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Introduction

Human feels the best when his body is in the thermal
comfort. Heat or energy balance can be achieved when the
human organism generates so far energy so can be
transferred in the relation with the environment. The
factors which can take influence to the energy balance are
these [1]:

1) environmental factors:

e  air temperature;
e  air velocity rate;
e mean radiant temperature;

e  humidity.
2) human personal factors:
e activity;

e clothing insulation;
e spending time in researching environment.
System Human — clothing — environment includes all

these factors assessment. The human body cooling
methods who is situated in the hot environment was
analyzed in [2]. Thermoelectric cooling was chosen from
all presented methods. If we want to integrate this cooling
system into human wearing clothes first of all we have to
find how much excess of heat needs to be eliminated from
the human body to reach energy balance. In this paper we
will analyze the environmental, human wearing clothing
and personal factors influence on the energy balance in the
high temperature environment.

Equation of the energy balance

The general energy balance equation of the human
body is [3, 4, 5]:
S=(M-W)-(R+C+E+K)~(Cres + Eres); (1)
here S — the heat storage rate; M — the metabolic energy
production rate; # — the external mechanical work; R — the
radiation heat loss from the skin; C — the convective heat
loss from the skin; £ — the evaporative heat loss from the
skin; K — the conduction to the surfaces by direct contact
with skin or clothing; C..s — the convective heat loss from
respiration; E.; — the evaporative heat loss from
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respiration. All the components of the energy balance are
measured W/m?.,

The metabolic rate M is defined as the rate at which
the body utilizes food to produce energy. This rate is
directly proportional to oxygen consumption dissipated
from food in the basal body state (during absolute rest).
The external mechanical work W for most activities can be
made equal to zero. The energy balance components (M-
W) describe heat production in the human body. The other
components (R, C, E, K, C., FE,,) describe heat
consumption. The conduction K is usually very small
relative to other terms and can safety be neglected.

Thermal energy balance is when the heat storage rate
is equal to zero (S=0). When the heat storage rate S is
positive (S>0) the body temperature increases and there is
heat gain and the human body needs cooling and when it is
negative (S<0) — decreases — there is heat loss and the body
needs heating.

Radiative heat exchange R between the human body
and environment:

R=hr'Fcl'(Tsk_Tmrt); @)
where A, — radiative heat transfer coefficient (W/m*°C);
F — reduction factor for sensible heat exchange due to the
clothes worn; Ty — the skin temperature (°C); Tpy — the
mean radiant temperature (°C).

Reduction factor depends on wearing clothing
insulation and it is equal:

1
F, = ;
N e + 1) 10155 +1/ £

3)

here I is intrinsic insulation of the clothing (clo); f is
clothing area factor; 4. is convective heat transfer
coefficient (W/m>-°C ) depends from air velocity v,:

he =8,7-v,%8 . (4)

Clothing area factor f; relation with intrinsic
insulation of the clothing /:

fcl=l+0’31'lcl' (5)



Radiative heat transfer coefficient can be found from
the next equation:

- [(Tsk +273)* = (T +273)* J
Du Tsk - Tmrt

)

here k — Stefan-Boltzmann’s constant (5,67-10® W/m*K*);
&p — emissivity of the human body (= 0,97); A,/Ap, — the

fraction of skin surface (= 0,77).
Convective heat loss from the skin:

C= (Tsk 'Ta) : @)
thyn

where T, — the ambient temperature (°C); Rgyn — the

dynamic thermal resistance of the clothing system

(m*°C/W).

Dynamic thermal resistance of the clothing system
Rugyn depends on characteristics of wearing clothes and on
environment: air velocity and human walking speed.

Evaporative heat loss from the skin is:

w(Py = Py) P)

®
Retdyn

w — skin wettedness; Py — saturated vapor pressure at mean
skin temperature (kPa); P, — vapor pressure of the
environment (kPa); Rewyn — dynamlc total water vapor
resistance of the clothing system (m*kPa/W).

The saturation vapor pressure at a given temperature
is calculated by Antoine’s formula:

18,6686—-4030,183/(T+235

at = 01333 ¢l (T+235), ©)
Vapor pressure P, depends from relative humidity

and dynamic water vapor resistance of the clothing system.

Rewgyn depends on wearing clothes and environment.
Convective heat loss from respiration:

Cres = 0,0014-M(34-T,). (10)
Evaporative heat loss from respiration:
Es =0,0173-M(587-P,). (11)

Analyzing the energy balance of the human body
essential notice that some parameters depends on personal
human characteristics, there are metabolic rate, mean skin
temperature and surface area.

Metabolic rate M can be received using Harris —
Benedict formulas [3]:

a) for males

M=66+13,7-w+5-h-638-aq; (12)
b) for females
M=655+9,6-w+1,7-h—4,7-q; 13)

here w — human weight (kg); # — human height (m); a -
human age (year).

Mean human surface area can be calculated by Du
Bois & Du Bois formula:
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A=0,203- w4 . p0725 (14)

Mean skin temperature evaluating environment [6] is:

Ty =1217+0,02-T, + 0,044 - Ty, +0,194- P, —

-0,253-v, +0,00297 - M + 0,513 - T (15)

In the next paragraph we have calculated the energy
balance using (1) equation in the various environmental
conditions.

Influence of the environmental variables in the energy
balance

The basic environmental variables what can take
effect on the human energy balance are ambient
temperature 7,, mean radiant temperature Ty, air velocity
v, and relative humidity RH. There are shown the
dependence of these parameters at various human activity
levels in the figures 1-3. In these figures are analyzed four
human activity levels:

1) 1 Met=58,2 W/m?, sitting relaxed human;

2) 1,9 Met=110,58 W/m?, walking on the rate 2 km/h;
3) 3,4 Met=197,88 W/m?, walking on the rate 5 km/h;
4) 8,5 Met=494,7 W/m>, running on the rate 7,5 km/h.

Fig. 1 shows the heat storage, which needs to
eliminate from the human body for the thermal comfort at
the different ambient temperature. Other conditions are
following: Ty = 60° C, RH=20 %, v,=0,3 m/s, I;=1 clo. At
each activity level, the higher ambient temperature is, the

more heat we need to eliminate from the body.

Additionally, a higher metabolic rate is generated, the
more heat storage accumulate in the body.
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Fig. 1. Expected heat storage rate in the human body for various
ambient temperature values

Fig. 2 shows the heat storage, which needs to
eliminate from the human body for the thermal comfort at
the different mean radiant temperature. Other parameters
are following: 7, = 40 °C, RH=20 %, v,=0,3 m/s, ;=1 clo.
These dependences match to figure 1 in principle: the
higher mean radiant temperature, the higher heat storage.
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Fig. 2. Expected heat storage rate in the human body for various
mean radiant temperature values

As shown in the Fig. 3 the bigger air velocity value is
the excess of the heat storage decreases. This depends on
convective and evaporative heat exchange, while air
velocity increases, these two components of the thermal
energy balance increase, too. Other environmental
parameters are following: T, = 40° C, Ty, = 60° C, RH=20
%, I,=1clo. A higher metabolic rate is generated the more
heat storage is needed to compensate in the body for the
thermal comfort. At the biggest activity level 8,5 Met and
when the air velocity are 5 m/s and 8 m/s the heat storage
begin to rise. This appearance comes from that: convective
and radiative heat exchange decreases and evaporative heat
loss begin to decrease too.
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Fig. 3. Expected heat storage rate in the human body for various
values of air velocity

Influence of the clothing on the energy balance

One of the most important parameters of the human
wearing clothing is clothing insulation. As depicted in the
figure 4 the more clothes (or clothes with the higher
clothing insulation) is wearing human in hot environment
where T,= 40°C, T,,= 60°C, RH=20%, v,=0,3m/s, the less
heat storage needs to eliminate from the body at low
activity level. At very high activity level (8,5 Met) heat
storage rate increases. This can be explained so: the more
clothes the less heat human can eradiate into environment
at the low activity level.
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Fig. 4. Expected heat storage rate in the human body for various
values of clothing insulation

The body temperature rate dependence on ambient
temperature

When we have the human energy balance we can get
how much degrees temperature increases or decreases in
the human body in special environmental conditions. In
other words, we can get how long time human exposure in
such environment won’t make any influence or any side-
effect. So, the body temperature change [3] along a time
unit (°C/s) is calculated by this equation:

S§-4

AT ,
m-3,49-10%"

7 (16)
where S is the heat storage rate; 4 is human surface area
(14); m is human mass and 3,49 kJ/(kgK) is specific heat
requirements.

Human exposure time dependence on different
ambient temperature is depicted in the figure 5. Here is
shown how much time human can spend in the hot
environment while his body temperature rises 1°C at the
various activity levels. This dependences are calculated for
the human who’s personal characteristics are those: weight
70 kg, height 1,70 m, surface area 1,8 m?. For example,
when the air temperature is 30°C, other parameters are
T = 60°C, RH=20%, v,=0,3m/s, I[;=lclo, the sitting
relaxed man can safety spend in that environment about 36
minutes, his body temperature rises only 1°C and this is
not so dangerous. But when air temperature rises up to
60°C here he can be not more then 10,6 minutes. The
higher activity level the less time human can work in hot
environment.
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Fig. 5. Human exposure time dependence on the different
ambient temperature
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B cucreme onmexaa — 4enoBek — OKPYKalOLIEe MPOCTPAHCTBO PACCMATPHBAETCS B3aHMOCBS3b BCEX TPEX COCTABISIOIIMX YacTeH.
IMpencraBneHo ypaBHEHHE SHEPTETHUECKOTO OajlaHCa Y€IOBEYECKOT0 TENa, ero aHallM3 U BBIpaXEHHE ero cocraBnsiomux. O6cyxaeHo
BIMSIHME Ha 3HepreTH4eckui OalaHc BHEIIHMX (akTOpOB: OKpYsKaloLIel TeMneparypbl, TEMIEPaTypsl Pagdaliyi, CKOPOCTH BETpa, a
TaKXKe M30IALMOHHBIX CBOMCTB OJexk bl [IpeacTaBicHb! 3aBUCUMOCTH CYMMapHO# TEIUIOBOM MOILHOCTH OT Pa3iM4HBIX MapaMeTpoB
OKpYXalolllel cpelbl NpH pa3iuYHON (U3MYECKOH AKTUBHOCTU 4ETIOBEKA: CIOKOWHO CHASIIEr0, HAYLIEro co ckopocthio 2 km/h,
uIymero co ckopoctbio 5 km/h ir 6eryuiero co ckopoctsto 7,5 km/h. M3 3THX 3aBHCHMOCTEN BUAHO, CKOJBKO U3GBITOYHOM TEILIOBOM
SHEPTUM Hy>KHO paccesiTh AJIs YAOBICTBOPEHHUS YPaBHEHHUs SHepreTudeckoro 6ananca. [Ipy To# ke akTHBHOCTH MOTyYeHa 3aBUCHMOCTD
MOKa3bIBAIOILAsA CKOPOCTh U3MEHEHHs! TEMIIEpaTyph! Teaa yenoseka. M. 5, 6ubn. 6 (Ha aHrIHiickoM fA3bIke; pedepaTsl Ha aHTTHHACKOM,
PYCCKOM U JIMTOBCKOM $3.).

S. Bartkevidius, R. Rackiené, J. A. Virbalis. Energijos balanso analizé Zmogaus, aprangos ir aplinkos sistemoje // Elektronika ir
elektrotechnika. — Kaunas: Technologija, 2008. — Nr. 7(87). — P. 61-64.

Zmogaus, aprangos ir aplinkos sistemoje nagrinéjamas 3iy trijy veiksniy tarpusavio ry3ys. Pateikta Zmogaus kino energijos balanso
lygtis, jos dedamuyjy iSraiskos ir analize. ISnagrinéta aplinkos veiksniy: aplinkos temperatiiros, spinduliavimo temperattros, véjo greicio
ir Zmogaus dévimy drabuZiy izoliacijos, jtaka energijos balansui. Pateiktos $iluminés galios priklausomybés nuo kai kuriy parametry,
esant jvairioms aplinkos salygoms ir jvairiam Zmogaus aktyvumui: ramiai sédin¢iam, einan&iam 2 km/h greiiu, einan¢iam 5 km/h
greidiu ir beganciam 7,5 km/h greiciu. I$ jy matyti, kiek Silumos pertekliaus reikia paalinti i organizmo, kad biity tenkinamas energijos
balansas. Tam paiam aktyvumui gauta priklausomybé, rodanti Zmogaus kiino temperatiiros kitimo greitj. I1.5, bibl.6 (angly kalba;
santraukos angly, rusy ir lietuviy k.).
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