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Metoda ugotavljanja
casa tolerance

v ekstremnih razmerah
podhlajanja ali
pregrevanja organizma

Ce smo izpostavijeni neprijetnemu okolfu, ki labko
glede na okoliséine povzrodi pregrevanje ali podhlaja-
nje organizma, je Zivljenjsko pomembno ugotoviti ¢as,
ki nam omogoda delovanje v teh razmerab brex nevar-
nosti poskodbe posameznib delov telesa ali celo smrii.
1a cas labko imenujemo Cas tolerance. Kako hitro se
bo organizem podbladil ali pregrel v danib razmerab,
Je odvisno od Stevilnib dejavnikouv, kot so: stanje oko-
Yja (temperatura, hitrost vetra, padavine), termoizola-
cifske lastnosti oblalila, kolic¢ina izZarjene toplote v
okolje v enoti Casa, moznost prilagajanja termoizola-
cijske vrednosti oblacila, psibofizicno stanje osebe, ki
Je izpostavijena ekstremnim razmeram v okolju, ipd.

Pri oblajanju osebe se posamezni deli telesa razlic-
no odzivajo na zunanje vplive. Najbolj obéutljivi so
prsti rok in nog, usesa, nos in potem stopala in pesti.
Posebna obravnava posameznib delov telesa in forza
Jje izfemno teZavna in kompleksna. Zaradi poenosta-
vitve obdelave problema podblajevanja in pregreva-
nja telesa Eloveka bomo predpostavili, da je bila opa-
zovana oseba v zacetni fazi v coni ugodja v subem
oblacilu, kar pomeni, da je celotno telo primerno to-
Dplotno izolirano.

Metoda temelji na primerjavi dejanske toplotne izo-
lacije oblacila in potrebne v obravnavanih stanib oko-
lja in subjekta. Iz razlik dane in potrebne termoizolacje
oblacila se da ugotoviti Cas tolerance oziroma cas, ki
Je potreben, da se telo subjekta obladi na srednjo kri-
ticno temperaturo v razmerab oblajanja. Pri pregreva-
nju pa dominantno viogo ima izblapevanje znoja.

Kljucne besede: cas tolerance, toplotni upor, oblaja-
nfe organizma, pregrevanje organizma, proizvodnja to-
blote, iziarevanje toplote, oblacilo, subjekt, toplota,
viaga, bitrost vetra, cona ugodja.
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Method of Determination
of Tolerance Time in
Case of Body Cooling
Down or Overheating

in Extreme Conditions

In unfavourable environmental conditions, overheating or
cooling down of a buman body may occur. For such cases, it
is of vital importance to determine the time available to the
concerned person for performing activities without being se-
riously damaged or fatally impaired. This time can be called
the tolerance time. How quickly an organism will cooling
down or overbeat in given conditions depends on many vari-
ous factors, such as: environmental conditions {temperature,
velocity of wind, precipitation), thermal resistance properties
of clothing, amount of beat emitted into the environment in
a unit time, possibilities of regulating the thermal resistance
value of clothing, mental and physical state of the person ex-
posed io extreme environmental conditions.

In the conditions of cooling down, individual parts of the
body react differently to external influences. Most sensitive
are fingers, toes, auricles, nose, feet and fists. It would be diffi-
cult and time consuming to investigate each part of the body
and torso separately. In order 1o simplify the problem of coo-
ling down and overbeating, it is supposed that in the starting
Dhase the observed person is in the zone of comfort and wears
dry clothing, which means that the entire body is suitably
thermally insulated. The method is based on the comparison
of real thermal insulation of clothing and the required one for
the investigated conditions of the environment and the state
of the observed person. From the differences between real and
the required thermal insulation of clothing, it is possible to
determine the tolerance time, i.e. the time which is requitred
by a buman body to cool down to the mean critical tempera-
ture in the conditions of cooling down. In the conditions of
overheating, sweat evaporation has a predominant role.

Key words: time of tolerance, thermal resistent, cooling
down of the body, overbeathing of the body, production of the
heat, loss of the beat, clothing subject, heat, moisiure, velocity
of the wind, comfort.
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1.0 uvoD

Clovek ob¢asno biva v neprimernem okolju (previso-
ka ali prenizka temperatura, kontaminirana ~ zastrup-
liena atmosfera ipd.), v katerem nima mo¥nosti za
spremembo koli¢ine obladila. Poleg tega je omejena tu-
di prilagoditev s pomodjo spremembe kolitine izzarene
toplote v okolje skozi povrino koze. Za takina izjemna
stanja je zelo pomembno ugotoviti ¢as, v katerem lah-
ko oseba opravlja dolofene aktivnosti v tem neprimer-
nem okolju. To je podrogje psihomotorike, v katero se
ne bomo podrobneje spustali. Ko pravimo, da oseba
lahko opravlja dologene aktivnosti, mislimo na stanje,
ko se temperatura na povsini prstov rok znifa na manj
kot 15 °C. V tem stanju s¢ izredno zmanj$a gibljivost
prstov rok in zato subjekt ni zmoZen opravljati del, za
katera je potrebna popolna gibljivost prstov rok.

V realnem Zivljenju smo pogosto prisilieni delovati v
izredno nevarnem okolju. To se nanasa predvsem na
gasenje poZarov in reSevanje ljudi iz goretih objektoy,
delo na prostem pri nizkih temperaturah, delo v kon-
taminirani coni na prostem ali v zaprtih prostorih ipd.
V teh stanjih najpogosteje nimamo moZnosti za prila-
goditev koli¢ine oblacila stanju okolja, kar pomeni, da
nimamo na voljo dodatnih plasti obladila, &e se zacne-
mo ohlajati. V zastrupljenem okolju ne moremo spre-
minjati koli¢ine obladila zaradi moZnosti zastrupitve
dibalnih organov in koZe (bojni strupi ipd.). V teh pri-
merih je bistveno realno predvideti ¢as (lahko ga ime-
aujemo ¢as tolerance) bivanja in delovanja oseb, v ka-
terem ne bo prislo do resnejsih poskodb telesa.

Izredno tezko je natanéno ugotoviti ¢as tolerance.
Nanj vpliva veliko parametrov, kot so: temperatura in
vlaga okolja, hitrost vetra in njegova smer pihanja, ko-
li¢ina in kakovost plasti oblacila, kroj in oblika oblagi-
la, stanje oblatila (suho ali mokro), kakovost povrsine
zgornje plasti obladila, karakteristike zgornje plasti ob-
latila (prepustnost za zrak in vodno paro, prepustnost
ali neprepustnost za vodo), vrsta in intenziteta dela, ki
ga opravlja oseba v izrednih razmerah, psihofizi¢no
stanje ipd.

Seveda meritve lahko izpeljemo na ljudeh, vendar
ne v zastruplicnem okolju, ker obstoji doloéena verjet-
nost zastrupitve. Zato je v tem primeru tezko izpeljati
verodostojen poskus. Kljub temu je mogode testirati
vsa druga stanja. Teh pa je preved. 7Ze manjia spre-
memba v obladilu zahteva nov preizkus. Zato je pre-
prosteje in tudi ceneje izraCunati ¢as tolerance za vsa
stanja, ki bodo najpogosteje nastopila v realnem Zivlje-
nju v izrednih razmerah, in testirati na ljudeh le nekaj
najbolj tipi¢énih stanj.

Razvili smo metodo ugotavijanja &asa tolerance v kate-
remkoli stanju okolja, stanju obladila in stanju organiz-
ma cloveka. Pri tem so upodtevane nekatere domneve,
ki se zmeraj popolnoma ne ujemajo z realnim stanjem,
kot je na primer kot pihanja vetra, zaj¢ita ekstremitet,
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1.0 INTRODUCTION

From time to time, a man has to act and stay in an incon-
venient environment (too high or too low temperature, con-
taminated - intoxicated atmosphere, etc.) without having any
possibility of changing the amount of clothing. Besides, adap-
tation by changing the amount of the emitted heat into the
environment through the skin surface is limited. For such
conditions, it is of vital importance to determine the period
of time available to the concerned person for performing cer-
tain activities in such unfavourable circumstances. Anyway,
this is the matter of the psychomotor science and will not be
dealt with in detail in this paper. When we say that a person
can perform certain activities, we have in mind the state in
which the temperature on the surface of fingers falls below
15 °C. In such state, the motion ability of fingers decreases
considerably so that the affected person is not capable of
performing works that require total movability of fingers.

In real life, people are frequently forced to act in extremely
dangerous situations, such as fire extinguishing and people
rescuing from burning buiidings, work in the open air at low
temperatuges, work in open or closed contaminated areas,
etc. In such situations, it is usually impossible to adjust the
amount of clothing to the circumstances, which means that
there are no additional layers of clothing available to be put
on in the case of body cooling down. In the contaminated en-
vironment, it is impossible to change the amount of clothing
due to the risk of respiratory tract or skin intoxication (toxic
gases, etc.). It is therefore very important to be able to predict
the time (it can be called the tolerance time) available to a
concerned person to stay or act in such dangerous conditions
without suffering any serious damages of the body.

It is very difficult to precisely determine the tolerance time
due to the influence of many various parameters, such as:
temperature and humidity of environment, velocity and di-
rection of wind, quantity and quality of clothing, style and
shape of clothing, state of clothing (wet or dry), quality and
properties of its outer layer (air and vapours permeable, wa-
terproof, etc.), type and intensity of the performed work,
mental and physical state of the person exposed to extreme
conditions, erc,

The measurements can be carried out on people. This is
not possible in contaminated areas due to potential of intoxi-
cation but it is possible to test all other situations. Since such
situations occur very frequently and each change of clothing
would require a new test, it is easier and much more cost ef-
fective to calculate the tolerance time for the most usual si-
tuations and to test on people only few most typical states.

We have developed the method of determining the toleran-
ce time for any state of environment, clothing and organism.
Certain presumptions, which are not always in accordance
with real situations (e.g. angle of wind blowing, protection of
extremities, thermal resistance thermalinusulation value of
the body covering, (skin and subcutanecus tissue, which do
not have constant temperature, while the body core has con-
stant temperature 37 °C in the zone of comfort), influence of
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termoizolacijska vrednost plaséa telesa (koia in podko-
no tkivo, ki nimata stalne temperature v nasprotju z je-
drom telesa, ki ima v coni ugodja stalno temperaturo
37 °C), vpliv kakovosti zunanje plasti obladila na hitrost
izhlapevanja znoja ipd. Pri ohlajanju organizma nastane
problem zaitite ekstremitet (ulesa, nos, prsti rok in
nog). Usesa, nos in prste nog lahko primerno zaiditimo,
da ne nastanejo poskodbe zaradi podhladitve. Problem
0 pesti in prsti rok. Ne moremo uporabiti rokavic, ki bi
onemogocale uporabo rok za opravljanje doloéenih del.
Ce vzamemo kot merilo za izratun asa tolerance delov-
no sposobnost subjekta pri ohlajanju organizma, potem
je Cas tolerance €as, v katerem se temperatura prstov
zniza pod 15 °C. Pri ohlajanju se toplota ¢rpa iz organiz-
ma opazovanega subjekta in se zaradi tega zniZuje pov-
precna temperatura telesa. Kako hitro poteka ohlajanje,
je odvisno od spremembe termoizolacijske vrednosti
oziroma toplotnega upora plaiéa telesa. Ta se lahko
spreminja priblizno od 0,0343 do 0,0086 m2.h.°C/k]J, kar
je priblizno osemkratna vrednost [1%), Z ohlajanjem se
delez pladéa povetuje na racun deleZa jedra. Poleg tega
se znizuje tudi temperatura jedra telesa. Na§ namen nj
spudati se v to podrodje. Zato se bomo bolj posvetili
oceni stanja organizma opazovanega subjekta s tem, da
bomo predvideli linearno odvisnost spremembe toplot-
nega upora plasca telesa v odvisnosti od srednje tempe-
rature telesa. Pri pregrevanju organizma je pomemben
upor obladila pretoku vodne pare.

Kljub tem pomanjkljivostim je mogoce metodo upo-
rabiti v reainih primerih, posebno &e se ¢ dodatno iz
peljejo preizkusi na ljudeh za nekatera najpogostejsa
stanja, ki bi lahko nastopila v izjemnih okoli¢inah.

2.0 TEORETICNO OZADIJE

Obravnavali bomo primere, ko lahko pride do pre-
grevanja in podhlajevanja organizma. Ne bomo obrav-
nali situacij, ki so posledica poZarov. V teh primerih so
spremembe temperature hitre in drasti¢ne. Casi delo-
vanja v teh razmerah pa so zelo kratki. Zafetno stanje
naj bo stanje ugodja. Clovek naj bo v stanju ugodja v
okolju, v katerem bo deloval. To se nana$a predvsem
na zaprte kontaminirane objekte. Ce pa oseba deluje
na prostem, naj bo v zacetku delovanja v coni ugodija.
Stanje ugodje ali cona ugodja je tisto stanje, v katerem
je temperatura na povrdini prsi okrog 33 °C in tempe-
ratura jedra telesa 37 °C ter sta proizvodnja in izguba
toplote izenadeni. Cez ¢as se stanje lahko spremeni in
oseba s¢ fabko zalne segrevati ali podhlajati. Osnovna
predpostavka pri tem poskusu je nespremenljiva sesta-
va obladila. Oseba nima dodatnih delov obladila, ¢e se
je zalela podhlajati (alpinizem ipd,), niti nima moZno-
sti odvrec¢i doloceno plast obladila, ¢e se je zadela se-
grevati (kontaminirano okolje). Poleg tega bomo pred-
postavili, da oseba ves ¢as opravlja dolodeno aktivnost
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the clothing outer layer quality on rapidity of sweat emission,
etc.), have been taken into consideration. In the conditions
of a body cooling down, the problem of the protection of ex-
tremities (auricles, nose, fingers and toes) occurs. Auricles,
nose and toes can be adequately protected against damages
due to cooling down but  real problem are fingers and the
palm of the hand. Namely, the use of gloves would disable
the affected person from performing the activity. If in the
conditions of the body cooling down, the person’s working
ability is considered as the criterion for calculating the tole-
rance time, the tolerance time will be the time in which the
temperature of fingers falls below 15 °C. In the process of
cooling down, the heat is exhausted from the observed per-
son’s body and as a result, the body mean temperature de-
creases. How quick the process of cooling down will be de-
pends on the change of the thermal insulating value or the
body covering thermal resistance. It can change approxima-
tely from 0.0343 to 0.0086 m?.h. °C/kJ, which is approxima-
tely an eightfold value [1%]. During the cooling down process
the share of the body covering increases on account of the
body core share. Besides, the body core temperature decrea-
ses as well. However, the purpose of this paper is not to in-
vestigate this issue. We will use an approximate estimation of
the state of the observed person’s organism by assuming li-
near dependence of the change of the body covering thermal
resistance in dependence of the mean body temperature. In
the process of the body overheating, it is the resistance of
clothing to the water vapour flow which is important.

Despite these deficiencies, the method can be used in real
situations, particularly if accompanied by additional tests on
people for some most frequent states that might occur in ex-
treme conditions.

2.0 THEORY

The research encompasses the situations in which overhea-
ting and cooling down of an organism may occur. The situa-
tions resulting from fire will not be dealt with due to quick
and drastic changes of temperatuce and very short time avai-
lable for acting. The initial state is the state of comfort. The
observed person is in the state of comfort in the environment
in which he or she is going to perform a certain activity. This
refers particularly to closed contaminated facilities. In the
case of outdoor activitics, the person will be initially in the
zone of comfort. The state of comfort or the zone of comfort
is the state in which the temperature on the chest surface is
about 33 °C and the body core temperature 37 °C and when
the production and the loss of heat are level. After a while,
the situation may change and the person may start to warm
up or cool down. The basic presumption in this experiment-is
the unchangeable composition of clothing. The person has no
additional pieces of clothing to put on in the case of cooling
down (mountaineering, etc.) and no possibility of taking off
any layer of clothing in the case of warming up (contaminated
environment). It is also presumed that the person performs
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z dolofeno intenziteto in zato izZareva v okolje stalno
koli¢ino toplote skozi povrsino koZe, in da so okondi-
ne osebe ustrezno zascitene tako kot drugi deli telesa.
Vsi izra¢uni se nanasajo na ravno povrdino, skozi kate-
ro se sicer izZareva manj toplote kot skozi valjasto ali
sferno povrdino.[15] Na splogno lahko toplotni upor
obladila izrazimo z naslednjo enaébo:

R

Plast zraka na povrini obladila, za katero pravimo,
da je negibna, daje tudi dolocen toplotni upor, ki ga
lahko izrazimo z znano, ¢ksperimentaino ugotovljeno
enatbolll, ki velja pri hitrosti vetra, ki je > 1 m/s. Na
toplotni upor te plasti zelo vpliva hitrost vetra. Ta od-
visnost je prikazana z naslednjo enatho:

Skupni toplotni upor lahko izrazimo z naslednjo
enacbo:

R.C =

Toplotni upor oblacila se tudi spreminja glede na hi-
trost vetra, koli¢ino vlage v obladilu in spremembe
temperature oblacila. Te spremembe lahko izrazimo s
spremembo koeficienta toplotne prevodnosti, A. To
odvisnost lahko izrazimo z naslednjo ena¢ho za ravno
povrinol2l:

A=A (14 I AT, + K AG )+ bey, V. d.

Ce upostevamo enatbe od 1 do 4, lahko skupni to-
plotni upor obladila in mirne plasti zraka na povrsini
le-tega (enaéba 3) izrazimo z naslednjo enacbho:

d

c

g,
-2

the activity with constant intensity and emits 2 constant
amount of heat through the skin into the eavironment as well
as that the extremities and other parts of the body are ade-
quately protected. All caiculations refer to a flat surface
through which fess heat is emitted than through a cylindrical
or spherical surface.[5] Generally, thermal resistance of clot-
hing can be expressed with the following equation:

d

-

3,

(D

The motionless air layer on the surface of clothing also
provides certain thermal resistance, which can be expressed
with a known, experimentally determined equationl!], which
applies to the velocity of wind equal or higher than 1 m/s.
The velocity of wind has an important influence on thermal
resistance of this layer. This dependence is illustrated with
the following equation:

0,0429 )

Total thermal resistance can be expressed with the follo-

wing equation:
R+R, 3)
Thermal resistance of clothing also varies in dependence
of the velocity of wind, percentage of humidity in clothing
and temperature of clothing. These changes can be expres-
sed with the change of heat conductivity coefficient A. This

dependence can be expressed with the following equation
for a flat surfacelZ]:

)

Considering Equations 1 to 4, total thermal resistance of
clothing and motionless air layer on its surface (Equation 3)
can be expressed with the following equation:

0,0429

V enachi 5 smo upodtevali oziroma opisali tesnitev
oblacila s koeficientom, b. V coni ugodja je temperatura
na povrsini prsi okrog 33 °C, temperatura jedra telesa
37 °C in povprefna temperatura telesa, 7, je 36,6 °C.
Pregrevanje ali podhlajanje organizma ¢loveka nastopi
takrat, ko pride do neravnote¥ja med proizvodnjo to-
plote v telesu in oddajanjem le-te v okolje. Ce je proi-
zvodnja toplote v organizmu manijsa, kot so njene izgu-
be skozi povisine koZe oziroma zunanjo povisino obla-
¢ila v okolje, se bo zadela zniFevati povpreéna tempera-
tura telesa opazovane osebe. V nasprotnem primeru se
bo toplota zadela »skladi$éitic v telesu in se bo zatela
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* A1+ AT, +k,AG )+ be,y,V.d,

0,4+2,00% ©)

In Equation 5, the tightening properties of clothing are
described with coefficient b. In the zone of comfort, the tem-
perature on the chest surface is about 33 °C, in the body
core it is 37 °C and the mean body temperature T, is 36.6 °C.
Overheating or under cooling of the human body occurs
when heat generation and heat emission are in imbalance.
When less heat is generated than emitted through the skin or
the outer surface of clothing into the environment, the mean
body temperature starts to decrease. In the opposite case,
the heat starts to accumulate in the body and the body tem-
perature increases. If the mean body temperature in the ini-
tial (the zone of comfort) and final state as well as the mass
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dvigati telesna temperatura. Ce so nam znani povprecni
temperaturi telesa v zacetnem (cona ugodja) in koné-
nem stanju, teza osebe in specifidna toplota telesa, Cp
lahko debalans toplote izratunamo z naslednjo enagbo:

and specific heat of the body c,, are known, the heat imbalan-
ce can be defined with the following equation:

AQ,=¢G,(T,~T,) (5)

Iz enalbe 6 je razvidno, da je debalans toplote pozi-
tiven tedaj, ko se toplota kopiti v telesu osebe, in ne-
gativen, Ce se toplota érpa iz telesa subjekea, tako da
se zmanjSuje srednja temperatura telesa. Ta debalans
je posledica izgub toplote, ki so lahko vedje ali manj-
Se, kot je proizvodnja toplote, ki se izfareva skozi po-
vidino koZe in kot se porabi za izhlapevanje znoja in
segrevanje ali ohlajanje vdihanega zraka, Ce je deba-
lans negativen, se oseba podhlajuje, e je pozitiven, se
pregreva. V primeru, da ni debalansa (AQ = 0) in je
bila pred to meritvijo oseba v coni ugodia, je ¥ zme-
raj v nespremenjenem stanju. Debalans lahko izrazimo
z naslednjo enacho:

Equation 6 shows that the heat imbalance is positive in the
case of heat accumulation in the body and negative in the
case of heat emission from the body to such a degree that
the mean body temperature decreases. This imbalance is the
result of heat losses, which are higher or lower than the heat
generated and emitted through the skin surface and the heat
used for sweat evaporation and for warming or cooling the
inhaled air. When the imbalance is negative, the person is
cooling down, when it is positive, the person is overheating.
If there is no heat imbalance (AQ = 0) and the person was in
the zone of comfort before this measurement, he or she is
still in the unchanged condition. The imbalance can be ex-
pressed with the following equation:

AQ,=Q-(0,+0+Q,) ©)

Posamezne toplote iz enacbe 7 so definirane z enaé-
bami 8 do 11:

le

sz

T

Qﬂ :(?7(_7;!)

Enacba 8 velja za cono ugodja tedaj, ko zanemarimo
izgube toplote med dihanjem in izgube zaradi izhlape-
vanja znoja. Ce vstavimo v enatbo 7 izraze za posa-
mezne toplote, enatbe od 8 do 11 in enacho 7 reimo
po Casu ¢, dobimo splo$no reditev za izradun ¢asa tole-
rance — enacba 12.

(

T.,) St

(‘T.'s'k - 7;1)5'{
Rsl + AR]

+ 7

Individual heats in Equation 7 are defined with Equations
8to 11:

8
®

) +a2v]5r (10)

) Va ( Cw‘;olGaw + Ca?a)r (l 1)

Equation 8 applies to the zone of comfort when heat los-
ses during respiration and perspiration are neglected. If indi-
vidual heats in Equation 7 are replaced with expressions in
Equations 8 to 11 and Equation 7 solved by time ¢, 2 general
calculation of the tolerance time is obtained - Equation 12.

- (Tslrcm ‘?;n)‘s'_ (Tskw I;:)S
R, + AR,

V enachah od 1 do 12 simboli pomenijo: R, - toplot-
ni upor oblatila, m2.h.°C/kJ; d. ~ debelina oblatila, m;
A — koeficient toplotne prevodnosti oblaéila, kj/m.h.°C;
R, - toplotni upor mirne plasti zraka na povréini obla-
Cila; v - hitrost vetra, m/s; R, ~ skupni toplotni upor
obladila in mirne plasti zraka na povrsini obladila; A -
koeficient toplotne prevodnosti obladila v katerihkoli
pogojih; A, - koeficient toplotne prevodnosti suhega
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In Equations 1 to 12, the used symbols mean: R, - ther-
mal resistance of clothing, m?h.°C/kj; d, - thickness of
clothing, m; A, ~ coefficient of heat conductivity of clothing,
kJ/m.h.°C; R, - thermal resistance of motionless air layer on
clothing surface; ¢ ~ velocity of wind, m/s; R, - total ther-
mal resistance of clothing and motionless air layer on clot-
hing surface; X - coefficient of heat conductivity of clothing
in any conditions; A, - coefficient of heat conductivity of
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obladila v standardni atmosferi v mirnem vremenu; ey~
smerni koeficient (k; = 0,0025) krivulje odvisnosti
koeficienta toplotne prevodnosti od temperature obla-
Cila; k,, - smerni koeficient krivulje odvisnosti koefi-
cienta toplotne prevodnosti obladila od kolitine vode v
% v oblalilu (&, = 0,04); AG, ~ povelanje mase obladi-
la v % zaradi povecanja kolicine vode v obladilu - od-
stotek vode v oblatilu; & - koeficient, ki ponazarja tes-
njenje oblacila (pri obla¢ilu, ki dobro tesni, kot je v na-
$em primeru, ima koeficient b vrednost 1), ¢e obladilo
ne tesni, potem je b > 1; ¢, - specifiéna toplota zraka
(0,966 kj/kg.°C); v, - gostota zraka (1,2 kg/m3); V,, -
volumenska hitrost pretoka zraka skozi obladilo pri do-
logeni hitrosti vetra, m3/m2.h; AQ, - razlika med kolidi-
no proizvedene toplote, ki ni uporabljena za delo mi-
$ic in notranjih organoy, in izZarene toplote v okolje (v
coni ugodja AQ, = 0), kJ/m2.h °C; ¢, - specifiéna to-
plota telesa, kj/kg.°C; G, - teZa telesa, kg; T ~ pov-
pretna temperatura telesa v coni ugodja (36,6 °C); §
povrdina koZe, m?; @ = (100 - RH)/100, kjer je RH re-
lativna vlaga zraka izraZena v %; T,,, — povpreéna ak-
tualna temperatura telesa, °C; Ty, - temperatura na po-
vesini koze, °C; T, - temperatura okolja, °C; AR,y -
sprememba toplotnega upora plaséa telesa glede na
stanje v coni ugodja; c,, - specifitna toplota izhlapeva-
nja vode; g, ay in a, - koeficienti regresijske krivulje;
V,, — koli¢ina izdihanega zraka v &asu opazovanja, m3/h;
Tspe — temperatura na povrini koZe v coni ugodja, °C;
Ry ~ skupni toplotni upor obladila v coni ugodja; R, -
skupni toplotni upor oblatila v aktuatnih pogojih; T; B -
temperatura jedra telesa, °C; G, — kolidina vode v iz-
dibanem zraku, gr/m®.h; ¢ — ¢as v urah, ki je potreben,
da se doseZe krititna temperatura podhlajevanja ali se-
grevanja telesa, oziroma &as, v katerem doseZemo vna-
prej izbrano srednjo temperaturo telesa.

V enathi 8 se toplota 4 nanasa na del proizvedene
toplote v telesu, ki ne zajema toplote, porabljene za
delo miSic in notranjih organov. 0, se nanasa na del
toplote, ki jo oseba izZareva skozi povrdino koZe in
potem skozi povrdino obladila neposredno v okolje v
kateremkoli stanju organizma, kar pomeni tudi v ob-
modju ugodja ali pri pregrevanju oziroma podhliajanju
organizma. Neckaj proizvedene toplote se porabi za
izhlapevanje znoja (Qs), nekaj pa pri dihanju (Qg). Pri
podhlajanju organizma se refativno malo toplote pora-
bi za izhlapevanje znoja, ker se v tem stanju organiz-
ma pa¢ izto€a in izhlapeva zanemarljiva koli¢ina znoja.
Pri pregrevanju organizma pa je izguba toplote zaradi
izhlapevanja znoja bistvenega pomena za prepredeva-
nje pregrevanja organizma in omogoda dalj$e delova-
nje v razmerah, ki pripeljejo do pregrevanja organiz-
ma. Zato bomo te izgube upodtevali pri pregrevanju.

Toplota Qy, ki jo oseba oddaja med dihanjem, pa je
odvisna od razlike temperature med jedrom telesa in
okoljem, refativne vlage v okolju, vrste in intenzitete ak-
tivnosti osebe oziroma $tevila vdihov in izdihov v enoti
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dry clothing in standard atmosphere in still weather; by -
heat conductivity coefficient/clothing temperature depen-
dence curve coefficient (b, = 0.0025); k,, - heat conducti-
vity coefficient / % of humidity in clothing dependence cur-
ve coefficient (k,, = 0.04); AG, - increase of clothing mass
in % due to increase of water in clothing - percentage of wa-
ter in clothing; & - coefficient illustrating tightening proper-
ties of clothing (if clothing tightens well as in our case coeffi-
cient b has value 1, if it does not tighten b > 1; ¢, ~ specific
air heat (0.966 kJ/kg.°C); ¥, - air density (1.2 kg/m3); v, -
velocity of airflow through clothing at defined velocity of
wind, m3/m2.; AQy - difference between the amount of ge-
nerated heat which is not consumed for muscles and internal
organs functioning and the amount of emitted heat into the
environment (in the zone of comfort AQ;, = 0), kj/m2.h °C;
¢y - specific body heat, kJ/kg.°C; Gy, - body mass, kg; T, -
mean body temperature in the zone of comfort (36.6 UC); § -
body superficies, m?, ¢ = (100 ~ RH)/100, where RH is re-
lative air humidity expressed in %; T,,, ~ mean real body
temperature, °C; Ty, — temperature on skin superficies, °C;
Top — temperature of enviconment, °C; AR,; - change of
body superficies thermal resistance in dependence of state
in the zone of comfort; ¢,, ~ specific water vapor heat; ay,
ay in a, - regression cueves coefficients; V, - amount of exha-
led air during the observation time, m¥/h; 7, — temperature
on skin surface in the zone of comfort, °C; R,; - total thermal
resistance of clothing in the zone of comforg; Ry, ~ total ther-
mal resistance of clothing in real conditions; T, ~ body core
temperature, °C; G,, - amount of water in exhaled air,
gt/m3.h; 1 - time in hours required to achieve critical tempera-
ture of body cooling down or overheating and the time in
which a predefined mean body temperature is achieved, res-
pectively.

In Equation 8, Q; refers to the fraction of the generated
heat in the body, which does not include the heat needed for
muscles and internal organs functioning. Q, refers to the
fraction of the heat, which is emitted through the skin surfa-
ce and clothing directly into the environment in any state of
organism, including the zone of comfort and the process of
overheating and cooling down. A certain amount of the gene-
rated heat is used for sweat evaporation (Q3) and respiration
(Qg). In the process of cooling down, a relatively low amount
of heat is used for sweat evaporation because in that state
the organism excretes or evaporates only a negligible amount
of sweat. In the process of warming up, however, the loss of
heat due to sweat evaporation is extremely important for pre-
venting overheaiing of the body and prolonging the toleran-
ce time. These losses will be, therefore, considered in the
process of overheating,

Heat {4, emitted by the person into the environment du-
ting respiration, depends on the difference between the body
core temperature and the temperature of environment, relati-
ve humidity of environment, type and intensity of the perfor-
med activity, number of inhalations and exhalations in a unit
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¢asa in kolifine vdihnjenega zraka. Te izgube skrajSujejo
¢as doseganja kritiCnega stanja med ¢asom ohlajanja. Pri
pregrevanju organizma pa podaljfujejo ¢as doseganja
kritiCnega stanja. Izgube toplote Q; bomo upostevali le
pri pregrevanju organizma opazovane osebe.

Proizvedeno toploto Q, lahko izmerimo oziroma vza-
memo podatke iz literature. V kontaminiranem (strupe-
nem) okolju opravlja oseba razlitna dela z razli¢no in-
tenziteto in pri tem proizvaja razlicne kolidine toplote
v dolocenih ¢asovnih presledkih. Vendar lahko upora-
bimo dolo¢eno srednjo vrednost, ki je najbolj verjetna
glede na vrsto in intenziteto dela, ki ga opravlja opazo-
vana oseba. V kontaminiranem okolju ne moremo ne-
posredno meriti koli¢ine izZarjene toplote skozi povrsi-
no koZze, ¢e nismo opremljeni s posebno laboratorijsko
opremo. Seveda lahko simuliramo podobne razmere,
kot jih bo imela oseba v kontaminiranem okolju.

Vsota izgub toplote (0, Q3 in Q) je lahko enaka ko-
liCini proizvedene toplote (cona ugodja), vedje (podh-
lajanje organizma) ali pa manjie od kolicine proizvede-
ne toplote (pregrevanje organizma). V coni ugodja bo-
mo v prvi aproksimaciji zanemarili Q5 in eventualno tu-
di Q4 in bomo predpostavili, da je termoizolacijska
vrednost zadcitnega obladila, ki ga ima oseba na sebi,
enaka potrebni termoizolacijski vrednosti, da se ohrani
cona ugodja v hbrezvetrju v suhem oblaéilu.

V coni pregrevanja organizma ima toplota O, po-
membno vlogo. V tej coni ima pozitivno vlogo zmanj-
Sanje termoizolacije pladca telesa in obladila ter hitrost
vetra. Pozitivno viogo ima tudi toplota Qy, vendar bi jo
lahko zanemarili. V coni podhlajevanja pa ima pozitiv-
no viogo le povelanje termoizolacijske vrednosti plas-
¢a telesa. Zrak, ki ga vdihavamo, se zasiti z vodno paro
in se segreje ali ohladi na temperaturo jedra telesa, T,
kar je odvisno od temperature zraka, ki ga vdihavamo.

3.0 RAZPRAVA O TEORIN

Enacba 12 je splodna resitev za izraun Casa (€asa to-
lerance), v katerem lahko oseba brez poskodbe posa-
meznih delov telesa opravlja dologeno delo v poseb-
nih razmerah, v katerih lahko pride do podhladitve or-
ganizma ali njegovega pregrevanja. AQ, (enaba 6) je
koli¢ina toplote, ki jo smemo dodatno izérpati iz orga-
nizma, da se ta ohladi na kriti¢no srednjo vrednost, na
primer 30 °C, ali da se v organizmu ne nakopi€i ved
dodatne toplote, kot je potrebno, da se srednja tem-
peratura telesa dvigne na kritiéno vrednost, na primer
39 °C. Predpostavimo, da za$¢itno oblacilo dobro tesni
na odprtinah (konec rokava, pas, oba konca hla¢, pas
in spodnji del, ovratnik ipd.), sicer pa je zad¢itno obla-
tilo prepustno za zrak in vodno paro. Strupene pline,
¢e smo v kontaminirani (strupeni) coni, pa absorbira
aktivno oglje v filtru maske in posebna aktivna plast
(aktivirana grafitirana tkanina ipd.). Vse odprtine na
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time and amount of the inhaled air. These losses shorten the
time needed to reach the critical state during the cooling
down process and extend it during the warming up process.
Losses of heat Q5 will be considered only in the process of
overheating.

Heat Q; can be measured or taken from literature. In the
contaminated (intoxicated) environment, a person performs
different activities with different intensity and generates diffe-
rent amounts of heat in defined time intervals. Nevertheless,
a certain mean value, which is the most probable with regard
to the type and intensity of the performed work, can be
used. In the contaminated environment, it is impossible to
measure the quantity of the heat emitted through the skin
surface directly without special laboratory equipment, It is
possible, of course, to simulate the conditions similar to tho-
se in the contaminated area,

The sum of heat fosses (0, (5 and Q) can be the same as
the amount of the generated heat (the zone of comfort), hig-
her {cooling down) or lower (overheating). In the zone of
comfort, the first approximation neglects Q5 and possibly al-
50 y and presumes that the thermal resistance value of the
person’s protective clothing is the same as the thermal resi-
stance value, which is necessary to preserve the zone of com-
fort in dry clothing and in still, non-windy weather.

In the zone of body overheating, heat (5 has an important
role. In this zone, the decreased thermal insulation of the
body covering and clothing as well as the velocity of wind
have a positive effect. Although heat Q has also a positive ef-
fect, it may be neglected. In the zone of body cooling down,
only the increased thermal resistance value of the body cove-
ring has a positive effect. The inhaled air is saturated with
water vapors and warms up or cools down to the body core
temperature Ty, depending on the inhaled air temperature.

3.0 DISCUSSION ABCUT THEORY

Equation 12 is a general solution for calculating the period
of time (the tolerance time) in which a person may, without
damages of individual parts of the body, perform certain acti-
vities in extreme conditions in which overheating or cooling
down of the body might occur. AQ, (Equation 6) is the
amount of the heat which may be additionally taken from the
organism to enable it to cool down to the mean critical va-
lue, e.g. 30 °C, or to prevent accumulation of more heat than
it is necessary for increasing the mean body temperature to
the critical value, e.g. 39 °C. The presumption is that the pro-
tective clothing tightens firmly on openings (end of sleeves
and trousers, waist, collar, etc.) otherwise it is considered air
and water permeable. In a contaminated (intoxicated) area,
toxic gases are absorbed by active carbon in the mask filter
and a special active layer (activated graphitized fabric, etc.). If
all openings in clothing are hermetically closed & = 1, if not
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obladilu so hermeti¢no zaprte. Zato je vrednost koefi-
cienta b = 1. Ce odprtine na obladilu ne tesnijo, po-
tem je & > 1. Problematiéno je ugotavijanje hitrosti
izhiapevanja znoja. V prvi aproksimaciji smo predpo-
stavili, da v coni ugodja in pri ohlajanju telesa lahko
zanemarimo znojenje in izhlapevanje znoja. V coni se-
grevanja (kopicenje toplote v telesu) je znojenje inten-
zivnro in se obladilo prepoji z znojem. Zunanja povrsi-
na obladila je mokra.

Hitrost izhlapevanja v mirnem ozradju smo merili v
standardni atmosferi (21 °C in 69 % RH).['L 121 Hitrost
izhlapevanja v odvisnosti od temperature in hitrosti ve-
tra smo merili tako, da smo postopoma povédevali
vrednosti temperature od 20 do 45 °C in hitrost vetra
od 0 do 5 m/s (metoda ni standardizirana). Izbrali smo
dolofene kote pihanja vetra na normalo povrdine obla-
cila. Pri merjenju smo simulirali oblaéilo, prepojeno z
znojem, in oblacilo, ki je na ovlaZeni povriini koze.
Voda (znoj) hitreje izhlapeva s povrsine bombaine kot
s povréine volnene tkanine. Ce je zunanja tkanina obla-
Cila popolnoma premodena, ne prepudta zraka skozi
pore v tkanini in zato ni dodatne povi$ine (notranja
povrSina por) za izhlapevanje znoja. Hitrosti izhlapeva-
nja znoja ni mogoce enoznacno ugotoviti za vsa stanja
in sestavo oblacila in ga je nujno eksperimentalno ugo-
toviti za vsak komplet obladila posebe;.

Dobro opremljenih laboratorijev za testiranje oblacil
ni veliko. Storitve specializiranih, dobro opremljenih la-
boratorijev lahko uporabljajo predvsem vojska, policija
ipd. Manjsi uporabniki, na primer skupine alpinistov
ipd., si kaj takega tezko privoitijo. Poleg tega se pogo-
sto spreminja sestava kompleta obladila, ¢e to ni predpi-
sana in preizkuSena uniforma. Vsaka sprememba bi zah-
tevala ponovitev celotnega preizkusa, kar je drago in
neracionalno. Po drugi strani pa se lahko vprasamo, ko-
liko je nasa metoda zanesljiva. Preverjali smo zanesljivost
metode glede vpliva hitrosti vetra na termoizolacijo obla-
Cila. Upostevali smo rezultate meritev spremembe ter-
moizolacije polarne uniforme glede na hitrost vetra [2]
lzredno velik je vpliv hitrosti vetra na skupni toplotni
upor obladila, saj se je ta zmanj$al za veé¢ kot 60 % pri
hitrosti vetra 10,7 m/s v primerjavi z vrednostjo pri hi-
trosti vetra 1,3 m/s. Iz zgornje primerjave se da skiepati,
da je nasa metoda vsaj delno verificirana, saj je vpliv hi-
trosti vetra parameter, ki ga je najteZe vrednotiti glede
na njegov vpliv na skupni toplotni upor.

Parametre, ki so potrebni za izradun &asa tolerance z
enacbo 12, lako izmerimo s pomodjo nekaj osnovnih la-
boratorijskih aparatov, kot so: aparat za ugotavljanje koe-
ficienta toplotne prevodnosti, porozimeter (merilo hitro-
sti vetra), merilo debeline obladila, precizna tehtnica ipd.

V enacbi 12 so zajeti tako rekod vsi parametri, ki po-
membno vplivajo na toplotno ravnovesje v &lovekovem
organizmu. Eni igrajo pomembno vlogo pri ohlajanju or-
ganizma, drugi pri pregrevanju le-tega; tretji so pomem-
bni tako pri ohlajanju kot pri pregrevanju organizma,
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b > 1. It is difficult to determine the rapidity of sweat evapo-
ration. In the first approximation, it is supposed that in the
zone of comfort and during body cooling down, perspiration
and sweat evaporation may be neglected. In the zone of war-
ming up (accumulation of heat), however, perspiration is in-
tensive and clothing gets soaked with sweat. The outer surfa-
ce of clothing becomes wet.

The rapidity of evaporation is measured in standard at-
mosphere (21 °C and 69 % RH)[H. 12], The rapidity of evapo-
ration in dependence of temperature and velocity of wind is
measured by gradually increasing the values of temperature
from 20 to0 45 °C and velocity of wind from 0 to 5 m/s (the
method is not standardized). Several angles of wind blowing
are chosen. The simulations of clothing saturated with sweat
and clothing on the person’s wet skin surface are used. Water
(sweat) evaporates faster from a cotton fabric surface than
from a woolen one. If the outside fabric of clothing is tho-
roughly wet, it does not permit air through pores in the fa-
bric, so there is no additional surface (inside surface of po-
res) available for sweat evaporation. The rapidity of sweat
evaporation canno{ be determined generally for all states and
alt compositions of clothing but should be determined expe-
rimentally for each set of clothing separately.

Well-equipped laboratory for testing clothing are not abun-
dant. The services of specialized well-equipped laboratories
are available first of all, to the army, police, etc. Smaller users
like groups of alpinists cannot afford them. Besides, the com-
position of a set of clothing, unless a uniform is directed and
tested, changes frequently and each such change would re-
quire repetition of the entire testing procedure, which would
be expensive and unreasonable. On the other hand, the que-
stion ahout reliability of our method arises. The reliability of
the method with respect 1o the effect of the velocity of wind
on the thermal resistance value of clothing has been verified.
The results obtained with measuring the change of the ther-
mal resistance value of polar uniforms in dependence of the
velocity of wind are used.[?] The influence of the velocity of
wind on total thermal resistance of clothing is extremely
high. At the velocity of wind 10.7 m/s, total thermal resistan-
ce of clothing decreases by more than 60% if compared with
the value at the velocity of wind 1.3 m/s. The above compari-
son at least partly verifies our method, Namely, the influence
of the velocity of wind is a parameter, which is the most diffi-
cult to be evaluated.

Parameters, which are needed in order to calculate the to-
lerance time by using Equation 12, can be measured with few
basic laboratory devices, such as: device for determining heat
conductivity coefficient, porosimeter, wind speed meter, clot-
hing thickness meter, precision scales, etc.

Equation 12 encompasses practically alt parameters, which
significantly influence thermal balance in a human body.
Some of them play important role in the body cooling down,
the others in its warming up and there are also parameters,
which are important in both processes. Therefore, there is no
uniform use of Equation 12. When Equation 12 is used, the
state of the body ~ overheating or cooling down - has to be
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Zato ni enovite uporabe enacbe 12. Pri njeni uporabi
moramo upostevati stanje telesa — pregrevanje ali ohlaja-
nje. Pa tudi nekateri parametri imajo dvojno vlogo. Pri
pregrevanju organizma imata znojenje in premodenje
oblacdila pozitivno vlogo — hlajenje organizma. Pri tem se
predvideva, da vsaj del izlodenega znoja izhlapi. Hitrost
vetra pospesuje izhlapevanje znoja in s tem tudi ohlaja-
nje pregretega organizma ¢loveka. Ce pa je organizem v
stanju ohlajanja, imata znojenje in hitrost vetra negati-
ven vpliv — pospedujeta hitrost ohlajanja telesa subjekta.

4.0 PRIMER UPORABNOST! ENAGBE 12 ZA
IZRACUN CASA TOLERANCE

4.1 Definiranje kompieta obladiia

V vsakdanjem Zivljenju lahko spreminjamo komplet
po potrebi. Ce je njegova termoizolacija prevelika za
dane razmere (pregrevanje organizma), dolodene dele
odlozimo, s ¢imer zmanj$amo skupno vrednost ter-
moizolacije in lahko ohranimo organizem na tempera-
turi ugodja (ravnovesje med izgubo in proizvodnjo to-
plote v obmoéju ugodja). Ce je termoizolacijska vred-
nost kompleta obladila v danih razmerah premajhna -
izguba toplote je vedja od proizvodnje (hla]en;c orga-
nizma), dodamo kak$no plast kompleta. Ce te mo¥no-
sti nimamo, se pred podhladitvijo branimo s poveéa-
njem proizvodnje toplote (povefana intenziteta aktiv-
nosti). Ta obramba pred podhladitvijo ima svoje meje.
Organizem se utrudi, volja do Zivljenja slabi in je véa-
sih zaradi podhladitve organizma konéni rezultat smrt.

V zivljenju se lahko zgodi, da v danih razmerah ne
moremo spreminjati sestave kompleta. To velja zlasti za
gasilce, potapljade, reSevalce pri nesreah v kemicnih
tovarnah in ko imamo opravka s strupenimi snovmi
(tekolinami in predvsem s plini) v vojnem dasu, ko
gredo redevalci zavestno v kontaminirano podrodje ipd.

Za ilustracijo takih problemov bomo obravnavali kom-
plet zastitnega obladila I3, ki je primeren za uporabo v
strupeni atmosferi. Sem sodijo uporaba plinske maske,
neprepustnih obuval (gumijastih $kornjev ipd.), zas&it-
nih rokavic idr. Sivi obla¢il morajo biti izdelani tako, da
strupeni plini nimajo neposredne moZnosti stika s povr-
$ino koZe. Enako velja tudi za vse odprtine na oblacilu.
Dobro je tudi, da je tako obiacilo hidrofobno ali celo
oleofobno, ¢e atmosfera vsebuje razpriene tekode delce
strupenih snovi. To je $e zlasti pomembno pri obrambi
pred tako imenovanimi bojnimi strupi, ki jih v tekodem
ali plinastem stanju absorbira povr§ina koZe in hromijo
Zivini sistem. Enako velja tudi za Stevilne druge izdelke
kemi¢ne industrije. Saj lahko zelo pogosto beremo o
ladjah, ki jih nihfe node sprejeti v svoja pristanisca, ker
s0 natovorjene z zelo strupenimi odpadki.

Nad namen ni 3tudij potrebnih lastnosti za§¢itnih
oblacil, marve ugotavljanje moZnosti za izradun asa

TEKSTILEGC, 2006, let. 49, §t. 10-12, str. 175-200

considered. Furthermore, there are few parameters, which
have a double role. For example: in the process of body
overheating, sweating and wetting of clothing have a positive
effect - they cool down a body. It is supposed that at least a
fraction of the emitted sweat evaporates. The velocity of wind
accelerates evaporation of sweat and, consequently, the pro-
cess of the overheated body cooling down. However, in the
process of body cooling down, sweating and the velocity of
wind have a negative effect - they accelerate the process of
body cooling down,

4.0 EXAMPLE OF APPLICABILITY OF EQUATION 12 FOR THE
CALCULATION TIME OF TOLERANCE

4.1 Definition of Set of Clothing

In everyday life, a set of clothing can be changed as neces-
sary. If its thermal insulation is too high for given conditions
(body overheating), individuat parts of clothing can be dis-
carded. In this way, total therma] resistance value is reduced
and the temperature, which is comfortable to a body, is pre-
served (the balance between heat loss and heat generation in
the zone of comfort). If the thermal resistance value of the
sct of clothing is too fow in given conditions - heat loss is
higher than heat generation (body cooling), a layer of clot-
hing can be added. If there is no such possibility, the increa-
se of heat generation (increased intensity of activity) can be a
solution. However, such solution has its limits. A body gets ti-
red, vitality is fading and sometimes death might occur as the
ultimate result of cooling down.

There are situations when it is not possible to change the
composition of the set of clothing. This is the case with fire-
men, divers, rescuers (accidents in chemical plants and con-
tact with toxic liquids and gases in war time) who consci-
ously enter a contaminated area, efc.

in order to illustrate such problems, a set of protective
clothing 1131, suitable for use in a contaminated atmosphere
will be investigated. Such set contains a gas mask, imper-
meable footwear (rubber boots, etc.), protective gloves, etc.
The seams and openings of clothing should not allow a di-
rect contact of gases with the skin, It is also advantageous
that such clothing is hydrophobic or even oleophobic, if the
atmosphere contains dispersed liquid particles of toxic sub-
stances, This is particularly important in defense from the so-
called war poisons which are absorbed through the skin sur-
face in liquid or gaseous state and which have a paralyzing
effect on nerve system. The same applies to many other pro-
ducts of chemical industry. We can frequently read about
ships, which are not allowed to enter ports due te being loa-
ded with very toxic wastes.

Our intention is not to study the required properties of
protective clothing but to identify the possibilities of calcula-

183



red. prof. dr. Danilo Jaksi¢; dr. Nikola Jaksic: Metoda ugotavljanja ¢asa tolerance v ekstremnih razmerah podhiajanja ali

pregrevanja organizma

tolerance, v katerem uporabnik dolo¢enega oblatila lah-
ko opravlja dolo¢eno aktivnost pod dolodenimi pogoji,
ne da bi pri tem dobil resnejie telesne in morebitne
dusevne okvare.

4.2 Komplet oblaéila in njegove lastnosti

Analizirali bomo moZnost za ugotovitev oziroma fzra-
cun Casa tolerance pri uporabi kompleta. Obravnavali bo-
mo le del kompleta, ki pokriva trup telesa. Pri tem bomo
predpostavili, da so okonéine, vrat in glava enako termoi-
zolirane kot trup glede hitrosti hlajenja in pregrevanja.
Sicer pa je obravnava glave, vratu in okondin, posebno e
pesti in stopal na rokah in nogah, izjemno zahtevna,

Zadcitno oblacilo sestoji iz prekrivne tkanine, grafiti-
rane tkanine (oksidirana in aktivirana tkanina, ki je iz-
delana iz PAN multifilamentne preje, ki absorbira stru-
pene pline oziroma teko€ine) in podloge.

Preglednica 1: Vrednosti koeficientov toplotne prevodno-
sti in vsebine viage v posameznih plasteh v standardni at-
maosferi in debelina posameznih piasti

ting the tolerance time, i.c. the period of time in which a
wearer of such protective clothing can continue to perform a
certain activity in certain conditions without incurring any se-
rious physical or even mental injury. :

4.2 Set of Clothing and its Properties

The possibilities of defining or calculating the tolerance
time when the set of clothing is used are going to be analy-
zed. Only the part of the set of clothing, which covers torso,
will be dealt with. Extremities, neck and head are supposed
to be identically thermally insulated as torso in terms of the
rapidity of cooling and heating.

Protective clothing is composed of a covering fabric, a
graphitized fabric (oxidized and activated fabric made from
PAN multifilment yarn, which absorbs toxic gases and liquids)
and # lining.

Table L: Values of heat conductivity coefficients and percentage
of humidity in individual layers in standard atmosphere and thick-
ness of individual layers

" Plast | Debeling, [ )i 1 on:| - VSebina - Clayer | : | Percentage of
g ST A, kdimheC| . 4hoC - -
“oblagita 0 mm. [T JIm - L viage, % . of Clothing Thickness, mm h klfm.h°C humidity, % -
Prekrivna 0,35 0,1234 5,1 Covering 0,35 0,1234 5.1

tkanina fabric
Grafitirana 0,87* 0,1000* 1,0% Graphitized 0,87* 0,1000* 1,0*
tkanina fabric
Podloga 0,41 0,7751 6,1 Lining 0,41 0,7751 6,1

* Verjetne vrednosti, niso merjene. Vrednosti v tej preglednici
potrebujemo za izradun toplotnega upora obladila.

Preglednica 2: Vrednosti nekaterih pomembnejih para-
metrov poroznosti posameznih plasti oblagita [3]

Parametri poroznosti -

D Pla'st_ g

oblagila | 4| p {, | Dman | Da
Prekrivna 0,3815 | 0,768 | 0,989 a7 21,6
tkanina

Grafitirana 1,1826* | 0,683* | 0,988 267 | 854
tkanina

* assessed values (not measured). The above values are needed fo calculate
thermal resistance of clothing.

Table 2: Values of some more important porosity parameters of
individual iayers of clothing

' Porosity Parameters
Layer - : ——

ofClothing | 4 | 5 | , | Pmaw |:Ds

' " 1 um S pm
Covering 0,3815 | 0,768 | 0,999 97 | 216
fabric

Graphitized 1,1826" : 0,683* | 0,988* 267" B85,4*
fabric

Podloga 0,4942 | 0,779 | 0,993 141 29,1

Parametrt poroznosti v preglednici 2 pomenijo: A in b — kaefi-

cient in eksponent (enacba 14), r — kosficient korelacije {enad-

ba 14), Dy, — maksimalni hidraviigni premer pore v obravnavani

tkanini, O, — srednji hidravliéni premer por

* Predpostavili smo, da je poroznost grafitirane tkanine pribliz-
no enaka poroznosti pene, ki je bila impregnirana z aktivhim
ogliem in je bila del kompleta. Parametrov kakovosti grafitira-
ne tkanine nismo merili. Predpostavili smo, da je debelina
0,87 mm (pena 2 mm) in da ima enako vrednost koeficienta
toplotne provodnosti kot pena. Tako pena kot tudi viaknovina
Z naneseno plastjo aklivnega oglja nista moderni resitvi. Tu-
kaj gre predvsem za ilustracijo moZnosti resitve problema
ugotavijanja ¢asa tolerance.
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Lining 0,4942 | 0,779 | 0,893 141 29,1

The parameters of porosity in Table 2 mean: A and b - coefficient and expo-
nent (Equation 14), r~ correlation coefficient {Equation 14), D, ~ maximum
hydraulic diameter of pore in the investigated fabric, Dg ~ mean hydraufic
diameter of pore

* it is supposed that the porosity of a graphitized fabric is approximately the
same as the porosity of foam impregnated with active carbon which is a part
of the set of clothing. The parameters of graphitized fabrics were not measu-
red. It is supposed that the thickness is 0.87 mm (foam 2 mm) and the value
of heat conductivity coefficient the same as that of foam. Neither foam nor
nonwovens coated with active carbon are not modern solutions. Here, the fo-
cus is on illustration possibility of selving of the problem of defining the tole-
rance time,
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Za realno analizo sistema je zelo pomembna poroz-
nost kompleta. To velja tako za dve ekstremni stanji
{pregrevanje in podhlajanje), kakor tudi za stanje ugod-
ja. S poroznostjo je v precej$nji meri povezan upor pre-
vajanju pare skozi obladilo, kar je pomembno pri pre-
grevanju organizma, Pri podhlajanju organizma, poseb-
no Ce piha veter, prevelika poroznost pospesuje hitrost
ohlajanja organizma. Tudi ni zanemarljiva velikost por.
Pri enaki volumenski hitrosti pretoka pod enakim tla-
kom je lahko odprta povrsina za pretok sestavljena iz ve-
likega Stevila por, ki imajo majhen povpre¢ni hidravliéni
premer, ali pa iz manjSega Stevila por, ki imajo relativno
velik povpreéni hidravli¢ni premer por. Take moZnosti
pa ne smeno zanemariti. Skozi pore, ki imajo velik hi-
dravliéni premer, laZe prodirajo strupent plini in strupe-
ne tekotine. Lahko se zgodi, da skozi poro »pade« drob-
na kaplja strupene snovi. Parameire poroznosti lahko
ugotovimo s pomodjo metode za ugotavljanje $tevila, ve-
likosti in porazdelitve por v ploskih tekstilijah.f3]

4.3 Uporabnik obladila

Oblacilo je lahko namenjeno ctrokom, odraslim Zen-
skim ali odraslim moskim. Slednji (odrasli) se labko
razlikujejo ne samo po spolu, temved tudi po visini,
teZi, povrdini koZe, intenzivnosti presnove, obéutljivo-
sti na temperaturo ipd. Razumljivo je, da ne moremo
obravnavati SirSe palete razlik med uporabniki. Zato
bomo vpeljali pojem povpreénega uporabnika. Ta ima
tezo 70 kg in povrSino koZe 1,8 m? in proizvaja na-
slednje koli¢ine toplote, odvisno od tega, kako tezko
delo opravlja: labko delo ~ 417 kJ/mZ.h; zmerno tefko
delo ~ 697; tezko delo - 1.047 in zelo teiko delo -
1.397 kJ/m2.h. Hoja 3 km/h — 420 kJ/m2h je enako
lahkemu delu ~ 417 k)/mZ2.h. [4]

4.4 Stanje organizma uporabnika

Organizem uporabnika je v kateremkoli stanju med
skrajno povpreénima temperaturama telesa, 30 oziroma
39 °C. Povprecne telesne temperature ni lahko izratu-
nati, saj moramo upostevati, da je na primer temperatu-
ra ugodija na povrSini ¢ela ali prsi okrog 33 °C, medtem
ko je temperatura ugodja na konicah prstov nog le
okrog 24 °C. [14] Razlika je okrog 11 °C. Temperatura
jedra telesa, ki zajema vedji del mase telesa, je 37 °C.

Giede stalnosti temperature lahko ¢lovekovo telo lo-
¢imo na dva dela. Zunanja plast je plasé telesa, katere-
ga temperatura ni stalna. Za plaiéem je jedro telesa, ki
ima stalno temperaturo. Seveda se tudi temperatura
notranjosti telesa spreminja in je v izjemnih razmerah
viSja ali niZja od 37 °C. Temperaturni gradient plaita je
pribliZno 3 °C/cm. To pomeni, da se temperatura telesa
povetuje, ko gremo od povedine telesa proti njegovi
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Porosity of the set of clothing is very important for a reliab-
le analysis of the system. This applies to both extreme states
(overheating and cooling down) as well as to the state of
comfort, Porosity is in close relation with the resistance of
clothing to vapor transmission, which is important in the
conditions of body overheating. In the conditions of body
cooling down, particularly if wind is blowing, too high poro-
sity accelerates the rapidity of body cooling down. The size
of pores is not negligible. With the same volume flow velo-
city under the same pressure, the open surface for flow can
be made up of a large number of pores with a small mean
hydraulic diameter or from a small number of pores with a
relatively large mean hydraulic diameter. This factor should
not be neglected. Toxic gases and liquids easily penetrate
through pores, which have a large hydraulic diameter. 1t can
happen that a droplet of a toxic substance falls through a
pore. Porosity parameters can be identified by using the met-
hod of determining the number, size and distribution of po-
res in flat textiles.[3]

4.3 User of Clothing

Clething can be designed for children, women and men
who differ in height, weight, skin surface, metabolism inten-
sity, heat sensitivity, etc. It is impossible to include such a
wide range of differences in the investigation. That is why a
concept of an average user has been introduced. The avera-
ge user weighing 70 kg with the skin surface 1.8 m? genera-
tes the following amounts of heat (depending on the inten-
sity of work): casy work ~ 417 kj/m?.h; moderate work —
697 Ig/m?.h; hard work - 1.047 kJ/m2.h and very hard work ~
1.397 kJ/m?. Walk 3 km/h - 420 kJ/m2 h is comparable with
easy work - 417 k)/m2.h (4],

4.4 Condition of User's Organism

In any state, the user’s organism is between two extreme
mean body temperatures, i.e. 30 and 39 °C. It is difficult to
calculdte the mean body temperature due to its variation.
Thus, the temperature of comfort on forehead and chest is
about 33 °C and on the toe tips only about 24 °C. [14] The
difference is about 11 °C. The temperature of the body core
which encompasses a bigger part of the body mass is 37 °C.

As to the temperature constancy, a human body can be di-
vided into two parts. The outer layer is the body covering
which doesn't have constant temperature. Behind the cove-
ring there is the body core, the temperature of which is con-
stant as well. Of course, the temperature of the body core
changes in extraordinary conditions and may be higher or lo-
wer than 37 °C. The temperature gradient of the body covering
is about 3 °C/em. That means that the body temperature in-
creases from outside towards inside for 3 °C in 1 cm depth.
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notranjosti za 3 °C na globini | ¢m. To ne velja za vse
dele telesa, je le povpredna vrednost za telo v celoti.
Ker je temperatura ugodja na prsih okrog 33 °C, bo de-
belina plai¢a, ¢e upostevamo temperaturni gradient,
okrog 1,3 cm. Srednjo temperaturo tefesa lahko izradu-
namo s pomodjo naslednje enatbe:

T:

kjer so: T - srednja temperatura telesa, Ty - srednja
temperatura pladca telesa, T, - temperatura jedra tele-
sa, a4 - delez pladéa telesa (0,2), b ~ deleZ jedra telesa
(0,8). Ta deleza veljata v coni ugodja. '

Ce pa golo osebo potopimo v vodo v coni ugodja,
se vrednosti obeh koeficientov spremenijo. Povpreéna
debelina pladéa se poveda, izmerjeni in izradunani
vrednosti pa sta @ = 0,35 in b = 0,65 [8 2. Tako je za-
to, ker se v vodi organizem hitreje ohlaja in se meja
stabilne temperature pomakne bolj v notranjost telesa.
Ker se temperatura, na primer na povrdini konic prstov
rok lahko zniZa na temperaturo, ki je niZja kot 15 °C, je
razlika met temperaturo jedra in povpreéno tempera-
turo na povrsini koze precej vedja kot v coni ugodia,
Ceprav sc tudi temperatura jedra zniZuje.

Glede prevajanja toplote se plast telesa dobro pri-
lagaja spremembi stanja telesa, saj se vrednosti nje-
govega koeficienta toplotne prevodnosti gibljejo v
mejah od 3,023 kJ/m.h.°C (pregret organizem) do
0,3790 kJ/m.h.°C (podhlajen organizem). To pomeni,
da se njegova termoizolacijska vrednost spremeni za
okrog osemkrat. Ce upoitevamo debelino plaséa in
vrednosti koeficienta toplotne prevodnosti, lahko z
enachbo 1 izraCunamo mejne vrednosti termoizolacije
plasca telesa, ki so 0,0471 (organizem v coni ugodja)
do 0,0729 m2.h.°CAJ (podhlajen organizem).]

Kaj prakticno pomenijo omenjene vrednosti? Pri
pregretosti organizma plasc telesa prevaja toploto bolj
kot voda, kar je bistvenega pomena za hiter prehod
toplote iz notranjosti telesa na njegovo povrsino in na-
prej v okolje. Pri prenosu toplote skozi pladé je tak$no
stanje posledica razsiritve oZilja (kapilar) in pospese-
nega kroZenja krvi s povrsine telesa proti notranjosti
(ohlajena venozna kri) in iz notranjosti proti povrini
telesa (vroda arterijska kri).,

Ce je organizem podhlajen, se oZilje skréi, kroZenje
kevi se izredno upocasni, s ¢imer se tudi zelo poveta
termoizolacijska vrednost pla$éa telesa. Ta je pribliZno
na ravni termoizolacije plutovine enake debeline. 110
Zaradi povecanja termoizolacijske vrednosti plaiéa in
zniZanja temperature na povrsini koZe telesa pri hlaje-
nju organizma se upocasni izguba toplote, s tem pa se
povecajo moZnosti za preZivetje tudi tedaj, ko bi se si-
cer hitro znizala telesna temperatura, de bi plasé imel
enako termoizolacijsko vrednost kot pri pregretem or-
ganizmu. Zgornja kritilna temperatura v jedru telesa
znasa okrog 39 °C, kriti¢ni utrip pa 180 utripov/min.
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This is the mean value for the entire body and does not apply
to all parts of the body. Since the temperature of comfort on
chest is about 33 °C, the thickness of the covering will be
about 1.3 cm if we consider the temperature gradient. The
mean body temperature can be calculated by using the follo-
wing equation:

all + bT, (13)

Where T is mean body temperature, T; - mean temperatu-
re of body covering, T, - temperature of body core, a ~ share
of body covering (0.2), b - share of body core (0.8)._These
shares apply in the comfort zone.

But if a naked body is dipped into the water in the com-
fort zone, the values of both coefficients change. The mean
thickness of the body covering increases and the measured
and calculated values are @ = 0.35 and b = 0.65 8 9] In the
water, the organism cools down quicker and the boundary of
stable temperature moves deeper into the body,

Since for example the temperature on the hands finger tips
can decrease to the temperature fower than 15 °C, the diffe-
rence between the temperature of the body core and the
mean temperature on the skin surface is substantially higher
than in the zone of comfort despite the decrease of the body
core temperature.

As 1o the heat conductivity, the body covering is adapting
well to the change of the body state. The values of its heat
conductivity coefficient range from 3.023 kJ/m.h.°C (overhea-
ted organism) to 0.3790 kj/m.h.°C (cooling down organism).
This means that its thermal resistance value changes for
about cight times. By considering the thickness of the cove-
ring and the values of heat conductivity coefficients, boun-
dary values of the body covering thermal insulation which
range from 0.0471 (organism in the zone of comfort) to
0.0729 m2h.°C(KJ (cooling down organism) can be calcula-
ted by using Equation 1.14]

What do these values mean practically? In the state of
overheating, the body covering conducts heat better than
water, which is of key importance for rapid transmission of
heat from the body inside to its surface and into the envi-
ronment. In the process of heat transfer through the body
covering, such condition is the result of the veins (capilla-
ries) swelling and the accelerated blood circulation from the
body superficies towards the body core (cooled venous
blood) and from the body core towards the body superficies
(hot arterial blood).

If an organism is cooling down, veins shrink, blood circula-
tion slows down and the thermal resistance value of the coa-
ting considerably increases and is almost the same as that of
cork of the same thickness. [10] Due 1o the increase of the
thermal resistance value of the body covering and the decrea-
se of the temperature on the body superficies in the condi-
tions of body cooling, loss of heat slows down and the possi-
bilities of survival increase even in the conditions in which
the body temperature would decrease quickly, if the covering
had the same thermal resistance value as in the case of over-
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Pri teh vrednostih lahko pride do toplotnega Soka. V
teh razmerah se temperatura v notranjosti jedra in
pladéa izenacita. Razlika je neposredno na povrsini ko-
Ze, s katere neposredno izhlapeva znoj. Ta je nekoliko
nizja. Pri podhladitvi (brez upostevanja stanja uses,
nosu in okondin ali njihovih delov ~ pesti in stopala,
ki so lahko nepopravljivo poskodovani) se &lovek po-
¢uti zaspan, e se temperatura jedra telesa zniZa pod
33 °C ter sc upocasnita dihanje in sréni utrip. V tak-
$nem stanju lahko zaradi podhladitve nastopi smrt.

Menijo, da se v organizmu ne bi smelo nakopiéiti to-
plote za vet kot 8,7 kj/kg mase telesa. Omenjena koli-
C¢ina toplote zvida telesno temperaturo na kriti¢nih 39
°C. PraktiCno pomemben je ¢as tolerance ali &as, ki je
potreben, da v danih razmerah organizem pride v kri-
ticno obmodje (podhlajanje ali pregrevanje organiz-
ma). V tem Casu prehoda iz obmodja ugodja v obmoé-
je kritiCnega stanja organizma je mogod¢a bolj ali manj
normalna dejavnost ¢loveka.

Hitrost segrevanja ali ohlajanja organizma je odvisna
tudi od vrednosti povpreéne specifi‘ne toplote orga-
nizma. Ta znasa priblizno 3,5 kJ/kg °C. Zdaj so nam na
voljo vsi parametri, ki so potrebni za izratun neravno-
vesja med proizvodnjo in izZarevanjem toplote. To lah-
ko izra¢upnamo z enacbo 6.

iz enatbe 6 je razvidno, da ima AQ, pri hlajenju nega-
tivno vrednost T,y > T, (telo oddaja toploto v oko-
lie) in pozitivno vrednost pri segrevanju, T,y < T,.n (v
telesu se akumulira energija predvsem iz lastne proi-
zvodnje, lahko pa tudi delno na ra¢un zunanjih obreme-
nitev - gadenje poZarov). Ce pa je doseZeno ravnovesje
na ravni temperature ugodja, I, = T, in AQy, = 0, ni
neravoovesja pri izmenjavi energije (toplote).

4.5 Okolje

Stanje okolja je tisti dejavnik, ki narekuje vrsto in ko-
li¢ino uporabljenega oblacila zaradi ohranjanja organiz-
ma v obmodju ugodja in zaicite pred zastrupitvijo, og-
njem ipd. Ze v naiem podnebju so izjemno velike tem-
peraturne razlike od + 39,2 °C v Mariboru (maksimum
15-letnega opazovanja) do —41,5 °C na Kredarici (2006).
Veter zelo pogosto doseZe hitrost 60 km/h (17 m/s) in
ved; letna kolifina padavin pa je od 600 mm do veé¢ kot
5000 mm. Kljub temu za vsa ta klimatska stanja lahko
konstruiramo oblacila, ki uporabniku omogo¢ajo nor-
malno aktivnost tudi na prostem, razen v izjemnih pri-
merih, ki pa v nasih razmerah ne trajajo dolgo. Drugo
vpraSanje je za$éita uporabnika v posebnih (izjemnih)
okolis¢inah (strupena atmosfera, visoke temperature,
ogenj idr.). V takSnih primerih moramo uporabiti po-
sebna obladila, katerih izdelava ni tako preprosta.

V mirnem in suhem ozradju (relativna viaga 65-od-
stotna) je koli¢ina obladil odvisna od temperature oko-
lja in koliine toplote, ki jo uporabnik oblacila izzareva
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heated organism. The upper critical temperature in the body
core is about 39 °C and critical pulse rate 180 throbs per mi-
nute. These values may lead to heat shock. In such condi-
tions, the temperature in the body core and the temperature
of the body covering become equal. The difference s on the
skin surface from which sweat directly evaporates. It is slightly
lower. In the case of cooling down (without considering the
condition of ears, nose and extremities and their parts -
hands and feet, which can be irreparably damaged), 2 man
feels sleepy if the body core temperature falls below 33 °C,
breathing and heartbeat slow down and a man can die.

It is believed that the accumulated heat in the organism
should not exceed 8.7 kJ/kg of body mass. This amount of
heat raises the body temperature to critical 39 °C. The tole-
rance time or the time interval required by an organism to
pass from the zone of comfort to the critical zone (cooling
down or overheating) in given conditions is practically im-
portant. In this time interval, more or less normal activity can
be performed.

The rapidity of the organism heating or cooling depends
on the value of the body mean specific heat, which is appro-
ximately 3.5 k/kg.°C. Now, all paramcters needed to calcula-
te the imbalance between heat generation and heat emission
are available. Equation 6 is nsed:

In Equation 6 it is evident that AQ,, has a negative value in
the process of cooling T,,; > T, (the body is emitting heat
into the environment) and a positive value in the process of
heating T,,; < T, {energy accumulates in the body mostly
from its own generation and possibly due to outside influen-
ces ~ fire extinguishing). If balance is obtained at the tempe-
rature of comfort level T,y = T,» and AQ, = 0, there is no

av
imbalance in the energy (heat) exchange.

4.5 Environment

The state of environment is the factor, which dictates the
type and quantity of clothing in order to keep the organism in
the zone of comfort and to protect it from toxic substances,
fire, etc. Already in our clime, extremely high temperature diffe-
rences occur, i.e. from +39,2 °C in Maribor (15-year observa-
tion maximum) to -41.5 °C on Kredarica 2006, Wind frequently
achieves or even exceeds the velocity 60 km/h (17 m/s). A
yearly amount of precipitate is from 600 mm to more than
5000 mm. Despite such variations, it is possible to design clot-
hing, which would enable normal activitics in the open air, ex-
cept in extraordinary cases, which never fast long in our cir-
cumstances. Another issue is protection of the user of clothing
in special (exceptional) circumstances (intoxicated atmosphe-
re, high temperatures, fire, etc.) In such cases special clothing,
which is not easy to manufacture, should be used.

In still and dry (relative humidity 65%) climatic conditions,

the quantity of clothing depends on the environment tempe-
rature and on the amount of heat emitted by the user
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skozi povisino koZe. Na sliki 1 je ilustriran primer pri
temperaturnem intervalu od - 20 do + 33 °C in kolitini
izzarevane toplote od 420 do 1.400 kJ/m2.h. Krivulja 1 ka-
Ze stanje, ko uporabnik opravlja lahko delo (420 kJ/m?.h),
keivulja 2 kaZe zmerno tezko delo (720 kj/m2.h), krivulja
3 tezko delo 1.050 kj/m?2.h) in krivulja 4 zelo tezko delo,
pri katerem uporabnik izfareva skozi povtdino koZe
1.400 kJ/m?.h. Kadar uporabnik obladila opravija tezko
delo, potrebuje najmanjso koli¢ino oblail, Vse $tiri kui-
vulje (premice) se stikajo na abscisi pri 33 °C. To je
temperatura ugodja na povrdini koze. ‘Temperatura
sama po sebi vpliva na spremembo vrednosti koeficien-
ta toplotne prevodnosti obladila. Ta raste z zvi$evanjem
temperature. Vendar so spremembe majhne, zato je
trend spremembe glede na posledice spremembe tem-
perature pozitiven (zaZelen).

Vlaga (voda) zelo mo¢no vpliva na spremembo vred-
nosti koeficienta toplotne prevodnosti. Nase raziskave
51 kaZejo, da se v obmo&ju od 0 do 100 % vode v tka-
ninah spreminja (raste) vrednost koeficienta toplotne
prevodnosti v povpredju 4 % za vsak povedani odsto-
tek deleza vode v tkanini. Vpliv temperature in vlage
smo upostevali pri vrednosti L v enaébi 4; vendar je
upostevanje vsebnosti vode pri pregrevanju izjemno
tezavno, ker na hitrost izhlapevanja vplivajo fiziologki
koeficient zasi¢enja zraka, sam komplet glede na suro-
vinsko sestavo, poroznost oblaéila in hitrost vetra.

Ce v enachi 4 predpostavimo, da je b = 1, kar je upra-
viceno za zadtitno obladilo, ki nima prostih odprtin, in
vrednosti iz preglednic 1 in 2, lahko izradupamo R, za
komplet zas¢itnega oblacila. Na sliki 2 je prikazana spre-
memba Ry v odvisnosti od hitrosti vetra. Pri tem smo
upostevali dejstvo, da enacba 2 velja za hitrost vetra 1
m/s in ved. Vrednosti, ki so izra¢unane za hitrost vetra 1
m/s, veljajo kot vrednost v mirnem vremenu. V absolutno
mirni atmosferi bi sicer lahko z ekstrapoliranjem krivulj
na ordinato dobili vedje vrednosti, kot so dejanske vred-
nosti, predvsem zaradi omejitve veljavnosti enacbe 2.

Poroznost lahko izratunamo z enacho 14, &e pri tem
upostevamo eksperimentalne rezultate v preglednici 2.
Pri tem moramo upoStevati uporabljenc enote. Para-
metra A in & v preglednici 2 se nana$ata na prostos-
ninsko hitrost pretoka, izraZenega v em3/cm2s in tlaka
v Pa, (enacha 14).

Kot je razvidno iz preglednice 2, je eksponent b
vedji kot 0,5. Za b dejansko velja naslednja omejitev:
0,5<b <1, Cim gostejda je tkanina, tem veéja je vred-
nost cksponenta b.

Prostorninsko (volumensko) hitrost dobimo, ¢e li-
nearno hitrost pretoka pomnoZimo z odprto povriino
v tkanini, ki jo tvorijo pore med pitmi osnove in vot-
ka, oziroma volumenski pretok izradunamo s pomotjo
naslednje enache:

through the skin. Figure 1 illustrates an example in the tem-
perature interval from -20 to +33 °C and with the amount of
emitted heat from 420 to 1400 kJ/m2.h. Curve 1 shows the
state when a user performs easy work (420 kJ/m2.h), cueve 2
refers to moderate work (720 kJ/m2.h), curve 3 to hard work
(1050 kJ/m2.h) and curve 4 to very hard work during which
the user emits 1400 kJ/m%h through the skin surface. When a
user of clothing works hard, he needs minimal quantity of
clothing. All four curves (lines) join on abscissa at 33 °C.
This is the temperature of comfort on the skin surface. The
temperature itself has effect on the value of the clothing heat
conductivity coefficient. The value increases with the increase
of temperature. However, the changes are minimal, so that
the trend of change is positive (desired) in view of the conse-
quences of the temperature change,

Humidity (water) has a considerable effect on the change
of the heat conductivity coefficient value. Our researches [5)
show that within the range 0 - 100% of water in fabrics,
this value changes by 4% on average for each increased per-
centage of water in fabric. The influence of temperature
and humidity is considered in A value in Equation 4. Howe-
ver, it is difficult to estimate the percentage of water during
the process of overheating, because the rapidity of evapora-
tion depends also on the air saturation physiological coeffi-
cient, material of clothing, porosity of clothing and the ve-
locity of wind.

Itb =1 (protective clothing without any free openings)
and the values from Tables 1 and 2 are used in Equation 4,
R for the set of protective clothing can be calculated. Figure
1 shows the change of R, in dependence of the velocity of
wind. The fact that Equation 2 applies for the velocity of
wind equal or higher than 1 m/s is taken into account. The
values, which are calculated for the velocity of wind 1 m/s
arc considered the values in still weather. Otherwise, higher
values than actual ones would be obtained in an absolutely
still atmosphere by extrapolation of curves to ordinate, parri-
cularly due to limited validity of Equation 2.

Porosity can be calculated with Equation 5 provided that
the experimental results in Table 2 are considered. It is im
portant that the used units are taken into account. Parame-
ters A and b in Table 2 refer to the volume flow rapidity ex-
pressed in cm¥cemZs and water column pressure in Pa
(Equation 14).

As can be seen in Table 2, exponent b is higher than 0.5.
As alrcady mentioned, the following limitation applies to b
0.5 <& < 1. Denser is the fabric, higher is the value of expo-
nent b.

The volume rapidity is calculated by multiplying the flow
linear velocity with the open surface in fabric, which is made
up of pores between warp and weft. The volume flow is cal-
culated by using the following equation:

V=AW = Palf (14
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kjer so: V — volumenska hitrost pretoka zraka skozi ob-
fadilo, A - koeficient regresijske krivulje, b - razlika tla-
kov, & - eksponent regresijske krivulje, P - odprta povrsi-
na za pretok plinov, ab? — linearna hitrost pretoka zraka.

Pri hitrosti vetra 1 m/s (3,6 km/h), ki jo jemljemo kot
zgornjo mejno hitrost med stanjem mirne atmosfere in
stanjem, ko za¢nemo upoStevati hitrost vetra, je prostor-
ninska hitrost pretoka 9,4 m3/m2.h pri 5 m/s (18 km/h);
112 pri 10 m/s (36 km/h); 324 pri 15 m/s (54 km/h); 604
pri 20 m/s (72 km/h) in 939 pri 25 m/s (90 km/h). To so
pretoki skozi zgornjo plast obfadila (prekrivna tkanina).

Poroznost obladila je zelo velika, kar ugodno vpliva na
hlajenje - izhlapevanje znoja, vendar ima pri ni%jih tem-
peraturah in pri vetrovaem vremenu negativne udinke.
Pa ne samo na termoizolacijo, temved tudi na filtracijo
(tudi pri vi§jih temperaturah). Strupene hlape nese veter
skozi oblatilo. S tem se obremenjuje filtracijska plast, ki
se hitreje zasiti kot takrat, ko ni vetra. To lahko sklepa-
mo iz koli¢ine zraka, ki gre skozi obladilo pri doloceni
hitrosti vetra. Podoben uéinek ima znoj, kjer absorpcij-
ska plast, premodena z znojem, nima ved takine sposob-
nosti absorpcije kot v suhem stanju. Na sliki 2 je prika-
zana sprememba R, v odvisnosti od hitrosti vetra. Dra-
sti¢no je zmanjianje vrednosti toplotnega upora.

where V is air volume flow rapidity through clothing, A is
regression curve coefficient, b is pressures difference, b is re-
gression curve exponent, P is open surface for gases flow,
aht is air flow linear rapidity.

At the velocity of wind 1 m/s (3.6 kny/h), which is conside-
red to be the upper boundary velocity between the condition
of still atmosphere and the condition of wind blowing, the
flow volume rapidity is 9.4 m3/m2.h at 5 m/s (18 km/h), 112
at 10 mys (36 km/h), 324 at 15 m/s (54 km/h), 604 at 20 m/s
(72 km/h) and 939 at 25 m/s (90 km/h) through the top layer
of clothing (covering fabric).

Porosity of clothing is very high, which has a favorable ef-
fect on body cooling - sweat evaporation, however, at lower
temperatures and in windy weather, it has negative effect
not only on thermal insulation but also on filteation (also at
higher temperatures). Toxic vapors, which are transmitted
through clothing by the wind deteriorate the capacity of the
filtration layer. This can be concluded from the amount of
air, which passes through clothing at certain velocity of
wind. Sweat has the same effect - the absorption layer soa-
ked with sweat has lower absorption capability than a dry la-
yer. Figure 2 illustrates the change of R, in dependence of
the velocity of wind. The values of thermal resistance have
dropped drastically.
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4.6 Ohlajanje organizma

Povprecna temperatura organizma se lahko zniZa do
30 °C in ved. Pri tem je temperatura na povrdini koZe
precej niZja — vsaj 28 °C ali $¢ manj na prsih. Kot je raz-
vidno iz preglednice 3, ki se nana3a na povrino Cela, je
v tak3nem stanju organizma subjektivni obéutek boled -
zelo mrzel. Ce se organizem ohlaja e naprej, boledine
postopoma prenehajo, telo otrpne, zmanj$a se §tevilo
srénih utripov na enoto ¢asa, Clovek postaja zaspan in de
se organizem 3¢ naprej ohlaja, nastopi smrt. Vsekakor je
zanimivo in tudi koristno ugotoviti ¢as tolerance, v kate-
rem smemo uporabnika obladila izpostaviti zunanjim
vplivom, preden nastopijo resnej$e okvare na posamez-
nih delih telesa in predvsem na okondinah. ZniZanje
temperature jedra telesa pod 33 °C pa pomeni iziemno
nevarnost. Zato bomo 30 °C upostevali kot arbitrarno
spodnjo povpreéno mejno temperaturo organizma, pri
kateri so 8¢ mogoce dolocene aktivnosti subjekta.

Preglednica 3: Odvisnost pofutja osebe in vlainosti koze
od temperaturena povr§ini ¢ela [6]

4.6 Cooling Down of Organism

The mean body temperature can drop to 30 °C and lower.
The temperature on the skin surface is significantly lower -
at least 28 °C or even lower on the chest surface. In such
condition, as can be seen from Table 1, which refers to the
surface of forchead, a painful feeling of cold overflows the
organism. If the process of cooling is going on, pains slowly
stop, a body numbs, the number of heartbeats per time unit
decreases, a person becomes sleepy and finally dies if the
process of cooling still continues, In any case, it is interesting
and useful to define the tolerance time, i.e. the time during
which a user of clothing may be exposed to external influen-
ces without suffering serious damages on individual parts of
the body, particularly on extremities, However, the decrease
of the body core temperature under 33 °C represents a seri-
ous threat. Thus, this temperature of 30 °C will be conside-
red as arbitrary the bottom boundary mean body temperatu-
re, which still allows certain activities of a subject.

Table 3: Dependence of feeling and skin moisture of the tempe-
rature on surface of forehead (61

V obmodju ugodja je vrednost temperaturnega gra-
dienta 3 °C/cm in povpreéna debelina pladta telesa
(koza in podkoZno tkivo) okoli 1,3 cm. Na spodnji
mejni temperaturi ohladitve pa se stanje spremeni, saj
se precej zmanj$a vrednost koeficienta toplotne pre-
vodnosti plaica. Ta vrednost je primerljiva z vrednost-
jo koeficienta toplotne prevodnosti plutovine. Plage
ima najviSjo termoizolacijsko vrednost, ko tako rekod
preneba kroZiti kei v njem. To je stanje, ki pomeni tu-
di nevarnost odmiranja tkiva, ¢e traja dovolj dolgo.
Nekateri poskusi [/ so pokazali, da je mogote v 40
minutah zniZati temperaturo prstov roke na nekaj sto-
pinj nad 0 °C (temperatura na vehu mezinca se je zni-
Zala celo na + 1 °C) brez vidnih poskodb tkiva. Sicer
pa se zmanja gibljivost prstov rok, ¢e temperatura na
konicah prstov pade pod 15 °C.

Pri ohlajanju telo proizvede doloteno kolidino to-
plote Qy in odda v okolje toploto Q,, Q5 in Qg4 Pri tem
je vsota Qp + Q3 + Q4 > ;. Dejanski primanjkljaj
energije AQ,, kJ/m%.h lahko izratunamo z enatho 7.
Pri ohlajanju organizma lahko zanemarimo Qs3, ker je
kolicina toplote, ki se porabi za izhlapevanje znoja, za-
nemarljiva v primerjavi s toploto Q,, ki se jzzareva
skozi povedino koZe in skozi oblagilo v okolje.
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 Temperatura | Subjektivno . |Odstotek koe, ki je  Skin Temperature | Subjective Feeling - | Percentage of Skin ~

i koZe,°C .. |- poéutje osebe ' | prekrit z znojem . on forehead, °C- - otaPerson - |- Covered with Sweat
28,0-29,9 zelo mrzio 10--18 28,0-29.9 Very coid 10-18
30,0-32.1 mrzlo 10-20 30,0-32,1 Cold 10-20
32,2-33,2 prijetno 12-25 32,2-33,2 Comfortable 12-25
33,3-34,3 toplo 15-30 33,3-34,3 Warm 15-30
34,4-35,5 vrote 30-90 34,4~355 Hot 30-90
35,6-36,6 zelo vroce 100 35,6-36,6 Very hot 100

In the zone of comfort, the value of the temperature gra-
dient is 3 °C/em and the mean thickness of the body covering
(skin and subcutaneous tissue) 1.3 cm. At the bottom boun-
dary body temperature of cooling, the condition changes as
the value of the heat conductivity coefficient of the covering
significantly decreases. This value is comparable with the va-
lue of the heat conductivity coefficient of cork. The body co-
vering has the highest thermal resistance value when blood
practically ceases to circolate in it. This is the state which
might lead to the danger of dyeing of tissue if it lasts long
enough. Certain experiments {71 have shown that it is possib-
le to reduce the temperature of fingers to few degrees above
0 °C in 40 minutes (the temperature on a little finger tip de-
creases to +1 °C) without any visible damage of tissue. Ot-
herwise, movable of fingers diminishes if the temperature on
finger tips falls under 15 °C.

In the process of cooling, 2 human body generates heat 0,
and emits heat Q,, 0 and (; into the environment. The sum
of O; + (5 + Q4 is higher than Q. The actual deficit of ener-
gy AQy, Kl/m*.h can be calculated by using Equation 7. In the
process of cooling, Q5 can be neglected because the amount
of the heat consumed for sweat evaporation is negligible in
comparison with the amount of heat Q,, which is emitted
through the skin surface and clothing into the environment.
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Toploto Q4 pa bi verjetno v nekaterih primerih te.
ko zanemarili, vsaj pri nizkih temperaturah. Kot je raz-
vidno iz enacbe 11, je ta sorazmerna z vsakokratno
razliko temperature v jedru telesa in temperaturo oko-
lja. V coni ugodja je temperatura jedra telesa 37 °C. Ta
se lahko zniZza do 33 °C in pri podhladitvi celo bolj.
Pri tem ni nujno, da je temperatura okolja pod 0 °C.
Koli¢ina izdihanega zraka, ki ima enako temperaturo
kot jedro telesa, je odvisna od $tevila izdihov in kolidi-
ne zraka pri enem izdihu, Stevilo vdihov in izdihov pa
je odvisno od vrste in intenzitete aktivnosti osebe. Pred-
postavljamo, da je zrak, ki ga izdihavamo, nasi¢en. Ce iz
dihamo 15 litrov zraka v minuti ali 900 litrov na uro in
je razlika med temperaturo jedra telesa in temperaturo
okolja 40 °C, specifiéna toplota zraka 0,966 kJ/kg.°C in
specifiéna teZa zraka 1,2 kg/m3, bomo porabili za za-
grevanje zraka okrog 42 kj/h. Clovek v vedini primerov
v eni uri izdihne od 10 do 14 gramov vode, kar pome-
ni, da toliko vode tudi izhlapi. Lahko predpostavimo,
da je v vdihanem zraku okrog 70 % vlage v parni fazi.
To moramo upostevati pri ratunanju toplote, ki je po-
trebna za izhlapevanje izdihanega zraka. Ta ni za okrog
70 % manja, kot smo izratunali za celotno kolidino iz-
dihanega zraka. Moramo upostevati dejstvo, da se vdi-
hani zrek segreje na temperaturo plju¢. Ce zrak, ki
ima temperaturo 0 °C in 70 % relativne viage ter pat-
cialni tlak vodne pare 425 Pa in ga segrejemo na tem-
peraturo pljud, na primer na 33 °C, bo njegova relativ-
na viaga padla pod 10 %. To bi pomenilo le nekaj kj/h
manj porabe toplote. Skupaj torej okrog 40 kJ/h. De-
jansko moramo nekoliko modificirati realen izracun iz-
gube toplote zaradi segrevanja vdihnjenega zraka. Ra-
¢unamo le razliko, ki jo dobimo, ¢e telo ohladimo v
mirnem vremenu na niZjo temperaturo, kot je tempe-
ratura ugodija.

Ce predpostavimo, da se telo enakomerno ohlaja in
je temperatura okolja v coni ugodja 15 °C (na$ kom-
plet daje to vrednost), bomo upostevali razliko med to
temperaturo in temperaturo okolja, pri kateri se jedro
telesa ohladi na 33 °C, &e je ta ni%ja od 15 °C v mirnem
vremenu brez vetra. Ra¢unamo le s polovi¢no vrednost-
jo razlike. Ce ratunamo ¢as tolerance pri ~5 °C, potem
ne racunamo z razliko 20 °C, ampak Ie z 10 °C. Do-
datna izguba toplote zaradi segrevanja vdihanega zraka
bo le okrog 10 kJ/h. To bi bilo fe 1 % od 1.000 kj/h ali
1,7 % pri izgubi toplote 600 kJ/h skozi povriino koZe.
Prazvprav nimamo dodatne izgube toplote zaradi izhla-
pele vode v izdihanem zraku glede na izgube v coni
ugodja. 1z tega primera izhaja, da pri podhlajanju ose-
be lahko zanemarimo dodatne izgube toplote zaradi
segrevanja vdihanega zraka. To pa velja le v primeru,
Ce temperature niso skrajno nizke oziroma &e se kritié-
na temperatura, pri kateri se temperatura telesa zni%a
na kriticno vrednost, preved ne razlikuje od tempera-
ture ugodja za opazovane razmere, vklju¢no z obladi-
lom (ni spremembe stanja obladila).

TEKSTILEC, 2006, let. 49, &t 10-12, str. 175-200

In some cases, at least at low temperatures, heat Q4 could
be hardly neglected. As can be seen in Equation 11, heat o)
is proportional to every difference between the temperatuse
in the body core and that of the environment. In the zone of
comfort, the temperature of the body core is 37 °C but it can
decrease to 33 °C or even lower in the case of cooling down.
It is not necessary that the temperature of environment is
under 0 °C. The amount of the exhaled air, which has the
same (emperature as the body core, depends on the number
of breaths and the amount of the exhaled air in one breath.
The number of breaths out and breaths in depends on the
type and intensity of the subject’s activity. The air, which is
breathed out, is supposed to be saturated. If 15 liters of air is
breathed out per minute, i.e. 900 liters pes hour, if the diffe-
rence between the temperature of the body core and the
temperature of environment is 40 °C and if specific heat of
air is 0.966 ki/kg. °C and specific mass of air 1.2 kg/m’, ap-
proximately 42 kJ/h will be used for heating the air. In most
cases, 2 man exhales 10 to 14 grams of water in 1 hour,
which means that this amount of water evaporates. It can be
assumed that there is about 70% of humidity in the vapour
phase in the inhaled air. This should be considered when the
amount of the heat required for evaporation of the exhaled
air is calculated. It is not by about 70% lower as was calcula-
ted for the total amount of the exhaled air, The fact is that
the inhaled air warms up to the the temperature of lungs. if
the air which has the temperature 0 °C and 70 % of relative
humidity and the water vapour partial pressure 425 Pa is war-
med up to the temperature of lungs, e.g. 33 °C, its relative hu-
midity will fall below 10%. This would mean lower consump-
tion of heat for only few kJ/h. This is totally about 40 kl/h. In
fact, a real calculation of the loss of heat should be slightly
madified due to heating of the inhaled air. Only the differen-
ce, which is obtained if 2 human body is cooled down in still
weather 10 a temperature fower than the temperature of
comfort, is calculated.

Supposing that 2 human body is cooling down evenly and
that the temperature in the zone of comfort is 15 °C (our
sct of clothing provides such value), the difference between
this temperature and the temperature of environment, at
which the body core cools down to 33 °C, if it is lower than
15 °C in still non-windy weather, will be considered. In cal-
culations, only half value of this difference will be used. If
the tolerance time is calculated at -5 °C, it is not the diffe-
rence of 20 °C, which will be taken into account but only
half of this value, i.e. 10 °C. Additional loss of heat as 2 re-
sult of the inhaled air heating will be only about 10 kj/h.
This would be only 1% of 1,000 kj/h or 1.7% at the heat
loss 600 kJ/h through the skin surface. There is practically
no additional loss of heat due to evaporated water in the
exhaled air in comparison with the loss in the zone of com-
fort. This example shows that in the process of cooling
down, additional losses of heat due to the inhaled air hea-
ting can be neglected. However, this applies only if the tem-
perature is not extremely low or if the critical temperature,
at which the body temperature falls to the critical value
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Ne moremo pa zanemariti spremembe toplotnega
upora plaséa telesa. Lahko vzamemo povpredno vred-
nost toplotnega upora plad€a telesa v coni ugodja
0,0471 m2.h.°C/kJ. Toplotni upor plaiéa telesa med
spanjem, ko telo miruje in je presnova na osnovnj rav-
ni (bazalni metabolizem), doseze vrednost okrog
0,0729 m?.h.°C/kJ. Ker nimamo drugih podatkoy, bo-
mo to vrednost vzeli kot spodnjo vrednost, ko tempe-
ratura jedra telesa pade na 33 °C. V tem primeru je
AR, = 0,0258 m2.h.°C/k]. Ce predpostavimo, da je de-
lez pladca telesa 0,40 in je temperatura na povrdini Ce-
la 28 °C, bo srednja temperatura telesa okrog 30 °C.

Cas tolerance bomo ratunali v intervalu zunanjih
temperatur od =20 °C do +20 °C. Ta temperaturni in-
terval bomo razdelili na podintervale po 5 °C. Predpo-
stavili bomo, da je cona ugodja pri zunanji temperatu-
ri 15 °C in izzarevanju toplote 600 kJ/mZ2.h. Pri izratu-
nu dejanskega toplotnega upora bomo upoitevali hi-
trosti vetra 0, 5, 10, 15 in 20 m/s. Hitrost 15 m/s po-
meni 54 km/h. Pri vecjih hitrostih je tezko delati na
prostem.

Izbrali smo zatitno oblacilo — komplet. Zdaj moramo
dolo€iti vrsto in intenziteto aktivnosti, ki naj bo &m
bolj reaina. Ce oseba opravlja delo v okolju, ki je konta-
minirano z bojnimi strupi, bo najveckrat opravljala de-
lo, zaradi katerega bo izZarevala 600 do 800 kJ/m2h.
Lahko ra¢unamo le z 600 k}/m?.h, kar je enako iziare-
vanju toplote med hojo 4 km/h. Ce upostevamo realne
razmere, bi bilo to bolj primerno kot bolj intenzivno
delo, pri katerem bi se za¥itno obladilo relativno hitro
namocilo z znojem. Opazovano zaiditno obladilo omo-
gota cono ugodja pri 15 °C, pri izZarevanju 600 kJ/h
toplote skozi povriino koZe in s tem tudi skozi povr§i-
no obladita,

Za ilustracijo problema ugotavljanja fasa tolerance
bomo operirali s 45 rezultati ¢asa tolerance, ker bomo
vzeli devet razli¢nih temperatur okolja in pet hitrosti
vetra vkljucno s stanjem, ko ni vetra. Pri vsakem stanju
moramo ugotoviti, ali je toplotni upor nasega komple-
ta premajhen (podhlajanje), optimalen (cona ugodija)
ali pa je prevelik (pregrevanje organizma). Temu pri-
merno bomo uporabljali enacbo 12. Pri ohlajanju or-
ganizma bomo uporabili AR,;. Praviloma bomo uposte-
vali izgube toplote v procesu dihanja Q4. Vendar smo
prej ocenili, da bomo naredili manj kot 2-odstotno na-
pako, {e te izgube v obravnavanem primeru ne upo-
Stevamo. Pri najniZji upostevani temperaturi ~20 °C bi
bila napaka nekoliko vedja, vendar tega nismo uposte-
vali v preglednici 4,

Pri pregrevanju organizma pa bomo upostevali Qs,
ki se nanafa na izgubo toplote zaradi izhlapevanja
znoja. Tukaj pa nastane problem. Lahko sicer iztaduna-
mo kolitino znoja, ki mora izhlapeti, da doseemo rav-
novesje med proizvodnjo in oddajo toplote v okolje v
danih razmerah. Lahko tudi ugotovimo pogoje, pri ka-
terih bo ta koli¢ina znoja zares izhlapela. V tem primeru
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does not differ significantly from the temperature of com-
fort for the observed conditions, incl. clothing (no change
of the state of clothing).

However, the change of the body covering thermal resi-
stance cannot be neglected. Its mean value in the zone of
comfort is 0.0471 m2.h.°C/kJ. During sleep, when a body is
resting and metabolism is at its basic level (basal metabo-
lism), the body covering heat resistance achieves the value
about 0.0729 mZ2.h.°C/k}. Since there is no other data availab-
le, this value will be taken as a possible bottom value when
the body core temperatuse falls to 33 °C. In that case AR, =
0.0258 m2.h.°C/k]. Supposing that the share of the body cove-
ring is (.4 and that the temperature on the forehead surface is
28 °C, the mean body temperature will be about 30 °C.

The tolerance time will be calculated in the outside tempe-
tatures interval from -20 °C to +20 °C. This interval will be
divided to subintervals by 5 °C. The zone of comfort will be
at the outside temperature 15 °C and at the heat emission
600 kj/m2.h. In the calculation of thermal resistance, the ve-
locities of wind 0, 5, 10, 15 and 20 m/s will be raken into ac-
count, The velocity 15 m/s means 54 km/h. At higher veloci-
ties, it is difficult to work outdoors.

Protective clothing - a set of clothing has been selected.
Now, the type and intensity of activity have to be determined
and they shall be as realistic as possible. In an environment,
which is contaminated with war poisons, a worker usually
performs a work at which he emits from 600 to 800 kJ/m?.h.
Our calculation can be made only for 600 ki/m2.h, which is
the amount emitted by a person walking 4 km/h. In real con-
ditions, walk is more appropriate than intensive work at
which protective clothing soaks with sweat relatively quickly.
The observed clothing provides the zone of comfort at 15 °C
and at heat emission of 609 kJ/h through the skin surface
and clothing,

In order to illustrate the problem of defining the tolerance
time, 45 results of the time tolerance obtained by combining
9 different environment temperatures and 5 velocities of
wind including the non-windy condition will be investigated.
For each of these conditions, thermal resistance of the obser-
ved clothing will be investigated. It might be too low (coo-
ling down), optimal (zone of comfort) or too high (overhea-
ting). Equation 12 will be used accordingly. in the case of
body cooling, AR,; will be used. As a rule, heat losses during
the process of breathing O, will be taken into account, alt-
hough it has been estimated that the error is less than 2% if
such Josses are not considered in the investigated case. But
et the lowest temperature at =20 °C, error will be few higher.
We don’t taken it in account in the table 4.

In the process of overheating, O, which refers to the loss
of heat as 2 result of sweating, will be used. Here, a problem
appears. It is possible to calculate the amount of sweat,
which should evaporate in order to obtain the balance bet-
ween heat generation and its emission into the environment
in the existing conditions. It is also possible to define the
conditions in which this amount of sweat will really evapora-
te. In that case, the tolerance time would be unlimited. But
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bi bil ¢as tolerance neskonden. Dejansko pa moramo
upostevati najbolj verjetno stanje okolja in organizma
in pod temi pogoji izratunati maksimalno koli¢ino izh-
lapelega znoja, ki je v vedini primerov manjsa od opti-
muma. Kljub temu izredno podalj$a &as tolerance ozi-
roma ¢as, v katerem doseZemo kritiéno stanje organiz-
ma (39 °C in 180 utripov srca/minuto).

Toploto 0y, ki jo oseba proizvede v telesu in ki ne
zajema toplote za delovanje miSic, notranjih organoy
in segrevanje izdihanega zraka, smo vzeli 600 kJ/mZ2.h.
Ta je sicer lahko vedja ali manj$a, odvisno od vrste in
intenzitete dela osebe v kontaminiranem okolju. To je
obenem toplota, ki jo mora oseba oddati skozi povrsi-
no koZe in potem skozi povriino oblaéila v okolje. Ce
je ta izguba toplote enaka proizvodnji, je AQ, = 0, je
oseba v coni ugodja. Predpostavimo, da ugotavljamo
¢as tolerance pri temperaturi okolja 20 °C do =20 °C
in hitrosti vetra 0 do 20 m/s. Labko priakujemo, da
komplet zasCitnega oblacila nima vrednosti toplotnega
upora, ki bi zadostovala za temperaturo okolja -20 °C
niti tedaj, ko okolje ni vetrovno oziroma z = 0 m/s.
Obenem predpostavimo, da je bil prej organizem osebe,
ki gre v okolje, ki ima temperaturo -20 °C, v coni ugod-
ja. To pomeni, da je vrednost ARti v zaletku procesa
manjsa kot v Casu, ko se povpreéna temperatura telesa
zniZa s 36,6 °C na 30 °C. Kot smo Ze prej omenili, ima
AR,; vrednost 0,0258 m?.h.°C/kJ. Ce se toplotni upor
plasca telesa linearno povetuje z zniZevanjem srednje
temperature telesa, potem bi lahko radunali s polovié-
no vrednostjo povecanja oziroma z 0,0129 m2.h.°C/k].
To je srednja vrednost spremembe toplotnega upora
plaica telesa.

Ce je povpretna temperatura telesa 30 °C, povprec-
na temperatura ugodja 36,6 °C, specifi‘na toplota 3,5
kJ/kg.°C in masa uporabnika obladila 70 kg, izratuna-
mo z enacbo 6, da je AQ;, = 1.617 kJ. To je maksimal-
na kolidina toplote, ki jo lahko izérpamo iz telesa, da
se ohladi s 36,6 na 30 °C. To je le en parameter v
enacbi 12, kjer se Rg; nanasa na skupni toplotni upor,
ki je potreben, da oseba ostane v coni ugodja ne glede
na dejanske razmere. R; je enak realnemu toplotne-
mu uporu R, takrat, ko ta pomeni cono ugodija in je
AQ, = 0. Za to stanje enacba 12 ne velja, ker je rezul-
tat 0/0; oziroma bi dobili neskonéno Stevilo resitev.
Kljub temu ima dolocen smisel, e to vzamemo kot
stanje v coni ugodja, ki nima {asovne omejitve.

Za izraCun toplotnega upora R, uporabimo enabe
od 1 do 3. V preglednicah 1 in 2 so podane vrednosti
parametrov kakovosti tkanin, ki so potrebni za izradun
toplotnega upora zadtitnega obladila. Skupni toplotni
upor R, kompleta v mirnem vremenu je 0,012068
m?.h.°C/k]. Debelina kompleta je 0,00163 m in koefi-
cient toplotne prevodnosti A = 0,135068 kj/m.h.°C.
Toplotni upor plasti mirnega zraka R, na povrSini ob-
lacila je 0,017875 m?h.°C/kJ. Skupni toplotni upor
kompleta, R, = 0,029943 m2.h.°C/J.
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in fact, the most probable condition of the environment and
of the organism shall be considered and on that basis, the
maximum amount of evaporated sweat calculated. Although
in most cases this amount is lower than the optimal amount,
it considerably extends the tolerance time, i.e. the time in
which critical condition of 4n organism is achieved (39 °C
and 180 heagtbeats per minute).

Heat (;, which is generated in the body and which does
not encompass the heat required for muscles and internat or-
gans functioning as well as for the exhaled air heating, is
considered 600 ki/m?.h, It can be higher or lower, depending
on the type and intensity of work in the contaminated envi-
ronment. This is also the heat, which should be emitted
through the skin surface and then through the surface of
clothing. If this loss of heat is the same as its generation then
AQy = 0. A person is the comfort zone. Let us suppose that
the tolerance time at the temperature of environment from
20 °C 10 ~20 °C and at the velocity of wind from 0 to 20 m/s
is going to be determined. It can be expected that the set of
protective clothing does not provide such thermal resistance,
which would suffice for the temperature of environment ~20
°C either in the case of still, non-windy weather when v = 0
m/s. It is also supposed that prior to entering the environ-
ment having the temperature 20 °C, the observed person
was in the zone of comfort. That means that at the beginning
of the process the value of AR, is lower than in the time
when the mean body temperature falls from 36.6 °C to 30
°C. As already mentioned, the value of AR,, is 0.0258 m2h.
°C/l. If thermal resistance of the body covering increases [i-
nearly with the decrease of the mean body temperature, the
half value of the increase, ie. 0.0129 m*h. °C/kJ, can be
used in calculations, This is the mean value of the body cove-
ring thermal resistance change.

If the mean body temperature is 30 °C, the mean body tem-
perature of comfort 36.6 °C, the specific heat 3.5 kJ/kg. °C
and the clothing user’s mass 70 kg, it can be calculated by
using Equation 6 that AQy, = 1.617 kJ. This is the maximum
amount of heat, which can be extracted from the body in or-
der to cool the mean body from 36.6 to 30 °C. This is only
one of the parameters in Equation 12 in which R,; refers to
total thermal resistance, which is required by the person to
stay in the zone of comfort regardless of actual conditions.
Ry is equal to the real thermal resistance Ry, when the latter
means the zone of comfort.

Equations I to 3 are used for calculating thermal resistance
R;,. Tables 1 and 2 present the values of the quality parame-
ters of fabric, which are required for calculating thermal resi-
stance of protective clothing. Total thermal resistance R, of
the set of clothing in still weather is 0.012068 m2.h. °C/kJ.
The thickness of the set of clothing in still weather is 0.00163
m and heat conductivity coefficient A = 0.135068 kJ/m.h. °C.
Thermal resistance of the motionless air layer R, on the sur-
face of clothing is 0.017875 mZ.h. °C/kJ. Total thermal resi-
stance of the set of clothing is R, = 0.029943 m2.h. °C/kJ.

Next step is determination of the temperature of environ-
ment in still weather when the set of clothing provides the
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Naslednji korak je ugotavljanje temperature okolja v
mirnem vremenu, ko komplet omogofa doseganje
temperature ugodja (T, = 33 °C). Za ta namen upo-
rabimo enacbo 15:

K. =

51

Z enacbo 15 ugotovimo potrebni toplotni upor pri
dani koli¢ini izZarjene toplote Q, in temperaturi oko-
lia 7,,, da telo ostane v coni ugodja. Ce je toplotni
upor R vedji od de;anskega R,, se bo ohlajalo telo
opazovane osebe. Ce sta oba toplotna upora izenade-
na, je oseba v coni ugodja. Ce pa je R < R, se bo
kopicila toplota v telesu opazovane osebe in se ji bo
zvisala tudi temperatura. Ker pa se povpretna tempe-
ratura telesa ne sme zvisati nad kritiéno temperaturo
39 °C, morajo biti izpolnjeni pogoji, ki omogoéajo
pretok izhlapelega znoja v okolje. V tem primeru lah-
ko z enatbo 16 ugotovimo koli¢ino znoja, ki mora izh-
lapeti v enoti ¢asa, da se temperatura na povrdini prsi
ne poveca na primer nad 35 °C. Pri tej temperaturi je
skoraj vsa povriina telesa prekrita z znojem.

Y;lc"T

K= O

Gy

kjer so: R, — realni toplotni upor suhega oblatila, Ooe
del proizvedene toplote Q,, ki se izzari skozi povriino
oblagifa v okolje, Q5 ~ del pzmzvedene toplote, ki se
porabi za izhlapevanje znoja, Tepx - temperatura na
povrsini prsi, pri kateri je skoraj celotna povrina tele-
sa prekrita z znojem. V nadem primeru je to tempera-
tura 35 °C,

V naSem primeru ima toplota @ vrednost GO0 k-
J/m?. Vsa ta toplota mora bm oddana skozi povriino
koZe in povrdino obladila v okolje. Ce je vrednost to-
plotnega upora realnega obladila v danih razmerah
previsoka, se bo toplota kopitila v telesu opazovanc
osebe. V naSem primeru ima Ry, v mirnem vremenu
vrednost 0,02994 m?.h.°C/J. Ce je na primer tempe-
ratura okolja T, = 30 °C, je Ty« = 35 °C. Vprasanje
je, koliko toplote bo oddane v okolje skozi oblatilo.
Odgovor je 167 kj/h. To je vrednost Q7+ Vsa preostala
toplota se mora porabiti za izhlapevanje znoja, da se
ne bi zaCela kopiditi v telesu, kar bi povzrodilo dvig
povpretne temperature telesa. Toplota 03, ki je na vo-
ljo za izhlapevanje znoja, ima vrednost 433 kJ/h.

Specifitna toplota telesa je okrog 3,5 kj/kg.°C. To-
plota 1zhlapevanja vode je 2.260 kl/kg. Voda vre pri
100 °C. Ce je povpre(na temperatura telesa 37 °C, po-
trebujemo 4,4 kJ za segrevanje 1 grama vode (znoja)
na 100 °C. Za izhlapevanje tega grama znoja potrebuje-
mo 2,26 kJ. Skupaj potrebujemo 6,66 kJ toplote za izh-
lapevanje enega grama znoja. Da porablmo 433 kJ/h,
mora izhlapeti 65 gramov znoja v eni uri. Ce so pogoji
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temperature of comfort (I, = 33 °C). For this purpose,
Equation 15 is used.
With Equation 15 thermal resistance required for the body to

L1

(15

stay in the comfort zone at the given amount of emitted heat Q,
and temperature of environment 7,,,, can be calcuiated. If ther-
mal resistance Ry is higher than R, the body of the observed
person will cool down. i the two thermal resistances are equal,
the obsetved person is in the zone of comfort. If R is lower
than R, heat will accumutate in the body of the observed person
and the body temperature will increase. Since the mean body
temperature may not rise above the critical temperature 39 °C,
the conditions which allow the flow of the evaporated sweat into
the environment should be satisfied. By using Equation 16, it is
possible to determine the amount of sweat, which has to evapo-
rate in a unit time in order to prevent the increase of the tempe-
rature on chest above for example 35 °C. At this temperature, al-
most the entire body surface is covered with sweat.

- T, =T~ R0 (16)

where Ry, is real thermal resistance of dry clothing, Oy isa
fraction of generated heat Q,, which is emitted through the
surface of clothing into the environment, Qs is a fraction of
generated heat, which is used for sweat evaporation, iy is
the temperature on the chest surface at which the almost en-
tire body surface is covered with sweat. In our case, this is
the temperature 35 °C.

In our case, heat 0 has the value 600 kJ/m?. This amount
has to be emitted through the surface of the skin and clot-
hing into the environment. If the value of thermal resistance
of real clothing is too high in given conditions, heat will ac-
cumulate in the observed person’s body. In the investigated
case, Ry, has the value 0.02994 m2 h.°C/k) in still weather, If
for example the environment temperature Top is 30 °C, Ty
is 35 °C. The question is which amount of heat will How
through clothing into the environment. The answer is 167 kl/h.
This is the value (.. The rest of the heat should be used for
sweat evaporation in order not to accumulate in the body,
which would result in the increase of the mean body tempe-
rature. Heat Q5 which is available for sweat evaporation has
the value 433 kJ/‘h

Specific body heat is about 3.5 kJ/kg °C. Water vapor heat is
2,260 kj/kg. Water starts to boif at 100 °C. If the mean body
temperature is 37 °C, 4.4 KJ are required for heating 1 gram
of water (sweat) to 100 °C. 2.26 ¥J are required for evapora-
tion of this 1 gram of sweal. In total, 6.66 kj of heat are requi-
red for evaporation of 1 gram of sweat. In order to consume
433 k]/h, 65 grams of sweat should evaporate in 1 hour. If the
conditions for such rapidity of evaporation are fulfilled, the
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za takSno hitrost izhlapevanja izpolnjeni, bo ostala
nespremenjena (emperatura na povrsini prsi. Ker je
pod temi pogoji hitrost izloanja znoja precej vedia, ne
bo primanjkovalo znoja za izhlapevanje. Zunanja povrsi-
na obladila je okrog 2 m?. To pomeni, da morajo biti iz
polnjeni pogoji za izhlapevanje 32,5 g/m?.h. Realni pre-
tok toplote skozi oblatilo bo verjetno vedji od 300 kj/h.
To pomeni, da v realnih razmerah (zmo&ena vsaj spod-
nja plast obladila) ne bo potrebe po vedji hitrosti izhia-
pevanja znoja kot okrog 20 g/h.

Casa tolerance ni tako lahko ugotoviti, ker ne poz-
namo vsch potrebnib parametrov. Vendar je mogoée
dovolj natancno ugotoviti ta €as vsaj v mejah odstopa-
nja, ki so priblizno tudi meje razlik med posameznimi
osebami.

Na$ komplet zatitnega obladila omogoéa doseganje
ravnovesja med toplotama @ in Q, pri temperaturi
okolja T,,, = 15 °C. Pri temperaturi okolja 15 °C sta
Ry in Ry, izenadena — imata enako vrednost. V teh raz-
merah enatba 12 ni definirana, saj je rezultat 0/0.
Kljub matemati¢nemu formalizmu glede na realno fizi-
kalno stanje je to stanje v ¢asu ugodja. Z drugimi be-
sedami ~ subjekt bi v teh razmerah ostal v coni ugodja
ncomejeno dolgo. To seveda velja, ¢e se ne spremeni
vrednost nobenega parametra, ki vpliva na skupni to-
plotni upor. Toplotni upor oblaéila v dolotenih razme-
rah pri ohlajanju ratunamo s pomocjo enacbe 1 s tem,
da koeficient toplotne prevodnosti ra¢unamo s po-
mocjo enacbe 4. Ker upostevamo le suho obladilo, bo
AG = 0. Obenem ne bomo upostevali vpliva spremem-
be temperature okolja na R,. Pri podhlajenosti telesa
moramo upostevati spremembo toplotnega uporz plas-
¢a telesa AR, Ta toplotni upor priftejemo skupnemu
toplotnemu uporu R,. Temperatura na povréini ela
Ty je pri kritiéni temperaturi podhladitve 28 °C. V tem
primeru je Ay = . Realni skupni toplotni upor oblaéi-
la Rg; raunamo z enalbo 5. Koeficient toplotne pre-
vodnosti A, kot tudi debelino oblatila izrad¢unamo, z
enacho 1.

Predpostavili bomo, da se vrednost koeficienta to-
plotne prevodnosti ne spreminja ne glede na spremem-
bo temperature okolja in hitrosti vetra. Pri vsakokratni
spremembi temperature okolja (temperatura na povrsi-
ni koZe se ne spreminja — je 33 °C), debelino obladila
prilagodimo novem stanju, tako da R, (primerjaini to-
plotni upor) v novih razmerah zadostuje za ustvarjanje
cone ugodja. Debelino obladila izratunamo z enacbo
17. Enacba 17 se nanasa na stanje brez vetra. Ce je ve-
trovno, zaletni vrednosti koeficienta toplotne prevod-
nosti A priftejemo vrednost, ki je posledica vpliva vetra.
Primerjalni toplotni upor R se nana$a na toplotni
upor, ki je potreben, da se obdrZi cona ugodja ne gle-
de na spremembo temperature okolja in spremembo
hitrosti vetra. Za primer vzemimo temperaturo okolja
~10 °C pri hitrosti vetra 1 m/s, kar pomeni stanje okolja
brez vetra. Za ugotavljanje potrebnega toplotnega upora
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temperature on the chest surface will remain unchanged. Sin-
ce the rapidity of sweat evaporation is much higher at such
conditions, there will be enough sweat for evaporation. The
outer surface of clothing is about 2 m2. This means that the
conditions, which will enable evaporation of 32.5 grams of
sweat per 1 m? in 1 hour, should be provided. However, real
flow of heat through clothing will be probably higher than
300 kj/h. This means that in real situation (bottom clothing
layer at least to be wetted), there will be no need for higher
speed of sweat evaporation than about 20 gh.

It is not easy to determine the tolerance time as all requi-
red parameters are not known. However, it is possible to de-
termine it quite precisely at least within the limits of a devia-
tion, which would correspond to the limits of differences
between individual persons.

With the selected set of clothing the balance between heats
@y and @, at environment temperature 7,, = 15 °C can be
achieved. At the environment temperature 15 °C, Ry and R,
are equal - they have the same value. According to Equation
12, this is the zone of comfort. Despite mathematical forma-
lism it is in view of real physical state the comfort zone. In ot-
her words, in such conditions the observed person would stay
in the zone of comfort for an unlimited period of time. Of
course, this applies only if the value of any parameter, which
has effect on total thermal resistance, remains unchanged.
Thermal resistance of clothing in certain conditions during
the process of cooling is calculated by using Equation 1; the
heat conductivity coefficient is calculated by using Equation 4.
Since only dry clothing is considered, AG = 0. The effect of
the change of the environment temperature to Ry, will not be
taken into account. In the case of body cooling, the change of
thermal resistance of the body covering AR, should be consi-
dered. This thermal resistance should be added to total ther-
mal resistance Rg. The temperature on the forehead surface
Ty 1s 28 °C at the eritical temperature of cooling down. In
that case Ay = . Total real thermal resistance of clothing R,
is calculated by using Equation 5. Heat conductivity coeffi-
cient A and the thickness of clothing are calculated by using
Equation 1.

Suppose that the value of the heat conductivity coefficient
does not change with the change of the environment tempe-
rature and the velocity of wind. At each change of the envi-
ronment temperature (the temperature on the skin surface
does not change - it is 33 °C), the thickness of clothing is ad-
justed to the new situation so that in new conditions Ry
(comparative thermal resistance) is sufficient to create the
zone of comfort, The thickness of clothing is calculated with
Equation 17. Equation 17 applies to non-windy conditions. In
windy conditions, the value resulting from the influence of
wind should be added to the initiaf value of heat conductivity
coefficient A. Comparative thermal resistance Ry refers to
thermal resistance, which is required to preserve the zone of
comfort regardless of the change of the environment tempera-
ture and the velocity of wind. Suppose that the environment
temperature is ~10 °C and the velocity of wind 1 m/s, which
means the non-windy conditions. To determine the required
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obiadila za cono ugodja uporabimo enatbo 15. Izradu-
nana vrednost je 0,071667 m%h.°C/&J. Ce %elimo ugo-
toviti Rgy pri katerikoli hitrosti vetra, moramo najprej
fzraCunati toplotni upor primerjalnega obladila v mir-
nem viremenu, da ugotovimo debelino obladila. Debeli-
no obladila potrebujemo, da izratunamo skupni toplot-
ni upor obladila pri doloteni hitrosti vetra. V mirnem
vremenu debelino oblacila pri dolodeni temperaturi
okolja (temperatura Ty, je 33 °C) izratunamo z nasled-
njo splodno enacho:

d=(R

5

V nadem primeru

(T, = 10 °C;

Tpe = 33 °C; A = 0,1350068 k)/m.h.°C;

Rsyroy = Rsar0,0) = 0071667 m*.h.°C/kJ;

R, = 0,017875 m2.h.°C/k]), parametri poroznosti obla-
Cila niso spremenjeni. Za ta primer je potrebna debeli-
na oblaéila 6,007266 m. Pri hitrosti vetra 10 m/s se
vrednost tega toplotnega upora zmanj$a in znasa
0,013117 m2.h.°C/KJ. To pomeni, da je Roca0,10) =
0,013117 m2.h.°C/J. Ta toplotni upor ne zadostuje za
doseganje cone ugodja. Zato moramo poveéati skupni
toplotni upor Ri1(-10,10) Pa skupni toplotni upor
R*51(-10,10) ki bo omogodil cono ugodja pri tempera-
turi —10 °C in hitrosti vetra 10 m/s. Potrebni skupni
toplotni upor R*;; (-10,10y v teh razmerah, lahko izratu-
namo z nasfednjo enacho:

-

kjer so: R*ﬂ(_w,w) — potrebni skupni toplotni upor
oblacila pri okoljski temperaruri ~10 °C in hitrosti ve-
tra 10 m/s, Roy (10 - potrebni skupni upor oblatila
za cono ugodja pri temperaturi —10 v mirnem vreme-
nu, AR g1 10,0)-(-10,10)) — 2manjSanje vrednosti skupne-
ga toplotnega upora (temperatura okolja ~10 °C) pri
hitrosti vetra 10 m/s v primerjavi s toplotnim uporom
obladila v mirnem vremenu (zaradi vpliva vetra), R
10,16) — skupni upor opazovanega obladila pri tempera-
turi okolja ~10 °C in hitrosti vetra 10 m/s. Z enatho 18
izraCunamo potrebni toplotni upor, da oseba ostane v
coni ugodja pti katerikoli hitrosti vetra pri dani tem-
peraturi okolja. Pri uporabi enatbe 17 upoStevamo
koeficient toplotne prevodnosti realnega obladila, R, v
mirnem vremenu brez vetra in vrednost Rsl(rv), ki
$mo jo izracunali s pomodjo enalbe 15.

Potrebni  skupni toplotni upor R* g 19,
2%0,071667 - 0,013117 = 0,130217 m?h.°C/k]. Vred-
nost potrebnega toplotnega upora pri hitrosti vetra 10
m/s se izredno povela,

Ko smo izracunali vse vrednosti uporov Ry, in R, pri
vseh temperaturah okolja in vseh hitrostih vetra, s pomot-
jo enacbe 12 izraCunamo Sase tolerance. Pod temi pogoji
(I'=-10 °C, v = 10 m/s) je realna vrednost skupnega
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thermal resistance of clothing for the zone of comfort, Equa-
tion 15 is used. The calculated value is 0.071667 m2.h.°C/kJ.
To determine R, at any velocity of wind, thermal resistance of
clothing in still weather shall be calculated first in order to be
able to determine the thickness of clothing. The thickness of
clothing is required to calculate total thermal resistance of
clothing at certain velocity of wind. In still weather, the thick-
ness of clothing at certain environment temperature (tempe-
rature Ty, is 33 °C) is calculated by using the following uni-
versal equation:

R)A 7
In our case
(T, = -10 °C;

Tge = 33 °C; & = 0,135068 kJ/m.h.°C;

Rsl(rv) = f51(-10,0) = 0,071667 mz.h."C/k]',

R, = 0,017875 m2.h.°C/k]), porosity parameters are not
changed. The required thickness of clothing is 0.007266 m.
At the velocity of wind 10 m/s, the value of this thermal resi-
stance decreases to 0.013117 m2h.°C/kJ. This means that
Ryy10,10) = 0,013117 m®h °CA]. Such thermal resistance is
not high enough to provide the zone of comfort. That is why
summary thermal resistance Ry g 1) Should be increased to
R, 1(-10,10) is summary thermal resistance, which is required
to create the zone of comfort at the environment temperatu-
te ~10 °C and the velocity of wind 10 m/s. The required sum-
mary thermal resistance R*Sl(_m,m) in such conditions can be
calculated by using the following equation:

Raoam = Koo + ARy 10,00-t-10100 = 21?51{710,0) = R0 (18)

where R*sl(-lﬂ,lt)) - required summary thermal resistance of
clothing at environment temperature -10 °C and velocity of
wind 10 m/s, Ry 19, ~ required summary thermal resistance
of clothing for the zone of comfort at temperature ~10 in still
weather, ARy 19,0)-10,10)) — decrease of summary thermal
resistance value {environment temperature -10 °C) at velo-
city of wind 10 m/s compared with summary thermal resi-
stance of clothing in still weather (due to influence of wind),
Ry14-10,10y — Swmmary thermal resistance of investigated clot-
hing at environment temperature ~10 °C and velocity of wind
10 m/s, By using Equation 18, thermal resistance required 1o
preserve the zone of comfort at any velocity of wind at a gi-
ven environment temperature can be calculated. In Equation
17, heat conductivity coefficient of real clothing R in still,
non-windy weather and Ry, calculated by using Equation
15 are taken into account.

The required summary thermal resistance is R 1 10) =
2%0,071667 - 0,013117 = 0,130217 m? h.°C/kJ. The value of
the required thermal resistance remarkably increases at the
velocity of wind 10 m/s.

When the vatues of R, and R, at all environment tempera-
tures and all velocities of wind are calculated, the tolerance ti-
mes can be calculated by using Equation 12, Under these con-
ditions (T = ~10 °C, v = 10 m/s), the real value of summary

TEKSTILEC, 2006, let. 49, 4. 10-12, str. 175-200



red. prof. dr. Danilo Jaksi¢; dr. Nikola Jaksic: Metoda ugotavljanja ¢asa tolerance v ekstremnih razmerah podhiajanja ali

pregrevanja organizma

toplotnega upora obladila R, = 0,010846 m2 h.°C/kJ.
V mirnem vremenu je 0,029943 m2.h.°C/kJ oziroma se
zmanf$a na 36 % prvotne vrednosti. Na to razliko pre-
cej vpliva izredna sprememba toplotnega upora plasti
mirnega zraka R, na povrdini obla¢ila. V teh razmerah
se Clovekovo telo ohlaja. Zato moramo dodati polovi-
co povecane vrednosti toplotnega upora plaséa telesa
AR,;. Ta ima vrednost 0,0129 m?h.°C/kJ. V tem prime-
ru bo das tolerance le 1,41 ur ali 85 minut. K tako
kratkemu Casu tolerance precej pripomore poroznost
oblacila. Ta je pri hitrosti vetra 10 m/s zelo velika in
zna$a 112 m3/m2 h.

4.7 Pregrevanje organizma

Pregrevanje organizma nastane takrat, ko se zadne
kopiciti toplota v organizmu, oziroma takrat, ko sta hi-
trosti proizvodnje toplote in zunanje — dodatne toplot-
ne obremenitve vedje, kot je hitrost oddajanja toplote
v okolje. Posledica tega stanja je zvi§evanje povpreéne
temperature organizma. V pregretem stanju organizma
se spremeni koeficient toplotne prevodnosti plaica te-
lesa. Zaradi pospeScnega krozenja krvi postane pla§é
celo slabdi termoizolator kot voda. Na ravni krititne
temperature telesa ~ okrog 39 °C in $e prej, pri pov-
precni temperaturi telesa 37 °C, se izenadita tempera-
tura pladca in temperatura jedra telesa in smemo
predpostaviti, da je temperatura notranjosti enaka
povprecni temperaturi telesa. Temperatura okolja je
lahko celo vidja, enaka ali niZja kot temperatura na po-
vréini koZe.

V primerih, ko se telo pregreva — kopilenje toplote v
telesu, je AQ,, pozitiven. Pri racunanju ¢asa tolerance ne
upostevamo ARy, ker pa¢ ve¢ ne obstoji toplotni upor
plad¢a telesa, saj prevaja toploto bolje kot voda, ker v
koZi in podkoznem tkivu hitro kroZi kri in prinasa to-
ploto iz notranjosti telesa v smeri njegove povrdine.

Pri pregrevanju telesa subjekta je Q; > @, - toplota
se kopii v telesu in se zdi, da bi dobili negativno
vrednost ¢asa tolerance, kar je fizikalni nesmisel oziro-
ma Cas tolerance bi bil le ¢as, potreben za zvifanje te-
lesne temperature s 36,6 na 39 °C. Ce analiziramo
enacbo 12, bomo ugotovili, da je potrebna koli¢ina
obladifa negativna oziroma, da bi se lahko pregrevali
tudi, ¢e bi bili popolnoma nagi. Dejansko dobimo po-
zitivno vrednost Casa tolerance, ki ga izralunamo z
enacho 12. Izhlapevanje znoja omogoca podaljsanje
¢asa tolerance pri pregrevanju organizma. Ce ni omo-
goceno izhlapevanje znoja, je Cas tolerance lahko zelo
kratek, ¢e je upor prehodu vodne pare skozi obladilo
neskonden. To je primer uporabe kasiranega ali gumi-
ranega oblacila, ki ni prepustno ne za zrak ne za vod-
no paro. Ker je komplet zad¢itnega oblacila zelo poro-
zen, bodo hiapi znoja preneseni v okolje. Hitrost pre-
toka vodne pare (deleza izhlapelega znoja) bo odvisna
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thermal resistance of clothing is R, = 0,010846 m2.h.°C/kJ.
In still weather, it is 0.029943 m2.h.°C/k], which means that
it decreases to 36% of its initial value. The substantial change
of the still air layer thermal resistance R, on the clothing sur-
face highly influences this difference. In such conditions, a
human body starts to cool down. That is why half of the in-
creased value of the body covering thermal resistance AR,
shall be added. It has the value 0.0129 m?.h.°C/k]. In that
case, the tolerance time will be only 1.41 hours or 85 miny-
tes. The porosity of clothing considerably contributes to such
short tolerance time. At the velocity of wind 10 m/s, it is very
high, i.e. 112 m3m2 b1,

4.7 Overheating of Body

Overheating of a body occurs when the heat starts {0 accu-
mulate in the organism or, in other words, when the rapidity
of the heat generation and external ~ additional thermal loa-
ding is higher than the rapidity of heat emission into the en-
vironment. The result is the increase of the mean body tem-
perature. In the overheated state, the heat conductivity coefe
ficient of the body covering undergoes change. Due to the
accelerated blood circulation, the body covering becomes
even worse thermal insulator than water. At the level of the
body critical temperature, which is about 39 °C, or even al-
ready at the mean body temperature, which is 37 °C, the
temperature of the body covering and that of the body core
become equal and it may be supposed that the internal body
temperature is the same as the mean body temperature. The
environment temperature can be higher, the same or lower
than the temperature on the skin surface.

In the case of body overheating (accumulation of heat in
the body), AQ, is positive. In the calculation of the tolerance
time, AR,; is not considered because thermal reststance of the
body covering does not exist any more. Namely, the body co-
vering practically conduct water better than water due (o
quick blood circulation in the skin and subcutaneous tissue,
which transfers heat from the body inside towards its outside.

In the conditions of body overheating, Q;>0Q, ~ the heat ac-
cumulates in the body and it seems that a negative value of the
tolerance time would be obtained, which is a physical nonsen-
se because the tolerance time would be only the time required
to increase the body temperature from 36.6 to 39 °C. The
analysis of Equation 12 shows that the required amount of
clothing is negative, which also means that overheating will oc-
cur even with a completely naked body. In fact, a positive value
of the tolerance time is obtained, which is calculated by using
Equation 12. Sweat evaporation enables prolongation of the to-
lerance time in the conditions of body overheating. If sweat
evaporation is not provided, the tolerance time can be very
short in the case of the resistance to water vapors transmission
through clothing being infinite. This is the case with rubber
coated or rubberized clothing, which is impermeable for water
and water vapors. Since the set of protective clothing is very
porous, sweat vapors will be transported into the environment.
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od relativne vlage v okolju, temperature okolja in hi-
trosti vetra. To pomeni, da bomo upostevali toploto
Qs, ki je potrebna za izhlapevanje znoja.

V enacbi 16 je temperatura T4 temperatura na po-
vrdini prsi oziroma &ela, ki je dovolj visoka, da se tako
rekod vsa povrdina telesa ~ koZa prekrije z znojem. Ta
temperatura je 35 °C. Pri tej temperaturi je osebi zelo
toplo. Kljub temu lahko opravlja dolo¢eno aktivnost v
kontamiranem okolju. Do 90 % povrine koze je pre-
krito z znojem (preglednica 3). DeleZ plas¢a telesa se
je zmanj8al. Verjetno ni vedji od 0,1 oziroma 10 % ce-
lotne mase osebe.

V tem primeru bi bila povpreéna temperatura telesa
36,8 °C, kar je skoraj izenatena temperatura plaiéa in
temperatura jedra telesa. Toda znoj izhlapeva s povrsi-
ne koZe. Posledica tega je hlajenje povriine koZe. Lo-
kalna temperatura na povriini koZe je niZja od pov-
precne temperature telesa. Ta razlika omogode pretok
toplote proti povidini telesa. Celo tedaj, ko je tempe-
ratura okolja vi§ja od temperature na povriini koZe, je
temperatura zraka neposredno na povrdini koZe niZja
od povprecne temperature telesa in temperature oko-
lja. Zato je mogo¢ pretok toplote s povrine koZe, ki
ima nizjo temperaturo kot okolje na doloceni razdalji
od povrSine koZe. Za izhlapevanje dolofene enote
mase znoja (vode) potrebujemo dolofeno kolifino to-
plote. To toploto dobimo iz telesa (telo se hladi) in
zraka na neposredni povrsini koZe oziroma na povrsi-
ni oblacila. Zato se ta zrak ohladi na niZjo temperatu-
r0, kot je povpreéna temperatura telesa, kar omogoéa
pretok toplote iz pregretega tefesa v $e bolj vrode oko-
lie. Ta proces je ilustriran na sliki 3.

Povriina

0%t

NE Okolje

- Sl
FPlaié ~
~Jtelesa
J__/

\Jfgdr:p tcjle.%a

o
s
. A

Oddaljenost od povr¥ine kofe

Slika 3: Mehanizem pretoka toplote s povriine koze v vro-
¢e okolje
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The rapidity of the water vapors flux (the fraction of the evapo-
rated sweat) will depend on the relative humidity of environ-
ment, temperature of environment and velocity of wind. This
means that heat Q,, which is required for sweat evaporation,
will be considered.

In Equation 16, temperature Ty« is the temperature on the
chest surface or forehead surface , which is high enough to
cover practically the entire body superficies - skin with
sweat. This temperature is 35 °C. At this temperature a per-
son is very warm. Nevertheless, 2 person can perform certain
activity in a contaminated environment. Up to 90% of the
skin surface is covered with sweat (Table 3). The share of the
body covering has diminished and is probably not higher
than 0.1 or 10% of the total person’s mass.

In that case, the mean body temperature would be 36.8 °C,
which means that the temperature of the body covering and
the temperature of the body core are almost equal. However,
sweat evaporates from the skin surface. The result is cooling of
the skin surface. Local temperature on the skin surface is lo-
wer than the mean body temperature. This difference enables
the heat flow towards the body superficies. Even in the case
when the temperature of environment is higher than the tem-
perature on the skin surface, the temperature of the air close
to the skin surface is fower than the mean body remperature
and the environment temperature. That is why the heat can
flow from the skin surface, which has lower temperature than
the enviconment at a certain distance from the skin surface.
For evaporation of 2 certain mass unit of sweat (water), a cer-
tain amount of heat is required. This heat is obtained from the
body (the body is cooling down) and the air close to the skin
or clothing susface. As a result, the air cools down to the tem-
perature lower than the mean body temperature, which enab-
les the flow of the heat from the overheated body into still
hotter environment. This process is iltustrated in Figure 3.
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N N surface
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AR RSN
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Distance from skin surface

Figure 3: Mechanism of heat flow from skin surface into hot en-
vironment
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Ko smo izratunali vse vrednosti R.; in R, pri vseh
temperaturah in hitrostih vetra, izratunamo ¢ase tole-
rance za vsa ta stanja. Tedaj ko se organizem pregreva,
bomeo predpostavili, da so izpolnjeni pogoji, da se od-
veéna toplota sprosti v okolje s pomodjo izhlapevanja
znoja. Oscbi je precej vroce, vendar je vsaj $e 60 mi-
nut sposobna opravijati potrebne aktivnosti.

V preglednici 4 so izratunani Casi tolerance, ki veljajo
za ohlajevanje organizma. Ce ni vetra, se doseze ravno-
vesje med proizvodnjo in izZarevanjem toplote pri tem-
peraturi okolja in proizvodnji toplote 600 kj/m2.h pri
15 °C. Vrednosti 14,13 in 2,16 ure pri temperaturi oko-
lja 5 oziroma 10 °C v mirnem vremenu in 27,14 ure pri
temperaturi okolja 20 °C in hitrosti vetra 5 m/s, ki so
prikazani v preglednici 4, niso ¢asi tolerance, ker smo
jih dosegli pri visjih temperaturah, kot je kritiéna tem-
perature, za katero radunamo ¢as tolerance. Ko smo en-
krat dosegli srednje vrednosti temperature telesa 33,35
oziroma 32 °C, se v teh razmerah ni¢ ve¢ ne zniZuje
srednja temperatura telesa in smo lahko v tem okolju
neomejen Cas. Zato te vrednosti ne sodijo v ¢asovno to-
feranco, kot je ta definirana v tem delu.

After calculating the values of Ry and Ry, at all temperatu-
res and velocities of wind, the tolerance times for all these
states are calculated. In the cases of the organism overhea-
ting, it will be supposed that the conditions for liberating
surplus heat into the environment by means of sweat are ful-
filled. A person is rather hot but it is capable of performing
necessary activities for 60 minutes at least.

In Table 4, the tolerance times, which apply to the condi-
tions of the body cooling down, are calculated. When there is
no wind, the balance between heat generation and heat emis-
sion is obtained at the environment temperature at 15 °C and
heat generation 600 kJ/m? h. The values 14.13 and 2.16 hours
at the eavironment temperature 5 or 10 °C in still weather
and 27.14 hours at the environment temperature 20 °C and at
the velocity of wind 5 m/s, which are presented in Table 4,
are not the tolerance times because they have been obtained
at temperatures higher than the critical temperature for which
the tolerance time is calculated. When the body temperature
mean values 33, 35 or 32 °C are obtained, the mean body
temperature stops to fall and a person can stay in such condi-
tions for unlimited period of time. That is why these values
cannot belong to the tolerance time as is defined in this part.

Preglednica 4: Cas tolerance, ki je izraCunan z enacbo 12, v urah za komplet zadditnega obfadila glede na temperaturo
okolja in hitrost vetra pri proizvodnji toplote Q4 osebe, ki znasa 600 ki/h

Table 4: Tolerance time in hours, which is calculated with Equation 12, for the set of protective clothing in dependence of environment

temperature and velocity of wind at heat generation G, 600 ki/h

' - _ Hitrost vetra, m/s | Velocity of wind, m/s. _
Temperatural — — o Tl
Temperature ' "__0 o , LR 10 o] ey I
U TR SRR Cas tolerance glede na temperaturo in hrtrost vetra, ur/
s _ Tolerance time In dependence of temperalure and velocity of wlnd in hours .
20 3,45 1,66 1,05 0,87 0,79
—15 4,45 1,95 1,21 0,99 0,90
-~10 6,26 2,37 1,41 1,14 1,04
-5 10,57 3,02 1,69 1,36 1,23
] 2533 4,16 2,13 1,68 1,50
5 14,13 5,66 2,87 2,20 1,96
10 2,16° 16,21 4,43 3,20 2,80
15 e 44,12 9,87 5,93 4,91
20 27,143 95,31 44,15 21,27

1V tem Gasu se temperatura na povréini telesa zniZa s 33 °C
na 30 °C in srednja temperatura telesa s 36,6 na 33 °C; AR,
ima vrednost 0,00516 m2.h.°CrkJ.

2 tem Zasu se temperatura na povrdini lelesa znita s 33 °C
na 32 °C in srednja temperatura telesa s 36,6 °C na 35 °C;
ARy ima vrednost 0,00258 m?2.h.°C/kJ,

3V tem Casu se temperatura koZe na povréini ztniza s 33 °C
na 30 °C in srednja temperatura telesa 5 36,6 °C na 32 °C;
ARy ima vrednost 0,00774 m2.h.°C/kJ.
***Obmodje ugodja, v katerem enadba 12 ni enoznadna, ker
je rezultat 0/0, oseba se napre] ne ohlaja.
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Y during this fime the temperature on the body surface decreases from 33 to
30 °C and the body mean temperature from 36.6 to 33 °C; AR, has the value
0.00516 m2.h *C/kJ;

2 during this ime the temperature on the body surface decreases from 33 to
32 °C and the body mean temperature from 36.6 to 35 °C; AR, has the value
0.00258 m?.h°CikJ;

3 during this time the temperature on the body surface decreases from 33 o
80 °C and the body mean temperature from 36.6 to 32 °C; ARy has the value
0.00774 m2h °CikJ;

*** the zone of combort in which Equation 12 is not defined dug 1o the result
0/0. A person is not cooling down anymors,
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5.0 SKLEPI

Iz opisa pristopa k razvoju metode je razvidna kom-
pleksnost postopka za ugotavljanje ¢asa tolerance. Na
¢as tolerance vplivajo 3¥tevilni parametri, ki v vedini
primerov nimajo konstantne vrednosti. Vrednosti ne-
katerih parametrov lahko vzamemo iz obseZne literatu-
re, v kateri se obravnavajo bolj specifi‘ni problemi.
Osnovni problem je posploSitev rezultatov tako, da bi
jih. komponirali v celoto, ki bi pomenila moZnost do-
volj natanine ocene adekvatnosti uporabe dolotenega
kompieta obladila v natan¢no definiranih razmerah si-
stema Clovek, obladilo, okolje. Metoda ugotavljanja ¢a-
sa tolerance v tem delu je sestavljena iz ve¢ metod, ki
skupaj pomenijo uporabnost in dostopnost uporabe
metode v realnem Zivljenju SirSemu krogu specifi¢nih
skupin in posameznikov. Posledice tega bi bilo zmanj-
$anje poskodb posameznikov in celo ohranitev Zivljenj
pri delovanju v ekstremnih razmerah.

5.0 CONCLUSION

The approach to the development of the method descri-
bed in the paper shows how difficult and complex endea-
vour is to determine the tolerance time. Lots of parameters,
which in most cases do not have constant values, influence
the tolerance time. The values of certain parameters can be
found in extensive literature, which deals with more specific
problems. The main problem is generalization of the results
so that they could be composed in a whole, which would
enable quite precise estimation of the adequacy of a certain
set of clothing in exactly defined man-clothing-environment
systems.

In this study, the method is composed of several methods,
which together mean applicability and availability of the met-
hod in real life for a wider circle of specific groups or indivi-
duals. The result is less injuries and more saved lives in ex-
treme conditions.
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