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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proce@lures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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5 drawn to the possibility that some of the elements of this document may be the subjec
ts. ISO shall not be held responsible for identifying any or all such paténtrights. Detail
rights identified during the development of the document will be in the Introduction ang
ist of patent declarations received (see www.iso.org/patents).

hame used in this document is information given for the convenience of users and does
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e Organization (WTO) principles in the Technical Barriers to Trade (TBT) see the follow
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Introduction

Protective clothing for (structural) firefighting may have a serious physiological impactl.2on the
wearer and a serious effect on the acute physical condition of the wearer during activities with increased
metabolic heat production[3][4]. Protective clothing impedes heat exchange by sweat evaporation and
therefore maintenance of a constant core body temperature and thermal homeostasis is disturbed.
This could increase the risk of heat strain and subsequently impact on the length and time that the
firefighter is able to work safely. If this is identified in a risk assessment, it is important that (thermal)
physmloglcal parameters are obtained to ensure the sultablllty of the protectlve clothing chosen under

req
cald

NOT

cha
layé
pro

t combined and complex heat and moisture transfer (ISO 18640-1). By coupling th
o to a mathematical model for thermo-physiological responses, the thermorphysiologic3
Lective clothing is estimated and the maximum exposure time for defined,environmental

brmined by tests described in other standards. The aim of this document is to quantify t
siological impact of protective garments for (structural) firefighting under relevant
5 document provides the background for the specificationsof a minimum level of p¢
1irements during defined firefighting scenarios for the assessed firefighters’ protective
ulation of the maximum allowable work duration in order to avoid heat stroke.

E

acterisation of protective clothing ensembles including under wear and protective clothing,
rs or including design features of protective clothing ensembles (e.g. pockets, reflective strips)
edures3)

purpose of this document is to consider aspects of protective clothing performance that

P sweating
l impact of
conditions

a defined activity protocol are predicted by Thermal Human Simulator(THS) measurenpents.

cannot be
he thermo-
exposures.
rformance
Clothing by

The method allows to characterizing the thermo-physiological impact for differemt levels of
complexity. This includes the characterisation of the single PPE ensembles (standard procedure) as
ipcluding air

well as the

as optional

1)

Nunneley (1989) reported a significant physiological burden due to the protective clothing upon the wearer,
both in the form of increased metabolic rate and reduced heat dissipation.

2) Taylor (2012) showed that the relative influence of the clothing on oxygen cost was at least three times that of
the breathing apparatus.

3)

inve

This listing of standard and optional procedures is a first proposal for prioritization. The expressiveness
of the different levels of complexity for the characterisation of the thermo-physiological impact needs to be further

stigated. Results will be presented at the next ballot.
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Protective clothing for firefighters — Physiological
impact —

Part 2:
Determination of physiological heat load caused by

PI

1

Thi
ens
con

Thi
ens

otective ciothing worn by firefighters—

Scope

5 document specifies a method for evaluating the thermo-physiological iripact of prote
bmbles and potentially protective clothing ensembles in a simulated activity under defin
ditions for firefighters.

5 document is intended to be used to assess the thermo-physiglogical impact of prote
bmbles and potentially protective clothing ensembles but rot the risk for heat str

ttive fabric
bd relevant

tive fabric
bss due to

actyal fire conditions. The results of this test method can be<used as elements of characterisation

and|
pot

Def]
clot]
can
cerf

NOT

Thd
con
und

ISO
steq

ISO
hea

comparison of thermo-physiological impact of varioustypes of protective fabric ensq
entially protective clothing ensembles.

hult measurements are undertaken on fabric samples representing the garment or
hing combination. Optionally and in addition to‘the standard test method, the same testi
be applied to characterise protective clothing ensembles including underwear, air
ain design features®. In addition measurements on readymade garments are optionally

E

Normative references

following documents arg€ yeferred to in the text in such a way that some or all of th
stitutes requirements of this document. For dated references, only the edition cited 4
ated references, the latest edition of the referenced document (including any amendmen

11092, Textiles ~Physiological effects — Measurement of thermal and water-vapour resist
dy-state conditions (sweating guarded-hotplate test)

18640-1; Frotective clothing for firefighters-physiological impact — Part 1: Measurement
E and mass transfer with the sweating torso

mbles and

protective
g protocol
layers and
possible.

The presently used evaluation methods are only validated for structural firefighting garnmpents.

Pir content
pplies. For
[s) applies.

ance under

of coupled

3

Tayxyac and Jdofrazis oo o

ICIT IO AIilIU UTIIITIILIUIIS

For the purposes of this document, the terms and definitions given in ISO 18640-1 and the following apply.

ISO and [EC maintain terminological databases for use in standardization at the following addresses:

[SO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at http://www.electropedia.org/

4)

A study conducted at Empa (Swiss Federal Laboratories for Materials Science and Technology, Switzerland)

showed good correlation between results of standard torso tests (without both underwear and air layers on fabrics)
to tests on fabrics with underwear, tests on fabrics with underwear and air layers and test on readymade garments
(with underwear and with or without air layers) of the same material composition. Due to the different thermal
insulation of the systems direct comparison of the results is not possible.

© ISO 2018 - All rights reserved
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31
core body
TCO

temperature

temperature of deep body tissues of the human body

3.2

firefighting scenario
set of environmental conditions, a defined workload and a defined exposure time relevant for a
firefighters’ task

3.3

heart rat

number of heartbeats per unit of time

Noteltoe

3.4

heat storage
hulation in the body affected by metabolic heat produced, external ‘heat load and heat

heat accur
dissipated

3.5
maximum
MAWD

value calcyilated from thermo-physiological simulation (THS meadsurement) predicting the tim

reach heat

ry: The heart rate is usually expressed in per minute.

from the body

allowable work duration

stress based on the definitions of this document

Note 1 to elry: See also Annex A.

Note2toe

3.6
mean skin

Tm,sk
mean temp

3.7
skin diffu
Esk
evaporativ

3.8

sweating torso

upright stz
upper and

39

ry: This value is given in minutes.

temperature

erature of the outer surface of the/(human) body measured at several locations of the sk
pion

e heat loss due to igsensible skin perspiration and has to be provided for THS measurem¢

nding cylindrical test apparatus, simulating the human trunk with thermal guards on
ower endvas defined in ISO 18640-1

e to

n

ents

the

sweat rat

amount of moisture perspired per time on the surface of the torso

Note 1 to entry: The term sweat rate is also used as the physiological response of the human body to elevated
metabolic rate and/or activity wearing protective clothing with high thermal insulation.

3.10

thermal human simulator measurement

THS

measurement with the sweating torso according to ISO 18640-1 where the device is coupled with a
validated physiological model

Note 1 to entry: Test cases and requirements for the validation of the physiological model are provided in A.3.

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=2b9f33e068016a750a45df0bbaa4fd12

ISO 18640-2:2018(E)

3.11
torso surface temperature
average temperature on the surface of the measurement area (0,43 mZ2) of the torso device

4

Symbols and abbreviations

For the purposes of this document the following symbols and abbreviated terms apply, in addition to

the

Csk

Esk
MA

T

T

TCO

5

5.1

Phy
med
for

SW6

The
acc
clot

5.2

Firg
con
whi
rea

5.2

For
wit

terms and definitions in ISO 18640-1.
Wicking layer correction
Skin diffusion
WD Maximum allowable work duration (in minutes)
Kk Mean skin temperature in °C
Core body temperature in °C
Evaluation method

General

sical parameters based on thermal properties of protective clothing resulting from stan
jsurements do not contain direct information about;the thermo-physiological impact on
various firefighters’ scenarios. Physiological data are deducted by doing measuremen
ating torso system to a physiological model asidescribed in this document.

results of these measurements are used-to'predict the maximum allowable work duratid
rding to thermal characteristics and ‘moisture management properties of the tested
hing system. This procedure was validated based on human subject trials (see Annex A).

Firefighting scenarios

sidered. In order to ensure a maximum level of comparability a moderate scenario has bg
ch is applicable to @wide range of protective clothing inclusive of firefighting. The backsg
soning and the rélevance for this standard are described in Annex C.

1 Standard scenario for THS measurements

the putpose of this standard a scenario was selected which reflects a moderate firefigh
hout fighting fire (see also Annex C).

dard torso
the wearer
s coupling

n (MAWD)
protective

fighters deal with a yariety of tasks and challenges. Therefore, many scenarios have to be

en defined
fround and

Ler activity

Th

appiied scemario s defimedas fottows:
Ambient condition is set to 40 °C air temperature and 30 % RH;
No radiation is present;

Unidirectional wind speed of 1 m/s is applied;

Physical activity is set to 6 Met>) (350 W/mZ2 metabolic rate, which equals 285 W/m?2 metabolic heat

production);

Initial condition of the human body is assumed to be thermo-neutral (T¢o = 36,8 °C; Tin,sk = 34,2 °C);

5)

MET: Metabolic Equivalent of Task (1 MET = 1 kcal/(kg-h) = 4,184 k] /(kg-h) alternatively 1 MET = 58,2 W/m?2).

© ISO 2018 - All rights reserved
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Exposure time is set to 90 min;

— The onset of heat stress is defined at the core body temperature of 38,5 °C.

NOTE

subject trials used to validate the physiological impact of firefighter clothing (See Annex C).

5.3 THS

measurement

5.3.1 General

This scenario was selected in order to be compatible with an ethically acceptable work load for human

Thermal H
in accorda
climatic ch
common st

uman Simulator (THS) measurements are based on coupling the sweating torso syt
hce with ISO 18640-1, with validated physiological model in accordance with Annex A,
amber simulating a defined activity according to the firefighters’ scenario. In order to ha
arting point for the measurements initial conditions for THS measurements are set such

the torso npimics thermal neutral state.

5.3.2 Apparatus and software

THS is co
accordancg

with contifiuous data exchange).

5.3.3 He

For THS m
for the phy
range of 0
equivalent

5.3.3.1 K

at flux

basurements heat flux data off the surface shall bexmeasured, as they are is needed as ir
rsiological model. Accuracy for heat flux measurement shall be better than 5 W/m2 in
W/m2 up to 500 W/m2. Measurement can be.done by the procedure described in 5.3.3.
methods matching the requirements of this:€lause.

Jeat flux measurement with additional temperature sensors

In this copfiguration the torso needs to(be equipped with additional temperature sensors in

aluminium

interior part of the device (see Figure 1) to allow more accurate assessment of heat

from the syirface. These temperature-sensors are used to calculate the average surface heat flux ba

on the they

qtorso
where

TnF

mal resistance of the outerlayers of the torso according to Formula (1) below:
1
i (TNF - TNi) '
torso

is the'average temperature of additional sensors in °C;

htrolled with the same hardware and software as for standard torso experiments
with ISO 18640-1, with the addition and cooperation of a physiological model (coupling

in a
Ve a
that

in

put
the
L or

the
flux
sed

M

Tni

tsthe average temperature of nickel wire sensors (surface temperature) in °C;

RtOI‘SO

(torso

thermal resistance of the aluminium/HDPE layers between additional sensors and nickel

wires in m2-K/W;

average surface heat flux of the cylinder in W/m2.

© ISO 2018 - All rights reserved
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T Tni1 Tnx T2 T3
- L— = = — 17 -
L | — L, I
Tni2 Tnx

Key
Tnil nickel wire sensor 1

TniZ nickel wire sensor 2

T1 | temperature sensor in upper guard

T2 temperature sensor in measurement section

T3 | temperature in lower guard

Tnx| optional additional sensors for THS measurements

Figure 1 — Configuration of temperature sensors for heat flux assessment

5.3/4 Wicking layer eorrection

A wlicking layeratecording to ISO 18640-1:2018, 5.1.6, is used for all THS measurements.

A cprrection value (wicking layer correction) is used to compensate for the increase jn thermal
resistanee by using the wicking layer on the torso main cylinder. The correction is calculatefd as a ratio
betweén thermal resistances of the torso with the wicking layer to the thermal resistance f the nude
torgo{see Formula 2). Thermal resistances are calculated for torso surface temperature af 35 °C, air
velocity <0,25 m/s at 20 °C ambient temperature with no radiation and exposure time of at least 60 min.

Rct,sk layer
€, = e 2)

Rct,nude

The wicking layer correction has to be provided to the physiological model.

© IS0 2018 - All rights reserved 5
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5.3.5 SKkin diffusion (Esk)

Egx is calculated from skin temperature (initial skin temperature; Tsk) and total Ret of clothing system

applied (se

e Formula 3).

Eg =-0,0014-R,, -Ty +0,8022-Tg +0,0211-R,, —15,151

(3)

If Ret of the clothing system is unknown, it shall be measured in accordance with ISO 11092.
Alternatively an estimate can be calculated based on R. and estimated permeability index (PI)
according to ISO 9920:2007, Annex C.

_ 6

R

et

NOTE )i

5.3.6 Datta exchange with physiological model

Torso softy
interval of

From torsd

From phys

5.3.7 Mg

Measurem

model with an interface for data exchange. The physiological model shall have the possibility to

simulation
exchange g
after calcu
surface ter
interval.

Parameter
Simulg

Surfac
torso g

Wickin

0-R
PI

Rt refers to thermal insulation according to ISO 11092.

30 s.

surface heat flux, g, (accounting for wicking layer correction and skin
fusion) in W/m?2;

to phys. model:

model to torso: average skin temperature (°C) and:Sweat rate [g/(h-m2)].

asurement control

bnts are based on standard torso hardware; torso software and a validated physiolog

5 with data from an external source and provide resulting data via a common interface. I
hall be such that torso software prdvides surface heat flux data and the physiological ma
ating the thermo-physiological kesponses based on surface heat flux, provides the resul
hperature (average skin temperature) and sweat rate. Data exchange is updated with

5 for THS measurement:
ted activity level{(Met)®);

b resistance Riorso if additional temperature sensors are used to measure the heat flux off
urface (statie, device dependent, see also 5.3.3.1);

g layercorrection (static based on textile used, see 5.3.4); and

Esx skip‘diffusion (dynamic see 5.3.5).

(4)

vare and the physiological model shall exchange data within an iterative control loop of an

dif-

ical
run
ata
del,
[ing
B0 s

the

Initial

conditions for the physiological model and the climatic chamber:

Exposure time: according to simulated scenario (standard 90 min);
Ambient temperature: according to simulated scenario (standard 40 °C);
Relative humidity: according to simulated scenario (standard 30 %);

Radiant temperature: according to simulated scenario (standard 40 °C);

6)
m2)

6

MET: Metabolic Equivalent of Task (1 MET = 1 kcal/(kg-h) = 4,184 k] /(kg-h) alternatively 1 MET = 58,2 W/

© ISO 2018 - All rights reserved
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— Air velocity: according to simulated scenario (standard 0 m/s).

Depending on the used physiological model the above data needs to be stored in configuration files or
entered to the program using dialog boxes.

6 Measurement

6.1 General

Calculation of MAWD is based on the results of THS measurements as described in this clause.

6.2| THS measurement

Perform the following steps to conduct a THS measurement and prepare the test repojt. Prior to
drepsing the torso, confirm that the surface temperature of the device is on the.default temperature of
(342 + 0,1) °C and the climatic chamber is stabilized on the desired ambient¢ondition accoinding to the
seldcted scenario.

Measurements will be conducted according to the flow chart shown inFfigure A.1.

6.2{1 Test preparation

Use| the test protocol template proposed in Annex B or a similar form to make sure all sfeps of the
experiment are followed correctly.

Fo

—_—

low ISO 18640-1:2018, 8.1 (preparation of climatie.¢hamber, wind speed, dressing of the forso).

Set|the ambient conditions for testing accordingto the selected scenario and make sure the torso is
turped on and the surface temperature is set to-the specified values [(default 34,2 + 0,1) °C].

6.2)2 Software settings

Seldct a single phase profile with the.appropriate starting conditions according to the selectdd scenario.
Selgct THS as control mode for the measurement (data exchange with 30 s interval; export sfirface heat
fluy; import (set values) calculated surface temperature and sweat rate).

6.2{3 Sampling and test specimen

Sperimens shall be-selected according to Clause 6 and prepared according to ISO 18640-1:2018, Clause 7.
Corlditioning shall\be adjusted to the selected initial conditions for THS testing. It is recommended to
apply samplesiwithout additional clothing layers (i.e. underwear), air gaps and design features for a
stapdard characterisation of the thermo-physiological impact?).

6.2}4~ Measurement procedure

6.2.4.1 General

Start the software for the physiological model and setup the desired simulation (according to selected
profile) by inputting test conditions according to the definitions of this standard and the specifications
of the software for the physiological model. The data exchange with the torso software will then be
prepared. The physiological model shall simulate the selected profile and wait for the torso to input

7) A study conducted by Empa (Swiss Federal Laboratories for Materials Science and Technology, Switzerland)
showed good correlation between results of standard torso tests (without both underwear and air layers on fabrics)
to tests on fabrics with underwear, tests on fabrics with underwear and air layers and test on readymade garments
(with underwear and with or without air layers) of the same material composition. Due to the added thermal
insulation of the additional layers direct comparison of results between different measurement configurations is
not possible.

© ISO 2018 - All rights reserved 7
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its data (input data: surface heat flux in W/m2). Exchange interval shall be set to 30 s with the output
data from the physiological model being surface temperature (in °C) and sweat rate (in g/h), as the loop
continues with data exchange throughout the test.

6.2.4.2 Data acquisition

Data acquisition of the torso software shall start automatically when starting the measurement. All
relevant data as outlined in ISO 18640-1:2018, 8.2.4.1 will be recorded twice per minute. The definition
of the physiological model data acquisition will include relevant physiological parameters calculated
according to the selected scenario. Alongside this, the control parameter (heat flux), from the torso

i dad 1o +1 £ £l & doto (& 3 3 £a)
Software‘ 1 ICLCUTIUCTU IIT LT 5aI1iic 11 C\.iucll\')’ do LIIC U1 oU uUdadata l_LVV ICC lJCl uuuul.c).

6.2.4.3 Hnd of measurement

The THS measurement shall be terminated if the simulated physiological values exceed the Set limifs or
the set maximal measurement time has been reached.

6.2.5 Dafta evaluation

Calculate NAWD based on the registered core body temperature from the physiological model as|the
first time when the core temperature physiological limit is exceeded.

Optionally)other criteria can also be considered and in turn indicated in the report to calculate MAWD
which is bdsed on core body temperature on default.

If core temperature is still below the limit set in the selected scehario after the end of the measuremient,
extrapolat¢ core temperature assuming a linear increase £qthe last recorded data point based on|the
last 15 min of the measurement.

—-

If the slop¢ of core body temperature is <0 at the end of the THS measurement report the resulf
MAWD as being infinite.

ng

7 Testreport

7.1 General

Report the|results as described{from 7.1.1 to 7.1.3.

7.1.1 Sppcimen identification

Describe the specimeii(s) in terms of the following information: garment/ensemble type, size, fapric
basic weight, fibre'type, colour, and non-standard garment features and design characteristics. Include
a descriptipn of gany pre-treatment of the garment/ensemble components, such as laundering.

7.1.2 M dsul ClllCllt LUlldit;UllD

Report the environmental conditions set for the measurement and the applied phase profile referring
to the report according to ISO 18640-1. Environmental data is defined by ambient temperature, radiant
temperature, rel. humidity and wind speed. Phase profile is described in a list of entries containing
information about control mode and set value, duration, sampling interval, sweat rate, wind speed and
other parameters necessary to reproduce a measurement.

7.1.3 Results of THS measurement

Report the physiological parameters according to 5.3 and results described in 6.2.

8 © ISO 2018 - All rights reserved
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7.2 Predicted physiological parameters
Report MAWD (min) based on THS results as described in 7.1.3.

7.3 Contents of test report

The test report shall consist of a reference to this document and the above mentioned data.

© ISO 2018 - All rights reserved 9
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Annex A
(normative)

Single-sector Thermo-physiological Human Simulator (THS)

A.1 Syst

Avalidated mathematical model®) of human thermal physiology?) is used to control THS measurements.
This mode| shall be able to simulate human thermal responses under both steady-state and|transjient
conditions| including the thermal history prior to an experiment. The model shall represent an
average mple body size with average fitness level. The model has to be validated ovex’a wide range
of envirorimental conditions showing root-mean-square deviation for the meaf skin and dore
temperatufes of max. 2,0 °C and 0,5 °C, respectively (typical standard deviations.observed in huinan

subject studies 1,0 °C and 0,2 °C, respectively).

The therm
with addit
up with 63
thermoreg|
and shiver

The hardwj
heat exchd

guarantee

A.2 Cou

In order t
human bo
iterative e
Area-weig
model are

the torso i

the enviro
parameter
by the phy

o-physiological model shall be capable of representing the human body by 19 body p
onal spatial subdivisions to consider local exposures and heat'transfer. Therefore, end
sectors and tissue discrimination of up to 5 nodes in the radial direction and simulating
lilatory responses of the central nervous system (e.g. cutaneous vasomotion, sweat excre
ng thermogenesis).

are is a sweating torso according to ISO 18640-1,whHich is used to measure the environme
nge. For THS measurements the torso is equipped with a tight-fitting textile ‘skin
h more even distribution of water over the syrface of the main cylinder.

pling method

y (trunk, head and extremitiés: single sector). The coupling method is based on real-t
change of the relevant data‘between torso and the physiological model (see Figure /
ted averages of the local skin temperatures and the local sweat rates from the physiolog
lised as control parameters for the torso. The average heat flux from the cylinder surfac
then used as the feedback signal, which represents the mean amount of heat exchanged
hment for the clothing worn during a set time interval. Other physiological and percep
5, such as coretemperature, skin blood flow, heart rate, and thermal sensation, are calculz
biological modeél and stored in data files for post-processing.

Arts
ling

the
fion

htal
" to

b simulate the overall physiological response, the torso is taken to represent the enftire

:

ime
.1).
ical
e of
vith
fual
ted

8)

9) E.g

10

See B.3 for requirements and test scenarios.

. Fiala model by D. Fiala [5, 6, 7, 8].
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skin heat flux ) Read in
o experimental
physiological parameters
data e,g.

core temperature, -

-

skin blood flow,
—>heart rate,
thermal sensation . .
Compute physiological state
using physiological model

skin tempearture

.Y
Sweatrrare

actual clothing

sk
ym

Torso

actual epivironment (climatic chamber)

physiological model \ SW

Set surface temperature
and sweat rate on Tosso

qsk
iteration for each time
step (e.g. 30 s)

Store.physiological
data-inresults file

Figure A.1 — Schematic coupling torso to physiological model (left) and flow chdrt of
measuréement

Key
qsk | torso surface heat flux (equals skin heat'flux of physiological model)

Tsk | torso surface temperature (equals skin‘temperature of physiological model)
msw| torso sweat rate (equals sweat rate of physiological model)

actual clothing on torso

actual environment (climati¢'chamber)

physiological model

A.3 Validation-of THS

A.3l1 Validation of physiological model

Singe theitorso is a single-sector device, the feedback heat flux consists of a single average vallue applied
to 4ll-body parts of the physiological model. However, as the true physiological state of & person is
asshs ; . : S . . ody parts,
the approach of using a homogeneous heat flux had to be evaluated for its predictive accuracy. For an
appropriate physiological model, skin temperature predicted shall be virtually unaffected for warm
conditions and <0,75 °C higher for cold conditions regardless of the metabolic rate of the subject. The
core temperature predicted shall not vary by more than 0,25 °C. The predicted sweat rates shall be
better than 1 % (difference) for combinations of low to moderate metabolic rates and cool to warm
environments. Even for high activity levels (above 7 Met), the difference observed shall be below 25 %.

The coupled system shall be validated by comparison with results of human subject tests according to
Table A.1.
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Table A.1 — validation of THS and thermo-physiological model

Mean skin Core tempera-
Exvosure | DAt2 Ta | RH | vair | MR | n |(lothing temp. ture
p source oC % | m/s | met | — | items | RMSd | Bias | RMSd | Bias
°C °C °C °C
Wagner & semi-
cold Horvath, 15,0 40 0,08 0,9 20 0,37 0,07
1985[10] nude
Wagner & .
cool Horvath, 20,0 40 0,1 0,9 20 ;lcl;:i; 0,24 0,12
1985[10]
Stolwijk semi-
neutral & Hardy, 28,0 31 0,1 1,0 3 hude 0,18 0,24
1966[11]
Stolwijk semi-
warm & Hardy, 33,3 34 0,1 1,0 3 hude 0,62 0,16
1966[11]
Stolwijk semi-
hot & Hardy, 37,5 33 0.1 1 3 hude 0,45 0,17
1966[11]
long un- ) .
sleepin Camen- deryeds, C(})lzsét' C(gliSSt'
PINg | ind et al. -18 - 0,2 0,8 6 | pullaver, . T - -
bag 2005112] Joping Back: | Back:
bag 0.84 | -0.65
long un-
derwear,
winter Mikinen et pullover,
protective 1 [13] -5 40 0,2 14 8 winter 0,51 -0,46 0,15 0
clothing al- 2000 jacket
and trou-
sers
NBC long thin
protective | Gonzalez et under- ) i
impermea-| al. 1997[14] 35 '\ 1 3,75 10 wear, 0,12 0,07
ble suit NBC suit
Cr}:)etrc;lcltci?/le Marszal- long un-
irzn ermea- ek atal. 40 30 0,2 2 6 | derwear, 1,02 0,74 0,35 o,
brl’e e | 2006015] suit
protective| Marszal- long un-
cotton ekatal. 40 30 0,2 2 6 | derwear, 0,6 -0,26 0,36 -0,B5
overall 2006[15] overall
high per- Tack
2%2?5:;3 2009[16] 28 50 3,3 9,2 7 suit 0,35 -0,3 0,15 0,18

T, ambient temperature
Vair air velocity
MR metabolic rate

RH relative humidity

RMSd root mean square deviation
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A.3.2 Validation THS

For an appropriate physiological model, the THS measurements need to accurately predict skin and core
temperatures for the selection of clothing ensembles and environmental conditions within the shown
RMSd and bias results and confidence intervals according to Table A.1. Concerns regarding the negative
effect of overheating when wearing highly insulating clothing or at high environmental temperatures
due to the low heat flux were not evident. Hence, the single-sector human simulator demonstrated its
accuracy and stability in a variety of conditions when clothing is worn.

Compared to cold conditions, hot exposures are more difficult to simulate due to limitations of the

hardware and climatic chamber restrictions. Although the single-sector thermo-physiolog

cal human

simpulator performed well in validation trials under hot environmental conditions, special
be taken to ensure proper heat exchange at the beginning of the exposures. During valid

typlcally, human volunteers were prepared in a thermo-neutral climatic chamber (Tskip= 34

the[actual exposure and only then they entered a hot environment (e.g. at 40 °C),‘Whereas

simpulator had to remain continuously in the hot climatic chamber. To minimize ‘the risk of 1

initjal surface temperature (equal to at least the ambient temperature), the sinmlator has to

care has to
htion tests,
°C) before
the human
oo high an
be exposed

firsf to an ambient temperature lower than the predicted initial surface tempetrature and onc
stafe is reached, the temperature in the climatic chamber will have to be increased to th
vallie (higher than the initial required surface temperature of the sithulator). Effectively, th
surface temperature of the simulator is maintained by active heating and onset of sweating.

e a steady-
e required
e required

A.3l.3 Limitations THS measurements

5 limited as
ysiological
h low skin
ly. For the
mperature

lation using clothing systems with non-homogenous distribution of thermal insulation i
thelsingle-sector device uses one heat flux value representing the entire body to simulate ph
response. For example, the physiological response of\vasoconstricted lower extremities wi
temperature when wearing fewer layers on the lower body cannot be predicted accuratg
simpulation of hot environments the use of a single sector manikin is suitable since body tg
tengls to be homogeneous due to vasodilation:

A4

The
Erg

Standardization of thermo-physiological models

technical committee dealing with standardisation of the physiological models is ISO/T

C 159/SC 5
bnomics of the physical environment. They are currently preparing a standard for this top]c:

C:

ISO
eva

TS 16418, Ergonomics. of the thermal environment — Mathematical model for prec
uating the dynamic’himan physiological responses to the thermal environments.

licting and

Texfile clothing systems are extremely complicated to simulate in a computer mode]. Thermo-
phyisiological miede€ls are suitable to simulate firefighter activities but without an accurafe clothing
modlel they, will not predict valid results or will not be able to differentiate betwedn clothing
conjbinatiohs:

A.

ﬂppn source models

So far no standardized thermo-physiological model exists. In literature many models are described but
without source code apart from Stolwijk modell11] and the Lotens modell1Z]. The otherwise published
equations and coefficients are not enough to reprogram it. In addition the validation of these models for
different environmental conditions and workloads is mostly missing.

A.6 Requirements for physiological models suitable for THS measurements
according to this document

A thermo-physiological model suitable for THS measurements will have to show results within the
requirements according to Table A.1 when simulating the attributed expositions and boundary
conditions.
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