_ plus C _, are then distributed

rsp rsp !
to the body parts. The respiratory losses do not influence all the body elements equally,
therefore by using work from within the literature it is concluded [11] that they are distributed

as follows

e 30 percent in the lung
e 25 percent in the neck muscle
e 20 percent in the inner face muscles

e 25 percent in the outer face muscles

Consequently, the heat generation gm in those tissues is calculated by
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d [arsp (Ep +Crep )]

= AQ_ — : 3.29
qm qm,bas,0+ qm 8V ( )

where a,, are the tissue distribution coefficients for respiratory heat losses and V (ms) the

corresponding tissue volume.

3.3.5 Clothing

The clothing resistances include heat transfer resistances (or thermal insulation) and
evaporative resistances. Fiala made a computer model in order to construct a database for these
two types of resistances for several clothes [11]. The computed resistances include the
insulation effect of air trapped between clothes and skin [11]. The final expression calculates

the local resistances of both types.

The total local heat transfer resistance Rt (m2 K/ W) is calculated by [13]

s 1
R-=> R, +—m , 3.30
IT ; Icl,i + fc| (hc +hr) ( )

where Ricl,i (m2 K /W) is the local thermal resistances for the i-cloth, n is the number of the

clothes for this sector, hc and hr (W/ (m2 K)) are the local convective and radiative heat

transfer coefficients respectively and fg is a fraction in which the outer clothing layer radius re

(m) is divided by the outer skin radius rsk (m) for each and every sector given by

f o= (3.31)
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The total local evaporative resistance Re,r (m2 Pa/W) for every sector is estimated

according to [13]:

n 1
Re,IT = ZRe,Icl,i + fh (3.32)
i=1

cl e
with

h, =L.h, , (3.33)
where Re,cl,i (m? Pa/w ) is the local evaporative resistance of every i-cloth and

L, =0.0165K / Pa is the Lewis constant for air [13].

3.4 Boundary conditions

The formulation of the boundary condition is of primary importance for every physical
problem described by differential equations. The boundary conditions for the human heat
transfer problem include the interface boundary condition when the tissue properties are
changing i.e. at the interface between the tissue layers, the core boundary condition and the skin

boundary condition for the heat transferred from the skin to the surroundings.
3.4.1 Interface

In the interface between two layers, the boundary condition is obtained by equating the

heat flow rate from the one layer towards the interface Q, . (W) with the heat flow rate from

the interface to the second layer Q. ,, (W), i.e.,

Q1—>ifc = Qifc—>2 (3-34)
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The heat rate within a tissue with uniform thermal conductivity k and a surface area of

A(r) in polar coordinates is

Q=-k A(r)z—I (3.35)

and is differently calculated for cylindrical and spherical shells. In the Appendix A the radial

heat flow rates are found for cylindrical and spherical shells.

3.4.2 Core

For the core boundary condition a modified version of the Pennes bioheat equation is

used. In the core no temperature gradient exists and therefore the heat conduction term is
replaced by the heat fluxes 0y (W / mz) passing from the core interface to every s-sector of

the element. With subscript j indicating the core node the bioheat equation is modified as [11]

dT. PR
PiC; d_,[J =0, ; +ﬁj (Tbl,a _Tj )__Z(Usqifc,s 1 (3-36)

7er- s=1

where =1 for cylindrical elements and x« =3/ 2 for the spherical element, ¢s (rad) is the angle
of every s-sector, S is the number of sectors of each element and qifcs (W / mz) are the heat

fluxes calculated by the heat fluxes for cylinders or spheres as described in equations (4.17) and

(4.18).

3.4.3 Skin

The skin boundary condition is very important due to the fact that it concerns the human-

environment heat exchange and contains all the environmental variables. The boundary
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condition results from the equality of the conductive heat flux reaching to the skin g, (W / m2)

and the total heat flux from the skin to environment due to convection, radiation, evaporation

and irradiation written as (see also in Eq. (3.15) )
O =0 t0g +0. Ui -
By substituting all heat fluxed and rearranging the resulting equation yields to

_ Tsk _To + Psc — Pair

qs - ] (337)
‘ RIT I:ee,IT
where T, (°C) is the so-called operative temperature calculated by
hT. +hT  + S
T — _¢c air r - mrt l//abs ) (3.38)

° h, +h
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4 Finite difference method analysis

The Fiala Model solves the human heat transfer model by the finite difference method
(FDM) and the same approach is applied in the present work. By separating the human body
into elements and sectors, the problem is simplified and for each sector a one-dimensional (1-
D) problem is formulated and all problems are coupled through the blood circulation model.
The simplification on the geometry of the problem, by introducing the spherical or cylindrical
layers, enables the use of the FDM which may be problematic otherwise in more complex

geometries due to the difficulty of analyzing the boundary conditions.

In the following paragraphs the equations composing the human heat transfer problem are

approximated by the FDM. The discretized equations are explained in detail.

4.1 Tissue heat transfer

4.1.1 Pennes bioheat equation analysis

The FDM analysis is carried out by adopting the Crank Nicholson method by averaging

the implicit and explicit method as [11]

Qo T[ = %(QexTrj +Q,, T|”1) . (4.1)

i

Assuming that the distance between nodes j and j+1, denoted by Ar;j, is different than the
corresponding distance between j-1 and j nodes Arj.1, the discretization is done through the

Taylor series as follows:
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: or| . oT| At?
T =T[ +Z| At +—| —=—+0(At? 4.2
|J |J atj tt atz j 2 ( t) ( )
' o7l Ar? oot Ar® aT| Ar
T = LT Arj+a-£| : 613-| ,+6'£| L+0(ar)) (4.3)
e o, ol 2 "ol 6 ot 24
ot ooT| Ak, ot A, aT| Arf
T =T —=—{ Ar_, + —r =4 = ro(ar? 4.4
=T orl, "t 2 ot 6 art| 24 (Ar;-2) (44
The derivatives are formed with rearranging as follows:
CoTteTf
a =u+0(mt) (4.5)
o, A
CoTL =T
ax =—|J+1 |J‘1+0(Ar) (4.6)
or|; Ar, +Ar

¢ T|tj+l_2T|tj+T|tj_1 ol A 47)
B Al’j2_1+A7rj2 " ( r) .

2 2

o°T
or? ,-

Obviously, for Ar; = Ar;_, the space discretization becomes second order. For now on, for

simplicity T|tJ will be denoted as T/ . The QT and O, T/ for the Pennes bioheat equation

(3.1) are formed as follows:

t+1 t t t t t t
TH-TE | TL-2T 4T o T -Th

t. t t (Tt t
URYLE At = Arjz_1 Al’j2 +r_j Ar, + AT, T + B (Tb'va_Ti)
+7
2 2
T't+1_T't T-t+1_2T-t+1+T-t+l @ T_t+l _T-t+l
O Tt poc. i | i i O i T | gt gt (T Tt
mli - P At, HooArr Ar r, Ar_, +Ar, I + 4 (b"a ] )
+7
2 2
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Finally, the discretized Pennes bioheat equation for the Crank Nicholson scheme is given by

+ é/ + + + +l t+
(yj —1)Tjt11+(A—f[+2+5jﬁ} LTS 1—(yj +1)Tjt+11—5jﬂ} Tt =
, (4.8)
g .
:(1_71)Tjt—1+(j_2‘5j:3} T +(71 +1)Tjt+1 +6,BTy.a 9, (q:n,lj +qrtn,i)
Ar?. + Ar? Ar? .+ Ar? Ar> +Ar? .
where ¢ = pc it 25 B TR gy, 2 @ 26T ith @ equal to 1 for
oo k, J 2k, T2 Ar AT

polar coordinates and equal to 2 for spherical coordinates. For Ar, , = Ar; =constant, this

equation is further simplified.

The Pennes bioheat equation (4.8) is applied for every not fictitious j-node while the
corresponding nodes j-1, j+1 may be regular or fictitious nodes in the same tissue layer. It is
important to mention, here, that it is applied for both spherical and cylindrical elements with
the difference that w is equal to 1 for polar and 2 for spherical coordinates The nodes, regular

and fictitious, are described in Section 4.2.

4.2  Interface boundary condition

The formulation of the interface boundary condition is made by inserting to the model
fictitious nodes. In general, there is no node on the interface. Instead there are regular nodes
before and one after the interface. To be more specific, a schematic of the regular and fictitious
nodes at the interface can be shown in Figure 4.1. The regular nodes are full (black) and the
fictitious are empty inside (white). The j-node is the last regular node of the left tissue layer (for

now call it j-layer) and the (j+1)-node is the first regular node of the (j+1)-layer. An imaginary

node (j+1)" with the properties of the j-layer and an imaginary node | with the (j+1)-layer
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properties are assumed. Note that Ar,_,, denoting the distance between the node j-1 and j, is

equal to the distance between j and ( j +1)", Ar; and, similarly, the distance between j" and
J*1,Ar;., is equal with the distance between j+1 and j+2, Ar, ,, but mostly Ar; =Ar,.. The

boundary interface condition is formulated by equating the heat flow rate from the node j to

(j+1)" with the heat rate from j" to (j+1).

interface

i jt1 j+2

(j+1)"

Figure 4.1 : Interface schematic of regular and fictitious nodes

4.2.1 Cylindrical coordinates

For cylindrical coordinates, the heat flow rate between two points Q, ., (W) (as presented

in Appendix A) is calculated by

Q'Hz=—kA(r)z—I=—<ohk@ , (4.9)
()

I

h
where ¢ (rad) the angle of the sector and h the height of the cylinder and k (W/(m K)) the layer

thermal conductivity of the layer between ry, r2. Applying (4.9) for j—>(j+1)" and

j”— (j+1) and equating it is deduced that
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(T. —T-) T.-T

Y% j i o
k1 ? :kj+1( “r ‘), (4.10)

In (i+1y |n JjHl

rJ. rj”

where (—psh) was eliminated. As two additional unknowns have been inserted (two imaginary
nodes), one more equation is needed. This is taken by the fact that the temperature on the
interface Tirz has to be common. It is proven in Appendix A that in a cylindrical shell the

temperature at radius r, whenr, <r <r,, can be calculated by

T.In (rj -T,In [rj
T(r)=T,= . d (4.11)

Applying Eq. (4.11) for j—(j+1)" and j”—(j+1) for the common point of interface, and

equating results to

(4.12)

Thus, Eq. (4.10) and Eq. (4.12) are applied for the imaginary nodes (j+1)" and j"

respectively.
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4.2.2 Spherical coordinates

Similar work is done in the spherical elements. The heat flow rate between two points

Q,,, (W) for a spherical shell with thermal conductivity of k and spherical shell surface area

A(r)=2¢r? is proven in Appendix A to be calculated by

_— dT T,-T,
Qlﬂz——k-A(r)-W —2<ok£_1 : (4.13)
L o

where ¢ (rad) the angle of the sector. By equating the heat rates between points j — ( j +1)"

and j”—(j+1) itis found that

1 1——2¢Skj+l'1—’1*l. (4.14)
G I, Na Ty

Of course, (-2¢s) is eliminated. The second equation is obtained from the common interface

temperature (Tit (in °C)). The temperature at radius r in a cylindrical shell, where r, <r <r, is

proven in Appendix A to be calculated by

T -rT, T, -T
T(r):T :rz r r1 r1+ n r

r

. 4.15
nr T T (4.15)
nn

Applying (4.15) for points j—(j+1) and j”—(j+1) for the common point of interface,
results to

r T .—-r i . — —
G e 0 T Bl T T T T (4.16)
T, fe T M= e Tic
(j+1)" i Cife j+l J =
i r-(jJrl)" rj” rj+l
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Then, Eq. (4.14) and Eq. (4.16) are applied for the imaginary nodes (j+1)" and j"

respectively.

4.3 Core boundary condition

The heat fluxes gircs result from Eq. (4.9) and (4.13) for cylindrical and spherical

coordinates respectively as [11]

and
—k Ti _TJ'+1
qifc -y 2 2 !
[
r. r

] j+l

where for the core node j=1. For the core boundary condition, Eg. (3.36) is used.

(4.17)

(4.18)

After, discretizing the core boundary equation and using the Crank Nicholson method

the discretized equation at the core node reads as

S S
(% + 5cﬂ}+l + Z(¢S )JT]t+l - Z((osTjnext,s ) - é‘clg;JrlTbtﬁ; =
s=1 s=1

S

S
- (% B 5Cﬂ} N Z(gﬂs )]Tjt + (gDSTjnext,s ) + 5cﬂjFTbtl,a + 50 (q:l1+:lj + q:nj )
s=1 s=1
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2 r'next,s:l
27r, In[ ! . J
g = % — Py,
where in cylinders :
r.
7Z'rj2 In{ Jnext,s—lJ
S, = i
C k]
1 1
47Z'rj [r_r. t _l]
¢, = J3k e PiC;
and in the sphere (head) :
27rrj3[lil—r ! J
5 _ j jnext,s=1
¢ 3k

The subscript “c” denotes the core, while r is picked for s=1 which does not affect the

jnext,s=1

solution since r. r

next.se1 = Fjnotsco =+ =T It would be useful, also, to note that the node

jnext,s=S *
Jnext,s can be the imaginary node if the core layer has only one node. The only element in

which the core contains more than one node is the head element (Table 2.3).

Figure 4.2 : Representation of the core boundary condition nodes
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4.4 SKkin boundary condition

It is assumed that the heat loss from the skin 0 (W/mz) equals the heat flux due to

conduction ¢ (W/mz) reaching from the sector last regular node j to the skin and for cylindrical

elements can be calculated by

r, In| =<

h
with j being the sector last regular node k; the thermal conductivity of j node and Ts the skin
temperature at radius rs such that r, =r; +Ar; /2. The temperature Tsc can be calculated for

J

cylindrical layer-shells by using Eq. (4.11) resulting in

Ty = : (4.21)

with j being the sector last regular node and j+1 the next (imaginary) node. By combining the

equations (3.37), (3.38), (4.20), (4.21) the discretized boundary conditions for cylindrical

elements is
|n rsik |n rsik In rsik
k; oy %) J
L -—— ‘ T+ SR J T
I I r. r. r. I
Ty |”[Sk] In| —2 Inl —— |R Inl ——|R. r, In| —2 , (4.22)
rj r. ] r' ] IT r. ” IT sk r‘ )
i (i+1) (i+1) i (i+1) (i+1)
_ Psc — Pair _T_o
Re,IT I:QIT
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where Rir and Re,ir are described in Subsection 3.3.5, pair is described in Subsection 3.3.3 and

To in Subsection 3.4.3.

For the spherical element, similarly, the heat flux due to conduction from the sector last

skin
interface

Figure 4.3 : Representation of the skin boundary conditions nodes

regular node j to the skin is

(4.23)

with T« the skin temperature at radius rsc such that r, =r, +Ar, /2. The temperature Ts as

function of T, andT(H)" for a spherical shell (using Eq. (4.15) ) can be calculated by

r( '+l)"T( 1)’ - jTJ i (i+)’
T, =4 U U (4.24)
r , =T r-s,k r-sk
(=) .

Finally, by using equations (3.37), (3.38), (4.23), (4.24) and the fact that r, =r, +Ar; /2, the

discretized core boundary condition for spherical coordinates can be calculated by
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r
K; [1_ J ]_ S ) K; Lt
2r. 2r,R. |’ 2r. R (j+2)
rsi Ll_l} sk sk N7 s rsi Ll_lj T . (4.25)
U I o |
psk palr To
Re,IT RIT

4.5 Blood arterial and blood pool temperature analysis

The blood arterial temperature of each element given by Eq. (3.14) is analyzed and calculated
by the approximation

J
bl pzﬂJVJ hxzﬁjViTJ

T = , (4.26)

| +Zﬁ Zﬁjvj[hx+iﬂjij

where J is the element number of nodes. The blood pool temperature Thip (°C) having a unique
value and is a function of all the node temperatures indicating the contribution of the circulatory

system to the human heat transfer. It is calculated by [11]

E zﬂel e,] J.e
Z J J.e 'Zﬁe,jve,jTe,j
) Z eJ eJ .

Tb|,p: 2
E [Zﬂej ejj
z J J.e
“1h +Z e, eJ

, (4.27)

where J.e is the number of nodes of the e-element and E is the number of elements. The

equation can be rewritten as
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2
E Z e Ve e E (Z'BQJEJJ
Z 'Zﬂe,jve,jTe,j _Z Top=0. (4.28)
i h +Z eJ eJ ’ h +Z ej ej

The temperature Tyia is used in the calculation of both the bioheat equation and the core
boundary condition. Thus it is necessary to be appropriately discretized. The temperature Thip,
as a unique value for the whole body, is imported as an additional unknown temperature and

for this current work T, o= Tionsa-

By substituting the Eq. (4.26) into the bioheat equation, the

coefficients of the unknown temperatures are accordingly modified and one more unknown is

added. Thus, for every i-node that the bioheat equation is applied, the coefficients bl; of the

Bloodmat will be formed as
bl, =6, ; 8.8, +S5.5.8V,B,. (4.29)
for every j regular node,

bl

Il
o

(4.30)

for every j imaginary node and

bl=—" 55 (4.31)

for j=N+1, where
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where N, e is the number of nodes of the e-element and &

cr, ij

is the Kronecker delta and is equal
to 1 when i =] and equal to 0 when 1# ]. Similar work is done in the core boundary equation.
The system of linear equations is completed with the equation for T, =~ which includes

all the nodes of all body elements. Eq. (4.28), is accordingly modified and the coefficients bl

of the Bloodmat for i = N +1 are given by

N.,e
Zﬂnvn
- N e ﬂjvjl forJ:]-,Z,...,N
h.+) BV,
bli:N+1,j = N.e 2 (4.32)
E (Zﬁe,nve,n]
Z nN,e ,forj=N+1
) hxe+zﬂe,nven
and Bmat, =N+ T O :

4.6 The mesh and equation application

The FDM mesh along with the applied equation are presented in detail. The nodes can be
either regular or imaginary. The imaginary nodes are useful in the solving procedure and are
not concerned as actual body temperatures. Although they can be omitted by combining some
equations, in the present work they are preserved. The mesh presentation will be through an

example of a particular element used, although the same strategy is followed for all elements.

In Figure 4.4, a schematic of the neck element is presented. It is important to note that the
actual size of the tissues is not kept in order to have better clarity. For instance the fat and skin

tissues are much narrower. However, the node sequence is preserved. Every layer has different

47



color and the dashed line separates the element into two sectors of 180° : the anterior and

posterior sectors. For every sector a 1D mesh is shown, where the full (black inside) points are

regular nodes and the empty (white inside) points indicate imaginary nodes.

Within a layer, if the layer has a width of W (in m) and there is a number of regular nodes
N (Table 2.3) the distance between the nodes of this layer dr (m) is fixed and calculated by
dr =W / N . All the nodes (regular and fictitious) are equally spaced, while the first regular node
is at distance dr /2 from the interface of between the current and previous layer (if existed).

For the core layer the node is considered to be on the interface of the core and next layer.

For every interface, except for the last skin surface, there are two imaginary nodes; one
for the “left” layer with its properties put into the “right” layer and one with properties of the
“right” layer put into the left. For the skin surface there is one imaginary node considered to be

at distance dr /2 outside the skin surface.

The first node of every element is the core node. Then, if there are more regular nodes
are numbered consecutively. For every interface between layers the imaginary node of the
previous layer is numbered first and then the imaginary node of the following layer is numbered.
The imaginary node of the last layer is the last for the sector. The numerating is continued to
the next sector from the first node after the core node (the core node is common for every sector

of the element). Note that there must be some symmetry between the meshes of each sector.

4.7 The linear algebraic system

For the human heat transfer problem to be solved with FDM, a linear system of equations

IS going to be solved as
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[Ave ]<N+ M

1)x(N+1)

LTJ(NA)A :LBmalJ(Nﬂ)ﬂ )

where N is the number of all the nodes of the problem and the (N+1) equation refers to the
additional unknown temperature Thip Which is regarded as unknown. The T vector includes all
the N node temperatures plus the Ty p temperature. The matrix Amat includes the coefficients of
the unknowns for each linear equation and the vector Bmat the known right hand side. The matrix
Amat 1S the summation of Bloodmat and Conductionmat. The Conductionmat is calculated once and
is going to include all the coefficients constant with time and thus not changing with iterations.
The Bloodmat includes all the temperature coefficients that change with time; such coefficients
are influenced by the energy equivalent £, the heat transfer coefficients he, hr and thus Re,r, Rit,

etc. and therefore it is changing with time.

The formulation of linear system of equations for the FDM is presented. For each regular
node except for the core node (for this example j =4,5,6,7,10,11,14,15,16, 17, 21,22, 23,24,
21,28,31,32, 33,34) the Pennes bioheat equation (4.8) is applied in which the previous and
following node temperature (might be imaginary node of the current layer) are included. For
the two imaginary nodes (j=2,3,8,9,12,13,19,20,25,26,29,30) before and after each
interface two equations are needed. For a cylinder, equations (4.10) and (4.12) are applied,
while for a sphere, equations (4.14) and (4.16) are used. For the core node ( j=1) the core

boundary condition, Eq. (4.19), is applied just once for each element with careful selection over
the constants used for cylinders or the sphere. Note, that this equation involves all nodes that
following the core node for every sector. For the last imaginary node of every sector skin layer

(j=8,35), inthe cylinder case, Eq. (4.22) is applied, while in the sphere, Eq. (4.25) is selected.

Finally, the linear system is completed with the Eq. (4.28) referring to Toi,p.
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It is noted that in Figure 4.4 the distance between nodes 6 and 7 is the same with the distance
between nodes 7 and 8. Node 8 is drawn next to node18 because the specific distance between
these nodes is much larger than the distances between the nodes of the next tissues, the width

of which is much smaller than the width of the second tissue.

Figure 4.4 : Schematic view of the neck element.
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5 Model verification and results

Following the analysis of the Fiala Model some benchmark problems are solved to validate the
correctness and accuracy of the developed code. They include two single-layer and two multi-

layer problems for specific body elements.

5.1 Single-layer elements

Two single-layer elements are considered. One is cylindrical and the other one is

spherical. It is assumed that they consist of one uniform layer (tissue).

5.1.1 Single-layer cylindrical element test

The first test is conducted in one cylindrical element, representing a leg element. The
cylinder’s inner core is at radius of 2.2 c¢cm, the outer (skin) radius at 5.48 cm and the tissue

between is a homogenous muscle tissue. The muscle tissue has the following properties:

o Density p=1085 kg/m? ,
o thermal conductivity k =0.42W/(mK)
o heat capacity ¢=3768 J/(kg K)

o blood perfusion rate of w,, =0.001s™

The initial cylinder temperature is T=0°C and no blood flows into the element. The

surrounding air temperature and mean radiant temperature areat T,, =T, =0°C . Attime t=0

s, blood starts to flow with a steady and given temperature of T, , =37°C enabling heat flow
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from the core, while extra metabolic heat is produced in the muscle tissue of g =600 W/m?.

As a result, the temperature of the cylinder rises and converges in a steady state value. The
temperature inside the muscle tissue is not uniform. It is significant to mention that in [11] a
comparison is presented with the analytic solution of the bioheat equation introduced by

Eberhart. In this test the convective and radiation heat transfer coefficient are taken as

h,=5W/(m*K) and h, = 0. Finally, the irradiation and sweat evaporation are switched off.

This test is simulated with 35 nodes, as shown in Figure 5.1. The first core node is at

radius r, =0.022 m with the rest of the nodes equally spaced with Ar =0.09791 cm so that the

skin radius (at r, =0.0548 m) is in the middle of the 34" and 35™ node radius.

For the first core node the core boundary condition (4.19) for cylinders is applied with

j—L jnext,1—>2 as

(% +S 5"+ ¢1JT1H1 T, - 5cﬂ1t+lTbtlJ,r; = (% ~6.p -~ ngjTlt +o T, + 5cﬂ1tht|,a +0, (qfﬁ + qrtn,l)

with

27z’ In(r, /r, zr2In(r, /r ) R
=1 \2u) ( 2/ 1)plcl,5c =1 21 ( 2/ l) N :27T,ﬁ1t = Py Gy ngl,l'Tbtl,; =Tbtl,a =37°C vt.

¢, " "

For the last (35™) and imaginary node the skin boundary condition Eq. (4.22) for

j—>34and (j+1) —>35as




h_i_i 1 dm M

Re,IT Ho Ask dt Re,sk
Where RIT = ]/h’ Re,IT :]7/( La hc)’ pair =RH pair,sat’ p3k = 1 1 '
Re,IT Re,sk
dm,,

=0 and T, =0°C because the irradiation is switched off and T,, =T, =0°C.

mrt

For every other node between — assume j — the bioheat equation (4.8) is applied for polar

coordinates and given by

(7, -7 +[%+ 2+0, ,B}”]Tj”l —(7,+YT}H = 8,8 s =

j+l

=(1_7/j)Tjt—l+(i_i_2_5jﬂ;JTjt "‘(71 ) ]+1+5 ﬂthtI at (ql:r]i +qm ])

2 2 2 2 2 2
for j=2 3 ...34 where C=pe Ary, +Ar;] s A + A _ﬂArH+Arj
P TP T O T Vi T o o A

k. 2k. 2rj Ar;_, +Ar,

J J

Bi = Poi Cot W and On,; = 600 wW/m?, vt.

The temperatures shown in Table 5.1 are for steady state conditions and from three

nodes, the inner core temperature at r,, the outer skin temperature at r, and a node between at
I, =0.0493 m. The results are, then, compared with the results of Fiala [11]. Note that the

node at r

ww =0.0493 m is selected for comparison reasons and it is not a mesh node. Its
temperature is computed via Eq. (4.11) using the nearest node temperatures i.e. nodes 28 and

29 and is given by

rng Ml L T -T

128 g
r

btw_r

o

r29 I’28 _btw

r‘28 r29
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An important feature of Fiala Model is that it predicts the transient behavior of
temperatures of the human body i.e. the temperature rate of change before coming to a steady
state. Consequently, it is crucial to verify that the transient problem also works fine. Table 5.2,
Table 5.3 and Table 5.4 show the results for core, skin and the node between respectively of
both the Fiala Model and the present work for comparison reasons. Very good agreement is

obtained.

To better visualize the temperature changes through time, Figure 5.2 presents the
comparison between a) the temperature results of the present work with the analytic solution of
the Eberhart bioheat equation and b) the Fiala results with the same analytic solution [11]. Also,
the steady state temperature distribution is presented in Figure 5.3 in which only the

temperatures of the regular node plus the skin temperature are considered.
With this test conducted we have been able to verify

o the convergence of the finite difference method

o the accuracy of the core boundary condition in cylindrical coordinates (for cylinders)

o the accuracy of the outer skin boundary condition in cylindrical coordinates (for cylinders)
o the heat transfer within a homogeneous tissue in cylindrical coordinates (for cylinders)

o the transient temperature results for the equations discretized in cylindrical coordinates
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Radius [cm] 2.2 4.93 5.48
Fiala Model [°C] 36.85 34.0 32.65
Present Work [°C] 36.87 34.3 32.58

Table 5.1 : Comparison of steady state values for the single-layer cylindrical element test with

corresponding results in [6]

Time
[min] 10 20 30 40 50 60 70 80 90 100
Fiala
Model | 16.3 | 25.38 | 30.46 | 33.3 | 34.88 | 35.74 | 36.24 | 36.48 | 36.62 | 36.73
[°C]
Present
Work | 159 | 25.11 | 30.32 | 33.23 | 34.86 | 35.76 | 36.26 | 36.53 | 36.68 | 36.77
[°C]

Table 5.2 : Comparison of cylinder core temperature for single-layer cylindrical element test
with corresponding results in [6]

Time
[min]

10

20

30

40

50

60

70

80

90

100

Fiala
Model
[°C]

15.25

23.23

27.52

29.86

31.08

31.8

32.17

32.42

32.48

32.59

Present
Work
[°C]

14.64

22.9

27.33

29.72

31.02

31.73

32.12

32.33

32.44

3251

Table 5.3 : Comparison of outer skin temperature for single-layer cylindrical element test with

corresponding results in [6]

Time 10 20 30 40 50 60 70 80 90 | 100
[min]
Fiala
Model | 15.87 | 24.27 | 28.79 | 31.28 | 32.61 | 33.37 | 33.74 | 33.96 | 34.09 | 34.18
[°C]
Present
Work | 15.25 | 23.99 | 28.69 | 31.25 | 32.63 | 33.39 | 33.8 | 34.03 | 34.15 | 34.22
[°C]

Table 5.4: Comparison of temperature of a node inside the cylinder (r=4.93cm) for single-layer

cylindrical element test with corresponding results in [6]
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Figure 5.2 : Schematic of the homogeneous cylinder mesh

(a) (b)

Figure 5.1 : Comparison of the analytical results for a cylindrical element in [11] with (a)
the present results and (b) the Fiala result

Figure 5.3 : Steady state temperature distribution in the annular cylinder
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5.1.2 Single-layer spherical element test

The second test is conducted in one spherical element to verify the equations of heat
transfer equation and boundary conditions in spherical coordinates. In this test, a spherical
element is made up of brain tissue with an outer radius of 10.3 cm and an inner core radius of

4 cm. The tissue inside the sphere is uniform and has the following properties:
o density p =1080 kg/m?,

o thermal conductivityk =0.49W/(mK)
o heat capacity € =3850 J/(kg K)

The metabolic heat production and blood perfusion rate are equal to zero (q,, =w,, =0). Thus

the arterial blood temperature does not influence the solution whatsoever. Initially, the sphere

is in a homogeneous temperature T,

initial

=37 °C. The temperature of the surrounding

environment is at 0 °C which means that because there is neither heat production nor blood

perfusion the sphere temperature is expected to constantly being decreased till it reaches zero
degrees Celsius. The (overall) surface heat transfer coefficient is imposed to h=20W / (m2 K)
, While the irradiation and sweat evaporation are switched off.

For the single-layer spherical element test 15 nodes were used. The first core node is at
radius r, =0.04m and the rest of the nodes were equally spaced with Ar =0.4666cm so that

the skin (r, =0.104m) is in the middle of 14™ and 15" node.

For the first core node the core boundary condition (4.19) for spherical coordinates is

applied with ] —1, jnext,1—2 as
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(% +S,5" + (olelHl T, - 5cﬂ1t+lTbtlJ,ral = (% ~S.B - ngjTlt +o T, + 5cﬂ1tht|,a +0, (q:nq + qrtn,l)

, Bl=q,=0,Vvt, ¢ =27 and At=300s.

For the 15" and imaginary node the skin boundary condition Eq. (4.25) is applied with

j—>l4and (j+1) —15 as

k14 ( r14 J— "14 - r15 k14 _|_i T. = psk B pair To
14 15 A )

r2 [1—1] 20 ) 2T4Rn 21, r2 [1_1] Rir Rerr Rir
sk K

e T i Na T |

pair ﬂ, idmsw + ps,sk
- Ry MOA dt Ry
with Ry =1/h, R, =1(Lh), Ps=RH Py, Pu= 1 |
Re,IT Re,sk

dm,, _ 0 and T, =T, =T, =0°C. Irradiation is switched off.

For every other j node the bioheat equation (4.8) is applied in spherical coordinates:

e +1 bl,a
At J J

(7, -7 +[§j +2+6, ,B}”]Tj”l ~(7, +YT}H =8,8 T2 =

=(1-7,)TS, +(i—f{—2—5jﬂ}jT; +(ry + DT g+ 6, BT, + 5 (a5 + 0y )
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: Ar?, +Ar? Ar?, +Ar? Ar?, +Ar?
with ¢ =pc, 21 | 5=, @ T

kj J. 2rj Ar;_, + AT,

, w=1, At=3005s and

ﬁlt = Qrtn,l =0, Vt.

A comparison between the calculated temperature values at the inner core node, the skin

node and an interior node by the Fiala Model and the present work are presented in Table 5.5,

Table 5.6 and Table 5.7 respectively. The interior node is at radius r,,, = 0.075 m. For this test

btw

(depending on the mesh) is not necessary that there is a node at r,, =0.075m so the

btw
temperature for that radius is calculated by Eq. (4.15) using the information of the nearest nodes

8 and 9 as

~ T, — 1T,

I

T -T
+ 8 9

. .
" rg_rs rbﬂ_rbﬂ

The comparison of the present results with the analytic solution for sphere by Gréber

and of the Fiala results with the same analytic solution [11] is presented in Figure 5.4.

This test has been conducted to verify the accuracy of the present work at the
formulation of the equations in spherical coordinates and to partially test the code. More
specifically, the accuracy of the following characteristics of the present work have been

verified:

the accuracy of the core boundary condition in spherical coordinates (for spheres)

o

the accuracy of the outer skin boundary condition in spherical coordinates (for spheres)

o

o

the heat transfer within a homogeneous tissue in spherical coordinates (for spheres)

the transient temperature results for the equations discretized in spherical coordinates

o
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For the inner core node temperatures, the comparison is presented in the table below

Time
[hours]

Fiala
Model [35.98 31.455.8420.7116.42[13.0310.29/8.08 [6.35 [5.01 |3.96 |3.09 |2.43|1.96 [1.61 [1.13

[°C]
Present
Work [36.3831.8425.86[20.45[16.0112.49|9.73 |7.57 |5.89 |4.58 |[3.56 [2.76 [2.14 |1.66 {1.29 [0.99

[°C]
Table 5.5 : Comparison of the inner core node temperature for single-layer spherical element
test with corresponding results in [11]

1 2 3 4 5 6 7 18 (9 |10 |11 (12 |13 |14 |15 |16

Time
[hours] 1 2 3 4 5 6 7 8 9 |10 |11 (12|13 |14 | 15| 16

Fiala
Model [15.26(10.70| 8.00 | 6.22 | 4.84 | 3.81 | 2.94 |2.33|1.79|1.40|1.07|0.82|0.60|0.47|0.35/0.29

[°C]
Present
Work |15.26(10.53| 7.83 {5.99 | 4.62 | 3.59 | 2.78 |2.16(1.67(1.29|0.99|0.77|0.59(0.45|0.34|0.26

[°C]
Table 5.6 : Comparison of outer skin temperature for single-layer spherical element test with
corresponding results in [11

Time
[hours]

Fiala
Model |30.67|23.35(18.06|14.12(11.11| 8.68 | 6.88 |5.42|4.25|3.28|2.62|1.96|1.52(1.22|0.93|0.72

[°C]
Present
Work [29.73|22.12|16.91(13.07|10.15| 7.88 | 6.13 |4.77|3.71|2.88|2.24|1.73|1.34{1.03| 0.8 |0.61

[°C]
Table 5.7 : Comparison of interior node temperature for single-layer spherical element test with
corresponding results in [11]
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(a) (b)

Figure 5.4 : Comparison of the analytical results for a spherical element in [11] with (a)
the present results and (b) the Fiala results
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5.2 Multi-layer elements

Towards the aim of creating a model simulating the whole passive system of human
body heat transfer, more tests must be conducted to verify and validate the present work. The
next two tests regard the simulation of individual elements. These elements are simulated as
multi-layer elements with all tissues and associated properties and data according to Table 2.3.
In each case two simulations are made: one with an assumption of a steady and given blood
pool temperature at 37°C (Simulation A) and another one without this assumption where the
blood pool temperature is part of the solution procedure (Simulation B). In both simulations the
blood pool temperature is equal with the arterial blood temperature because the countercurrent

heat exchange coefficient is zero (h, =0).

5.2.1 Spherical element: head

The head element is the only element in which the first layer outer radius, at 8.6 cm, is
not considered to be the core radius. It is assumed that there is an inner core at 4 cm at which
the temperature of the hypothalamus is calculated. To be more specific, a multilayer sphere —
presented as head, with an outer radius of 10.4 cm, is exposed to an environment with neutral
conditions according to Table 3.2 and the metabolic heat produced is equal to the basal one.
The layers are made up as follows: the first layer by the brain tissue with outer radius of 8.6
cm, the second layer by the bone tissue with outer radius of 10.05 cm, the third and fourth layers
by the fat and skin tissues with outer radius at 10.2 and 10.4 cm respectively. The tissue and
node properties and factors are given in Table 2.3. In Figure 5.5 the head element with all nodes
(regular and fictitious) are presented in detail. The sequence of layers and nodes is exact, but

the ratios are not for intelligibility reasons.
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Next, it is useful to present in detail which equations is applied to each node. The first

layer of the element is the brain layer.

The first node is the core node located at the inner core interface. For this node Eqg.

(4.19) is applied for spherical coordinates with ] —1, jnext,1— 2, jnext,2 —21.

(i_ +6, ﬁM ((01 2 )]Tlm - ((011-2t+l + (Dsztfl ) - §cﬂ1t+lTbtl+; =

(é} N (¢1+¢’2))T1t +(golT2t +¢2T2tl)+5ﬂt-rbtl a (ql:rilL—l_qml)
4rr? (1 - 1j 27K [1 - 1]
. r r r r
with ¢ =——>>—2%pc, §=—7—22 | At=60S, k =049W/(mK),
c, =3850 J/(kgK), p,=1080kg/m®, w,,, =10.1320-10°s™,q,, =13400W/m*,

=7/18 and ¢, =177/18 .

For nodes 2, 3, 4, 5, 21, 22, 23, 24 the bioheat equation (4.8) for spherical coordinates

is applied for j —2,3,4,5,21,22,23,24 as

j+1

(7, —l)TJ.‘_*ll+(i—i+2+5jﬂ;*lJTj”l—(y +UT5=8,8" T =
:(1—yj)T;_1{%—2—5]@?};+(yj+1) T+ 0BTy +6, (a0 +ah;)

: Ar’, +Ar? Ar’, +Ar? Ar?, +Ar?
with ¢, =pC;- J—lk i 5,':%!7/]:22#’ w=2, kj=0.49W/(mK),
j j r Ar_ +Ar,

p; =1080kg/m®, c; =3850 J/(kg K), W,,;=10.1320-10"°s",q,, ; =13400W/m°

For nodes 6, 25 the first interface boundary equation (4.14) is applied with

j—5,24,(j+1) —6,25, j"—7,26,(j+1)—8,27 as
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-, T, T-To , Too—T

5 6 __ 7 8 24 25 26 27
R R s U R U O R §
6 5 8 r‘7 r25 r24 r-27 r26

For nodes 7, 26 the second interface boundary equation (4.16) is applied and again
j—5,24,(j+1) —6,25, j"—7,26,(j+1)—> 8,27 respectively.

rsTe — I’5T5 Ts _Te _ _ rsTs — r7T7 T7 _Ts
+ - Tifc - +
=t [ _frc A

., 7 s

r14T14 — r13T13 + T13 _T14 =T
r r - Tifc
I

_ r16T16 — r15T15 + T15 _T16
LGt

r14 - r13 ifc C |’16 - r15 ifc ifc

if I
13 r14 r2I.5 r16
For nodes 8, 9, 27, 28 the bioheat equation (4.8) is applied with | —8,9,27,28.

4 é, + + + T U
(71 —1)Tjt—11 +(Klt+2+5iﬂ; T 1_(7/1_ +1)Tjt+11_5113} Tia =

t+1

= (1_7’1 )Tjt—l {%_2_51:3}]T1t +(7/,— +1)Tit+1 +0,8iToia + 6, (qm,j + q;u')

2 2 2 2 2 2
with ¢ = p.c. M S = Ar, + Ar; _ =£Arj—l+Arj
R k ) T o AT+ AT
i j i Bl j

,0=2, k, =1.16W/(mK),

p; =1500kg/m?®, ¢; =1591 3 /(kg K), W, ,; =0, q,,; =0

For nodes 10, 29, Eq. (4.14) is applied Withj—>9,28,(j+1)"—>10,29,

j"—11,30, (j+1) »12,31.

Tg TlO _ Tll T12 T28 T29 T3O T3l
1 1R 1 oy 1R 1
r10 r9 rlZ rll r29 r28 r31 r30
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For nodes 11, 30, Eq. (4.16) is applied for j—>9,28,(j+1)"—>10,29,

j"—11,30, (j+1) »12,31.

r10T10 — I’ng Tg _Tlo =T. = r12T12 — r11T11 T11 _T12
A i

ho=Tfo Tt Jitc hp=hy T Jitc

9 r;I.O r;I.l r12

Foolog — ool T,.-T. | (0 DR o T,, —T.
29 ' 29 28 28+ 28 29 :T — 31731 30 30+ 30 31

ifc
Tie _ e R EN Tie _ fre

g — I
PRI P o I

For nodes 12, 13, 31, 32, Eq. (4.8) is applied for j=12,13,31,32

4 é, + + + HT
(71 _1)Tjt—11+(A_;:+2+5iﬂ; YT l_(?/j +1)Tjt+1l‘5jﬂ}' Ta =

t+1

= (1_7/1 )Tjt—l {%_2_51:3}JT; +(7/1 +1)Tit+l +6BiToia 9, (qm,j + qrtn,i)

2 2
_ ﬂ Arj—l + Arj

2 2 2 2
Ar’, +Ar; 5 Ar, + AT, _
2r; Ar;_; +ATr;

J

,@0=2, k; =0.16W/(mK),

p; =850kg/m®, ¢; =2300 J/(kg K), w, ,; =0.0036-10°s",q,, , =58 W/m®

For nodes 14, 33, Eq. (4.14) is applied forj—13,32, (j+1) —14,33

j" —15,34, (j+1) —>16,35.

k T13 _T14 -k T15 _T16 k Tsz _Tss —k T34 _Tas
l3i_i 16i_i 32i_i SSL_L
hy I he I fx Iy s Iy

For nodes 15, 34, Eq. (4.16) is applied forj—>13,32,(j+1)"—>14,33,

j” 15,34, (j+1) —>16,35.
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Mol —NsTis + T—-Ty — MeTie —NsTis + Ts—Tie

=T
s = s r'i & e — s I’,i I‘,i
s Iy s g
r33T33 — I‘32T32 + T32 _T33 =T = r35T35 — r34T34 + T34 _T35
ls — 1l & _ & * F35 — I3y I‘,l _ I‘,l
PR YR o

For nodes 16, 17, 18, 19, 35, 36, 37, 38, Eq. (4.8) is applied for

] —16, 17, 18, 19, 35, 36, 37, 38.

4 é, + + + T U
(71 —1)Tjt—11 +(Klt+2+5iﬂ; T 1_(7/1_ +1)Tjt+11_5113} Tia =

= (1—7/j )Tjt_1 +(%—2—5j,6’}]T; +(7/j +1)Tj‘+1 + 51.,B}Tbt,’a +0, (qrtn”J + qfn’j)

with & = M S _ AR, +Ar o A} +Arf
&1 =PI r 9T Vi T T T T
K. 2k. 2r; Ar_, +ATr;

J J

, =2,k =0.47W/(mK),

p; =1085kg/m?, ¢, =3680 J /(kg K), W, ,; =5.48-10°s,q,, ; =368 W /m®.

Then, for nodes 20, 39 the skin boundary condition for spherical elements Eq. (4.25) is

applied with j —19,38 and (j+1)" —20,39.

Ky ( LT j_ No g [P Ko +i T, - Po— P, T,
rszk [1 _1j 2r5k 2rsk Ry 2rsk rsi (1_1J 1l Re IT R

TR i e I, |

k38 (1_ r38 j_ e T, - fso k38 +i T39 = p—Sk — Pair _T_O
rsi [1 _1j 2l’sk 2rsk Ry J 2rsk rsi [1 _1j Rir Re,w R

LETR L g Ty |
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Finally, the 40" equation that completes the linear equation system Eq. (4.28) is applied

for the blood pool temperature Tyip as

2
1 Z’BGJ e 38 1 (Zﬂej EJJ
Z ZﬂeJeJeJ Z Tbl,p:0
) h +Z eJEJ : ¢ h +z ejej

where only the regular nodes are considered for this equation.

The code converges well in both simulations A and B. When the blood pool temperature
(Thip) is part of the solution (Simulation B) the time elapsed untill steady state conditions are

obtained is larger than the corresponding one when the steady blood temperature T,, = =37°C
is assumed (Simulation A). In Table 5.8 and Table 5.9 the steady state temperatures of all nodes

for both simulations are presented while in Table 5.9 the steady state steady state blood pool

temperature for the Simulation B is also presented.

It is noticed that the temperatures in Simulation B are unnaturally high but this is due to
the fact that the brain tissue, according to the model, produces a great value of basal metabolic
heat of 13400 W/m® . It is expected that when the passive model of the whole body is considered
the temperatures will be significantly lower. It is important, to note that in a simulation with a
regular basal heat productivity into the brain tissue the temperatures are constantly decreasing
and if the basal heat productivity is completely switched off the temperatures are steeply

decreasing.

For further clarification, the results of the transient heat transfer problem for three head

points are shown in Figure 5.6 for both Simulations A and B. The three head points are the

hypothalamus (core node) at r =4cm, the node N=9 at I =9.688cm, which is the last bone
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node at the forehead sector and the skin surface node, which since it is not a mesh node, it is

calculated by the Eq. (4.15) for the skin outer radius using the information of nodes N=38 and

N=39.

HEAD

Toip imposed at 37 °C

Sector: Forehead

Sector: Head

Node Radius Tissue Temp.  Comm. Node Radius Tissue Temp. Comm.
[cm] [°C] [cm] [°C]
1 4,000 Brain 37,02 Thy 1 4,000 Brain 37,02 Thy
2 5,022 Brain 37,31 21 5,022 Brain 37,31
3 6,044  Brain 37,34 22 6,044  Brain 37,34
4 7,067 Brain 37,33 23 7,067 Brain 37,33
5 8,089 Brain 37,24 24 8,089 Brain 37,25
6 9,111 Brain 36,46 Imaginary 25 9,111 Brain 36,56 Imaginary
7 8,238 Bone 36,96 Imaginary 26 8,238 Bone 37,00 Imaginary
8 8,963 Bone 36,73 27 8,963 Bone 36,79
9 9,688 Bone 36,53 28 9,688 Bone 36,61
10 10,413 Bone 36,35 Imaginary 29 10,413 Bone 36,46 Imaginary
11 10,013 Fat 36,50 Imaginary 30 10,013 Fat 36,59 Imaginary
12 10,088 Fat 36,37 31 10,088 Fat 36,48
13 10,163  Fat 36,25 32 10,163 Fat 36,37
14 10,238 Fat 36,12 Imaginary 33 10,238  Fat 36,25 Imaginary
15 10,175 Skin 36,20 Imaginary 34 10,175 Skin 36,32 Imaginary
16 10,225 Skin 36,17 35 10,225 Skin 36,30
17 10,275 Skin 36,13 36 10,275 Skin 36,26
18 10,325 Skin 36,09 37 10,325 Skin 36,22
19 10,375 Skin 36,03 38 10,375 Skin 36,17
20 10,425 Skin 35,96 Imaginary 39 10,425 Skin 36,11 Imaginary
10,4  Skin 35,99 Tsk 10,4  Skin 36,14 Tsk

Table 5.8 : Steady state temperature distribution of the head (Simulation A)
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HEAD

Toip Part of Solution Procedure

Sector: Forehead

Sector: Head

Node Radius Tissue Temp.  Comm. Node Radius Tissue Temp.  Comm.
[cm] [°C] [cm] [°C]
1 4,000 Brain 56,15 Thy 1 4,000 Brain Thy
2 5,022 Brain 56,44 21 5,022 Brain 56,44
3 6,044  Brain 56,46 22 6,044 Brain 56,46
4 7,067 Brain 56,43 23 7,067 Brain 56,43
5 8,089  Brain 56,13 24 8,089 Brain 56,17
6 9,111 Brain 53,42  Imaginary 25 9,111 Brain 53,78  Imaginary
7 8,238 Bone 55,15 Imaginary 26 8,238 Bone 55,31 Imaginary
8 8,963 Bone 54,34 27 8,963 Bone 54,59
9 9,688 Bone 53,65 28 9,688 Bone 53,98
10 10,413 Bone 53,06  Imaginary 29 10,413 Bone 53,46  Imaginary
11 10,013  Fat 53,57  Imaginary 30 10,013 Fat 53,91  Imaginary
12 10,088 Fat 53,13 31 10,088 Fat 53,52
13 10,163  Fat 52,69 32 10,163  Fat 53,13
14 10,238  Fat 52,25  Imaginary 33 10,238 Fat 52,75  Imaginary
15 10,175 Skin 52,52 Imaginary 34 10,175 Skin 52,98  Imaginary
16 10,225 Skin 52,42 35 10,225 Skin 52,90
17 10,275 Skin 52,28 36 10,275 Skin 52,77
18 10,325 Skin 52,10 37 10,325 Skin 52,62
19 10,375 Skin 51,87 38 10,375 Skin 52,42
20 10,425 Skin 51,60  Imaginary 39 10,425 Skin 52,18  Imaginary
10,4 Skin 51,74 Tsk 10,4 Skin 52,30 Tsk
56,12 Toip 56,12 Thip

Table 5.9 : Steady state temperature distribution of the head (Simulation B)
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Figure 5.6 : Schematic view of the head element

Figure 5.5 : Temperatures at three head nodes: (a) Simulation A and (b) Simulation B
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5.2.2 Cylindrical element: neck

The second individual body element to be considered is the neck cylindrical element
using all required data according to the Fiala Model, presented in Table 2.3. The neck-element
is exposed in neutral conditions i.e. air temperature, radiation temperature, relative humidity,
air speed, activity level and emissivity of the wall surfaces according to Table 3.2. The cylinder
has an outer radius at 5.67 cm representing skin and its inner core is at 1.9 cm, which is also the
outer bone radius. There are four layers (bone, muscle, fat and skin) two sectors (anterior and
posterior) and 35 nodes. The nodes are distributed as follows: each of the two sectors have 17
nodes plus 1 common node, the core node, which is assumed to have uniform temperature.
From the 17 nodes the 11 are regular and 6 are fictitious. More information for the node
distribution is shown in Figure 4.4, where although the sequence of the layers and nodes is
exact, the ratios are not for intelligibility reasons. Information about the nodes and radiuses are

shown in Table 5.10 and Table 2.3.

Next, the detailed description of the equations used for each node of the neck element

is presented. The first node is the core node and is common for both sectors. For this node Eq.

(4.19) is applied, with j —>1, jnext,1— 2, jnext,2 —>19.

(% * §Cﬂ1t T (¢1 + @, )jT1t+l - ((1711-;r1 + ¢2T1t9+1) B 5cﬁ1t +1TbtlT; -

_ (i_;—&ﬂf (o +¢>2)ij +(aT; + 0Ty )+ 88Ty, +6. (i +ah, )

rjnext,s:l

r.
2t} In( ’”e;"“] r} In( ; J
: L2 pc,, 8, = - L L At=60s, ¢ =7/2, ¢, =7/2,

j i

with £, =

while K, 0,,C;, Wy 0.+ Unpeso,; are given in Table 2.3 for neck bone tissue.



For nodes 2, 19 the first interface boundary condition Eq. (4.10) is applied with

i—>11 (j+1) >219, j"—>3,20, (j+1)—>4,21

k1 (Tz _Tl) _ k4 (T4 —T3) k1 (T19 _Tl) _ kzo (Tzo _T21)
In [EJ In (r‘*j In (rlg] In [50)
I Iy I P

For nodes 3, 20 the second interface boundary condition Eq. (4.12) is applied with

i—>L1 (j+1) >219, j”—>3,20, (j+1)—>4,21

r I I I
T,In ("CJ—TZ |n('f°j T, |n['f°j—T4 |n('f°j
r2 rl ~T. = I rs
In (Gj
r2

ifc — r
In| =
I

r r r r
T,In {”Cj—Tlg In(”"] To In['“j—Tﬂln [”“j
lo L) T P P
= life T
In (rzoj
r21

For nodes 4, 5, 6, 7, 21, 22, 23, 24 the bioheat equation (4.8) is applied and

j—4,5 6,7 21 22, 23, 24.

é’.
t+1 t+1 t+1 t+1 t+1 t+1
(7J. —1)Tj_1 +(A—f[+2+5j,8j T, —(yj +1)TJ.+1 —8 BT =

= (1_7’1 )Tit—l +[%‘ 2‘515;]Tjt +(7’i +1)Tjt+1 +6,8iTya 6, (qrtnfli + O )

Arf_1 +Arj2
— s =
k. 2k

]

2 2 2 2
Vg

W|th .= 0.C. = s
i =P 2r; Arp_ +Ar,

while p;,C;, W, o, Unpeso,; are obtained from Table 2.3 for neck muscle tissue.
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For nodes 8, 25, Eq. (4.10) is applied with j—>7,24,(j+1)"—>8,25,

j"— 9,26, (j +l) —10,27 as
k (Ts _T7) —k (TlO _Tg) k (Tzs _T24) -k (T27 _Tze)
7 [ — ™Mo r 24 r — Ro7 r
In[sj In(“’j In{%j In(”j
I Iy I I

For nodes 9, 26, Eq. (4.12) is applied with j—7,24, (j+1) —8,25,

i"—9,26, (j+1)—>10,27

rifc rifc r-ifn: r-ifc
T, In| = |-TgIn| = TyIn| = |-T,In| =
Is r ~T. = o Iy
ifc —
In(GJ In(rs’j
I"8 r10
r. r r. r
T, In(”“j—T25 In ('“j T, In('“j—T27 In['“j
r-25 r.24 _-I- r.27 r-26
- tifc —
In(rz“j In(r%j
r25 r.27

For nodes 10, 11, 28, 29, the bioheat equation (4.8) is applied with j —10, 11, 28, 29

(7J- —1)T;jj +[§j +2+0, ,B}”]Tj”l _(7J. +1)T.t+1 —5 BT =

. +1 bl,a
At ! !

=(1-7,)TS, +(i—f{—2—5jﬂ}jT; (7 + YT g+ 6, BT, + 5 (a5 + 0 )

2 2 2 2 2 2

with . = p.c. Al + AT S = Al + AT @ Ary, +Ar;
4/1 Pit; 1 I T e —

k; 2k, 2r, Ar,_ +Ar,

J

=1

while p;,C;, W, o i, Unpeso; are Obtained from Table 2.3 for neck fat tissue.
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For nodes 12, 29, Eq. (4.10) is applied using j—>11,28,(j+1)"—>12,29,

j”—13,30, (j+1)—>14,31
(T12 _Tn) N (T14 _T13) (T29 _Tzs) o (T31 _Tso)
k11 - 7 N k14 7 N k28 - k31
|n[rﬂj |n[rl4j |n(r29j In[rﬂJ
M I3 I I3

For nodes 13, 30, Eq. (4.12) is applied with j—11,28, (j+1)" —12,29,

j”—13,30, (j+1) —>14,31

I r r r
T, In (f] ~T,In (f] T, In ('“]—TM In (f)
P My —T. = M4 s
- life T
In (r“J In [r“j
h hq
r r r r
Ty In(“j—ng In(“j T, I ('“J—Tﬂln (”"]
P g —T. = 5 I3
- life T
r29 r.31

For nodes 14, 15, 16, 17, 31, 32, 33, 34, Eq. (4.8) is applied with

j 14, 15, 16, 17, 31 32, 33, 34.

é’.
t+1 t+1 t+1 t+1 t+1 t+1
(7J. —1)Tj_l +(A—f[+2+5j,8j T, —(;/j +1)TJ.+1 —8 BT =

_ (1—yj )T;_l +[%- 2—5Jﬂ;]T; +(yj +1)T;+1 +8,BT . +0, (q:;j. +0h | )

Arfﬁ1 + Arj2 @ Arjzf1 + Arj2
k. 7T Ar +aAr

¢ =Pic J 2r, A, +Ar,

,0=1

while p;,C;, W, o Unpaso,; @re obtained from Table 2.3 for neck skin tissue.

74



Then for the imaginary nodes 18, 35 the skin boundary condition is applied, which is

Eq. (4.22), for j >17,34and (j+1) —18,35 respectively.

In (Qk]
_ _ hy _to
I I ! # r "R, R
r, In [Sk] In {Nj In [7 . In [nj R, I, In[ﬂj e 1
I iy e o) | e e

k34 T psk palr _ T_o
3% =

Wlth RIT =]7/(hc +hr)’ Re,IT =]7/( La hc)’ pair = RH pair,sat *

Finally, the linear equation system is completed with the last equation (4.28) applied for

the blood pool temperature Tpip considering only the regular points as

2
1 ZﬂeleJ 34 1 (Z eje]\]
2 5 Z Ve Tes |- 2 Toip =0.
a +ZﬂeJeJ J Tl +Z BeVe.i

The simulation solves the transient problem with initial element temperatures in both
simulations A and B at 40°C, reaching finally the steady conditions. Again, Simulation B needs
more time until it reaches the steady condition compared to Simulation A, as the blood pool
temperature is influenced by all node temperatures in every iteration. In Table 5.10 and Table
5.11 the steady state temperatures of the head are presented, while the calculated steady state

blood pool temperature is shown in Table 5.11. Furthermore, Figure 5.7 shows the temperatures
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for three points in the neck of the transient problem until it reaches steady conditions. The three
points are the core node, the node N=7 at r=5.015 cm, which is the last (non-fictitious) muscle
node and the skin surface node of the posterior sector. The point on the skin surface it is not a
typical mesh node and its temperature is calculated with Eq. (4.11) using information from
nodes N=35 and N=35. Finally, the unsteady blood pool temperature is presented for Simulation
B in Figure 5.7. The unsteady results give information about the temperature changes that

further supports the verification of the present work.

NECK

Thip imposed at 37 °C

Sector: Anterior Sector: Posterior

Node Radius Tissue  Temp. Comm. |Node Radius Tissue  Temp. Comm.

[cm] [°C] [cm] [°C]
1 1,9 Bone 37,19 Teore 1 1,9 Bone 37,19 Teore
2 2,79  Bone 37,16 Imaginary 19 2,79  Bone 37,16 Imaginary
3 1,455 Muscle 37,23 Imaginary 20 1,455 Muscle 37,24 Imaginary
4 2,345 Muscle 37,16 21 2,345 Muscle 37,16
5 3,235 Muscle 37,06 22 3,235 Muscle 37,05
6 4,125 Muscle 36,88 23 4,125 Muscle 36,87
7 5,015 Muscle 36,58 24 5,015 Muscle 36,56
8 5,905 Muscle 36,06 Imaginary 25 5,905 Muscle 36,03 Imaginary

9 5,435 Fat 36,35 Imaginary 26 5435 Fat 36,33 Imaginary

10 5,485 Fat 36,28 27 5,485 Fat 36,25

11 5,535 Fat 36,20 28 5,535 Fat 36,17

12 5,585 Fat 36,12 Imaginary 29 5,585 Fat 36,09 Imaginary

13 5546  Skin 36,17 Imaginary 30 5,546  Skin 36,14 Imaginary

14 5574  Skin 36,15 31 5574  Skin 36,12

15 5,601  Skin 36,14 32 5601 Skin 36,11

16 5629  Skin 36,12 33 5,629  Skin 36,08

17 5656  Skin 36,09 34 5,656  Skin 36,06

18 5,684  Skin 36,06 Imaginary 35 5,684  Skin 36,03 Imaginary
5,67  Skin 36,08 Tsk 5,67  Skin 36,04 Tek

Table 5.10 : Steady state temperature distribution of the neck (Simulation A)
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NECK

Twip Part of Solution Procedure

Sector: Anterior

Sector: Posterior

Node Radius Tissue Temp.  Comm. Node Radius Tissue Temp.  Comm.
[cm] [°C] [cm] [°C]
1 1,9 Bone 32,22 Teore 1 1,9 Bone Teore
2 2,79  Bone 32,19 Imaginary 19 2,79  Bone 32,19 Imaginary
3 1,455 Muscle 32,26 Imaginary 20 1,455 Muscle 32,26 Imaginary
4 2,345 Muscle 32,19 21 2,345 Muscle 32,19
5 3,235 Muscle 32,12 22 3,235 Muscle 32,12
6 4,125 Muscle 32,04 23 4,125 Muscle 32,03
7 5,015 Muscle 31,90 24 5,015 Muscle 31,89
8 5,905 Muscle 31,66 Imaginary 25 5,905 Muscle 31,65 Imaginary
9 5,435 Fat 31,79 Imaginary 26 5,435 Fat 31,79 Imaginary
10 5,485 Fat 31,76 27 5,485 Fat 31,75
11 5,535 Fat 31,72 28 5,535 Fat 31,72
12 5,585 Fat 31,69 Imaginary 29 5,585 Fat 31,68 Imaginary
13 554625 Skin 31,71 Imaginary 30 5,54625 Skin 31,70 Imaginary
14 557375 Skin 31,70 31 5,57375 Skin 31,70
15 5,60125 Skin 31,70 32 5,60125 Skin 31,69
16 5,62875 Skin 31,69 33 5,62875 Skin 31,68
17 5,65625 Skin 31,68 34 5,65625 Skin 31,67
18 5,68375 Skin 31,67 Imaginary 35 5,68375 Skin 31,66 Imaginary
5,67 Skin 31,67 Tk 5,67 Skin 31,67 Tsk
31,90 Thip 31,90 Thip

Table 5.11 : Steady state temperature distribution of the neck (Simulation B)
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Figure 5.7 : Temperatures at three neck nodes: (a) Simulation A and (b) Simulation B
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6 Concluding remarks and future work

The Fiala model has been implemented to develop a Matlab code for simulating human
thermoregulation. The computer model simulates the heat transfer within separate human body
parts and the heat exchange with the environment considering the passive system. The human
body is separated into spherical or cylindrical body parts (elements), which are further separated
into spherical or cylindrical tissue layers as well as into sectors. The separation into sectors
enables the model to take into consideration the non-uniform environmental conditions taking
place around any human body part. Realistic properties of all the human tissues are used and
all mechanisms contributing to the heat transfer are considered. They include a) heat conduction
within the tissue and between adjacent tissues, b) metabolic heat production, c¢) blood
circulatory system, d) convection, €) long wave radiation, f) short wave irradiation, Q)
evaporation, h) respiration and i) clothing. The computer model requires the following seven
variables as inputs: air temperature and velocity, mean radiant temperature, air humidity,
radiation intensity, activity level and the clothing resistances. Then, it calculates the local skin
temperatures, the core temperatures and the temperature profile within the tissue all in transient

conditions.

For solving the heat transfer problem the finite difference method (FDM) is used. All
equations in polar and spherical coordinates are discretized and they are solved implicitly with
the Crank Nicholson method. The boundary conditions formulation is also explicitly described

for both polar and spherical coordinates.

Two benchmark tests of the developed computer model are carried out in order to verify
its accuracy level. These tests concern simulations with simplifications so that different parts

of the code can be assessed. The first test simulates a cylindrical element composed of uniform
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muscle tissue which initially is at 0°C and then, arterial blood at constant temperature and with
constant flow rate is supplied. The second test simulates a spherical element composed of
uniform brain tissue which is initially at 37°C and it is exposed to an environment at 0°C, while
no blood flows and no metabolic heat is produced. As a result the cylindrical element is heated
up to some steady-state conditions, while the spherical element is cooled down to 0°C. In both
tests, the temperature distribution rates are compared with corresponding results in the Fiala
papers and very good agreement is observed. Furthermore, the spherical head element and the
cylindrical neck element in thermal neutral conditions are simulated. In both elements all tissue
layers and properties are considered. The obtained temperature distributions are physically

justified based on the initial and boundary conditions.

Further work is required with the developed computer model in order to be able to simulate
all 15 elements of the human passive system in a coupled manner. Once the proper modeling
of the passive system is validated the work may be extended to incorporate the active system.

Then, the thermal sensation of a subject will be able to be predicted.

Furthermore, once the modeling of the active system is complete it would be possible to
consider and evaluate the thermal state of a motorcyclist during a long ride under hot weather
conditions. Several case scenarios of motorcyclist surrounding conditions can be studied.
Especially the effect of the air velocity may be investigated with computational fluid dynamics
(CFD) which will provide the capability of developing a coupled CFD-thermal comfort model
that is going to evaluate the thermal sensation of the driver, predict the rider’s ability to keep

driving safely and provide the appropriate information and instructions.
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Appendix A Heat transfer rate in cylindrical and spherical shells

In the absence of work and mass flow, it may be written for a control volume that

Qin = Qout * (Al)
Then, in 1D problems, due to energy conservation, it is evident that
d—Q=O:>i(—kA(r)d—Tj=O. (A2)
dr dr dr

For a cylindrical shell with uniform thermal conductivity k in order to calculate the radial

heat rate knowing that the shell surface areais A(r)=grh, where h is the cylinder shell height

and ¢ (rad) is the angle of the shell, Eqg. (A.2) is integrated to yield

d dT d( dT dT
—| -kphr— |=0=>—| r— |=0=r—=a = A3
dr( v er dr( dr] dr (A3)
dT=%dr:>T(r)=a-Inr+b (A.4)
By applying the boundary conditions T (r,) =T, and T (r,)=T, resultsto
a:Tl_TZ
r
In(lJ T, In[rrj—Tz In [:j
2
=T(r)= 2 L (A5)
szZIn(rl)—Tlln(rz) (r) In(rlj
In| & "2
r-2

Finally, by combining the following equations, the radial heat flow rate for a cylindrical shell

is deduced:
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T,-T, dT
a= —rdr
I,
In| & . _
”(J —~Q=—kphlz h rTl (A6)
In| -2
Q=—k¢hrz—1 U

Similarly, for a spherical shell with uniform thermal conductivity k, the radial heat rate
through a shell surface area of A(r) = 2¢r?®, where ¢ the angle of the spherical shell, can be

found by integrating Eq. (A.2) as

d dT d( ,dT a7

| k2pr? = |=0= —| 22 |02 =a A7

dr[ ¢ drj jdr( dr} = dr = A7)
de%dr:T(r):—%+b (A.8)

By applying the boundary conditions T (r,)=T,and T (r,) =T, to T(r) = —%+ b results to

_T1_T2
i
nhono losT(r)=0le, BLo0h (A.9)
rr r,—r
b_rsz—rlT1 T 2 1
- 1 2
nL-n

Finally, by combining the following equations the radial heat flow rate for a spherical shell is

deduced:
Q:—k2gor2d—T
dr

dT : T -T.

2__ —_ 1 2

i a =0 kzwl_l (A.10)
T1_T2 rz h
1

n n

85



