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ABSTRACT

Global warming and environmental changes are currently one of the main topics discussed
around the world. As we could start to see the signs of climate changes, more attention needs
to be placed on the protection of humans health, as the changing climate could have impact also
in places, were it was not the case in the past. Many professions, especially the ones using some
kind of protective clothing, could be in danger from heat stress. It is known that sweat
evaporation is the main thermoregulatory feature for a heat dissipation from the human body to
the environment and these protective clothing, with combination with higher metabolic rates
during the work, could be potentially dangerous. These are the reason why heat stress prediction
models and thermo-physiological models are being enhanced and used widely. One of the most
problematic input data for these models are clothing properties - thermal insulation, clothing
area factor and evaporative resistance, whose inaccuracy could have huge impact on the
resultant physiological prediction. Although thermal insulation measurements on thermal
manikins are well tested, precise and reliable, this cannot be said about measurement of
evaporative resistance using manikins, including manikin NEWTON at Brno University of
Technology.

Thus, the aim of this study was the development of the measurement procedure and calculation
methods to determine clothing evaporative resistance using thermal manikin NEWTON at
BUT. Measurement setup and methodology was successfully validated using dataset measured
on manikin TORE at Lund University, with the results laying within 4 % of the mean values in
all but two cases. The results shows that with strict measurement methodologys, it is possible to
achieve good reproducibility of the measurement, which was not the case in previous studies.
Furthermore, the results shows that repeatability of the measurement is also within 4 % on both
manikins, as same repeatability precision is set in the standards for thermal insulation
measurements. Lastly, the mass loss method is essentially correct and closer to the physical
nature of heat transfer by sweating, but with the current technical limitations, it is very
challenging to obtain local evaporative resistance values from this method. Thus, heat loss
method must be used to obtain these local values. Multiple corrections for the calculation of
evaporative resistance values from the heat loss method were tested and verified. This could be
of interest to engineers and researchers in the field of thermo-physiological modeling, as local
values of clothing properties are essential to obtain precise physiological predictions. Finally,
the possibility to obtain evaporative resistance values at BUT could potentially bring new
opportunities for projects and cooperations.
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ABSTRAKT

Globalne otepl'ovanie a klimatické zmeny st aktudlne jednou z najdiskutovanejSich tém na
svete. Ked'Ze zaCiname vidiet' jasné zndmky klimatickych zmien, je nutné sa Coraz viac
zaoberat’ ochranou 'udského zdravia pred tepelnou zatazou aj na miestach sveta, kde tato téma
nebola v minulosti aktudlna. Pracovnici vo viacerych profesidch, hlavne v tych ktoré vyuzivaju
Specidlne ochranné odevy, mdzu byt potenciondlne ohrozeny vplyvom tepla. Je zndme ze
vyparovanie potu z tela je hlavnym termoregulacnym prvkom l'udského tela a prave pouzitie
takychto ochrannych odevov, obmedzujucich toto vyparovanie, v kombindcii s vysokou
aktivitou moze byt zdraviu nebezpecné. Z tychto dovodov sa do popredia dostavaji
termofyziologické modeli alebo predikéné modeli tepelnej zataze, ktoré su neustile
vylepSované a aplikované v roznych situdciach. Jednymi z najproblematickejSich vstupnych dat
takychto modelov patria vlastnosti odevu — tepelnd izoléacia, faktor oblasti prekrytia oblecenim
a odpor odevu proti vyparovaniu, ktorych nepresné hodnoty mézu sposobit’ vel'ké nepresnosti
vo findlny predikcidch tychto modelov. Napriek tomu Ze meranie tepelnej izolacie odevu
pomocou tepelnych manekynov je uz zavedené, spolahlivé a presné, to isté nie je mozné
povedat’ o merani odporu odevu proti vyparovaniu, ktoré je stale vo svojich zaciatkoch.

Cielom tejto prace bolo vyvinit a implementovat’ experimentdlne zariadenie, proceduru
merania a sposob kalkulacie pre ziskanie odporu odevu proti vyparovaniu pomocou manekyna
NEWTON-a na VUT v Brne. Vysledky merania boli validované na zéklade dat nameranych
pomocou manekyna TORE na Univerzite v Lunde. Reprodukovatel'nost’ merania bola na
urovni do 4 % rozdielu od strednej hodnoty takmer vo vSetkych pripadoch. Vysledky ukazuju
7e je mozné dosiahnut’ dobrej reprodukovatel'nosti merania pri striktnom dodrzani metodolégie
merania. Vysledky taktiez ukézali dobru opakovatel'nost merania, kedy bol dosiahnuty
vysledok opét’ na Grovni 4 % na oboch manekynoch, ¢o je zaroven aj poZzadovana hranica
uréend v normach pre meranie tepelnej izolacie odevu. Dal§im bodom prace bola verifikacia
samotnej kalkul4cie vyparného odporu. Aj ked mass loss metdda urCuje priamo intenzitu
prenosu hmoty vyparovanim a najbliZSie opisuje samotny jav vyparovania potu z l'udského tela,
nie je vhodnd pre urcenie lokalnych hodndt odporu proti vyparovaniu odevov z doévodu
technickych limitacii senzorov a tepelnych manekynov. Z tohto dévodu je pouZzitd heat loss
metdda, ktorej vypocet vSak musi byt korigovany. Sticast’ou prace bolo testovanie a verifikacia
viacerych korekcii tejto metddy, co mdze byt prinosom vyskumnych pracovnikov z oblasti
termofyziologie, ked’Ze tieto lokdlne hodnoty vlastnosti odevov st pre dosiahnutie presnych
predikcii priam nevyhnutné. Uspesna implementacia a validacia moZnosti merania odporu
odevu proti vyparovaniu na VUT v Brne pomocou tepelného manekyna prinaSa taktieZ nové
moznosti pre d’alSie projekty a kooperacie v rdmci vyskumne;j ci komerénej ¢innosti Univerzity.

KPucové slova

Tepelna izolacia odevu, faktor oblasti prekrytej oblecenim, odpor odevu proti vyparovaniu,
tepelny manekyn, modelovanie termofyzioldgie, ochranné odevy,
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1 INTRODUCTION

As it is important to protect humans” health, thermo-physiological modeling is often used to
calculate maximum exposure time for which could humans stay in given environment without
their endangerment. Many workers are exposed to heat stress that can be exacerbated by the
type of clothing they wear. The resulted heat strain can lead to short or long-term heat-related
disorders. Nowadays, more importance is given to this area of research as global warming and
environmental changes are one of the most discussed issues around the world (Kjellstrom et al.
2009; Btazejczyk et al. 2010; Angelova 2017).

It is known that evaporation is the main thermoregulatory feature for a heat dissipation from
the human body to the environment. Hot working environment is typical for physically
demanding jobs (e.g. soldiers, firefighters, builders, miners) for which more and more
protective clothing and equipment is used to protect the workers from the primary risks (e.g.
protection from flames for firefighters). Consequently, wearing of these less permeable
protective clothing could often result in reduction of sweat evaporation from human skin
leading to an elevated skin temperature, core temperature or sweat rate (Holmer 2006; Wang et
al. 2011b). This phenomenon could be also seen on protective clothing usage in cold
environments with high metabolic activity (e.g. mountain rescuers, fishers, athletes) as the
conductivity is low through the insulated clothing and evaporation is limited by less permeable
layers. Those are the reasons why the heat stress prediction models (e.g. PHS (ISO 7933 2004))
and thermo-physiological predictive models (Fiala et al. 1999; Havenith et al. 2012) also
contain clothing properties as ones of the most important input data, namely the thermal
insulation (I;), clothing area factor (f1) and the evaporative resistance (Ret).

Therefore, the clothing parameters should be obtained with highest precision and accuracy
possible (Wang et al. 2011b; Ueno and Sawada 2012) to mitigate some errors in these
predictions. Thermal manikins are the most realistic available option for measuring clothing
parameters at the moment. Although thermal insulation measurements on non-sweating
manikins are well tested, precise and reliable, this cannot be said about measurement of
evaporative resistance on sweating thermal manikins where significant discrepancies between
results from different laboratories were found (Fan and Chen 2002; Richards and McCullough
2005; Wang et al. 2014; Wang 2017). Effects on evaporative resistance measurement protocols
and calculations have been thoroughly investigated in recent years.

The aim of this thesis is to identify and apply a reliable method and procedure for measurement
of evaporative resistance using manikin NEWTON in laboratory conditions at Brno University
of Technology. Secondly, the repeatability of the measurements is investigated and accuracy of
the methodology conducted at BUT is verified with data measured at Lund University on
manikin TORE using the same measurement procedures, as the measurement of evaporative
resistance is already well established there. Lastly, the study contains analysis of formulas and
already proposed corrections for evaporative resistance calculation for heat loss method (Wang
et al. 2015; Wang 2017), which will be accommodated and verified for multiple clothing
ensembles covering the whole range of thermal insulation scale from 0.5 to 3.2 clo. This study
will widen the range of applications of manikin NEWTON at BUT opening the possibilities for
new projects and will also enhanced the knowledge about clothing properties needed for
thermo-physiological modeling.
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2 EVAPORATIVE RESISTANCE

Total thermal resistance (I;) is the value of thermal insulation from the body surface to the
environment (including all clothing, enclosed air layers and boundary air layer) under reference
conditions in static state (ISO 9920 2007). It’s measurements by the means of a thermal manikin
are well documented and are showing high accuracy and repeatability (Wang et al. 2017). For
example, in the corresponding ISO standard (ISO 15831 2004) the difference between two
independent measurements should not exceed 4 %. Similarly, in the ASTM standard (ASTM
F1291-16 2016) results of three replications should not vary by more than /0 % from the mean
value.

On the other hand, total evaporative resistance (Rey), which determines the amount of water
vapor evaporation from a human body to an environment (including all clothing, enclosed air
layers and boundary air layers) under reference condition in static state (ISO 9920 2007), is not
well documented. Results from the previous interlaboratory studies on measurement of
evaporative resistance (Richards et al. 2008; Mayor et al. 2012; Mtynarczyk et al. 2018) shows
that huge discrepancies of more than 50 % were found between different institutions, mainly
caused by sweating simulation systems, calculation methods of evaporative resistance (Rer),
different test conditions etc. (Wang 2017). Although new ASTM standard (ASTM F1291-16
2016) is widely spread and used by many laboratories around the world, it does not define
detailed requirements for the total evaporative resistance (Re;) measurements (Wang 2017).
Thus, various changes in test protocols, types of sweating simulations and other effects, which
might affect the value of evaporative resistance, has being investigated recently. In most
comprehensive round robin study found (Wang et al. 2014), the difference from mean values
where, in most of the cases, around 4 %, but in some extremes cases, the difference from mean
values were more than 70 % (up to 30 % in one case).

2.1 Determination of evaporative resistance

In praxis, three methods to determine evaporative resistance of clothing are used: sweating
guarded hot plates, sweating thermal manikins or measurements on human subjects. Studies
show (Ross 2005) that evaporative resistance values from a sweating thermal manikin for heat
stress simulations are more realistic than those from sweating guarded hot plates. Sweating
thermal manikins are in shape of a human body and it can be distinguish between different body
parts. It is also possible to capture the effect of boundary air layers around the garment which
cannot be done on the guarded hot plates as the air is pressed out by the hot plates. The last
method - human subject measurements are costly, time consuming and it may raise an ethical
concern (Caravello et al. 2008). Because of this, (Wang et al. 2011b) described sweating
thermal manikins as a perfect intermediate tool between guarded hot plates and human subject
testing. Recently, new interesting method using Permetest skin model is being studied and
validated and it might bring good correlation with manikin testing (Fung et al. 2020).
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Figure 1: Sweating guarded hot plates SGHP-8.2 and Sweating thermal manikin Newton from Thermetrics,
Advanced Thermal Measurement Technology, Seattle, USA; test person from Santra Technology, UK website.

2.2 Sweating simulation on thermal manikins

In the previous chapter, it was decided that sweating thermal manikins are the best option for
evaporative resistance measurement regarding the precision, accuracy, and the ability to imitate
human body in real conditions. There are many types and options of these manikins available
around the world, for instance: (Holmer 2004; Koelblen et al. 2017).

Manikins with water-filled body and skin from permeable waterproof material

e Water-filled manikin with a waterproof but vapor-permeable surface, e.g. “Walter”
manikin from Hong Kong Polytechnic University, Hong Kong (Chen et al. 2003).

e Manikin with an inner skin spreading water superficially and an outer vapor-permeable
skin, e.g. “Coppelius” (Varheenmaa 2014).

Manikins with water supply to tight-fitting fabric skin

e Manikin with a water supply to a fabric skin by means of sweating outlets on manikin’s
surface, e.g. “SAM” manikin (Empa, Switzerland).

e “Newton” manikin (Thermetrics, Seattle, USA).

e “Adam” manikin (Thermetrics, Seattle, USA).

Manikins with pre-wetted tight-fitting fabric skin

e Pre-wetted tight fabric skin on a worn on a dry thermal manikin, e.g. “Tore” manikin
from Lund University, Sweden (Wang et al. 2010).

2.2.1 Construction of water-filled sweating system

Body is suspended by a water pipe system projecting from the head, which also supplies
manikin body with water. Manikin's core temperature is controlled at 37 °C. The weight of the
filled body is around 700 kg. Skin is made from special GORE-TEX material used for marine
application, which is waterproof but permeable, thus the water is being held inside but vapor is

16



flowing through the material to the environment (Fan and Chen 2002). Although, this system
has advantage in measuring evaporative resistance from mass loss rate, it has few major
setbacks (Wang 2017):

e Manikin has only one segment, thus local values cannot be computed.

e Only insensible sweating can be simulated — no liquid is absorbed by clothing.

e Too low perspiration rate compared to water supply manikins.

Figure 2: Sweating manikin “Walter” from Hong Kong Polytechnic University with GORE-TEX skin, taken
from (Fan and Chen 2002)

2.2.2 Construction of sweating system with water supply to the skin

The manikin is constructed using hard carbon-epoxy shell with embedded resistance wire
heating and sensor wire elements. Software is used for controlling manikin’s surface
temperature for different zones separately. Water is supply to the skin through the glands in the
hard-shell body. It is also possible to control sweating rate by the software (Thermetrics, Seattle,
USA). The evaporative resistance could be calculated both from sweat rate and heat loss of the
manikin. Although, this type of manikin is the state-of-the-art equipment for clothing and
environmental testing, it has some imperfections:
e Costly equipment.
e [tis difficult to set a proper sweat rate to keep the skin wet but to prevent water dripping
from it.
e Impossible to control manikin’s skin temperature to calculate evaporative resistance
precisely.

17



Figure 3: Sweating "Newton” type manikin with water supply through pores made by Thermetrics, Seattle, USA

2.2.3 Construction of pre-wetted sweating system

The concept was originally proposed by Goldman (R. F. Goldman 2006) and is still in use with
some modifications. Human body shaped dry manikin with hard-shell body is dressed in tight
fitted knitted textile skin (Wang et al. 2011a; Ueno and Sawada 2012; Koelblen et al. 2017).
This textile is pre-wetted by tap water in washing machine for about 5 min and then centrifuged
for about 5 s to ensure no water dripping. Manikin’s surface is control at 34 °C to simulate the
average temperature of human skin. Whole manikin system could be placed on a weighing scale
with high accuracy which enables mass loss rate measurement. This system got also some
imperfections as did the previous systems:

e Costly equipment but much cheaper than the sweating manikin.

e impossible to control manikin’s skin temperature to calculate evaporative resistance

precisely.
e pre-wetted skin tends to dry out after around 40-60 min of testing.

Figure 4: Sweating manikin “Tore” from Lund University with pre-wetted skin on.
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2.3 Measurement and calculation of total evaporative resistance

In general, there are three different conditions possible to measure evaporative resistance.

e Non-isothermal conditions (7, # T, # Ts)

e Isothermal conditions (7T, = T, = Tw)

e So-called isothermal conditions (7, = T

T manikin’s skin temperature
T, ambient temperature of the environment
T radiant temperature in environment

Tnanikin -~ manikin’s surface temperature

[°cj
[°ci
[°ci
[°cj

It was found that measurement of the evaporative resistance in non-isothermal conditions
causes significant error. As clothing materials absorb moisture, their dry thermal insulation
changes accordingly (Chen et al. 2003; ISO 9920 2007; Xiaohong et al. 2010). Thus, we can

represent this statement by following equation.

Apiso*A Apigo*A
Rey # p;j: * Ift‘j‘;l - (1
total clothing evaporative resistance [kPa.m*’/W]
H, calculated evaporative heat loss W]
H, total evaporative heat loss wj
Hy dry evaporative heat loss wj
Apiso water vapor pressure gradient between wet skin and environment [kPa]
A sweating surface area [m?]

Mentioned studies (Chen et al. 2004; Xiaohong et al. 2010) conclude that using non-isothermal
conditions for measuring evaporative resistance is not recommended and isothermal conditions

should be used.

Manikin surface

Skin

Measuring

Fabric *skin’

(s~

Figure 5: The heat transfer mechanism among the manikin surface, the wetted skin and the environment in a so-
called isothermal conditions (74 = T = Tanikin) Without clothing, adapted from (Wang et al. 2015)
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However, it is not possible to setup isothermal conditions for current sweating manikins as we
are only able to control manikin surface temperature, not the temperature of the wetted
manikin’s skin (it is not yet technically possible due to sensor limitations). Thus, so-called
isothermal must be used instead. As it can be seen from Figure 5, in so-called isothermal
conditions, the heat transfer process is very complex. Previous studies (Wang et al. 2011b,
2016) have demonstrated that the fabric ‘skin’ and wet clothing spots will draw heat from the
ambient in a so-called isothermal environment due to the negative temperature gradient between
the uncontrolled fabric ‘skin’ and the ambient. Thus, the heating that is supplied to the manikin
is not equal to the actual energy that is used for water evaporation occurring in the wet fabric
‘skin’-clothing system. As the fabric ‘skin’ should be tightly fitted to the manikin body, there
is no or minimal air gap between the fabric ‘skin’ and the manikin surface. For the nude scenario
in the so-called isothermal conditions, the heat will be transferred from the manikin surface to
the fabric ‘skin’ mainly through conduction. The fabric ‘skin’ is directly exposed to the ambient
air so the heat will be transferred from the ambient environment in to the fabric ‘skin’ by
convection and radiation. If clothing is worn on top of the fabric ‘skin’, the heat transfer process
will become more complicated. First, the moisture contained in the fabric ‘skin’ may be wicked
away by the tested clothing and some moisture evaporation is from the tested clothing on the
inner or outer surface of the clothing. In the so-called isothermal condition, the energy used for
moisture evaporation occurring in the wet fabric ‘skin’ clothing system can only be drawn from
either the heated manikin or the ambient environment. Thus, the heat may be transferred from
the ambient air to some evaporation locations in the tested clothing and further to the saturated
fabric ‘skin’. This heat transfer process may involve convection, radiation and conduction
(Wang et al. 2015).

2.3.1 Calculation methods

There were two calculation methods for clothing evaporative resistance provided in ASTM
standard from 2010 (ASTM F2370 - 10 2010) — mass loss method and heat loss method. Mass
loss method was removed from new version of this standard (ASTM F2370-16 2016). The
reason behind it is probably because it is challenging to use the mass loss method to calculate
localized clothing evaporative resistance (Wang 2017) which were added in this new ASTM
standard (ASTM F2370-16 2016). According to Wang (Wang 2017) exclusion of mass loss
method was not the right decision as this method directly determining the intensity of mass
transfer by evaporation and is closer to the physical nature of heat transfer by sweating.

2.3.2 Mass loss method

This method measures the mass loss rate and then converts it to the evaporative heat loss by
multiplying the latent heat of vaporization of water.

_ Apiso*A __ Apjso*A

Retmass = = dm )
Hemass l*d—
t
Ret mass total clothing evaporative resistance calculated by mass loss method [kPa.m’/W]
He mass calculated evaporative heat loss from mass loss rate [w]
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Apiso water vapor pressure gradient between wet skin and environment [kPa]

A sweating surface area [m?]
A vaporization heat of water at measured skin temperature [W.h/g]
dm/dt evaporation rate of moisture from the wet skin [g/h]

2.3.3 Heat loss method

Evaporative resistance is calculated from area-weighted heat loss observed from thermal
manikin software.

i *
Ret,heat = ?_IPLS_OA (3)
eheat
Rethear total clothing evaporative resistance calculated by heat loss method [kPa.m*/W]
Hehear evaporative heat loss from manikin’s surface wj
Apiso water vapor pressure gradient between wet skin and environment [kPa]
A sweating surface area [m?]

2.3.4 Comparison of these methods

There are many studies comparing evaporative resistance calculated by these two methods.
Firstly, nude manikin (manikin + wetted skin only) and five following clothing ensembles were
measured on manikin “Tore”: L - Light clothing, HV — high-visibility clothing, MIL — military
clothing, CLM — climber overall, FIRE — firefighting clothing. Results can be seen on Figure 6.
Significant differences can be seen between the values of Retheat calculated from heat loss
method and the Ret,mass, which were calculated from the mass loss obtained by a weighting scale
system (Wang et al. 2011a).

Figure 6: Comparison of values of total evaporative resistance calculated by heat loss and mass loss methods
taken from (Wang et al. 2011a)
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Secondly, similar results (Figure 7) were found by (Wang et al. 2009) in another study on "Tore”
manikin where combinations of two wetted skin materials (C — knit cotton, G — Gore-Tex) and
two clothing ensembles (U — knitted underwear, P — permeable coverall) were tested. Finally,
three types of clothing ensembles (PERM — permeable, SEMI — semi permeable and IMP —
impermeable) were tested by (Havenith et al. 2008a) on sweating "Newton” type manikin with
water supply — Figure 8.
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Figure 7: Comparison of values of total evaporative resistance calculated by heat loss and mass loss methods
taken from (Wang et al. 2009)

It can be seen from Figures 6 and 7 that Re values calculated from heat loss method are always
significantly larger (more than /0 %) as those calculated from mass loss method. This is caused
by todays imperfection in sweating manikin design — inability to control wetted skin
temperature. This constrain researchers to usage of a so-called isothermal conditions where the
heat for evaporation is also taken from the environment. Thus, some corrections had to be made
for evaluation of Ret by heat loss method to mitigate resulting errors as the mass loss method
yields physically correct values.
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2.4 Different factors influencing Ret measurements and calculations

There were many factors investigated throughout the years to identify the source of errors and
mitigate their effects on evaporative resistance measurement and calculation:
e Temperature difference between controlled surface temperature of the manikin and its
pre-wetted skin.
e Effect of moisture content on apparent “wet” thermal insulation.
e Fit and size of clothing.
e Fabric used for the pre-wetted skin.

2.4.1 Effect of temperature difference

As we mentioned, significant error was made by calculating evaporative resistance using
manikin surface temperature (due to technical difficulties and complexity of sensor attachment
on wetted skin) and not the temperature of pre-wetted skin as it should be according to ASTM
standard (ASTM F2370 - 10 2010). In 2010, Wang (Wang et al. 2010) conducted experiment
with aim to see how much error usage of manikin surface temperature causes and how he could
possibly predict wetted skin temperature for further calculations. In first part of his study, he
managed to test the temperature difference between inner and outer side of the wetted skin and
he found it can be neglected. From nude “Tore” manikin (nude manikin + wetted skin) tests he
derived equation (4) for prediction of manikin’s skin temperature for environmental
temperature range between 25 °C and 34 °C.

Ty, = 34.00 — 0.0132 = HL (4)
T predicted manikin's skin temperature [°CJ
HL heat loss from manikin's total sweating area — heat flux [W/im?]

Similar prediction was made by a thermal infrared camera (Havenith et al. 2008b). However,
this equation was only done for temperature of 34 °C on Newton type manikin.

Ty = 34.13 — 0.012 * HL (5)
T predicted manikin's skin temperature [°CJ
HL heat loss from manikin's total sweating area — heat flux [W/im?]

Six clothing ensembles (L - Light clothing, HV — high-visibility clothing, MIL — military
clothing, CLM — climber overall, PERM — permeable clothing, IMP — impermeable clothing)
were used for comparison of three temperatures — measured wetted skin temperature — tsk,
temperature predicted by equation (4) — tsk p1 and temperature predicted by equation (5) — tsk p2.
From statistical point of view using the root squared deviation method, predicted values from
these two equations are not accurate enough on significance level of 0.95. However, with
consideration of temperature measurement precision of + 0.3 °C, agreement between observed
data and predicted values can be always accepted within this precision level (Wang et al. 2010).
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Figure 9: Comparison of temperature values measured ts, predicted by equation (4) — ts p1 , predicted by
equation (5) — ts p2 taken from (Wang et al. 2010)

Next step in (Wang et al. 2010) was to determine total evaporative resistance of six previously
mentioned clothing ensembles by using two predicted temperatures tsk p1 (4) and ts p2 (5) and
one measured temperature ti to see the difference between Re: values calculated from the
manikin surface temperature, measured skin temperature and those calculated by predictive
equations.

Figure 10: Comparison of R values calculated from prevailing mass loss method using manikin surface
temperature — Re¢ m, measured skin temperature — Resk, predicted by equation (4) — Retp1, predicted by equation
(5) — Retp2 taken from (Wang et al. 2010)
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It can be clearly seen from the Figure 10 that values of Re: calculated from measured skin
temperature, predicted temperature by equation (4) and (5) matching nicely. However, Ret
values calculated by prevailing method — from the manikin surface temperature is significantly
higher. Thus, these predictive equations enhance greatly the accuracy of clothing evaporative
resistance measurements, especially for lower insulated and permeable clothing ensembles.

In the erratum of the following study (Wang et al. 2011b), the difference between prevailing
method (using manikin surface temperature) and method from ASTM standard (using wetted
skin temperature) was thoroughly investigated. Firstly, it was found that prevailing method
overestimates the clothing evaporative resistance by up from 3.8 to 23.7 %. Secondly, the error
caused by prevailing method is more pronounced for permeable clothing ensembles due to their
smaller intrinsic evaporative resistance - Reci (Wang et al. 2011b), which can be calculated from
equation (6).

Ret = Reai + % (6)
cl
Re clothing total evaporative resistance [kPa.m*’/W]
Reer clothing intrinsic evaporative resistance [kPa.m?/W]
Rea evaporative resistance of the boundary surface air layer and the skin [kPa.m*/W]
fe clothing area factor [-]

It is assumed that Rec is a constant and that the clothing total evaporative resistance
measurement on a thermal manikin will not introduce further errors. Therefore, the error is
introduced only by temperature difference between manikin surface and wetted skin. Finally,
(Wang et al. 2011b) mentioned the importance of using the right equation for wetted skin
temperature prediction made on the same type of thermal manikin.

Similar experiment was conducted by (Ueno and Sawada 2012) Predictive equations were
proposed for five manikin body parts and one additional equation for whole body.

Tsk = Tmanikin — 0.0130 * HL (Arm)

Tsk = Tnanikin — 0.0089 * HL (Trunk)

Tsi = Tmanikin — 0.0115 x HL (Hip)

Tsk = Tmanikin — 0.0063 x HL (Thigh)

Tsk = Tmanikin — 0.0071 * HL (Calf)

Tsk = Tmanikin — 0.0092 x HL (Whole manikin)
Tk predicted manikin’s skin temperature [°CJ]

HL heat loss from manikin’s associated sweating area — heat flux [Wim?]
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Figure 11: Comparison of R values calculated from prevailing heat loss method using manikin surface
temperature — Ret (Temp of EWS), measured skin temperature — Rei (Temp of MT), predicted by equations for
each part — R (Predictive temp by Ueno each part’s Eq), predicted by equation for whole manikin — R
(Predictive temp by Ueno whole manikin Eq), predicted by Haveninth Eq. (Havenith et al. 2008b) and by Wang
Eq. (Wang et al. 2010) taken from (Ueno and Sawada 2012)

These six equations were made from data on "Newton” type thermal manikin in four walking
speeds — 0 ms™, 0.27 ms, 0.53 ms™?, 0.80 ms™. Increasing walking speed increases both
ventilation and mass transfer between the environment and manikin. In higher walking speeds,
the manikin was not able to control the surface temperature Tmanikin at 34 °C on some body parts
due to increased effect of convection. Thus, for higher walking speeds, the predictive equations
for wetted skin temperatures won’t apply cause of the different manikin surface temperature
Tmanikin. This results confirms findings of the previous researchers (Havenith et al. 2008a; Wang
et al. 2015). The differences between the (Wang et al. 2015; Wang 2017) prediction and other
predictions (Figure 11) are probably due to usage of different manikin type and the smaller
number of sensors attached on the wetted skin.

2.4.2 Effect of moisture content on apparent ‘wet” thermal insulation

Thermal insulation governs the possible amount of body heat dissipated to the environment.
Two types of thermal insulation are recognized — dry thermal insulation measured on dry
manikin (ISO 15831 2004) and "wet” thermal insulation when measured clothing is fully or
partially wet. The "wet” thermal insulation in presence of moisture and/or air movement is often
referred to as apparent ‘wet” thermal insulation (Lotens et al. 1995; Wang et al. 2016).

Lapparent = Le* (1 =15 107+ w? + 1.6 * 107+ w — 1.004 * 103 xw,)  (7)

Liapparem  clothing apparent ‘'wet’ thermal insulation [m?.K/W]
I clothing dry thermal insulation [m?.K/W]
Wy the amount of moisture contained in the tested clothing 0 < w,< 800g [g]
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Equation (7) describes the effect of moisture content on apparent “wet’ thermal insulation. This
equation was deduced from Figure 12 from Wang’s (Wang et al. 2016) dataset which correlates
with data from Hall and Polte (Hall and Polte 1956). It is suggested to use this equation only
for moisture content between 100 — 800g.

Figure 12: effect of moisture content added to clothing on total thermal insulation loss (circle are data
from (Hall and Polte 1956), rest of the data and graph itself is taken from (Wang et al. 2016)

2.4.3 Effect of clothing fit and size

Previous study also investigated the effect of fit/size on the thermal insulation. It was found that
dry insulation of clothing increases with the increasing clothing size and then decreases with
still increasing clothing size (Wang et al. 2016). The decrease of thermal insulation is caused
by natural air convection between clothing and manikin body as the air gap becomes thick
enough, normally thicker than 8§ — /11 mm (Wang et al. 2016). These findings are in accordance
with result from (Chen et al. 2004). Although, the clothing size/fit has impact on dry thermal
insulation, the effect on apparent "wet” thermal insulation and evaporative resistance is minimal.
However, it is suggested that the right size of clothing fitting the manikin should be used if
possible.

2.4.4 Fabric thickness and material effect on apparent "'wet” thermal resistance

The missing requirements for manikin’s skin material in new ASTM standard (ASTM F2370-
16 2016) led to the investigation of the effect of different fabric materials and its thickness on
thermal insulation and evaporative resistance by means of sweating thermal manikins. In (Wang
et al. 2017) conducted experiment where seven pieces of highly stretchable single-jersey knitted
cotton and polyester fabric "skins” (CO1, CO2, CO3, CO4, PES1, PES2, PES3) of different
thicknesses were tested. New skin temperature predictive equations were made and the apparent
‘wet” thermal resistance was calculated using water content, thickness, and also the fabrics’
physical properties (e.g. mass per unit area, fabric conductivity, fiber density) for each of the
seven samples.
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Figure 13: Effect of fabric thickness on the apparent “wet” thermal insulation of manikin’s sweating skins for
both cotton and polyester material, taken from (Wang et al. 2017)

It can be clearly seen from Figure 13 that there is a linear relation between fabric thickness and
its apparent ‘'wet” thermal insulation for both cotton and polyester materials. Total evaporative
resistance was measured on two clothing ensembles EN1 (cotton briefs, cotton pants and
polyester T-shirt) and EN2 (cotton briefs, cotton long sleeve T-shirt and polyester trousers) to
validate newly formed skin temperature predictive equations and to statistically compare
different skin materials. For all scenarios (except CO4 and PES3 in EN2 ensemble) the total
evaporative resistance calculated from the constant manikin surface temperature was
significantly higher than those calculated from measured or predicted skin temperatures —
Figure 14. This result is in great agreement with previous studies (Wang et al. 2011a, b; Ueno
and Sawada 2012).

To conclude, both fabric material and thickness have impact on apparent "wet” thermal
resistance and hence on total evaporative resistance. It is suggested that skin with thickness
from 0.40 mm to around 0.55 mm should be used for evaporative resistance measurements.
Also, cotton material was better in maintaining skin wetness for longer time and it should be
used rather than polyester to avoid skin’s drying during the test procedure especially on
sweating manikins with no water supply.
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Figure 14: Comparison of total evaporative resistance values on two ensembles EN1 and EN2 calculated from
predicted skin temperatures for each “skin” material option — Rep, from measured skin temperature — Reym and
from prevailing method (manikin surface temperature) — Rei, taken from (Wang et al. 2017)

In another study (Koelblen et al. 2017) the cotton material with around 0.50 mm thickness was
also labeled as the best option for making sweating simulation skin for thermal manikins.

2.5 Proposed approach for Ret measurements

Results from previous years were summarized to overview article about evaporative resistance
measurement (Wang 2017). Evaporative resistance measured in non-isothermal conditions is
always referred to as apparent evaporative resistance — ARe.. Determined values will be referred
to as real evaporative resistance — Retreal When measured in so-called isothermal conditions.
Although, no dry thermal insulation tests are needed for calculation of the Rerreal because the
observed heat loss from the manikin in so-called isothermal conditions represents the
evaporative heat loss, some corrections must be used (Wang et al. 2011a; Wang 2017). It is
suggested to follow this scheme when calculating real evaporative resistance measured in so-
called isothermal conditions.
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Apparent ‘'wet” thermal fabric insulation calculation including skin fabric properties. Derivation
of this equation can be found in overview article as appendix (Wang 2017).

Al _ (dfabric*pw)z (8)
wet dfabric*sz *kfiber"‘(kw_ kfiber)*Wc*mfabric*(pw +P fiber*Wc)

Al yer apparent ‘wet’ thermal insulation of the fabric [m? K/W ]
dpabric fabric thickness [mm]
Dfiber fiber density [kg/m’]
P water density [kg/m?]
Kfiver fiber thermal conductivity [W/m.K]
kw water thermal conductivity [W/m.K]
Miabric fabric’s mass per unit area [g/m?]

We water content in fabric [% g/g]

Apparent ‘'wet” thermal insulation is then used for skin temperature prediction to mitigate the
error in evaporative resistance calculation caused by using manikin surface temperature
(prevailing method) and not manikin’s skin temperature as stated in standard (ASTM F2370-
16 2016).

Tsk = Tmanikin — Alwer * HL ©)
T predicted manikin's skin temperature [°CJ
Tranikin -~ manikin's surface temperature [°CJ
Al yver apparent ‘wet’ thermal insulation of the fabric [m> . K/W]
HL heat loss from manikin's total sweating area — heat flux [Wim?]

This predicted temperature is then used to correct heat loss for evaporation as part of it is taken
from environment and the other part from thermal manikin. The effect of moisture content on
clothing is also accommodated to this calculation as equation (7) from section 1.4. The final
equation for corrected evaporative heat loss — Qevap 1s as followed: (Wang et al. 2015; Lu et al.
2016).

(Ta=Tmanikin) +Alwet*HL
=H + 10
Qe”ap eheat T | (1-1510=%+w3 +1.6+10~6+w2—1.004x10~3*wy) (10)

It can be easily deduced from equation (10) that the energy used for moisture evaporation during
wet test in so-called isothermal conditions is always greater than the heating power supplied to
the manikin. Finally, the Qevap value can now be used for calculation the real evaporative
resistance by heat loss method and should yield similar results to those from mass loss method.
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_ (Psk—Pa)*A

Heat loss method Retheat =
’ He heat
C _ (Dsk—pa)*A
orrected heat loss method Retheatcorr = —
! ! Qevap
Apiso*A - *A
Mass loss method Retmass = Piso” — Psk_Pa)

d
Hemass l*d—T

Where the saturated skin vapor pressure and ambient air vapor pressure can be calculated as

follows.
4030.183
Pk = 0.1333 + exp(18.6686 — 1 -) (11)
4030.183
p, = 0.1333 * exp (18.6686 - m) « RH, (12)
RH, relative humidity of ambient air [%]
P, ambient air vapor pressure [kPa]
Py saturated skin vapor pressure [kPa]

Figure 15: Comparison of real evaporative resistance values on 5 ensembles and two nude cases calculated from
prevailing method (manikin surface temperature) — Regheat, from mass loss method — Remass and from corrected
heat loss method — Reg heat,corr, taken from (Wang et al. 2015).

It is clear from Figure 15 that correction for heat loss method improved the accuracy of real
evaporative resistance by heat loss method and that there is no significant difference between
Reétheat,corr and Retmass. In ensemble EN4, there is no significant difference between neither of
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the three methods as only small amount of heat (around 3.6 %) was drawn from the ambient
due to high insulation and impermeable layers of the clothing. To simplify the calculation, it is
suggested that the heat loss method may be directly used for calculating clothing real
evaporative resistance with no corrections for high insulation clothing (e.g., higher than
2.0 clo). For low insulation and vapor permeable clothing, the heat loss method must be
corrected before calculating clothing real evaporative resistance (Wang et al. 2015).
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3 SUMMARY OF KNOWLEDGE GAP

Although the knowledge in the field of measuring thermal insulation (I;) and clothing area factor
by means of thermal manikin are extensive, the measurement of evaporative resistance (Re) is
not documented too well. It is known that the repeatability of the thermal insulation
measurement is within the 4 % difference when the correct methodology from standards (ISO
9920 2007) is used. This is not the case for evaporative resistance measurement. As multiple
sweating simulations systems for manikin with different methodology and calculations methods
are used around the world, it is very challenging to compare any results and the reproducibility
its uncertain. As the round robin study (Wang et al. 2014) shows the difference from mean
values of measurements from multiple laboratories around /0 % (in extreme case 30 %
difference), the aim is to accommodate the evaporative resistance measurement using manikin
NEWTON at BUT and reach the values within /0 % from the results from manikin TORE at
Lund University. This level of precision would validate the methodology of the measurement
at BUT, as well as confirm the reproducibility of the measurement between different
laboratories using same methodology.

Secondly, the mass loss is closer to the physical nature of heat transfer by sweating while
accommodation of heat loss method is more challenging. The global aim is to find the right
measuring methodology and calculation methods for evaporative resistance using heat loss
method, which would allow to calculate also local evaporative resistance values for different
body parts for use in physiological modeling. Multiple corrections were proposed in the
literature for heat loss method, but they are not verified on bigger sample of clothing ensembles
(usually done on 2 or 3 ensembles in the study). Thus, it is unknown to what extend should the
proposed corrections be used for ensembles with different insulation or for protective clothing
etc.
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4 AIM AND OBJECTIVES

4.1 Aim of the thesis

Development and integration of the measurement procedure and calculation methods to
determine clothing evaporative resistance using thermal manikin Newton and to validate the
precision, repeatability and reproducibility of the measurement.

4.2 Scientific questions and original hypotheses
4.2.1 How do clothing properties affect the accuracy of thermo-physiological models?

Clothing properties (thermal insulation, clothing area factor and evaporative resistance) are
used as an input data for prediction models and are considered as one of the most problematic
areas. To obtain the most precise prediction possible, it is vital that the clothing properties input
data should define the properties of real clothing as realistically as possible.

4.2.2 Is it necessary to measure clothing properties?

As it is not always possible to measure clothing properties of real clothing ensembles used,
multiple equations and models to predict clothing properties were proposed, but studies show
that results are not always precise enough. Multiple methods for measuring clothing properties
are also used, but the best way to obtain the most realistic results are the methods using thermal
manikins, as the simulation of the shape of human body, with air gaps present in the clothing,
is vital to obtain realistic results.

4.2.3 Are the results of evaporative resistance measurements repeatable and
reproducible?

The repeatability and reproducibility of thermal insulation measurements is well study and
should be within 4 % while using same measurement setup according to the standards. For
evaporative resistance measurements, the repeatability and reproducibility should be achievable
in similar fashion, if the measurement setup, methods and calculations kept the same, for
example, if the sweating system of the manikin is not changed. We believe that the difference
should be within /0 % as it was achieved in most cases in comparison study (Wang et al. 2014).

4.2.4 Is it needed to use all proposed correction from the literature for evaporative
resistance calculation?

As the measurements are done in so-called isothermal conditions because we are unable to
control manikin’s skin temperature, the correctio for the manikin skin temperature should be
used for both mass loss and heat loss method, as it is not correct from the physical point of view
to calculate the evaporative resistance from the manikin’s surface temperature. Our hypothesis
is that the usage of other types of corrections are highly dependent on specific clothing
ensembles and it do not in general enhance the precision of the measurements any further.
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4.3 Objectives

To support all scientific questions, a set of specific objectives have been formulated:

I.  Analyze the importance of obtaining precise clothing parameters for
thermos-physiogical modeling.
II.  Analyze multiple methods to obtain clothing properties and confirm the importance of
manikin measurements.
II.  Identify the impact of local values for different body zones on thermo-physiological
models.
IV.  Study the influence of body posture and body movement on clothing properties.
V.  Verify the evaporative resistance measurement methodology and calculations including
all proposed corrections to obtain most precise values.
VI.  Implement the evaporative measurements methodology in BUT including equipment
and calculation methods.
VILI.  Verify the reproducibility of the evaporative resistance measurement between two
laboratories.

4.4 Structure of the thesis

The aim and objectives have been addressed in four stand-alone peer-review journal papers and
one soon to be published paper. The number of citations taken from ScienceDirect and Google
scholar, excluding auto citation as of July 2023 is given in brackets:

POKORNY, J; FISER, J.; FOJTLIN, M.; KOPECKOVA, B.; TOMA, R.; SLABOTINSKY,
J.; JICHA, M. Verification of Fiala-based human thermophysiological model and its application
to protective clothing under high metabolic rates. BUILDING AND ENVIRONMENT, 2017,
vol. 126, no. 2017, p. 13-26. ISSN: 0360-1323. (16)

FOJTLIN, M.; PSIKUTA, A_; FISER, J.; TOMA, R.; ANNAHEIM, S.; JICHA, M. Local
clothing properties for thermo-physiological modelling: Comparison of methods and body
positions. BUILDING AND ENVIRONMENT, 2019, vol. 2019, no. 155, p. 376-388. ISSN:
0360-1323. (14)

TOMA, R.; KUKLANE, K.; FOJ TLIN, M.; FISER, J.; JICHA, M. Using a thermal manikin to
determine evaporative resistance and thermal insulation — A comparison of methods. Journal
of Industrial Textiles, 2020, vol. 2020, no. 1, p. 1-23. ISSN: 1530-8057. (5)

KUKLANE, K.; TOMA, R.; A. I. LUCAS, R. Insulation and Evaporative Resistance of
Clothing for Sugercane Harvesters and Chemical Sprayers, and Their Application in PHS
Model-Based Exposure Predictions. International Journal of Environmental Research and
Public Health (printed), 2020, vol. 17, no. 9, p. 1-12. ISSN: 1661-7827. (8)

TOMA, R.; KUKLANE, K.; FOJTLIN, M.; FISER, J.; JICHA, M. Reproducibility of
evaporative resistance measurements and calculations using different thermal manikins. (to be
published)
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4.5 The author's contribution to the papers

L Conducted part of literature survey, part of data analysis and correcting of the
manuscript
II. Conducted part of experimental work, part of literature survey and correcting of

the manuscript

1. Conducted all of experimental work, literature survey, data analysis and writing
of the manuscript

IV. Conducted majority of experimental work, part of the literature survey, part of
data analysis and correcting of the manuscript

V. Conducted all of experimental work and numerical work, literature survey, data
analysis and writing of the manuscript

4.6 Other publications of the author related to the topic of the thesis

Three peer-review journal papers, which were co-authored during PhD studies closely
connected with the topic of the dissertation but were not discussed in detail due to brevity. All
papers are focused on clothing properties measurements using thermal manikin. The results of
this thesis were presented at multiple international conferences.

KUKLANE, K.; TOMA, R. Common clothing area factor estimation equations are inaccurate
for highly insulating (IcI>2 clo) and non-western loose-fitting clothing ensembles.
INDUSTRIAL HEALTH, 2020, vol. 59, no. 2, p. 107-116. ISSN: 0019-8366. (4)

SVECOVA, J.; STROHMANDL, J.; FISER, J.; TOMA, R.; HAINA, P.; HAVELKA, A. A
comparison of methods for measuring thermal insulation of military clothing. Journal of
Industrial Textiles, 2019, vol. 2019, no. 1, p. 1-17. ISSN: 1530-8057. (3)

KUKLANE, K.; TOMA, R. Validation of ISO 9920 clothing item insulation summation
method based on an ambulance personnel clothing system. INDUSTRIAL HEALTH, 2021,
vol. 59, no. 1, p. 27-33. ISSN: 0019-8366. (5)

POKORNY, J; KOPECKOVA, B. FISER, J.; TOMA, R.; JICHA, M. Vyuziti
termofyziologického modelu na ur€eni tepelné zatéze Elovéka v ochrannych odévech. In
HAZMAT PROTECT 2018, 3. ro¢nik odborné konference o ochrané proti CBRN latkadm
SBORNIK ABSTRAKTU + DVD s celymi ¢lanky. SUICHBO, v. v. i., Kamenna, Ceska
republika. 2018. s. 1-10. ISBN: 978-80-270-4852-6.

Rébert Toma, Kalev Kuklane, Jan FiSer, Miroslav Jicha. CLOTHING EVAPORATIVE
RESISTANCE MEASUREMENT USING THERMAL MANIKINS. In HAZMAT PROTECT
2018 - BOOK OF ABSTRACTS. 2018. p. 56-56. ISBN: 978-80-270-4852-6.

TOMA, R.; FISER, J.; FOJTLIN, M.; JICHA, M. Estimation of thermal sensation based on
human’s physiological parameters in indoor environment. 2017. p. 215-215.
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TOMA, R.; HRUBANOVA, K.; FISER, J.; JICHA, M. Determination of clothing heat transfer
coefficients for use in the iIHVAC system. 2018. p. 1-2.

4.7 Other publications of the author

During PhD studies, the author contributed to several ongoing researches in the thermal comfort
laboratory and collaborated with foreign research teams. Peer-review journal papers and
international conference contributions are listed below.

FOJTLIN, M.; PSIKUTA, A.; TOMA, R.; FISER, J.; JICHA, M. Determination of car seat
contact area for personalised thermal sensation modelling. PLOS ONE, 2018, vol. 13, no. 12,
p. 1-16. ISSN: 1932-6203. (13)

FOJTLIN, M.; POKORNY, J.; FISER, J.; TOMA, R.; TUHOVCAK, J. Impact of measurable
physical phenomena on contact thermal comfort. EPJ Web of Conferences, 2017, vol. 143, no.
I, p. 1-4. ISSN: 2100-014X. (5)

FOJTLIN, M.; PSIKUTA, A.; FISER, J.; POKORNY, J.. TOMA, R.; ANNAHEIM, S.;
JICHA, M.; ROSSI, R. Thermal model of an unconditioned, heated and ventilated seat to
predict human thermo-physiological response and local thermal sensation. BUILDING AND
ENVIRONMENT, 2019, vol. 169, no. 2020, p. 1-15. ISSN: 0360-1323. (6)

FISER, J.; POKORNY, J.; FOJTLIN, M.; TOMA, R. An innovative HVAC control system:
Comparison of the system outputs to comfort votes. Kobe, Japonsko: International Society for
Environmental Ergonomics., 2017. p. 39-39.

FISER, J.; POKORNY, J.; FOJTLIN, M.; TOMA, R. Car cabin thermal comfort measurement
under real traffic conditions. The 17th International Conference on Environmental Ergonomics
ICEE2017 - book of abstracts. Kobe, Japonsko: International Society for Environmental
Ergonomics., 2017. p. 190-190.

FISER, J.; POKORNY, J.; FOJTLIN, M.; TOMA, R.; JICHA, M. Equivalent temperature
calculation: The issue of total thermal resistance for Face and Scalp parts measured by thermal
manikin. 12th International Manikin and Modelling Meeting (12i3m), 29-31 Aug 2018, St.
Gallen, Switzerland: 2018.

POKORNY, J.; FISER, J; TOMA, R.; FOJTLIN, M.; JICHA, M. Visualisation of
temperatures and heat fluxes in contact area of automotive seat. 12th International Manikin and
Modelling Meeting (12i3m), 29-31 Aug 2018, St. Gallen, Switzerland: 2018.

38



5 SUMMARY OF THE CONDUCTED WORK

5.1 Paper I (Objectives I and III): Verification of Fiala-based human
thermo-physiological model and its application to protective clothing under high
metabolic rates

In this paper, a theory of how to predict thermal comfort and predict human heat stress in
various conditions was studied. Although, fast and well established indices expressing heat
stress, such as: PHS (Predicted Heat Strain) (ISO 7933 2004) , WBGT (Wet Bulb Globe
Temperature) - ISO 7243 (Budd 2008), and thermal sensation and comfort PMV/PPD
(Predicted Mean Vote/Predicted Percentage of Dissatisfied) - ISO 7730 (CSN ISO 7730 1997)
could be used, more detailed models should be used for prediction of heat stress in complex
environments (Havenith and Fiala 2015). On one hand, complex models provide detailed results
about human thermal state; on the other hand, they require rather detailed input data. Study
(Kati¢ et al. 2016) states that “Even though sophisticated models were developed...the accuracy
of the inputs has to be assured in order to incorporate models in the design process of buildings
and daily applications of thermal comfort“. In practical applications, this means that a precise
determination of environmental and personal parameters is essential to obtain satisfactory
results. From authors perspective, the two most problematic parameters are metabolic rate and
clothing properties, which was one of the factors behind the decision to conduct the research
on the topic of this dissertation thesis to be able to obtain precise clothing data. Thus, clothing
properties will be discussed more thoroughly.

Thermal and evaporative resistance of clothing can be determined, for example, according to
ISO 9920 (ISO 9920 2007) and also directly measured using a guarded hot plate - ISO 11092
(ISO 11092 2014) or a thermal manikin - ISO 15831 (ISO 15831 2004). The thermal manikin
has a human body shape which predetermines it as a suitable tool for the exact measurement of
heat transfer coefficients at human body surface, as was described in (de Dear et al. 1997;
Fojtlin et al. 2016). However, to obtain a detailed specification of clothing properties for each
individual is rather problematic.

Fiala-based thermo-physiological model (FMTK model) was implemented and verified for
protective clothing applications. The verification was carried out in three steps: validity of
passive and active systems and correlation of the model with experimental data. Details about
the verification methods and experimental setup are presented in chapter 2. Methods in Paper 1.

5.1.1 Summary of main findings

The passive system of the FMTK model was successfully verified and compared to Theseus-FE
model, reaching an average error of local skin temperature of 0.07 °C through all 49 sectors. A
comparison of active system with Theseus-FE model was conducted and the agreement was
very good in all transient test cases (in the ambient temperature range from 5 to 48 °C).
Although small differences were found in the simulation of higher metabolic rates, the FMTK
model was successfully verified. Detailed results can be found in the chapter 3. Results in
Paper 1.

The second part of this paper presented the application of the FMTK model to the chemical
protective clothing in warm/hot environmental conditions. The model successfully predicted
exposure time for three different garments in various conditions. Results show the demand for
deeper verification of the Fiala-based model for protective clothing applications. Validation of
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the model should be not only for the mean skin temperatures, but also for local temperatures.
Several disadvantages were noticed with such a complex model, from which the proper
definition of input data needed for the model is the most problematic one. Although we verified
that the FMTK model itself is well constructed, a more attention should be paid to the
complexity of the clothing model. The most of the inaccuracies stem from the estimation of
local insulation parameters (both thermal and evaporative resistance) of clothing and from the
effect of walking on the treadmill during the experiments. Thus, it is needed to find the best
possible way of how to obtain precise clothing parameters used in the models.
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5.2 Paper II (Objectives II, III and IV) Local clothing properties for thermo-
physiological modelling: Comparison of methods and body positions

Paper II explores various methods for determining the clothing properties, with the aim of the
study to explore possibilities to obtain local clothing parameters for better use in physiological
modelling. The aim of the study was to explore various methods and compared them with the
results of thermal manikin measurements, which is presently the most accurate method, but also
requires expensive equipment, such as thermal manikins and a climatic chamber. Therefore, the
researchers aim to find an alternative solution that can provide comparable accuracy to the state-
of-the-art methods. The differences between standing and sitting body posture and effect of
used method to obtain local clothing parameters on physiological modelling are also examine
in the paper.

Table 1 summarizes the different scenarios examined, arranged in descending order of
sophistication. The selected methods include manikin measurements, analytical heat transfer
modeling (Psikuta et al. 2018; Joshi et al. 2019) regression modeling (Vesela et al. 2018),
empirical modeling (e.g. the UTCI model (Havenith et al. 2012)), and ISO based approaches
(Nelson et al. 2005; ISO 9920 2007). For a comprehensive understanding, refer to Paper II,
Sections 2.3 — 2.9, where detailed descriptions of the cases are provided. Furthermore, the study
delves into a thorough investigation of the discrepancies in local clothing values between sitting
and standing body positions.

Case et (=) I (m*K. W) Rec (m*Pa. W) Position Segments
1 3D scanning Manikin heat loss Manikin heat loss sitting 13

2 Photography Manikin heat loss Manikin heat loss standing 13

3 Physical model Physical model Physical model sitting 8

4 Physical model Physical model Physical model standing 10

5 Regression model Regression model Physical model standing 11

6 ISO based model ISO based model ISO based model standing 3

7 ISO Database UTCI model ISO Database standing 7

8 ISO Database ISO Database ISO Database standing 1

Table 1: Summary of the examined scenarios

In Case 1, the reference case, state-of-the-art methods were employed. To determine the fci
(clothing area factor), a highly realistic three-dimensional (3D) scanning method was used. A
specialized scanner was utilized to digitize the surface of both the nude and clothed body of a
sitting manikin. Further information about the equipment used could be found in (Mert et al.
2017). For the determination of I (thermal insulation) and Rec (evaporative resistance), a
34-zone Western Newton-type manikin (Thermetrics, Seattle, USA) was utilized. The manikin
was seated on an adjustable perforated plastic chair inside a climatic chamber. Detailed
descriptions of the chamber and the manikin could be found in (Fojtlin et al. 2016). The
experimental conditions were set in accordance with ISO 15831:2004 (ISO 15831 2004). The
Re was determined using a pre-wetted tightly fitting, long sleeve overall, following the
methods described in (Richards et al. 2008; Wang et al. 2011a). The measurement was
conducted under isothermal conditions at 34 °C (skin temperature equal to ambient
temperature), with a relative humidity of /8 % (partial water vapor pressure of 957 Pa), and an
air speed of 0.1 = 0.05 m/s. The calculation of evaporative resistance was performed using the
heat loss method described in ASTM F2370 (ASTM F2370-16 2016).
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5.2.1 Summary of main findings

The results of this study showed substantial variation among the methods for all examined
clothing parameters, ranging from /3 — 43 % in fc, 35 — 198 % in Loy, and 53 — 233 % in Re 1 of
the reference value (Case 1).

Changing the body position from standing to sitting results in a reorientation of various body
parts and a redistribution of air gaps. Consequently, all three clothing thermal parameters are
affected. Although the global thermal and evaporative resistances exhibited only minor changes
(Yu et al. 2011), the local parameters displayed significantly higher error margins (up to 37 %
for fc1, 80 % for Ici and 92 % for Recl).

The local thermo-physiological responses were clearly affected by the variation of the local
clothing inputs. The error induced by clothing inputs, in this case, has no critical medical
relevance such as un-compensated heat storage or dehydration. However, in thermal sensation
and comfort studies, error in the local clothing input can cause substantial error in the thermal
sensation modelling. A sensitivity study revealed a dominant influence of the thermal insulation
on the predicted thermo-physiological parameters (fc; and Rec1 had lower impact). Therefore, to
get a high-quality prediction of physiological responses, it is crucial to always choose the most
reliable method to determine the local clothing properties, respecting the body position.

It is worth noting, that there were huge discrepancies found on some body parts between
independent tests measuring R while using thermal manikin in Case 1 and Case 2. Similar
discrepancies were showed in previous studies (Richards et al. 2008; Mtynarczyk et al. 2018),
even for global values for the whole body. Even though clothing properties measurements using
thermal manikin are the state-of-the art methods, repeatability of evaporative resistance
measurement between independent tests, and also between independent laboratories should be
studied to guarantee the best possible input data for models.
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5.3 Paper III (Objectives V, VI and VII): Determination of evaporative resistance and
thermal insulation by means of thermal manikin — comparison of methods

The focus of Paper IIl was to determine three most important clothing properties for
thermo-physiological modelling - clothing area factor, thermal insulation, and evaporative
resistance, by means of a non-sweating thermal manikin using pre-wetted skin. The aim of this
study was to identify, and possibly enhance, reliable and applicable methods to obtain
protective clothing parameters using thermal manikin. As it could be seen from the results of
Paper I and Paper II, the posture of the manikin and its movement is not to be neglected, so
verification of multiple equations (EN 342 2004; ISO 9920 2007), used for predicting resultant
total thermal insulation (Ii;) from total thermal insulation (I;) was conducted. Secondly, multiple
methods to measure and calculate evaporative resistance (ASTM F2370 - 10 2010) were
examined, including various calculations and corrections (Wang et al. 2010, 2011b, 2015).
According to the conclusions from Paper II, the repeatability of independent tests was also
examined for evaporative resistance measurement. Finally, PHS simulations were conducted
and a sensitivity analyses was done to observe the impact of the clothing properties, obtained
by the different equations and corrections, on the workers’ maximum exposure time.

5.3.1 Methods used to obtain clothing properties

All measurements and calculations were conducted on thermal manikin TORE (Kuklane et al.
2006) using two clothing ensembles used by agricultural workers in Latin America - sugarcane
cutters (SC) and pesticide sprayers (PS). Only total values for the whole body were calculated
in this study.

The clothing area factor (f.1) was determined by the photographic method. This method provides
high degree of accuracy without the need for specialized equipment. While in the early use of
this method up to 6 photographs were taken from different sides and angles, an acceptable
accuracy could also be achieved using photographs from only two positions: 0° - front side of
the standing manikin and 90° - right/left side of the standing manikin (Havenith et al. 2015).

The widely used heat loss method was used to determine both the total thermal insulation (I¢)
and the resultant total thermal insulation (Iy) according to ISO 9920 (ISO 9920 2007). The
walking stand for the manikin was used to simulate walking speed of approximately 3.5 km/h
(step rate set at 90 steps/min). Multiple equations (Table 2) were used to predict the resultant
total thermal insulation (Ii;) and the results were compared to the measured values.

Equation label Area of application
Standard ISO 9920 (32) light or normal clothing 0.6<Ilu<14
clo
(33) no clothing Iq=0 clo
(34) low insulated clothing 0<Ig<0.6clo
(3% specialized or high insulated Ia> 1.4 clo
clothing
(36) very low wind activity
Standard EN 342 (EN342) cold protective clothing

Table 2: Overview of multiple investigated equations from standards for predicting resultant thermal
insulation from total thermal insulation values.
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Two calculations methods to determine evaporative resistance provided by (ASTM F2370 - 10
2010) were used — the mass loss method and the heat loss method (Havenith et al. 2008b). Both
of the methods are presented in detail in chapter 2 of this thesis. Two corrections, namely for
the skin temperature of the manikin (Wang et al. 2010, 2011b) and for the heat gains from the
environment (Wang et al. 2015) were also used and evaluated.

A detailed description of the used equipment, tested clothing and used methodology including
detailed equations are provided in Paper III, Chapter 2.

5.3.2 Testing scenarios

Non-sweating thermal manikin was placed in the climate chamber in an upright posture with
the arms hanging freely as this posture is typically reported in the studies. The manikin’s arms
and legs were connected to an articulated stand to enable measurement of the resultant total
thermal insulation under walking conditions (I). Both clothing sets were tested twice in the
static and walking posture. The manikin was also measured naked to determine the thermal
insulation of the air layer (I.). The total thermal insulation (I;) of the manikin’s skin, which was
used for the evaporative resistance calculation was also measured.

For the evaporative resistance measurements, the manikin was placed in the chamber in the
same posture and on the same place as for thermal insulation measurements, with the whole
setup placed on the scale to measure mass loss. The mass loss measurement was conducted
once for each test only, due to the unavailability of the extra equipment needed. The heat loss
method using pre-wetted skin was measured three times for each clothing ensemble. The air
velocity was raised compared to the thermal insulation tests, to 0.54 +£0.16 m/s to ensure even
humidity distribution inside the climatic chamber. Evaporative resistance was only measured
in static conditions as the measurement setup (with the scale) did not allow for the use of a
walking stand.

5.3.3 Data analysis and sensitivity study

All thermal insulation values presented in this study are the averaged values of two independent
measurements with a difference lower than 4 % between them as required by the ISO 9920
standard (ISO 9920 2007). For the evaporative resistance measurements, the values presented,
including standard deviation from the heat loss method, were calculated as an average of three
independent measurements. However, the mass loss method was measured only once for each
clothing ensemble as a control measurement; therefore, no standard deviation could be
presented.

PHS simulations were performed as part of sensitivity analyses to assess how variations in
clothing properties, obtained through different equations and corrections, would impact the
maximum exposure time for workers. The assessment of maximum exposure time was
conducted based on two distinct criteria:

e D Tre, representing the time it took for an average worker to reach a core temperature
limit of 38 °C (occupational exposure limit).

e Dwl 50, indicating the time it took for an average worker to reach the limit for water
(sweat) loss.
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With the exception of the measured clothing parameters resultant intrinsic thermal insulation
(Ieir), and moisture permeability index (im), derived from measured thermal insulation and
evaporative resistance), all parameters for the PHS simulations remained constant and aligned
with the environmental conditions during lunchtime in the sugarcane fields of Latin America.

5.3.4 Summary of the main findings

The difference between measured values of the resultant intrinsic thermal insulation and those
calculated according to equation (32) in ISO 9920 (ISO 9920 2007) ranged from -0.6 to -3.6 %.
The accuracy of the equation (32) is sufficient and the difference decreased with the rising total
thermal insulation for the ensemble. Bigger differences were found comparing the measured
values with the prediction from equation (35) (-27.9 % for SC and -27.3 % for PS) and from
equation used in EN 342 (EN 342 2004) (-16.3 % for SC and -18.8 % for PS). The issues is to
choose the correct equation for clothing ensemble as it is not clear in some cases. From the
perspective of thermal insulation, equation (32) from ISO 9920 (ISO 9920 2007) was the best
fit for our clothing ensembles. On the other hand, equation (35) is meant to be applied to
specialized clothing with impermeable layers, which was also true for used clothing sets.
Equation from EN 342 (EN 342 2004) for cold protective clothing yields better results than
equation (35) as it also takes into consideration impermeable layers, but used ensembles are not
cold protective clothes. Although, it is possible to use these predictive equations to enhance the
precision of thermophysiological modelling in some cases, were it is clear which equation
should be used, more versatile and robust equation should be developed on bigger database of
clothing ensembles in the future.

For the evaporative resistance measurements, the mass loss and heat loss methods were firstly
compared. For the SC ensemble, same results were obtained from both methods (Retnh manikin =
Retm = 26.7 m’Pa/W). For the PS set, the difference was slightly higher, amounting to 4,4 %
(Reth manikin = 83.7 m?’Pa/W and Reym = 87.4 m’Pa/W). Secondly, the discrepancies caused by
the use of multiple corrections were investigated. In the mass loss method, the differences
between values calculated from the manikin’s surface temperature and from the manikin’s skin
temperature were /3.2 % for the SC ensemble and 4.4 % for the PS ensemble. Similarly, the
heat loss method involved differences of 713.7 % and 8.6 % for SC and PS respectively.
Moreover, when the correction for gains from the environment was used in the heat loss
method, the differences compared to the raw values (calculated from the manikin’s surface
temperature) were even higher 2/.2 % for SC and 8.7 % for PS. We could see that the
percentage differences between both the mass loss and the heat loss method are not significant
when the same temperature (either the surface temperature or the skin temperature of the
manikin) is used for their calculation. However, calculations based on the manikin’s surface
temperature should not be used as this is not correct from a physical point of view. Water
evaporates from the manikin’s skin and not its surface, thus the vapor pressure of saturated skin
needs to be used in the calculations.

The outcomes obtained through sensitivity analyses substantiate our observations regarding the
utilization of the manikin's surface temperature. In the context of the SC ensemble, the criteria
for core temperature were not met when the manikin's surface temperature was used in either
the mass loss or heat loss approach. Conversely, when the projected skin temperature was
adopted in both methods, the maximum exposure time was limited to approximately
55 minutes. This discrepancy is substantial and holds the potential to introduce significant
inaccuracies in PHS predictions, which could, in turn, have adverse implications for the well-
being of sugarcane workers. When PS ensemble was used, the presence of multiple
impermeable layers in the ensemble led to the minimal heat transfer between the skin and the
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environment, causing the mentioned corrections to exert minimal influence on calculated
evaporative resistance values. This observation was further confirmed by the findings from the
sensitivity analysis, where there were no disparities in exposure time based on water loss criteria
and the core temperature limit was promptly reached (approximately within 30 minutes) across
all scenarios.

Three independent measurements of evaporative resistance using heat loss method were
conducted for the both sets. For SC ensemble, the standard deviation of three measurements
was 0.90 and the values were within 4 % (from -3.74 % to 2.15 %) from their mean value. For
the PS set, the standard deviation of three measurements was 2.76 and the values were also
within 4 % (from -3.63 % to 2,36 %) from their mean value. These results shows very good
repeatability of the measurements in the area of required precision of thermal insulation
measurements stated in ISO 9920 (ISO 9920 2007).

Results from this study show the need to correct for the pre-wetted skin temperature in the
calculations of both methods in order for them to be physically correct. Other corrections should
not be needed as they do not improve the results any further. Although, the correction for the
pre-wetted skin temperature can be omitted when impermeable and high insulated clothing is
used (in conformity with Wang (Wang et al. 2015)), it has minimal impact on evaporative
resistance values or heat stress predictions when high insulated and impermeable clothing is
used, therefore, they can be used in all cases for simplicity.
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5.4 Paper IV (Objectives I and IV): Insulation and evaporative resistance values of
clothing for sugarcane harvesters and chemical sprayers in Latin America, and their
application in PHS model-based exposure predictions

This study measured the clothing properties used in sugarcane fields in Latin America and
utilized them in a standard tool for heat strain prediction - PHS. The aim of the study was to
use the clothing parameters obtained during the manikin measurements used also for Paper I11
to obtain a heat strain prediction for advanced planning of a workday and for possible
preparation of preventive measures against heat stress for sugarcane workers. Although more
sophisticated prediction models could be used, the fairly simple PHS model was chosen for this
study, as this model is easily available for everybody through web tool, has a low cost and has
been validated in a wide range of hot conditions. The goal is to see of this model is capable of
predicting heat strain for this kind of applications, for which the more sophisticated models
might be too expensive to use. Exposure characteristics were calculated as the limit values of
the core temperature and water loss based on an hour-by-hour approach under the extreme
weather conditions of a hot day (with ambient temperature ranging from /8.6 °C to 36.4 °C and
ground temperature ranging from 20.5 °C to 52.1 °C). This analysis encompassed various
combinations of activity levels. Predictions were made for each hour separately and did not
reflect the physiological status of the previous hour, thus there might be some overestimations
or underestimations of the duration limited exposure (DLE).

For manikin testing, local values of total (I;) and resultant (I;;) thermal insulation were presented
to analyze the impact of the movement on thermal insulation for different parts of the body. For
evaporative resistance measurements, the local values were also presented to see the difference
between body parts, which is important for use in more sophisticated thermos-physiological
models.

5.4.1 Summary of main findings

Firstly, the impact of walking simulation was analyze. The whole body total thermal insulation
(I) and resultant thermal insulation were compared for both sugarcane cutters (SC) and
chemical sprayers (CP), reaching the difference of 25.3 % and 26.8 % respectively. These
values are comparable with the prediction equation 32 from ISO 9920 (ISO 9920 2007), which
i1s in the agreement with the results from Paper III. However, local thermal insulation in
different manikin zones (body part) may vary from 0 % (on Head) to -48 % (right hand) when
SC ensemble was used and from -2 % (Head) o -39 % (Upper arms) when CP ensemble was
used. The results clearly show the effect of body parts’ swinging radius or being rigidly fixed
in the walking manikin tests, where the biggest changes are for hands and feet, followed by
arms and legs, then torso zones and finally the head, which is basically stationary during the
test. For technical measurements and various model evaluations, we need to consider what
differences between the zones do not match the reality. This may be built in the established
correction equations in the future, e.g., for walking. There is also possibility of applying a higher
air velocity during the measurements to offset for these differences, which might be very
challenging as the differences are not similar for each zones.

Secondly, the local values and differences between different body parts were studied also for
evaporative resistance data and as expected, huge differences were observed. When SC set was
used, the values varied from 6.0 m’? Pa/W (right hand) to 65.6 m? Pa/W (feet with protective
boots). Similarly for CP set, the values varied from 20.4 m’ Pa/W (head) to above 500 m* Pa/W
(belly), where two tight impermeable layers were used on top of each other. This study utilized
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only the values for the complete ensembles in a standard occupational heat strain model PHS.
However, it could be seen from the huge differences between body parts, why it is important to
use sophisticated models with local values as input data for complex and more detailed
purposes, for example in the area of protective clothing design development.

Lastly, measured clothing properties were used in the PHS model to predict heat train on
hour-by-hour bases for workers on sugarcane fields in Nicaragua.

Figure 16: Expected daily duration limited exposure for sugarcane cutters (SC) and chemical sprayers (CP) at
various activity levels based on core temperature (criterion Trec < 38 °C). At the lowest activity for sugarcane
cutters (SC: 250 W), the duration limited exposure (DLE) was above &8 / (480 min), and therefore, the line cannot
be seen in this diagram.
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Figure 17: Expected daily duration limited exposure for sugarcane cutters (SC) and chemical sprayers (CP) at
various activity levels based on water loss (criterion Dwl,lim < 5 %).

The impact of heat exposure on workers wearing chemical protective clothing (CP) was
significantly constrained by the rising core temperature, as indicated in Figure 16. In oppose,
for sugarcane cutters (SC), core temperatures surpassed 38 °C only during the most vigorous
activities and the hottest periods of the day. In such instances, it is recommended that
continuous exposure should not exceed 50 minutes, and it becomes essential to incorporate
regular breaks for rest and hydration. The findings strongly reinforce the established suggestion
to incorporate extended recovery/lunch breaks (>2 hours) in shaded, well-ventilated areas
during the peak heat of the day, along with adequate fluid replacement. While the sensation of
thirst might not hold as much significance (Figure 17) compared to the increase in core
temperature, dehydration can easily go unnoticed subconsciously (Parsons 2014). The results
from the current study strongly recommend that more or less frequent drinking rest breaks
should be enforced. By utilizing the PHS model to calculate water loss, recommendations for
both the quantity and frequency of fluid intake can be approximated. Additionally, the PHS
data offers insights into exposure duration and the optimal frequency of rest breaks, all based
on core temperature calculations. This enables the evaluation of work situations, risk
assessments and planning of the work/rest schedules. Although PHS model is very simple and
have fair amount of limitations, it is fairly fast and easy to use tool to predict heat strain for
specific environments and activities, which might be more useful in everyday situations than
more sophisticated thermo-physiological models.

49



5.5 Paper V (Objectives V, VI and VII): Reproducibility of evaporative resistance
measurements and calculations using different thermal manikins (to be published)

The aim of the final paper is to verify the reproducibility of the evaporative resistance
measurements comparing the result from two different manikins measured in two different
laboratories — Manikin TORE at Lund University and manikin NEWTON at BUT. The aim is
to replicate the measurement scenario as much as possible and to compare the differences
between the values obtained. Secondly, the goal is to accommodate all of the corrections for
calculation of evaporative resistance from heat loss method proposed in the chapter 2.5 of this
thesis and to analyze the impact of the corrections on the results. All corrections will be
compared to the results of mass loss measurements using manikin’s skin temperature
correction, as this values closer to the physical nature of heat transfer by sweating. As it is not
possible to use mass loss method to obtain local evaporative resistance for different body parts,
it is important to find the best possible calculation method for heat loss method, as it is crucial
to obtain precise local values of clothing properties for thermo-physiological modelling. The
study was conducted on 14 clothing ensembles covering the whole spectrum of thermal
insulation from 0.5 clo to 3.2 clo as described below.

5.5.1 Clothing ensembles

For the purpose of this study, 27 items from Taiga AB (Sweden) ambulance clothing system
were tested individually on the thermal manikin Tore at Lund University according to
ISO 15831 (ISO 15831 2004) following ISO 9920 (ISO 9920 2007) recommendations and basic
insulation (Ic1) of each garment was calculated. More than /00 realistic clothing combinations
were compiled and basic insulation was calculated according to the summation equation from
ISO 9920 (ISO 9920 2007). Finally, /4 clothing ensembles were selected for this study from
over 100 options to evenly cover values from 0.5 fo 3.2 clo. More information about used
garments and detailed summation method research, calculation and validation could be found
in (KUKLANE and TOMA 2021a).

Figure 18: 14 clothing ensembles from Taiga AB (Sweden) with basic thermal insulation from 0.5 to 3.2 clo
chosen for the study.
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The clothing area factor (fc1) of these ensembles were also measured using photographic method
(same as Paper III.) for both manikins TORE and NEWTON. The f.; estimation and calculation
analysis for these particular clothing sets on manikin TORE is described in detail in a separate
paper (KUKLANE and TOMA 2021b). For the NEWTON manikin, the same method was used.
It could be seen that the values for NEWTON manikin are slightly higher (in average by 4,6 %),
which is probably caused by slightly bigger dimensions of the NEWTON manikin and small
differences in the shape of some body parts.

Thermal insulation of chosen clothing ensembles (Table 3) were measured on manikin TORE
at Lund University and were used in the calculation for evaporative resistance for both
manikins, as there was no significant difference when measuring thermal insulation between
the manikins.

manikin TORE manikin NEWTON
Ensemble fa N L Lol fa I la la

(-) (m?K/W)  (m?K/W)  (clo) () (m?K/W)  (m?K/W)  (clo)
T1 1.15 0.164 0.082 0.53 1.22 0.164 0.087 0.56
T2 1.18 0.197 0.118 0.76 1.23 0.197 0.121 0.78
T3 1.27 0.277 0.204 1.31 1.34 0.277 0.208 1.34
T4 1.29 0.290 0.218 1.40 1.36 0.290 0.222 1.43
T5 1.39 0.336 0.269 1.74 1.41 0.336 0.270 1.74
T6 1.38 0.380 0.312 2.01 1.44 0.380 0.315 2.03
T7 1.28 0.298 0.226 1.45 1.36 0.298 0.230 1.48
T8 1.44 0.431 0.366 2.36 1.49 0.431 0.368 2.38
T9 1.40 0.386 0.319 2.06 1.47 0.386 0.322 2.08
T10 1.44 0.430 0.365 2.35 1.53 0.430 0.369 2.38
Ti1 1.41 0.440 0.373 2.41 1.48 0.440 0.377 2.43
T12 1.49 0.546 0.484 3.12 1.53 0.546 0.485 3.13
T13 1.49 0.557 0.495 3.19 1.53 0.557 0.496 3.20
T14 1.45 0.525 0.460 2.97 1.52 0.525 0.464 2.99

Table 3: Insulation and clothing are factor of selected clothing combinations for both TORE and
NEWTON manikin.

5.5.2 Measurement setup and equipment

As it was mentioned already, manikin TORE (Kuklane et al. 2006) and manikin NEWTON
(Thermetrics, Seattle, USA) (Fojtlin et al. 2016) were used for the purpose of the study. Both
manikins are dry manikins with no water supply and sweating simulation was done using
pre-wetted tight-fitting skin from the same material (thickness d= 0.9 mm, 95 % cotton,
5 % elastane). Measurements using manikin TORE were conducted in the climatic chamber at
Lund University, with dimensions height x width x length: 2 400%2 360%3 200 mm (detailed
information in Paper III). The manikin was placed in upright posture with the arms hanging
freely with the air flowing to the manikin’s back. The whole setup was put on the scale (Mettler
Toledo K240) to measure mass loss. The whole setup was identical to the measurements from
Paper III. For the manikin NEWTON measurements, the climate chamber in BUT (Fojtlin et
al. 2016) was used, with dimensions height x width x length: 3 800x5 000%8 850 mm. The
setup was as close as possible to the measurements with manikin TORE - NEWTON was placed
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in the upright posture with the arms hanging freely with the air flowing to the manikin’s back
and the whole stand was placed on the scale (Lesak 1T6060-LN/060kg) with the same precision
as the Mettler scale used at Lund University. It was possible to setup the same conditions in
both climate chambers with air temperature of 34 £0.2 °C, air humidity of 40 £5 % and air
velocity of around 0.45 +0.1 m/s measured in three different heights one meter from the back
of the manikin. Both manikins had the skin temperature of 34 £0.2 °C set and controlled.

5.5.3 Methods and Results

All 14 ensembles were measured twice on both manikins. The results were calculated as an
average value from the two measurements on each manikin. Only the correction for manikin’s
skin temperature was used while analyzing the reproducibility of the measurement.

Emanikin TORE ®manikin NEWTON

T01 ToO02 TO03 TOo4 TO5 TO6 TO7 ToOo8 T09 Ti0 Ti1 Ti2 Ti3 Ti4

— —
o (=)} (=] [e=] [3¥)
[=] (=] (=] [=] L=]

Total evaporative resistance (m2Pa/W)
-
(=]

Figure 19: Comparison of total evaporative resistance values including correction for manikin’s skin temperature
measured on both manikins calculated as an average of two measurements.

Paired two-tailed T-test was used to see if there is a difference between the total evaporative
resistance (Rer) values obtain from different manikins. The p-value calculated from the T-test
was 0.0000515 which means that there is enough evidence to suggest that there is a significant
difference between these values. The same T-test was conducted for intrinsic evaporative
resistance values (Rec1) which takes into consideration slightly different shapes of the manikins’
bodies in form of clothing area factor (fc1) for each ensemble. In this case, the p-value was 0.042,
which is very close to the significance level of 5 % (0.05). For better visualization of the
difference, the Bland-Altman graph was plotted from intrinsic evaporative resistance
values (Rec1). The limits of agreement (mean difference /.96 * standard deviation of
differences) represent the range within which the differences between two measurements on
different manikins are expected to fall with a level of confidence of 0.05.
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Figure 20: Bland-Altman plot for intrinsic evaporative resistance values (Rec) with level lower of agreement of -
3.26 and upper level of agreement of 6.78.

As mentioned earlier, mass loss method directly determining the intensity of mass transfer by

evaporation, with the correction for manikin’s skin temperature (as we are only able to control
Apiso*A — (Psk— Pa)*A

He,mass *——

1s closer to the

manikin surface temperature) calculated as Reg mass =

physical nature of heat transfer by sweating, it was taken as the etalon calculation for evaluation
of all corrections for heat loss method. All of the corrections for heat loss method are descripted
in detail in chapters 2.4 and 2.5 of this thesis and were all calculated for each clothing ensemble.
Average values for each clothing set were calculated from all measurements (two measurements
on TORE and two on NEWTON) for each correction. Paired two-tailed T-test was used to
evaluate and compare the calculated total evaporative resistance (Ret) values from different
corrections with the etalon value obtained from mass loss method using skin temperature
(Ret Tskin_mass_loss).- The same analysis was also done for intrinsic evaporative resistance (Recl)
calculated using clothing area factors (f). For the purposes of the correction evaluation, the
14 clothing ensembles were also divided into two groups and the corrections were tested in the
same way using T-test for specific insulation groups — from 0.5 fo 2.0 clo and from 2.0 clo to
3.2 clo. The aim was to analyze the impact of the ensemble insulation on the calculated values
through different corrections, as it was mentioned before that the corrections might be not
needed for higher insulated clothing ensembles. Table 4 shows calculated p-values from T-test
for all of the corrections. The p-values below level of significance of 0.05 shows that there is a
significant difference between comparing values, which is not desirable as the aim is to get as
close as possible to the values obtained from the mass loss method with manikin’'s skin
temperature correction applied.

Total evaporative resistance (Ret)

Ret Tskin 0.503

Ret_Tskin_EnVi 0.000

Ret Tskin mass loss V. RetﬁTskinﬁEnviiltwet 0.000
- Ret Tskin_ fabric 0.000
RetﬁTskinifabriciEnvi 0.749

Ret_Tskin_fabric_EnVi_Itwet 0.428
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Intrinsic evaporative resistance (Rec)

Recl_Tskin 0.503

RecliTskiniEnvi 0.003

Recl Tskin mass loss V. Recl_Tskin_Envi_Itwet 0.000
B - RecliTskinifabric 0.080
Recl_Tskin_fabric_Envi 0.346

RecliTskinﬁfabriciEnViiltwet 0.111

Table 4: p-values from T-test comparing values calculated from different proposed corrections with the
value calculated from mass loss method using correction for manikin's skin temperature. Results showed both
for total and intrinsic evaporative resistance.

5.5.4 Summary of main findings

According to the results of statistical analysis, there is significant difference between the
measurements on the manikin TORE and manikin NEWTON. These differences could be
caused by size of the chamber with different air flow. The air velocity was control near the
manikins in both chambers as stated above, but the air flow in the rest of the chamber is
impossible to measure and thus, it may cause some differences. Another cause of the difference
could be slightly different shape of the manikin’s bodies. It is important to compare the intrinsic
evaporative resistance values, as those are calculated using clothing area factor (fc) and takes
into consideration the shape of the manikin and fitting of the clothes. When comparing the
intrinsic values, the results of statistical analysis was very close to the level of
significance of 5 %. As stated in chapter 2 of this thesis, the replications of thermal insulations
measurements should not vary by more than /0 % from the mean value according to the ASTM
standard (ASTM F1291-16 2016) and we set similar level of desired repeatability in our
hypothesis also for evaporative resistance measurements. This was achieved in all but two
clothing ensembles with lowest insulation — for ensemble TO1, the difference from mean value
was 10.89 % and for ensemble T02 it was /1.96 %. This could be caused by drying of some
parts of the manikin (especially parts not covered with clothing) during the test, as it is
complicated to ensure wetness of the manikin’s skin when the evaporation is high while
avoiding water dripping from the manikin. For the rest of the ensembles , the difference from
the mean value was within 4 %, which is similar to the thermal insulation tests according to the
ISO 9920 (ISO 9920 2007).

As mentioned earlier, the correction for manikin’s skin temperature should be implemented in
both measuring methods to be correct from the physical point of view. The mass loss method
was used as etalon. According to our statistical analysis, it is needed to use the correction for
manikin’s skin temperature for both methods. Corrections for the gains from the environment
and moisture content in the clothing did not show good correlation with etalon values, unless
there were used together with the correction for manikin’s skin fabric. Integration of this
correction is very problematic, as it requires lot of input data about manikin’s skin, which are
difficult to obtain and there is a risk of importing error to the calculation via this input data.
According to our measurements, there are no should be no differences in calculations for
ensembles with different insulation. The statistical analysis showed the same results for
ensembles below and also above 2 clo. Thus, the results suggest that using of the correction for
manikin’s skin temperature for heat loss method should be enough to obtain the evaporative
resistance values with sufficient precision for thermo-physiological modeling.
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6 CONCLUSIONS

This PhD thesis showed the importance of obtaining precise clothing properties for the purpose
of thermo-physiological modeling, methods to determine the thermal insulation (I;), clothing
area factor (fc) and most importantly, the development and integration of the measurement
procedure and calculation methods to determine clothing evaporative resistance (Ret) using
thermal manikin NEWTON at Brno University of Technology, including the precision
validation and repeatability of the measurement.

The summary of the main conclusions from individual studies is as follows:

e Successful verification of the FMTK model, highlighting the importance to obtain
precise clothing parameters as estimation is not sufficient.

e Estimation of clothing properties shows huge variations — the state-of-the-art methods
to obtain clothing properties are using thermal manikin.

e It is necessary to use local values of clothing properties in thermo-physiological
modeling to obtain precise predictions.

e Changing the body position results in a reorientation of various body parts and a
redistribution of air gaps — it is important to obtain resultant clothing properties (Ii).

e It is possible to calculate resultant thermal insulation (Iy) from total thermal
insulation (Ir) using equations in standards although one robust equation for all types of
clothing would be beneficial.

e Methods to obtain thermal insulation (I)) and clothing area factor (f.) are well
documented and validated compared to methods to obtain and calculate evaporative
resistance.

e Mass loss method is essentially correct, but it is currently not possible to obtain local
values from this method due to technical limitations of the measurement equipment —
heat loss method needs to be used to obtain local values..

e (Correction for manikin’s skin temperature should be used in both mass loss and heat
loss methods, as it is correct from physical point of view — we are only able to control
manikin’s surface temperature, not pre-wetted skin temperature.

e Corrections for the gains from the environment and moisture content in the clothing
should be used only in combination with the correction for manikin'’s skin fabric.

e Correction for manikin’s skin fabric is complicated because multiple input data needed
about manikin’s skin — risk of importing errors to calculation and not enhancing the
results any further.

e Usage of heat loss method correction is not dependable on clothing’s insulation —
corrections should be used for all ensembles even above 2 clo.

e Using only the correction for manikin’s skin temperature is sufficient.

e Important to measure intrinsic evaporative resistance (Rec) — takes into account
manikin’s shape and fitting to the clothing.

e Evaporative resistance (Re¢) measurement and calculation successfully accommodate on
manikin NEWTON at BUT.

e In all but two cases (/0.89 % and 11.96 %), the results are within 4 % from the mean
values, which is significantly better than /0 % set in our hypothesis.

The evaporative resistance measurements were successfully accommodated and performed on
manikin NEWTON at BUT. Methodology and calculation methods were compared and
validated with the data from manikin TORE, as the manikin and laboratory at Lund University
are participating also in round robin studies for standards and the evaporative resistance
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measurements are well established there. The differences between measured values were in
most cases within 4 % which exceeded our expectations. In some case, similarly to the results
published, the differences were higher (up to /2 %) and occurred on the least insulated clothing
ensembles, with some body parts not covered with clothing (see Figure 18 ensembles with
shorts and short sleeves). The reason behind higher differences in lower insulated ensembles
might be the different size of climate chambers (and thus different air flows in the chambers)
at both Universities.

6.1 Future research

There are multiple areas which could be studied further in the field of evaporative resistance
measurements.

e Heat loss method and its corrections were proposed and studied because it is very
challenging, with current technical limitations, to obtain local values from the mass loss
method, which is essentially correct and is closer to the physical essence of heat transfer
by sweating. In this thesis, only the repeatability of the total evaporative resistance
values were studied, thus it would be beneficial to study the repeatability of the
measurements also for local values, as it was showed that local values are necessary to
obtain precise thermo-physiological predictions.

e As it was showed in the thesis, the body posture can influence the orientation of various
body parts and a redistribution of air gaps. Multiple equations for prediction resultant
thermal insulation values are proposed and were studied in this thesis. It is important to
note that these predictions are also made only for total values and not for local values.
One robust equation would be beneficial to cover local values prediction for all types of
clothing. Most importantly, there are no equations for calculation of resultant
evaporative resistance. This is another huge area of knowledge gap, were it is necessary
to either measure resultant evaporative resistance values (using movement simulation
of the manikin) or to propose equation for its prediction from the static values.

e As the manikin measurements are complicated and require expensive equipment, it
would be beneficial to find an alternative way to obtain or predict clothing properties.
This is especially difficult for special and protective clothing with specific garments and
impermeable layers.

6.2 Limitations

The sweat evaporation from the human body a clothing properties blocking this evaporation is
such a complex process, that it is impossible to capture all its features with current technical
equipment and methodology. For example, the sweat simulation on thermal manikin is even on
all body parts and manikin’s surface temperature is also controlled on the same value, which is
not the case in real situations. Another examples could be movement of the person wearing the
clothes, moisture content stuck in the clothes from the previous activity, changing level of
activity (sweating and cooling), changing air gaps or environmental conditions, such as
changing temperature, air humidity or raining wetting the clothes from outside. Each of these
effects plays a considerable role in the evaporation of the sweat and thus, in the
thermoregulation of the person.
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Further limitations are linked with the laboratory approach itself as several aspects presented in
the real-life applications had to be omitted. For example, constant air flow, humidity and
temperature in the climate chamber of the manikin or pre-set level of sweating.
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Figure 1: Sweating guarded hot plates SGHP-8.2 and Sweating thermal manikin Newton from
Thermetrics, Advanced Thermal Measurement Technology, Seattle, USA; test person from
Santra Technology, UK website.

Figure 2: Sweating manikin “Walter” from Hong Kong Polytechnic University with GORE-
TEX skin, taken from (Fan and Chen 2002)

Figure 3: Sweating 'Newton’ type manikin with water supply through pores made by
Thermetrics, Seattle, USA

Figure 4: Sweating manikin “Tore” from Lund University with pre-wetted skin on

Figure 5: The heat transfer mechanism among the manikin surface, the wetted skin and the
environment in a so-called isothermal condition (Ta = Tr = Tmanikin), adapted from (Wang et al.
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Figure 6: Comparison of values of total evaporative resistance calculated by heat loss and mass
loss methods taken from (Wang et al. 2011a)

Figure 7: Comparison of values of total evaporative resistance calculated by heat loss and mass
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Figure 8: Comparison of values of total evaporative resistance calculated by heat loss and mass
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manikin surface temperature — Re¢ m, measured skin temperature — Retsk, predicted by equation
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Figure 11: Comparison of Ret values calculated from prevailing heat loss method using manikin
surface temperature — Ret (Temp of EWS), measured skin temperature — Ret (Temp of MT),
predicted by equations for each part — Re¢ (Predictive temp by Ueno each part’s Eq), predicted
by equation for whole manikin — Ret (Predictive temp by Ueno whole manikin Eq), predicted
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Figure 12: effect of moisture content added to clothing on total thermal insulation loss (circle
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Figure 13: Effect of fabric thickness on the apparent ‘'wet” thermal insulation of manikin’s
sweating skins for both cotton and polyester material, taken from (Wang 2017)

Figure 14: Comparison of total evaporative resistance values on two ensembles EN1 and EN2
calculated from prevailing method (manikin surface temperature) — Retc, from measured skin
temperature — Re;m and from predicted skin temperatures for each “skin” material option — Ret,p,
taken from (Wang 2017)
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Figure 15: Comparison of real evaporative resistance values on 5 ensembles and two nude
cases calculated from prevailing method (manikin surface temperature) — Retheat, from mass

loss method — Ret,mass and from corrected heat loss method — Reheat,corr, taken from (Wang et al.
2015)

Figure 16: Expected daily duration limited exposure for sugarcane cutters (SC) and chemical
sprayers (CP) at various activity levels based on core temperature (criterion Trec < 38 °C). At
the lowest activity for sugarcane cutters (SC: 250 W), the duration limited exposure (DLE) was
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Figure 17: Expected daily duration limited exposure for sugarcane cutters (SC) and chemical
sprayers (CP) at various activity levels based on water loss (criterion Dw1lim < 35 %).

Figure 18: 14 clothing ensembles from Taiga AB (Sweden) with basic thermal insulation from
0.5 to 3.2 clo chosen for the study.

Figure 19: Comparison of total evaporative resistance values including correction for
manikin’s skin temperature measured on both manikins calculated as an average of two
measurements..

Figure 20: Bland-Altman plot for intrinsic evaporative resistance values (Rec1) with level lower
of agreement of -3.26 and upper level of agreement of 6.18.

Table 1: Summary of the examined scenarios

Table 2: Overview of multiple investigated equations from standards for predicting resultant
thermal insulation from total thermal insulation values.

Table 3: Insulation and clothing are factor of selected clothing combinations for both TORE
and NEWTON manikin.

Table 4: P-values from T-test comparing values calculated from different proposed corrections
with the value calculated from mass loss method using correction for manikin’s skin
temperature. Results showed both for total and intrinsic evaporative resistance.

64



9 LIST OF SYMBOLS

Tskin
Ta

Tr
Tmanikin
Ret

He

H:

Ha

Apiso
Ret,mass

He,mass
Apiso
A

A
dm/dt

Ret,heat

He heat
Ts

HL

Recl

Rea

fel

It apparent
It

L

manikin’s skin temperature

ambient temperature of the environment
radiant temperature in environment
manikin’s surface temperature

total clothing evaporative resistance
calculated evaporative heat loss

total evaporative heat loss

dry evaporative heat loss

water vapor pressure gradient between wet skin and manikin
surface

total clothing evaporative resistance calculated by mass loss
method

calculated evaporative heat loss from mass loss rate

water vapor pressure gradient between wet skin and manikin
surface
sweating surface area

vaporization heat of water at measured skin temperature
evaporation rate of moisture from the wet skin

total clothing evaporative resistance calculated by heat loss
method
evaporative heat loss from manikin’s surface

predicted manikin’s skin temperature

heat loss from manikin’s total sweating area — heat flux
clothing intrinsic evaporative resistance

evaporative resistance of the boundary surface air layer
clothing area factor

clothing apparent ‘wet” thermal insulation

clothing dry thermal insulation

intrinsic clothing insulation

[°C]
[°C]
[°C]
[°C]
[kPa.m2/W]
[W]
[W]
[W]

[kPa]
[kPa.m2/W]

[W]

[kPa]

[m2]
[W.h/g]

[¢/h]
[kPa.m2/W]

[W]

[°C]
[W/m2]
[kPa.m*W]
[kPa.m*W]
[-]

[m?. K/W]
[m?. K/W]

[m?. K/W]

65



Itr

Wt

ARGt
Ret,real
Alwet
dfabric
Pfiber
Pw
kﬁber
Kw
Mfabric
We
Qevap

Ret,heat,corr

RH.
Pa

Psk

resultant clothing insulation

the amount of moisture contained in the tested clothing 0 < w<
800g
apparent evaporative resistance

real evaporative resistance

apparent ‘wet” thermal insulation of the fabric
fabric thickness

fiber density

water density

fiber thermal conductivity

water thermal conductivity

fabric’s mass per unit area

water content in fabric

corrected heat loss for moisture evaporation

total real evaporative resistance calculated by corrected heat loss
method
relative humidity of ambient air

ambient air vapor pressure

saturated skin vapor pressure

[m2.K/W]
[e]

[kPa.m%/W]
[kPa.m%/W]
[m2K/W |
[mm]
[kg/m*]
[kg/m*]
[W/m.K]
[W/m.K]
[g/m’]

["0 g/g]
[W]
[kPa.m2/W]
[Yo]

[kPal

[kPa]

66



10 APPENDICES

67



Building and Environment 126 (2017) 13—26

Contents lists available at ScienceDirect

Building and Environment

journal homepage: www.elsevier.com/locate/buildenv

Verification of Fiala-based human thermophysiological model and its

CrossMark

application to protective clothing under high metabolic rates

Jan Pokorny * , Jan Fiser ¢, Milos Fojtlin ¢, Barbora Kopeckova ¢, Rébert Toma 2,
Jifi Slabotinsky °, Miroslav Jicha ?

@ Brno University of Technology, Faculty of Mechanical Engineering, Energy Institute, Technicka 2896/2, Brno, Czech Republic
b National Institute for Nuclear, Chemical and Biological Protection, Kpt. Jarose 1924/5, Brno, Czech Republic

ARTICLE INFO

ABSTRACT

Article history:

Received 15 June 2017

Received in revised form

3 August 2017

Accepted 8 August 2017
Available online 10 August 2017

Keywords:
Thermophysiological model
Protective clothing

NBC suit

Thermal comfort

Heat stress

Matlab

In the past years, a theory of how to predict human heat stress and thermal comfort using advanced
thermo-physiological models has been broadly extended. These models are more complex than the well-
established overall indices of the heat stress (ISO 7933) and thermal comfort (ISO 7730) and they allow to
simulate the effects of metabolism, thermoregulation, and clothing on human thermal state in greater
detail. However, the most discussed issue is a validity of such complex models. The validation process of
multi-segment thermophysiological models has to be focused not only on the overall parameters, but
also on the local ones. The aim of this study is to verify our implementation of Fiala-based model with
similar models and measurements. To conclude with, the results were in a good agreement with the
original Fiala model with respect to the simulation of the passive system, the active system, and the DTS
index (Dynamical Thermal Sensation) for a wide range of ambient temperatures (from 5 °C to 48 °C).
Further, the study covers testing of protective clothing, such as Tychem-F and military NBC (nuclear,
biological, chemical) suit FOP M2000 including the Klimatex underwear. The mean absolute deviations
(MAD) of rectal temperature, mean skin temperature, and local skin temperatures, valid for protective
clothing in a range from 25 °C to 40 °C and metabolic rates up to 4.3 met, were 0.20 °C, 0.78 °C and

1.25 °C respectively.

© 2017 Published by Elsevier Ltd.

1. Introduction

The interaction with ambient thermal environments is everyday
experience of human beings. Mostly, it is not wittingly perceived
and people respond to the stimulus subconsciously, especially
when the conditions are comfortable. In uncomfortable environ-
ments (hot or cold), people tend to acclimatize themselves by
altering their clothing, posture, activity or HVAC setting (Heating,
Ventilation & Air-conditioning). If this is not applicable, the expo-
sure to an inappropriate thermal load is perceived as a thermal
stress, which can lead, in extreme situations, to hypothermia or
hyperthermia. To reduce these risks, mainly under challenging
environmental conditions, a well-designed and correctly used
protective clothing is needed. A special category of protective
clothing is a chemical protective clothing that prevents contami-
nation of human skin and respiratory system with hazardous

* Corresponding author.
E-mail address: pokorny.j@fme.vutbr.cz (J. Pokorny).

https://doi.org/10.1016/j.buildenv.2017.08.017
0360-1323/© 2017 Published by Elsevier Ltd.

materials. Fabrics used to produce protective suits are typically less
permeable compared to standard materials, or even impermeable.
This directly influences sweat evaporation, moisture transport, and
reduces effective cooling power of moisture evaporation, which
may cause a severe heat stress under warm/hot conditions or at
higher metabolic rates. In extreme situations, an uncompensable
heat stress manifested by uncontrolled body temperature rise is life
threatening. To prevent hazards of heat stroke, the design of
chemical protective clothing plays an essential role with respect to
its protective abilities and permeability properties. Moreover, there
is also a need to test the already commercially available ensembles
and reveal their performance under typical conditions of operation.
In the case of environmental conditions with a fixed metabolic rate
according to Fletcher et al. [1], the exposure is considered safe until
the deep body temperature exceeds 38.5 °C.

For the fast screening of the effect of environmental conditions
on a human, it is possible to use well established indices expressing
the heat stress, such as: PHS (Predicted Heat Strain) - ISO 7933 [2],
WBGT (Wet Bulb Globe Temperature) - ISO 7243 [3], and thermal
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sensation and comfort PMV/PPD (Predicted Mean Vote/Predicted
Percentage of Dissatisfied) - [SO 7730 [4]. PHS and PMV indices are
based on the overall heat balance of the human body and require a
small amount of input data to quickly yield reasonably accurate
results.

On the other hand, in some cases, these results have a rather
coarse character and need to be taken carefully. Mainly in the case
of the protective clothing and higher metabolic rates, the more
complex thermophysiological models are recommended to be used
instead: “It should be noted that WBGT is rough screening index, and
for screening such as simplification may be acceptable. For detailed
analysis of protective clothing effects, more complex models would be
needed though” [5]. In the cited paper by Havenith & Fiala, a variety
of problems regarding heat stress indices and thermophysiological
modelling are discussed along with their limitations and recent
development.

Thermophysiological models simulate human physiological re-
sponses in a complex way describing the heat transfer phenomena
inside the body, and also the heat exchange with the ambient
environment. Generally, these types of models are able to take into
account: (1) the body constitution (weight, height, fat percentage,
etc.), thermoregulation and cardiovascular system; (2) environ-
mental conditions (air temperature, air speed, relative humidity,
and mean radiant temperature); (3) personal factors (activity level,
clothing insulation — thermal resistance and water vapour
permeability).

One of the first and major motivations to develop human ther-
mophysiological models was the evaluation of heat stress under
various environmental conditions. Attempts to compose numerical
models started in the 60's of 20th century as a part of medical
research for military purposes. Such models were aimed to simu-
late the physical characteristics of the human thermal regulatory
system in transient conditions including a simulation of blood
vessel system (for detailed description see Wissler's 225-nodes
model [6]). A later 25-node model by Stolwijk [7] was used for
NASA to monitor the performance of Apollo astronauts. The main
improvement of the model was an incorporation of thermoregu-
latory mathematical model. The development of the multi-segment
models continued with the Fiala [8] and Tanabe [9] models
designed also for thermal comfort applications. Their motivation
was to extend the capability of the approach to deal with the
asymmetric transient environmental conditions, which is not
possible with the whole-body thermal comfort models based on
the heat balance principle, e.g. Fanger [10] and Gagge [11]. Until
now this issue has not been solved completely and there is a need
for reliable thermal sensation/comfort predictions that are capable
to capture non-uniform transient conditions, with a potential to
become a basis for ISO standard [12].

Today, except for the original codes by Wissler et al. [6,13] and
Fiala [8,14], there are other Fiala-based models either for scientific
purposes (e.g. ThermoSEM [15,16]) or codes implemented in com-
mercial software (e.g. Theseus-FE [17], Radtherm [18]). Certain
models allow for personalization of the input parameters, namely
body weight, percentage of body fat, etc. Although the theory
behind the Fiala model is well described and documented, the
model is mostly a part of commercial software and the source code
is proprietary.

The reliability of the Fiala physiological model was the motiva-
tion to derive the Universal Thermal Climate Index (UTCI) [19],
which was proved to be a more complex indicator of human
thermal stress than the previous individual heat stress indices [20].
Also, a combination of Fiala-based model as the virtual manikin
with the real thermal manikin was investigated by Hepokoski et al.
[18]. In recent years, a virtual manikin has been incorporated and
coupled with the advance simulation tools dealing with the

complex simulation of heat transfer using the CFD (Computational
Fluid Dynamics). This opens a new space for virtual thermal com-
fort engineering to directly investigate the local effects of the
environment on the human using thermophysiological models for a
detailed design and case studies [21—-23].

The research in the field of thermoregulation models lasts for
more than 60 years and the development of advanced models was
also influenced by the rise of computational power. The introduc-
tion of the UTCI index was one of the first achievements that
contribute to a higher acceptability of thermophysiological models
by the community in environmental ergonomics. Yet, there are still
many challenges with regards to special applications of the model,
e.g. the area of protective clothing, thermal comfort predictions,
and exploitation of physical or virtual thermal manikins.

Apart from plentiful opportunities, every simulation has its
disadvantages which stem mainly from its complexity. On one
hand, complex models provide detailed results about human
thermal state; on the other hand, they require rather detailed input
data. Kati¢ [24] states that “Even though sophisticated models were
developed ... the accuracy of the inputs has to be assured in order to
incorporate models in the design process of buildings and daily ap-
plications of thermal comfort*. In practical applications, this means
that a precise determination of environmental and personal pa-
rameters is essential to obtain satisfactory results. Moreover, the
equipment required to do so might be available only in laboratory
conditions. From the authors' experience, the problematical part is
a precise specification of the metabolic rate. Even more uncertainty
lies in identification of local insulation and permeability properties
of clothing. Both mentioned parameters are defined as follows.

Metabolic rate can be specified by ISO 8996 [25]. “The direct
measurement of oxygen consumption provides the most accurate es-
timate of metabolic heat production. However, it is difficult to measure
oxygen uptake in the field ... These limitations make other, simpler,
metabolic rate evaluation methods more practical for field measure-
ments. Other methods to assess heat production are direct and indirect
calorimetry methods and simpler indirect methods based on heart-
rate measurements” [26].

Thermal and evaporative resistance of clothing can be
determined according to ISO 9920 [27] and also directly measured
using a guarded hot plate - ISO 11092 [28] or a thermal manikin -
ISO 15831 [29]. The thermal manikin has a human body shape
which predetermines it as a suitable tool for the exact measure-
ment of heat transfer coefficients at human body surface as was
described in Refs. [30,31]. However, a detailed specification of
clothing properties for each individual is rather problematic. The
main problem is a dressing procedure specific for each person,
which implies hardly predicable air gaps and openings. Also,
permeability of membranes and thermal resistance of garments
depend on the treatment with this specific piece of clothing over
time (washing, etc.). Another fact to consider is that the data in ISO
9920 are mostly measured on a stationary manikin while in the
field the actual thermal resistance is typically lower than in labo-
ratory conditions. Namely, the human body motion inflicts the
boundary layer at the clothing surface, and even the air flow
through the clothing layers and in the air gaps is more intensive.

1.1. Motivation

A wide acceptability of the Fiala model is mainly because of its
extensive validation by different laboratories. Martinéz et al. [32]
verified the latest version of the original Fiala model (FPCm5.3)
against experimental data. The root-mean-square deviations
(rmsd) of core, mean skin and local skin temperatures were 0.26 °C,
0.92 °C and 1.32 °C respectively.

These results correspond with findings of Psikuta: “In particular,
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good agreement for the mean skin temperature (typically < 1°C de-
viations, rmsd of 1.3°C) was shown for the Tanabe and UTCI-Fiala
model”. In the case of deep body core temperature “differences be-
tween Tanabe model and reported data of 0.6 °C and for the UTCI-Fiala
model of 0.2°C on average” [33]. In this study the Fiala model was
tested for 59 exposures to cold, moderate, warm and heat-stress
environmental conditions. However, only four tests no. 11, 12
(Mekjavic, unpublished) and no. 22, 23 (Gonzalez [34]) were per-
formed for protective clothing in warm/hot environment in com-
bination with higher metabolic rates, which is a typical issue to deal
with when the chemical protective clothing is worn. In the first pair
of tests, the prediction was the most problematic among all vali-
dation cases, and in the latter case, even the information on the skin
temperatures were missing and not evaluated at all. Thus, more
studies related to chemical protective clothing in warm/hot con-
ditions are demanded mainly due to the prediction of heat stress
caused by restricted moisture transport.

Interest in prediction of thermal comfort using thermophysio-
logical models led us to implement the Tanabe-based model with a
counter current heat exchange of blood. This was done firstly in
Dymola and later in the Matlab environment [35,36]. Further de-
mands for more precise predictions were followed by imple-
mentation of the Fiala-based model [37], called FMTK (as a direct
translation from Czech language - Physiological Model of Thermal
Comfort). The model was built from the literature sources [8,17,38]
and implemented again in Matlab.

In this paper, the final version of our Fiala-based human ther-
mophysiological model FMTK is presented along with its evaluation
based on literature and also the experimental data relating to the
evaluation of chemical protective clothing.

2. Methods

The FMTK model describes an average man as it was originally
defined in Fiala [8]. The model was modified and implemented in
Matlab with resolution of 19 segments: 1_Head, 2_Face, 3_Neck,
4,5_Shoulders, 6_Thorax, 7_Abdomen, 8—11_Arms, 12,13_Hands,

14—17_Legs, 18—19_Feet with altogether 49 sectors see Fig. 1, right
and Table 1. Below, there is a list of adopted modifications corre-
spond to Theseus-FE model developed by P+Z engineering [17].

e Extended number of segments from 15 to 19 — Arms and Legs
are split to upper and lower parts.

e Shoulders are considered without counter-current heat ex-
change of blood flow.

Additionally, the FMTK model differs in discretization.

e Thorax-Inferior, Abdomen-Inferior sectors and Shoulders seg-

ments are each split into two parts

Each tissue layer is divided into 6 nodes — it is especially needed

in case of Head to precisely -calculate hypothalamus

temperature.

e The Crank-Nicolson discretization scheme was used for solving
the tissue temperatures in time, the central blood pool tem-
perature was calculated implicitly as in Ref. [8] and the surface
temperatures of clothing were calculated explicitly.

Finally, a simple graphical user interface (Fig. 1, left) was created
that allows us to define boundary conditions and the specific
clothing properties. Boundary conditions can be prescribed as
uniform or specific for each of the 49 sectors including the prop-
erties of clothing as thermal resistance, evaporative resistance, and
clothing area factor.

2.1. Verification of FMTK model

Implementation and verification of a thermophysiological
model is usually carried out in three steps. Firstly, validity of the
passive system is verified in simple environmental conditions. For
this purpose, it is possible to use less complex tools, e.g. Fanger's
PMV model [4] without heat accumulation and heat transfer in
tissue. Secondly, validation of the active system is crucial in tran-
sient conditions to reveal the dynamic aspects of human

Fig. 1. Left — The graphical user interface of FMTK model, with evaluation of the passive system test case. Right — model proportions and its discretization onto 19 segments and 49

sectors (front view).
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Table 1
Overview of considered models to evaluate FMTK model.

Model Origin Segments Tissue Equations/ Remark: Implemented in | by
(Sectors) nodes Numeric

Fanger's PMV [4] Original 1(1) 1 Algebraic/BM Excel Pokorny

Tanabe-based [35] Based on [9] 16 (16) 64 DAEs/DASSL Dymola Pokorny

Fiala [8] Original 15(33) 193 PDEs/FDM Delphi Fiala

Theseus-FE [17] Based on [8] 19 (45) 478 PDEs/FEM Fortran, C++ P+Z

FMTK model Based on [8] 19 (49) 1230° PDE/FVM Matlab Pokorny

AbbreviationsBM - bisection method; ODEs & PDEs - ordinary & partial differential equations; FDM & FVM & FEM - Finite Difference & & Volume & Element Method; DAEs -
differential algebraic equations; DASSL - a differential/algebraic system solver used in Dymola.
2 The number of tissue nodes representing PDEs depends on the spatial discretization of layers and sectors.

thermoregulation. In the third step, a correlation of thermal com-
fort with experimental data is derived.

For these three steps, datasets from literature including exper-
imental data were used. A list of test cases was chosen according to
the validation manual [39] where also the comparison of the
original Fiala model [8] and Theseus-FE model [17] is stated. These
models were chosen as the etalon for the verification of the passive
and active system. Moreover, the Tanabe-based model [35] was
added to this study as a comparison to show the performance of a
simpler, but still reliable model. This model extends the Tanabe
model [9] by the counter-current heat exchange of blood flow in
blood-vessels. Table 1 specifies basic characteristics of all human
models considered in this study to evaluate FMTK model.

A simulation of the passive system solves the heat transfer in a
human body without any consideration of thermoregulation. The
importance of a correctly working passive system lies in utilization
of the skin temperatures for the simulation of the active system as
set-points. In the passive system simulations, the virtual manikin
was nude (0 clo) in standing posture with metabolic rate M = 0.8
met. Further boundary conditions are specified in Table 2, i.e.
ambient air temperature Ty, mean radiant temperature T;, relative
humidity RH and air velocity v.

All tests of the active system were done for various metabolic
rates, ambient temperatures and relative humidities. Other pa-
rameters such as air velocity v = 0.1 m/s, standing posture, and in
intrinsic clothing insulation I; = 0.04 clo (“Shorts only”, see Table 5)
were common to all cases. Each of them started with a pre-
conditioning phase to stabilize the human subjects, at least for
20 min, typically 60 min. The preconditioning phase is marked with
grey background (Table 3). The results of preconditioning were not
an object of interest and are not plotted in the resulting graphs in
Chapter 3.1.

2.2. Application of FMTK model to protective clothing

This chapter presents an application of the FMTK model for
higher metabolic rates and the protective clothing used for chem-
ical protection to extend the validation database presented by
Psikuta [33]. The experimental data were collected by Czech Na-
tional Institute for Nuclear, Chemical and Biological Protection
(NINCBP) in a dedicated climate chamber.

A motivation of the NINCBP to perform the presented tests was
to create a database of safe exposure time for defined metabolic
rate, various warm/hot ambient conditions, and protective clothing
types. The range of tested temperatures was from 25 °C to 40 °C

because the ventilation and permeability of this clothing is limited,
which may lead to hyperthermia in hot environments. Based on
this data, NINCBP establishes the recommendations of how and
how long to use the protective ensembles to avoid health risk
during the mission.

Three types of ensembles (Fig. 2) were investigated as follows:
(1) Klimatex underwear; (2) military NBC suit FOP M2000 (shortly
FOP, Czech translation of NBC suit). (3) chemical-protective clothing
Tychem-F.

In total, the FMTK model was applied in 9 cases (Table 4). The
relative humidity (RH) was kept constant (20%) except for the case
5 FOP 35 °C (RH = 50%) and the case 8 Tychem-F 35 °C (RH = 27%).
The air velocity in the test chamber was caused only by the
movement of the test person and it was up to 0.2 m/s, apart from
the case 8 Tychem-F 35 °C (v = 1.5 m/s).

The test procedure consisted of the following steps. Firstly, the
person was preconditioned for 10 min in the desired conditions at
the room temperature of 23 °C. During preconditioning, a volunteer
was equipped with the skin and rectal temperature probes, cardio
pulse meter, and dressed up in the specific clothing (estimated as a
standing activity 1.5 met, in Shorts only). Then the person entered
the climatic chamber to start the test procedure by 5-min rest.
Finally, the protocol prescribes the following procedure which was
repeated until the end of the test: 20 min exercise (walking of 4 m/s
on the treadmill with 10% elevation, 3.2—4.3 met) and then 5 min
rest (sitting, 1 met). The maximum total time of exposure was
125 min. The objective criterion to stop the test before the
appointed time was to exceed the limit of the rectal temperature of
38.5 °C. Next, if the test person started to be fully exhausted, the
test was immediately ended to avoid severe strain or even a loss of
consciousness.

The rectal (deep body core temperature) and surface tempera-
tures were measured every minute in accordance with ISO 9886
[44]. The local surface temperatures were measured on the Fore-
head, R scapula, L thorax, R arm, L arm, L hand, R thigh and L calf
using ALMEMO 2590-4AS data logger and calibrated thermocou-
ples with precision of 0.01 °C. The rectal temperature and the heart
rate were measured with a MEDIPORT-System. Another recorded
parameter was the sweat production determined on the basis of
weight difference of the test person and the clothing before and
after the experiment. A metabolic rate was identified according to
ISO 8996 [25] using a spirometric-telemetric device Oxycon Mobile
measuring the oxygen consumption.

Clothing properties were identified independently on the test
procedure see Table 5. The material properties of “Shorts only”

Table 2

Passive system test case.
Test case/parameter t (hours) Ta =T, (°C) RH (%) v (m/s) M (met)
1 Neutral 30 °C naked (0 clo) 40 30 40 0.05 0.8




J. Pokorny et al. / Building and Environment 126 (2017) 13—26 17
Table 3
Active system test cases [7,40-43].
Test case\parameter t (min) Ta=Tr (°C) RH (%) M (met)
1 Very cold [40] | 25-125 28-5 45-70 0.8-0.8
2 Very cold [41] | 20-130 30-10 67-67 0.8-0.8
3 Very cold [42] | 60-240 17-13 40-40 4.0-1.0
4 Cold [43] | 60-120 20-15 40-40 1.5-0.9
5 Neutral and cold ~ [42] | 60-60-120-60 | 22-28-18-28 40-40-40-40 | 2.5-1.15
6 Neutral and hot [42] | 60-60-120-60 | 29-28-48-28 43-43-27-43 | 2.0-1.0
7 Hot and cold [42] | 60-60-120-60 | 25-43-17-43 30-30-30-30 | 2.5-1
8  Neutral and warm  [42] | 60-60-120-60 | 26-28-33-28 34-34-37-34 | 2.0-1.0
9 Cold and hot [42] | 60-60-120-60 | 24-18-42-18 30-30-30-30 | 2.0-1.0
10 High activity [7] 60-30-30-30- 27-30-30-30- 40-40-40-40- | 1-1-3-1-
30-30-30-30 30-30-30-30 40-40-40-40 | 5-1-8-1
Fig. 2. Tested clothing, from the left to the right: Klimatex underwear, FOP and Tychem-F.
Table 4
Tests cases made in climate chamber of NINCBP.
Test case/parameter t (min) To =T (°C) RH (%) M (met) M (W/m?)
1-4 Klimatex underwear 125, 95, 95, 65 25, 30, 35, 40 20,20,20,20 32 170-200
5-6 FOP 83,125 35, 40 50, 20 3.7 213
7-9 Tychem-F 75, 60, 55 30, 35, 40 20,27,20 43 250

ensemble (0.04 clo) were taken from Theory manual [17], other
ensembles were measured by thermal manikin Newton. Because
the FMTK model requires intrinsic thermal resistances of clothing,
additional measurements were performed with nude manikin to
subtract the effect of air layer on the outer surface of clothing. The
overall intrinsic thermal resistances of clothing were as follows:
Tychem-F (1.06 clo), FOP (1.08 clo), both including the Klimatex
underwear (0.37 clo). These values were calculated from local
intrinsic resistances by a parallel method using the passive system
simulation as was described in Ref. [8].

The clothing surface area factor f; was estimated according to
formula (1) [45], where Ry (m?K/W) and Iy (clo) are intrinsic
thermal resistances of clothing.

fa=1+1I4x 031 =1+ (Rq/0.155) x 0.31 (-) (1)

The resultant thermal resistance was considered different for

the resting and walking (4 km/h) period. During walking the
thermal insulation was estimated as 71% of stationary value. These
values were calculated by using ISO 9920 formulas [46]. An average
value of moisture permeability index of clothing iy (—) was sug-
gested for Klimatex underwear (i = 0.4) and the FOP (ig = 0.34),
roughly according to the findings from McCullough et al. [47]. Using
this estimate allows to calculate directly the evaporative resistance
according to formula (2), where L, is Lewis constant 0.0165 K/Pa.

Rect = Raif(ict x Le) (mZPa/W) (2)

A calculation of evaporative resistance should be used only if the
real measured values of R.q are not known, because iy estimate
brings an error into the input data. Only in the case of Tychem-F, the
moisture permeability index i = 0.03 was determined from the
overall value of evaporative R, and thermal R resistance obtained
from the measurement using the sweating manikin [48]. However,
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no information on local evaporative properties of the FOP and
Tychem-F ensemble was found. In Tychem-F simulations, it is
assumed that the moisture permeability index for all parts equals to
0.03. In the case of FOP for the respirator (face), rubber boots (feet)
and rubber gloves (hands), i; of 0.03 is assumed instead of 0.34. The
NINCBP tests were focused on the comparison of various types of
clothing ensembles worn by one and the same subject rather than
testing of only one ensemble by a larger group of people. It means
that the standard deviation of the measurement with test persons
could not be identified. However, it was possible to estimate a
typical deviation based on the experience with similar experi-
ments, which was considered 0.2 °C in the case of deep body core
temperature, mean skin temperature of 0.5 °C, and local skin
temperature of 1 °C.

A prediction error was then expressed using the mean absolute
deviation (MAD), which is the sum of absolute differences between
the actual and the predicted value divided by the number of ob-
servations (equation (3)), where y; is the i-th estimated value, x; the
i-th measured value.

MAD = "|y; — x;|/n (3)
i=1

i=

3. Results

This chapter refers to the results of FMTK model for the cases
defined in the methodology. At first, the verification of FMTK model
using the dataset from literature is presented and then its appli-
cation to the chemical protective clothing is shown.

3.1. Verification of FMTK model

This chapter presents the passive system parameters — mean
skin and rectal temperatures together with the evaporative heat
loss — for the following conditions: ambient temperatures from
5 °C to 48 °C and metabolic production from 0.8 to 9 met.

3.1.1. Passive system

The passive system was evaluated for the case Neutral 30 °C
naked while all thermoregulation signals were switched off. The
surface area of human was considered 1.86 m? for Fiala-based
models and 1.87 m? for Fanger and Tanabe-based models. Table 6

shows a comparison of the main results of typical overall param-
eters for various types of models including the Fanger's PMV model
according to ISO 7730. The basal metabolic rate, mean skin tem-
peratures, and hypothalamus temperatures in all models were
approximately the same. It can be seen that the definition of
convective HTC (heat transfer coefficients) in the Fiala model and
the Fanger models yield different results for the same condition, i.e.
3.45 vs 2.7 W/m?K. In the FMTK model, the same formula was used
for local HTC as in Fiala [8] and Theseus-FE [17].

All the above mentioned parameters of the passive system,
presented in Table 6, indicate that the FMTK model can solve uni-
form steady state conditions. However, even more important than
whole body parameters are the results of the local temperatures
(mostly skin and muscles), which are used to establish the set
points for the active system. A comparison of the local skin tem-
peratures with the Theseus-FE model for all 49 sectors is shown in
Fig. 3. MAD of skin temperatures over all sectors is equal to 0.07 °C,
the maximal absolute deviation is 0.14 °C for the Face. MAD of blood
temperatures of all segments is 0.06 °C.

3.1.2. Active system

The verification of the active system was done for 10 cases based
on the experimental data referred to in Table 3. Results of the study
are summarized as follow: (1) mean skin temperatures Fig. 4 and
Fig. 5; (2) rectal temperatures Fig. 6; (3) evaporative heat losses
Fig. 7.

3.1.3. Thermal sensation

The DTS index (Dynamic Thermal Sensation) was introduced by
Fiala [8] to predict a thermal sensation using a thermophysiological
model. The advantage of DTS is its comparability with the PMV
model and experimental data because of the same 7-point scale
(from —3 to +3) defined by ASHRAE Standard 55 [49]. The index of
overall thermal sensation So related to the Berkeley model [50] is
also based on the core temperature, mean skin temperatures, and
their time derivation. The results of thermal sensation predictions
are plotted in the graphs in Fig. 8. The difference between the
sensation models lies in the fact that the Berkeley model uses the
extended 9-point ASHRAE scale (+4 Very hot, +3 Hot, +2 Warm, +1
Slightly warm, O Neutral, —1 Slightly cool, —2 Cool, —3 Cold, —4
Very cold). Moreover, the Berkeley model has the ability to predict
thermal comfort locally, which DTS cannot.

Table 5

Clothing parameters used in the simulations.
Clothing Underwear FOP Tychem-F Shorts only
Segment Ret Reci Ra Rect Ra Reci R Reci

m2K/W m2Pa/W m2K/W m?Pa/W m2K/W m?Pa/W m2K/W m?Pa/W

Head, Neck 0.000 0.0 0.051 9.1 0.051 103.0 0.000 0.0
Face 0.000 0.0 0.051 103.0 0.051 103.0 0.000 0.0
Shoulders 0.030 4.5 0.126 225 0.185 373.7 0.000 0.0
Abdomen Posterior 0.071 15.2 0.217 38.7 0.230 464.6 0.036 4.0
Anterior, Inferior 0.058 123 0.231 41.2 0.239 482.8
Thorax Posterior 0.071 15.2 0.217 38.7 0.230 464.6 0.000 0.0
Anterior, Inferior 0.058 123 0.231 41.2 0.239 482.8
Up. arm 0.050 7.6 0.209 373 0.177 357.6 0.000 0.0
Lo. arm 0.051 7.7 0.151 26.9 0.146 2949 0.000 0.0
Hands 0.000 0.0 0.051 103.0 0.051 103.0 0.000 0.0
Up. leg 0.091 13.8 0.400 713 0.287 579.8 0.000 0.0
Lo. leg 0.039 5.9 0.123 219 0.129 260.6 0.000 0.0
Feet 0.097 14.7 0.103 208.0 0.109 220.2 0.000 0.0
Overall resistance 0.058 8.8 0.168 51.9 0.165 334.7 0.006 0.9

Values are valid for resting period (1 met). Values applied for walking simulations are considered as 71% of stated values in the table.
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Table 6
Passive system simulation — neutral environment.

Parameter Fanger Fiala Theseus-FE Tanabe-based model (FMTK, 2017)
(ISO 7730) model

M w Basal metabolic rate 87.07 87.10 87.13 87.05 87.14
Tskom °C Mean skin temperature 34.40 34.40 34.42 34.40 34.39
Tnum °C Mean muscle temperature — 36.20 36.02 35.25 36.29
Thy °C Hypothalamus temperature - 37.00 36.89 36.97 36.94
Tre °C Rectal temperature — 36.88 36.79 37.06 36.84
hem W/m2<l( Convection HTC 3.45¢ 2.70 2.66 2.79 2.66
hrm W/m?-K Radiation HTC - 5.00 4.50 4.62 4.50
Q¢ W Convection heat loss 28.33 21.50 21.83 23.63 2247
Qr w Radiation heat loss 37.02 38.90 36.94 37.05 36.28
Qe w Evaporation heat loss 21.16 18.10 19.43 19.72 19.43
Qres w Respiration heat loss 6.66 8.50 8.93 6.66 8.95
Qsum W Total heat loss 93.16° 87.00 87.13 87.06 87.13

2 If the value of h¢, in the case of Fanger model will be assumed 2.71 instead of 3.45, then the convention heat loss Q. would be lower by 6.05 W and total heat loss Qsym in
the case of Fanger model will be 87.11 W. This example illustrates the importance of defining HTC as accurate as possible especially for the convection.

Fig. 3. Passive system simulation — neutral environment. Comparison of local skin temperatures for all 49 sectors. Pair segments yield identical results in the uniform environment,

only 25 sectors are plotted.

3.2. Application of FMTK model to protective clothing

The FMTK model was applied for tests defined in Table 4. The
aim of simulations was to predict the rectal temperature increase
and the time to reach a safety limit (38.5 °C) for various types of
protective clothing.

Presented simulations use the intrinsic thermal insulation
calculated using the measured local thermal insulations for nude
manikin and other prescribed ensembles in Table 5. Moreover, the
effect of the walking on the reduction of thermal insulation was
considered. A 10-min preconditioning period outside the chamber
at 23 °C, 1.5 met, semi-nude (“Shorts only”) is not plotted.

3.2.1. Mean skin and rectal temperature

The rectal temperature is the critical parameter to assess the
heat stress, whereas the mean skin temperature is suitable to
indicate the sweating effectiveness. The results of tests with un-
derwear are plotted in Fig. 9 while those with FOP and Tychem-F
are plotted in Fig. 10.

In the latter figure, the first graph on the left shows a time
schedule of activity levels prescribed for the experiment. However,
some tests had to be interrupted because the safety limit was
reached. Further, even if the test person was walking on the
treadmill in the same way during all tests, the metabolic rates
differed. They were dependent on the selected clothing ensemble

mainly due to the weight of clothing and the effect of respiratory
mask. In the case of underwear, the metabolic rates correspond to
3.2 met, FOP 3.7 met, and Tychem-F 4.3 met. These values represent
an average metabolic rate during walking period.

Table 7 presents the summary of the results; the prediction er-
ror is expressed by MAD calculated for all samples of the given case
(1 min sampling rate). The prediction error of rectal temperature at
the end of the test is up to 1.1 °C in the case of FOP 40 °C, with the
overall MAD = 0.59 °C. The prediction error of the mean skin
temperature at the end of the test is up to 2.3 °C, also in the case FOP
40 °C, with the overall MAD = 1.51 °C.

The overall value of MAD is then calculated from all samples of
all tests: the prediction of rectal temperature shows MAD = 0.20 °C
and the mean skin temperature shows the MAD = 0.78 °C.

3.2.2. Local skin temperatures

The overall MAD of local temperature prediction is 1.25 °C (see
Table 8), where also the values of MADs for specific body parts and
types of clothing are stated. The most problematic specific parts to
predict the local temperatures were Forehead (Tychem-F) and R.
arm (FOP); however, in average, the highest difference was in the
case of underwear. Predictions on the Forehead were inaccurate
mainly because of the respiration mask that covers the whole face.
In the case of underwear, the results would be closer to the
experiment if a lower insulation was considered.
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Fig. 4. Active system simulation — mean skin temperature — cold environment with stable conditions.

3.2.3. Metabolic rate

In all protective clothing tests, the values of metabolic rates
were measured using an oxygen consumption method. In the field
tests, simpler methods, such as measurement of heart rate, are
more practical. Therefore, it was of our interest to find out how the
measured metabolic rates correlate with the calculated rates using
the estimation formulas from ISO 8996 (Fig. 11). It can be seen that
when the protective clothing is not used, the correlation between
the measured M (met) value and that calculated from the heart beat
rate (ISO 8996) is good. However, metabolic rates determined ac-
cording to simple formulas show the results with a significant error
(up to 2 met) when applied to less permeable protective clothing
(FOP and Tychem-F). Our explanation of this phenomenon is as
follows: an overheated human body tends to increase the blood
flow rate to be cooled down. Moreover, a restricted evaporation,
given by the protective garment, creates unnatural boundary con-
ditions for which the formulas listed in ISO 8996 were not derived.

4. Discussion
4.1. Verification of the model

In the first part of this paper, the Fiala model, commercial Fiala-
based model and our Tanabe-based and Fiala-based (FMTK) models
were compared in a wide range of environmental conditions. These
models can provide similar results only if the predictions of skin
temperatures by the passive system are quite the same because the
simulated skin temperatures define the set points of active system,
which has a substantial impact on the model predictions.

4.1.1. Passive system

A match between the Fanger's PMV, Fiala, Fiala-based, and
Tanabe-based models in the case of passive system parameters is
very good. PMV model is not able to predict all physiological pa-
rameters such as the core and local skin temperatures, but it pro-
vides credible results of overall heat exchange with the

environment close to neutral and steady state conditions. From the
heat loss parameters, it is clear that FMTK's predictions are closer to
the Theseus-FE model than the original Fiala model, which is
mainly due to the changes in accordance with the Theseus-FE
model. Small discrepancies appear in the case of respiratory los-
ses when the Tanabe-based and PMV models predict lower values
compared to the Fiala and Fiala-based models.

A very good agreement was achieved in the validation of the
passive system where the maximum error of local skin temperature
is 0.14 °C (Face sector) and in average only 0.07 °C. Local temper-
atures of FMTK for all 49 sectors match very well with the Theseus-
FE model, see Fig. 3. This initial step of the study proved that the
passive system of FMTK works comparably well similarly to the
other models. Therefore, the verified passive system can be used as
a basis for the active system simulation of the FMTK model.

4.1.2. Active system

The active system validation followed the Theseus-FE virtual
manikin validation manual [39]. The agreement was very good in
all transient test cases (in the ambient temperature range from 5 to
48 °C), small differences were found in the simulation of higher
metabolic rates. The presented results show a very good agreement
between the FMTK model and the Theseus-FE model, and the
conformity of these models with the original Fiala model is also
eminent. The Tanabe-based model is less accurate in the prediction
of core temperature in cold environment (5 °C). Nevertheless, this
type of model is also convenient for the use in heat stress and
thermal comfort applications.

As the first conclusion, it is true to say that the FMTK model has
been verified. The results of all models provide a very good estimate
of human thermoregulatory response to the ambient environment.
The original Fiala and Fiala-based models fit data more precisely
than the Tanabe-based model, although there are slight differences
between these models (see Table 1). It should be noted that even
the two models of the same type may yield slightly different results
because they may use different input data (e.g., heat transfer



J. Pokorny et al. / Building and Environment 126 (2017) 13—26 21

Fig. 5. Active system simulation — mean skin temperature — changing conditions.

coefficients, discretization method — number and shape of the
sectors and layers). Generally, the models are less sensitive to the
change of number of discretization points in radial axis (six points
per layer are sufficient, in the case of a thin layer with low tem-
perature gradient even two points are sufficient).

4.1.3. Thermal sensation

The evaluation of thermal sensation was not the main objective
of this study, yet the DTS index was examined. The prediction of
this index is very close to the prediction of the Theseus-FE model
and the original Fiala model for all 10 test cases from Table 2. This is
mainly because of the close predictions of mean skin temperatures
and their time derivatives. Together with hypothalamus tempera-
ture, these are essential parameters to calculate DTS. The ability of
Berkeley model was also evaluated; however, further research into
the local thermal sensation/comfort models for transient condi-
tions is necessary. In the field of thermal sensation and comfort, the
FMTK model coupled with the Berkeley model (local model) is still
not so reliable compared to the DTS index (overall model only).

4.2. Application of the model

The second part of this paper presented the application of the

FMTK model to the chemical protective clothing in warm/hot
environmental conditions: namely FOP, Tychem-F including un-
derwear, which was also evaluated separately. The main focus was
on the prediction of rectal temperature, with error of 0.20 °C and
the mean skin temperature error of 0.78 °C. Except for these two
main parameters, the local skin temperatures were evaluated with
the overall error over all body parts of 1.25 °C.

In 89% of test cases, the FMTK model proves that it is able to
reproduce a deep body core (rectal) temperature very well. Only in
the case FOP 40 °C, the rectal temperature was overestimated. For
the underwear, the FMTK model provides good overall results with
some issues in prediction of local skin temperatures. In the case of
chemical protective clothing FOP, the prediction of mean skin
temperature is less accurate, especially in the case FOP 40 °C. It is
mainly due to the imprecise identification of moisture perme-
ability, but also a small number of evaluated tests plays its role. In
the case of chemical protective clothing (Tychem-F), the relevant
source about evaporative thermal resistance helped to improve the
prediction of both the core and skin temperatures, except for the
forehead where the error was too high.

The prediction of recommended exposure time in the case of
underwear did not cause problems because in none of these cases
the limit rectal temperature 38.5 °C was exceeded. In the case of
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Fig. 6. Active system simulation — rectal temperature.

Fig. 7. Active system simulation — evaporative heat loss.

Fig. 8. Prediction of thermal sensation.

experiments with FOP and Tychem-F, the safety limit was achieved e FOP 35 °C - the model suggests ending up the test approximately
in certain time; therefore a question has arisen of how accurate the 7 min later (after 90 min) compared to the measured data
prediction was. (83 min).
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Fig. 9. Mean skin temperature and rectal temperature: simulation vs. experiment (underwear).

e FOP 40 °C - the prediction recommends ending up the test

42 min earlier, after 83 min, instead of 125 min, which is on the

safe side. Interestingly, even though the temperature was 40 °C

and RH = 20% the heat strain was lower than in the case FOP

35 °C when RH was 50%. This illustrates the importance of hu-

midity effects in warm environment as a high RH restricts the

evaporative heat loss.

Tychem 30 °C - the test was stopped earlier because the tested

subject felt exhausted though his rectal temperature was “only”

37.8 °C. In that moment, the model predicted 38.1 °C.

e Tychem 35 °C and Tychem 40 °C - the model underestimates the
heat stress and the predicted recommended time of exposure is
about 80 min and 65 min, i.e. longer, compared to the experi-
mental data of 60 min and 55 min.

It was experimentally proved that Tychem-F has generally the
shortest time of recommended safe exposure in hot conditions.
FMTK predictions confirm this; it was also verified that the
model can provide the relevant information on thermophysio-
logical responses of a human dressed in different clothing en-
sembles even in extreme conditions as protective ensembles may
be. Therefore, such models have a potential to become a basis for
building the new and more complex heat stress indices or
thermal comfort models dealing with unsteady and non-uniform
conditions. From the practical point of view, thermophysiological
models are designed mostly for engineers to identify a general
behaviour of the human body with respect to applications in
clothing industry, environmental ergonomics of buildings and
passenger vehicles.

On the other hand, these results show the demand for deeper
verification of the Fiala-based model for protective clothing appli-
cations. Validation of the model should be not only for the mean

skin temperatures, but also for local temperatures (there is a need
for well documented experimental data). Such complexity of
thermophysiological models brings several disadvantages espe-
cially, in terms of proper definition of input data and boundary
conditions. The most problematic issues to deal with are:

e Clothing properties — relevant and detailed data on worn
clothing, as accurate as possible. Measurement of local thermal
and evaporative resistances, including the effect of air gaps
between the clothing layers.

e Heat transfer coefficient database for various activities.

e Determination of the metabolic rate.

Although we verified that the FMTK model itself is well con-
structed, a more attention should be paid to a more complex
clothing model. The most of the inaccuracies stem from the esti-
mation of local insulation parameters of clothing and from the ef-
fect of walking on the treadmill. Finally, it was found that it is a
challenge to apply the thermophysiological model for the field tests
together with the real-time identification of clothing properties
and metabolic rate during the exposure.

5. Conclusion

1) The Fiala-based model FMTK was verified using available
experimental data from literature and compared with the state-
of-the-art thermophysiological models for a wide range of
environmental conditions.

e Passive and active system: prediction of the skin, deep body
temperatures (hypothalamus and rectal), evaporation losses,
and thermal sensation (DTS) were evaluated.



24 J. Pokorny et al. / Building and Environment 126 (2017) 13—26

Fig. 10. Mean skin temperature and rectal temperature: simulation vs. experiment (protective clothing).

Table 7

Mean absolute deviation (MAD) of mean skin temperature for all cases and types of clothing.
MAD Underwear FOP Tychem-F All

25°C 30°C 35°C 40 °C 35°C 40°C 30°C 35°C 40°C

Tre (°C) 0.07 0.13 0.22 0.15 0.13 0.59 0.17 0.14 0.14 0.20
Tskm (°C) 1.06 0.41 0.36 0.74 0.69 1.51 0.63 X 0.59 0.78

Table 8

Mean absolute deviation (MAD) of local skin temperatures for all cases, type of clothing and body parts.
Part Forehead R scapula L thorax R arm L arm L hand R thigh L calf All
Underwear 1.07 0.92 1.87 1.42 1.19 1.57 1.61 1.07 134
FOP 0.86 1.44 0.81 2.14 1.63 1.11 0.69 1.11 1.22
Tychem-F 3.02 0.97 1.01 0.67 0.59 0.88 0.86 0.96 1.12

All 1.32 1.06 1.36 1.55 1.23 1.28 1.19 1.05 1.25
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Fig. 11. Metabolic rate (M) calculated from the heart rate (HR) by ISO 8996. Example: 49 years old man: M = 4.9*HR-288. E.g. for HR = 70.6 min~! = 58.2 W/m? = 1 met.

o Verification of the model shows that it is comparable with the
other Fiala-based models and commercial codes, and it well
matches the experimental data from literature.

2) The model was applied to the evaluation of chemical protective

clothing in warm/hot conditions at higher metabolic rates up to

4.3 met. The application to the protective clothing demonstrates

the ability of the FMTK model to predict the heat strain.

e The match of measured and predicted rectal temperature is
good (MAD = 0.20 °C).

e Mean skin temperature (MAD = 0.78 °C) and local tempera-
tures (MAD = 1.25 °C) predictions are less accurate mainly due
to the difficulty to predict the efficiency of evaporation.

e Thermal resistances of clothing ensembles were measured
with a thermal manikin, the literature data were used for
estimation of evaporation resistance.

e The capability of precise predictions of the model can be
improved by detailed identification of clothing moisture
permeability.

e The metabolic rate can be estimated by heart rate, if more
precise methods are not available. However, such estimation
is very rough for a human body under heat stress.
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ABSTRACT

Thermo-physiological modelling has become a frequently used and valuable tool for simulations of thermo-
regulatory responses in a variety of applications, such as building and vehicular comfort studies. To achieve
reliable results, it is necessary to provide precise inputs, such as clothing thermal parameters. These values are
usually presented in a standing body position and scarcely reported locally for individual body parts. Moreover,
as an air gap distribution is both highly affected by a given body position and critical for clothing insulation, this
needs to be taken into account. Therefore, the aim of this study was to examine eight probable approaches to
assess the clothing parameters using state-of-the-art measurements, analytical and empirical models, and esti-
mation. Next, we studied the effects of the eight clothing inputs on predicted thermo-physiological response
under the same environmental conditions conducted with the Fiala model. Secondly, the study focuses on dif-
ferences between seated and standing positions, both using two clothing sets representing typical European,
indoor, summer and winter ensembles. The results show clear differences in clothing thermal properties between
sitting and standing positions on both lower limbs and torso. The outputs of the eight examined methods showed
discrepancies between them, in the range of up to 200%. The discrepancies from the eight clothing inputs were
also propagated in the results of thermo-physiological responses. These varied significantly in terms of their
impact on predicted thermal sensation, highlighting the importance of using adequate inputs for modelling.

1. Introduction

Efforts to minimize energy expenditure for heating ventilation and
air-conditioning (HVAC) in a variety of indoor environments — such as
transportation and occupational settings — with help of local con-
ditioning technologies are a subject to substantial research attention
[1-4]. Effects of localised heating and cooling on a human thermo-
physiological response are usually investigated in human or thermal
manikin studies [5,6]. Alternatively, one can utilise validated thermo-
physiological models that allow prompt simulations of human thermo-
physiological responses and reduce the need for costly physical studies
[7-9]. In addition, these responses can be further translated into the
prediction of thermal sensation or thermal comfort using dedicated
models [10].

At the same time, to accurately simulate thermal interactions be-
tween the human body and the surrounding environment, using
thermo-physiological models, there is a need for precise inputs de-
fining: the environmental conditions, metabolic activity, and clothing
[11]. Clothing governs heat and mass transfer between the human body

and the ambient environment. Local clothing thermal properties may
vary considerably over the body, thus, having a major impact on the
development of skin temperatures, sweating, and perception of thermal
sensation and comfort [12]. Yet, these properties, namely intrinsic
clothing insulation (I)), evaporative clothing resistance (R.), and
clothing area factor (f;), are rarely reported in literature [11]. More-
over, previous research has shown that body posture change has a
significant impact on the resulting global clothing properties [13-15],
however, only globally as an average for the whole body. The findings
by Mert et al. [16,17] show differences in air gap thicknesses between
sitting and standing positions that change relative to localised body
parts and directly influence the local thermal and evaporative re-
sistance of a garment. Nonetheless, the impact of variations between
body postures on the human thermo-physiology has not been in-
vestigated and the majority of authors provide the local clothing
properties applicable only for the standing body position [18-25].
The most realistic method to determine local clothing thermal
properties is the use of a thermal manikin with detailed body seg-
mentation [5]. Nevertheless, the accessibility of this apparatus is
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restrictive on the account of the high costs of both the device and the
necessity of additional equipment, including a climatic chamber.
Therefore, other ways to obtain clothing properties can be found in the
literature, which do not require specialised equipment. The most
common approach is to choose a desired ensemble from an exhaustive
database of clothing from standard ISO 9920 [18]. According to the
definition of the clo unit, measured using a standing thermal manikin,
all three clothing parameters are presented as global values for the
whole-body (in essence virtual insulation covering the whole body)
[18]. As a matter of fact, the uniform distribution yields unrealistic
physiological responses, since the local extremes are averaged and the
mean value is prescribed even for body parts without clothing in reality,
typically face and hands [17,26]. To address this problem, Curlee [19]
and Nelson et al. [23] developed a method to calculate local clothing
parameters based on global parameters from McCullough et al. [24]
and ISO 9920 [18] valid for 106 garments. This approach was presented
only for single-layer clothing and the resolution of the model is limited
to a single value for parts covered by the garment. Yet, there are ob-
vious differences within air gaps, between some of the body parts
considered by the model [16,17].

Another option is to estimate local clothing properties based on
empirical formulae relating outdoor temperature and clothing insula-
tion, such as the UTCI clothing model [20]. The data for the model was
gathered from several independent studies on clothing habits of Eur-
opeans. The model has a resolution of 7 body segments, applicable for a
standing person, and temperatures from approximately —30 °C to 32°C
[20]. The paper also presents compensation of thermal insulation for an
increased air-speed.

Local air gap thickness mainly affects local clothing parameters and
because of this, one of the emerging methods to precisely examine these
parameters is three-dimensional (3D) body scanning. This allows de-
tailed assessment of the mean local air gap thicknesses, percentage of
clothing contact area, and calculation of clothing area factors [27,28].
With the use of this information, prediction of thermal clothing in-
sulation is possible based on basic laws of physics, using dedicated
models for major body parts [29,30].

The optimal number of body segments for thermo-physiological
modelling is conditioned by the specific application. The standard ISO
14505-2 [31] addresses cabin environments with seated positions and
proposes segmentation of at least 16 body parts (11 parts if right-left
symmetry is assumed for limbs) where distinct thermal conditions are
expected, such as shade or a seat. Another standard ISO 15831 [32]
recommends at least 15 segments (9 parts if right-left symmetry is as-
sumed for limbs), and the most cited thermo-physiological models have
similar resolutions to the ISO 15831 of up to 19 segments, with an
additional spatial subdivision [33]. Similarly, the prevailing local
thermal sensation models, such as models by Zhang [34,35], Jin [36],
and Nilsson [37], have resolution covering major body parts of up to 13
segments assuming right-left symmetry. It is therefore reasonable to use
a number of clothing segments equal to the number of segments of
thermo-physiological and thermal sensation models to achieve the most
realistic simulation of heat and mass transfer between the body and the
environment.

Table 1
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Other parameters that are bound to the seated position are the
thermal properties of the seat. Their determination requires specific
instrumentation that can mimic contact pressure of a seated person,
such as a seat tester STAN (Thermetrics, USA) [38] or a stamp tester as
presented by Bartels [39]. The additional pressure is important because
of the compression of seat layers, as well as the consequent changes in
their thermal properties [39] and contact area with the body. There-
fore, a measurement using a thermal manikin without realistic weight
distribution and seat contact yields unrealistic results [40]. Values of
additional thermal insulation provided by chairs were presented by
McCullough et al. [41] and Wu et al. [42], both used thermal manikins,
however, without explaining whether and how the realistic contact was
achieved.

The next parameter that is often neglected is the clothing fit and the
associated air gap distribution, which influences resulting thermal and
evaporative resistance [17]. Standard ISO 9920 recommends using
clothing with normal fit, whereas ISO 14505 recommends tightly fitting
clothing to get repeatable results. Thus, there is a need for an objective
parameter that would describe fit of the clothing, for example, clothing
ease allowance (EA) that is defined as a difference between girths of the
body and clothing at given body landmarks. This parameter was found
to be strongly correlated with air gap thickness, and hence, clothing
thermal and evaporative resistance [21,27,43].

The aim of this study is to examine typical approaches of obtaining
the local clothing thermal properties for simulations of physiological
and perceptual responses with respect to their use in spatially hetero-
geneous conditions. Next, the focus is on differences between seated
and standing body positions that to the best of our knowledge have not
been addressed locally. The impact of the differences is shown by means
of simulated thermo-physiological responses that are directly linked to
thermal sensation. The application of the findings is in passenger
transportation and a range of occupational settings, including but not
limited to professional driving, machinery operation, and the office
environment.

2. Methods
2.1. Study design

The study included the determination of clothing thermal properties
for two clothing sets based on distinct approaches comprising mea-
surement, modelling, and estimation of clothing properties. Thus, this
study provides relevant information for laboratories following different
approaches and with potential access to equipment listed in Table 1.
Cases 1 and 2 are assumed as references for sitting and standing posi-
tions, respectively, because of the state-of-the-art methods used.
Moreover, the consistency of the methodology was achieved using the
same clothing throughout the study.

The second part of the work is focused on the investigation of the
sensitivity of the thermo-physiological model by Fiala [46] (FPCm5.3,
Ergonsim, Germany) to changes in boundary clothing conditions. The
model was chosen on a basis of its broad validation documentation
[47-49]. The study focuses on the seated position in a neutral steady

Overview of the examined cases and methods to determine clothing area factor (f), intrinsic clothing insulation (I;), evaporative clothing resistance (R, ). Right-left

symmetry is assumed.

Case fa (=) Ig (M*K.W™1) Rea (m?Pa.W™1) Position No. of segments
1 3D scanning Manikin heat loss method [32] Manikin heat loss method [44] sitting 13

2 Photography [18] Manikin heat loss method [32] Manikin heat loss method [44] standing 13

3 Physical model [30,45] Physical model [30,45] Physical model [30,45] sitting 8

4 Physical model [30,45] Physical model [30,45] Physical model [30,45] standing 10

5 Regression model [21] Regression model [21] Physical model [30,45] standing 11

6 ISO based model [23]; Table 1 ISO based model [23]; Table 1 ISO based model [19]; Appendix A standing 3

7 ISO Database [18]; Table. A2 UTCI model [20] 1SO Database [18]; Formula 31 standing 7

8 ISO Database [18]; Table. A2 ISO Database [18]; Table. A2 ISO Database [18]; Formula 31 standing 1
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Fig. 1. Illustration of the manikin used and the clothing sets applied. A - segmentation of a nude manikin with an artificial skin, posterior parts in
brackets; B — summer indoor clothing; C — winter indoor clothing; D - seated position. Note: segmentation from Fig. 1A — 1 Chest, 2 Back, 3 Abdomen, 4 Lumbus, 5
Anterior pelvis, 6 Buttocks, 7 Upper arm, 8 Lower arm, 9 Anterior thigh, 10 Posterior thigh, 11 Shin, 12 Calf, 13 Foot.

environment that is typical for a broad variety of indoor environments,
and should serve as a benchmark for comparison of the eight individual
approaches.

2.2. Definition of clothing sets and body positions for the study

The clothing sets included in this study represent typical indoor
summer and winter clothing and were selected from the database of
clothing presented by Psikuta et al. [27]. Most importantly, the focus
was on the consistency of the clothing ease allowances (defined as the
difference between the girth of clothing and a nude manikin at relevant
body landmarks) throughout the study, as they affect resulting clothing
area factor, thermal resistances, and evaporative resistances. The
summer set consists of a collar shirt, light cotton jeans, briefs, short
socks, and leather sneakers (Fig. 1 B). The winter set was comprised a
turtle-neck shirt with a T-shirt worn underneath, heavier cotton jeans,
leather shoes, as well as the same underwear as in the summer case
(Fig. 1C). Detailed descriptions and the ease allowances of the clothing
are given in Table 2.

A seating position typical of postures adopted for driving, operating
of machinery, or office work, was adopted from the work of Mert et al.
[28] in which an elbow angle of 120°, hip angle of 110°, and knee angle
of 120° are specified (Fig. 1D). The thermal manikin was seated on a
plastic chair with openings accounting for approximately 40% of its
surface. The standing upright position with hands down (Fig. 1) is ty-
pically reported in literature and was used to quantify the differences in
comparison to the sitting position.

2.3. Case 1 — 3D scanning and heat loss method in seated position

The first studied case was considered as a reference case providing
highest precision for determination of clothing thermal parameters in
the seated position. The clothing area factor was measured by a 3D
body scanning technique combined with post-processing software,
which allows for the quantification of nude and dressed surface areas of
individual body regions in a given position [17,27,50]. Details of the
methodology and equipment were adopted from the study by Mert et al.
[28]. The surface area was quantified four times for each clothing set,

Table 2
Overview of clothing and ease allowance (EA) related to the size of a western type Newton thermal manikin.
Indoor summer set Indoor winter set Both sets

Type Smart shirt Jeans light Sneakers Shirt T-shirt Jeans Shoes Briefs
Item in Psikuta et al. [27] 21 45 - 3 24 33 - 31
Fit Regular Regular Regular Regular Regular Loose Regular Regular
Fibre content (%) 100 CO 100 CO Leather 100 CO 95 CO/5EL 100 CO Leather 100 CO
Specific weight (g/m?) 137 179 Size 227 176 366 Size 145
Fabric structure Plain weave 3/1 twill EUR 42.5 Interlock Single jersey 3/1 twill EUR 42.5 1 x1rib
EA chest (cm) 14.5 - - 10.5 11.5 - - -
EA waist (cm) 24.0 - - 30.0 22.0 - - -
EA hips (cm) 13.0 8.0 - 12.0 10.0 14.0 - —-4.0
EA biceps (cm) 9.0 - - 4.0 - - - -
EA lower arm (cm) 8.0 - - 2.5 - - - -
EA thigh (cm) - 6.0 - - 3.0 - -
EA lower leg (cm) - 6.0 - - - 7.0 - -

Notes: CO - cotton, EL — elastane.
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as well as for an undressed flexible manikin [28]. This manikin has,
however, a different body geometry than the western Newton type
thermal manikin (Thermetrics, USA) used to measure thermal and
evaporative resistances. The differences in griths at given body land
marks were typically of 2 cm, having the maximum of 6 cm at Upper
arm. Linear interpolation was therefore used to compensate for the
discrepancies between the manikins girths and consequently clothing
ease allowances based on the clothing presented in Mert et al. [28]. This
was done according to the findings by Vesela et al. [21], where the
linear relationship between the garment ease allowance and f; was
demonstrated.

The local intrinsic clothing thermal (I;) and evaporative resistances
(Re,c) were determined using the 34 zones Newton type manikin in a
climatic chamber (detailed description of the chamber and the manikin
in Fojtlin et al. [51]). The manikin was seated onto an adjustable plastic
chair with perforation wearing the garments listed in Table 2. The 34
zones were merged into 13 segments (Fig. 1A) to represent body seg-
mentation of the Fiala model with resolution of upper and lower limbs,
anterior and posterior torso. The measurement of both clothing sets and
clothing resistances was executed three times independently, including
dressing and undressing of the manikin.

The test conditions for the local intrinsic thermal resistances were
adopted from ISO 15831 [32], which establishes requirements of a
34 °C manikin skin temperature, as well as air, mean ambient, and ra-
diant temperatures of 24 °C, and relative humidity of 50%. The air
speed in the test was 0.1 = 0.05m/s that suits the target application in
indoor environments with low air velocities. The calculation of the
thermal resistances was done using the heat loss method according to
Equation (A.3a) from ISO 15831 [32].

The evaporative clothing resistance was determined using a tightly
fitting, long sleeve overall (Fig. 1A) that was pre-wetted and worn only
during evaporative resistance measurements [52,53]. The fabric for the
overall was selected according to the recommendations from the study
by Koelblen et al. [54] with thickness of 0.92 * 0.03 mm, specific
weight of 208 g/m, and fibre composition of 95% cotton and 5% elas-
tane. The measurement was carried out at isothermal conditions of
34°C (skin temperature equal to ambient temperature), relative hu-
midity of 18% (partial water vapour pressure of 957 Pa), and air speed
of 0.1 = 0.05m/s. This setup allowed measurements in steady state
conditions for at least 20 min to ensure reliable calculation of eva-
porative resistance. The calculation of evaporative resistance was done
using the heat loss method described in ASTM F2370 [44].

2.4. Case 2 — photographic and heat loss method in standing position

Case 2 represents an example of experimental approach when an
upright standing, non-articulated manikin (Fig. 1A) and a camera are
available. The methodology to determine Icl and Re, cl is identical with
Case 1, whilst the calculation of f,; is based on superposition of pho-
tographs of nude and dressed manikin using graphical software (Cor-
elDRAW X8, Corel Corporation, USA) according to the standard ISO
15831, Equation (A7) [32]. In this case, the western Newton type
thermal manikin was photographed using a full frame camera with a
35mm lens placed 4.33m in front of the manikin from four azimuth
angles (front 0°, two side views 45°, 90°, and 180°) and a horizontal
view of 0°. The standard [32] suggests using one additional horizontal
angle of 60°, however, this was no