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The ob jec tives of the pa per are to an a lyze hu man con vec tion, ra di a tion, evap o ra -
tion, res pi ra tion, con duc tion, and dif fu sion heat losses when the op er a tive tem per a -
ture in creases from 26-34.4 °C and then de creases from 34.4-26 °C with a ra tio of
1.4 °C per 5 minutes. A en ergy bal ance model is used for sed en tary sub ject. The re -
sults show that dur ing tem per a ture ris ing, all the heat losses are lin ear func tions of
tem per a ture, while dur ing tem per a ture drop ping, the con vec tion, dif fu sion, and
res pi ra tion heat losses are qua dratic func tions of tem per a ture. The re sults are use -
ful for ther mal com fort eval u a tion and heat ing, ven ti la tion, and air con di tion ing
de sign.
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In tro duc tion

Hu man heat loss is a very im por tant in dex. It can be used to cal cu late ther mal re sis -
tance and eval u ate ther mal com fort. Osczevski [1] mea sured the heat loss of cheek to cal cu late
ther mal re sis tance in rest ing sub jects. Dixit and Gade [2] tested the heat loss of the same part in
ac tive and in ac tive in di vid u als. Oliveira et al. [3] an a lyzed the nat u ral and forced con vec tion
heat losses from a ther mal man i kin to ob tain the con vec tive heat trans fer co ef fi cients. Wang et
al. [4] pro vided a cor rec tion of heat loss method to cal cu late cloth ing real evap o ra tive re sis tance
from a ther mal man i kin. Yang et al. [5] es tab lished a heat trans fer model for a novel ther mal
man i kin. Bilgili et al. [6] in ves ti gated the ef fects of sea sonal weather dif fer ences on the hu man
body's heat losses in the Med i ter ra nean re gion of Tur key. In most re searches, the heat losses
were an a lyzed in the steady-state con di tion. While in this re search, the heat losses in the tran -
sient en vi ron ment will be pre sented. 

Math e mat i cal model

Steady-state en ergy bal ance model de vel oped by Fanger [7] is com monly used for
ther mal in ter ac tion be tween the hu man body and the en vi ron ment. How ever, in tran sient con di -
tion, this method should be re vised. For a sed en tary sub ject, the en ergy bal ance model can be
writ ten:
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where M [W] is the in ter nal heat pro duc tion in hu man body, R [W] – the heat loss by ra di a tion
from the outer sur face of the clothed body, C [W] – the heat loss by con vec tion from the outer
sur face of the clothed body,  Edif [W] –  the  heat  loss by wa ter va por dif fu sion through the skin,
B [W] – the heat loss of res pi ra tion, D [W] – the heat loss by con duc tion, Esw [W] – the heat loss
by evap o ra tion of sweat from the sur face of the skin, m [kg] – the body mass, c [Jkg–1°C–1] – the
spe cific heat of body, t [°C] – the body tem per a ture, and t [s] – the time.

The heat loss by ra di a tion from the outer sur face of the hu man body can be ex pressed
by:

R A f f t t= + -1
4 4273 273eff cl cl mrtes[( ) ( ) ] (2)

where A1 [m
2] is the area of hu man body that par tic i pates in ra di a tion heat trans fer, feff – the ef -

fec tive ra di a tion area fac tor, fcl  – the ra tio of the sur face area of the clothed body to the sur face
area of the nude body, e – the emit tance of the outer sur face of the clothed body, s – the
Stefan-Boltzmann  con stant,  tcl [°C]  –  the outer sur face tem per a ture of the clothed body, and
tmrt [°C] – the mean ra di ant tem per a ture.

The heat loss by con vec tion from the outer sur face of the clothed body can be ex -
pressed by the equa tion:

C A f h t t= -2 cl c cl a( ) (3)

where A2  [m2]  is  the  area of  hu man  body  that  par tic i pates  in con vec tion heat trans fer,
hc [Wm–2°C–1] – the con vec tive heat trans fer co ef fi cient, and ta [°C] – the air tem per a ture
close to a hu man be ing. 

The equa tion for the heat loss by wa ter va por dif fu sion through the skin is:

E A P Pdif skin,s a= -gc 3 ( ) (4)

where g is the heat va por iza tion of the wa ter, c [kgs–1m–2kPa–1] – the permeance co ef fi cient of
the skin [7], A3 [m

2] – the area of the whole hu man body, Pskin,s [Pa] – the sat u rated va por pres -
sure at skin tem per a ture, and Pa [Pa] – the va por pres sure in am bi ent air. 

The heat loss by evap o ra tion of sweat se cre tion can be writ ten:

E h t Prsw c skin a= - -w16 7 0256 337. ( . . ) (5)

where w [%] is the skin wet ness, and tskin [°C] – the sur face tem per a ture of skin.
Res pi ra tion con tains la tent and dry heat loss. It is:

B M t M P= - + -00014 34 00173 5867. ( ) . ( . )a a (6)

The heat loss by con duc tion is: 

D A K t t= -4 ( )cl a (7)

where A4 [m
2] is the con tact area be tween hu man body and chair and K [Wm–2°C–1] is the trans -

fer co ef fi cient of chair.

Ex per i ment

The ra di ant tem per a ture was con trolled by the elec tro-ther mal films, and the air tem -
per a ture was con trolled by the air-con di tion ing. The two tem per a tures in creased in 26-34.4 °C,
and then de creased in 34.4-26 °C. Op er a tive tem per a ture is the av er age of the air tem per a ture
and the mean ra di ant tem per a ture weighted, re spec tively, by the con vec tive heat trans fer co ef fi -
cient and the ra di ant heat trans fer co ef fi cient for the oc cu pant [8]. It was cal cu lated by:
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where to [°C] is the op er a tive tem per a ture and ha and hr [Wm–2°C–1] are the con vec tive heat
trans fer co ef fi cient and ra di ant heat trans fer co ef fi cient for the en tire body, re spec tively.

Dur ing the ex per i ment, the ra di ant tem per a ture was close to air tem per a ture, the rel a -
tive hu mid ity was about 50%, and the air speed was 0.06 m/s. Based on the ra di ant tem per a ture
and air tem per a ture, the op er a tive tem per a ture was ob tained ac cord ing eq. (8). The sub jects in -
cluded six males and six fe males. They sim u lated light ac tiv ity (sed en tary), and the cloth ing
ther mal re sis tance was 0.52 clo.

Re sults

Fig ures 1(a) and 1(b) pres ent the ra di a tion, con vec tion, evap o ra tion, con duc tion, res -
pi ra tion, and dif fu sion heat losses when the op er a tive tem per a ture changes at the rate of 1.4 °C
per 5 minutes. The ra di a tion, con vec tion, and evap o ra tion heat losses change greater with op er a -
tive tem per a ture than the other three heat losses. The evap o ra tion heat loss in creases as the op er -
a tive tem per a ture in creases, while the other heat losses are op po site. In high tem per a ture, evap -
o ra tion is the main heat loss, while in low tem per a ture, ra di a tion, and con vec tion heat losses are
the main heat losses.

Com pare the op er a tive tem per a ture ris ing and drop ping, the heat losses are dif fer ent.
Dur ing ris ing, all the heat losses are lin ear func tions of tem per a ture. While dur ing drop ping, the
ra di a tion, evap o ra tion, and con duc tion heat losses are lin ear func tions of tem per a ture, but the
con vec tion, dif fu sion, and res pi ra tion heat losses are qua dratic func tions of tem per a ture. The
heat losses dur ing drop ping change more slowly with tem per a ture than those dur ing ris ing, be -
cause hu man body ex pe ri enced tem per a ture ris ing, and stored some heat. 

Con clu sions

In tran sient en vi ron ment, heat losses of hu man body are ob tained, among which the ra -
di a tion, con vec tion, and sweat evap o ra tion are the main heat loss, and vary greatly with op er a tive
tem per a ture, while the con duc tion, res pi ra tion and wa ter va por dif fu sion change lit tle with it. 
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Figure 1. Human heat losses affected by different operative temperatures 



The heat losses dur ing ris ing are dif fer ent with those dur ing drop ping. Dur ing ris ing,
all the heat losses are lin ear func tions of tem per a ture. While dur ing drop ping, the ra di a tion,
evap o ra tion and con duc tion heat losses are lin ear func tions of tem per a ture, but the con vec tion,
dif fu sion, and res pi ra tion heat losses are qua dratic func tions of tem per a ture. Due to the heat
stor age of hu man body, the heat losses dur ing drop ping change more slowly with tem per a ture
than those dur ing ris ing. 
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