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Determining Thermal Comfort properties of Coverall Worn in the Atomic
Power Plant Using a Sweating Thermal Manikin and ISO 7730
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ABSTRACT

For determining thermal comfort properties of work suit in an atomic power
plant, three different coverall ensembles (PVC, PET/Rayon, PP Nonwoven) were
selected and the resistance to dry and evaporative heat transfer were measured
for each ensemble by using a sweating thermal manikin. Also, PMV(Predicted
Mean Vote) and PPD(Predicted Percentage of Dissatisfied) indices were predicted
according to ISO 7730. As a result, ideal environmental conditions in an atomic
power plant were suggested to make workers feel thermally comfortable. In
addition, ideal intrinsic insulation values of coverall ensembles as a work suit
under the present environmental conditions in the atomic power plant were
provided. The information given in this paper can be used to control envi-
ronmental conditions in the atomic power plant thermally comfortable and to
select a proper work suit for providing thermal comfort to the workers.
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usable CoveralD®, 2) 100% Polypro-
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Table 1. Clothing Items of Coverall Ensembles
Worn in the Atomic Power Plant

PVC Coverall over
. . ) PET/Rayon Coverall
Coverall Ttems PET/Rayon Coverall
Polypropylene Coverall
1 9 =
<t ) 3}
Al %) =
Coverall® & 1; gﬂ 2 2]}
7 g o s
B - e T o 1}
= items IR
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Table 2. Physical Characteristics of Coverall

Materials
POSICllyeight | Thickness| Bulk | Air
Coverall DETUES| (@/m) | (mm) | Densit Permegbility
Materials (kg/m’) | (cc/cm/sec.)
PVC 1203 | 0127 [101811] 00193
PET 6¥RAYON3S| 2514 | 0457 | 50011 46
PP 669 0371 180.32 221
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(Thermal Manikin Test)
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Figure 1. Instrumentation and Control Schematic
for the Manikin
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Ri=resistance to dry heat transfer provided
by the clothing system and outer air
layer(total insulation), m’ - ‘C/W

Ts=skin temperature, C

T.=ambient air temperature, C

A =surface area, m

Q =dry heat flow, w

R,

o8 11§ wgA(intrinsic clothing in-
sulation, Ra)+ FEEA|ANA FHe F7]
%ol AFdhe ©EHEG AJr7n, o4&
Zgog Qi 3zx1¥FH oz FUiHEe R
HWH(A)Y] FE()S TP B AA)
o] GEX2A o33 gol AFEsuch

R,
fcl

RC[= R[_ (2)

Ru=resistance to dry heat transfer provided
by the clothing alone(intrinsic clothing
insulation), m' -+ C/W

Ri=resistance to dry heat transfer provided
by the clothing system and outer air
layer(total insulation), m’ -+ T/W

Ra=resistance to dry heat transfer provided
by the outer air layer, m’ - C/W

[w=clothing area factor, dimensionless

FRONT BACK

Figure 2. Thermistor Locations on Sam the
Thermal Manikin
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knit skin®& 431 FTHFE 9 @I
BEE el A3k olWl Thermal
Manikin®] Ha 37 2E+ 328+05CE2
FABIAL, AF7IFHRY 7L 67+
05C, A== 50E5%, 7IF<= 0.15n/s
ojllZ2 H#A3lHtt  Sweating Thermal
Maniking |83 Ad&xe F @3 F¢
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™ Rec=total resistance to evaporative heat
transfer provided by the clothing

{]

system and outer air layer, m' -
kPa/W

P, =water vapor pressure at the skin, kPa

P. = water vapor pressure at the air, kPa

A =manikin surface area, m'

H =total power input, W

Ts =skin temperature, C

Ta =ambient air temperature, C

R: =resistance to dry heat transfer
provided by the clothing system and
outer air layer(total insulation), m’ -

T/W

JAAFHE F715Y TS A 2
& ZAgke] dgk Fub A& (intrinsic
evaporative resistance, Rea) AF&WYS

ges 2o

Re,a
fcl

&, Rea=resistance to evaporative heat trans-
fer provided by clothing alone, m' -
kPa/W

Rei=total resistance to evaporative heat
transfer provided by the clothing

system and outer air layer, m' -
kPa/W

Rea=resistance to  evaporative  heat
transfer porvided by the outer air
layer, m' - kPa/W

fa =clothing area factor, dimensionless

Re,clzRe.I_ (4)

223 FYBe) £8 Brg

& FAE X$(moisture permeability

index, ine 985S 3 ?-E—%P—P-"/l aE
AE el EE, o]Bo] w3l Futed o)
g AEZ go] AFE-Ho] $ar(Havenith et
al, 1990 ; McCullough et al., 1989 ; Oohori
et al, 1984 ; Woodcock, 1962), 1 A&+
e

Z. — Rl / Re,t (5)
" R/ Rg
&, im =moisture permeability index for a
clothing system, including the air
layer resistance, dimensionless
Ri=resistance to dry heat transfer
provided by the clothing system and
outer air layer(total insulation), m’ -
T/W
Rer=total resistance to evaporative heat
transfer provided by the -clothing

7

system and outer air layer, m' -

kPa/W
R'r=the thermal resistance of thin air
film, m' - CT/W

R'g=the evaporative resistance for the
same air film, m' - kPa/W

AAFHe) Fr1E2S AT JYR =
Agto] R 8 FHE A4y A4S
Ae e 2o

) R /R
@, iu =permeability index for clothing alone
(dimensionless)
Ry =resistance to dry heat transfer

provided by clothing, m' « kPa/W
Reo=resistance to evaporative heat
transfer provided by clothing, m' -
kPa/W
LR=Lewis Relation, C/kPa

23 PMV - PPD X|$= ALE

231 PMV AF Atz
ISO 7730014 AAI3l= PMV(Predicted
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Mean Vote) A4+ Fanger(1970)°) <]3}
e 47 AHAH ASE JeEde AR
24 PMV AFF Ve dE A=
(warmth)&, ‘—'#2 M=% A E(coolness)
2 JgudiA =59, o9 73 thermal
sensation scale® WERATH+3 ; hot, +2;
warm, +1 ; slightly warm, 0 ; neutral, -1 ;
slightly cool, -2 ; cool, -3 ; very cold).
olujo] PMV AlFE ISO 77309 AlAlE
2 AdA A @49 €943 33 =23
S 47 A8}, FHEEe AdEe vdEy ¥
AdF 5 BF 671x] HUAES |83t
AEEgon o AEuye o gk

PMV=(0.303e “™™+0,028){ (M-W)-3.06% 10 *
X [5733-6.99(M-W) -pal-0.42 X [(M-
W)-58.15]-1.7 % 10 "M(5867-p.)-0.001
AM(34-1)-3.96 % 10 Py X [(1+273)"(t:
+273)" 1~fuh(ta—ta)}

ol

t1=35.7-0.028(M-W)-1a{3.96 X 10 *f4 X
[(te+273)"- (4,+273) | +fahe(ta—ta)}

he=2.38(t—t)*® for 2.38(tg—ta)** >12.1¢ Var
12,1V Ve for 2.38(ta-t)** <121V Ve

£4=1.00+1.290Ly for 14<0.078m’ - C/W
1.05+0.64514 for 15>0.078m’ « C/W

ok M=metabolic rate, W/n'

W=external work, W/m’

Iy=thermal resistance of clothing, m*C/W

fo=ratio of man's surface area while
clothed, to man’s surface area while
nude

ta=air temperature, C

t,=mean radiant temperature, C

Va=relative air velocity, m/s

p.=partial water vapour pressure, Pa

h.=convective heat transfer coefficient,
W/m*-C

ta=surface temperature of clothing, C

he=convective heat transfer coefficient,
W/m'-C

232 PPD 4t

PPD(Predicted Percentage of Dissatisfied)
' gAY Hedly g¢3e2 HHES =
7 B3k, &, PMV AF7F +3(hot),
+2(warm), -2(cool), -3(cold) TLE W&
AHREY FE 37 935t Agd A
24, o] PPDAFE ISO 77309 wat
PMV A& A& Fd) g3 o] 4H&3)
Aot

PPD = 100 _95 Xe —(0.03353X PMV* +0.2179x PMV?)
24 Xtz B4

Data £4& SASE ©]83}] separate
one-way ANOVAE @< 3 %3 F
o] thd Coverall Ensemble Type®] =t
o] AAL 3R, p<0.01 FFAA FA
Hoz HHA AolE HY datagS
Post-Hoc testZA] Fisher's Least Square
Differences(LSD)E 4 A13l4th

3. ¥ nF

Az AL B TN ALHE
AQPE FH wE gy, g FLE,
28 E3n 5% 93 dAF34 AQE
Pl BEA A8 HAIE Aye= Table
33} o} EdF F-test A3 p<0.0l F+F
A EF FAHSRE FoZ AolE B
oA Post Hoc TestZ Fisher's LSDZE
AAstYoen, 1 A#E Table 49 Ve
Wit
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Table 3. Analysis of Variance for the Effect of
Coverall Type on the Thermal

Properties
L Sum of
Source of Varation DF F Value
Squares
Total Insulation(It) 2 1 029449 | 509.69*%*
Total Evaporative
] 2 | 0.00075 | 559.50%*
Resistance(R.,)
Evaporative
Resistance 2 | 000072 |811.00%*
of Clothing(Rea)
Intrinsic Insulation(ly) | 2 | 0.29449 | 509.69+*
Permeability Index(im) | 2 | 0.02669 | 600.50**

**significant at 0.01 level.

Table 4. LSD Tests for the Effect of Coverall
Type on the Thermal Properties

Coverall Mean LSD '
Type Grouping”
Total Insulation(Iy) (clo)

PVC with PET/RAYON 1.65 A
PET/RAYON 1.25 B
PP 1.28 B

Total Evaporative (- kPa/W)

Resistance(R. ,)

PVC with PET/RAYON 0.047 A
PET/RAYON 0.030 B
PP 0.026 C

Evaporative Resistance | (m’ - kPa/W)

of Clothing(Re o)
PVC with PET/RAYON 0.040 A
PET/RAYON 0.023 B
PP 0.019 C
Intrinsic (clo)
Insulation(Icl)

PVC with PET/RAYON 1.21 A
PET/RAYON 0.81 B
PP 0.84 B

Permeability Index(ip) |{(dimensionless)
PVC with PET/RAYON 0.327 C
Pet/RAYON 0.397 B
PP 0.460 A

‘Means with the same letter designation are not

significantly different at 0.05 level.

31 A Fo| chHd®

AR ddA: e 7Y APEoZA
285+ Coverall Ensembled] i3l &<
g 4%y ZAde Table 59 2t} olw), ‘R’
& SI &9(C - m/WE @d8e Yehy
I, TE clo 992 Yehdd. Table 4914
AA AR viel o] DEH(Ire} Lol
gt LSD Test A, wrE Mg 753
PET/Rayon Coverall Ensemblei 13]-8¢1
PP Coverall Ensemble Zhll+ p<0.01 =&
olx FAHoE FolH Abol7} viep
Z gtk PET/Rayon Coverall®] 7%,
Ag Folx @F AFo] &S 37}
wWolX Agiatge] &S ¢HIleE AS
7 e H, 28 7% @Ed HollM Aol
7} € 13]8 Coverall2 thA|3te] 2835}
= Aol 7Fsslda & 4 JATh 22
o] % 7}A Coverall Ensemble-2 H]1l3

rl

g

LHE=E7E FE O AY #HAAM PVC
Coverall& PET/Rayon Coverall¥]d] 7
JE Ensemblete p<0.01 FEAA 54
HoZ foAHl AolE Ho, HAH de
Coverall Ensembled|lA 18#] ¢te 7H$

Hoh 84 ¢ e 9Eds veidth

Table 5. Insulation Data for Coverall Ensembles
Measured with a Thermal Manikin

Intrinsic

g‘)t?} Dry Clothing

esistance L2

Ensemble . i Insulation
R(TC - m/W) 5 ,

Ra(C - m'/W)
I(clo)

Ia(clo)
PVC over 0.256 0.187
PET/RAYON 1.65 1.21
0.195 0.126
PET/RAYON 125 081
0.198 0.129
PP 128 0.84

’Calculated based on an air layer resistance of
0087 T - m/W(0.56 clo) measured on the
nude manikin.
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Sweating Thermal Maniking ©|-&3%+
g by 3oz 4EH W3 FH A
& (Re®t Rea)oll sk LSD Test AT,
Al 7}A] Coverall Ensemble &5 Zt7]
p<00l FFAA FoHoz ol i}
e, zt Coverall Ensembleol] o gt @t

¢ 2% A% 2 FE FAE AU

ojEd| uigt =EFH A&

A F2A] oA S iz g ‘A
A 95S 53 U YEs v

H &S A2 Yeidle) Eoh &, o5 &
A7 Ad dEgey FEolAM &

7t S48 o] A w2 2 dEd
tHHavenith et al, 1990 ; McCullough et
al, 1989 ; Ochori et al, 1984 ; Parsons,
1993 ; Tamura, 1991).

PET/Rayon Coverall $o] PVC Cover-
alle A Y& Ensemble?] 790l w3t
% Aol M wA Jepda FE
FaEe 7 @A JEA, o] Ensem-
bled 2&3HS ZA47t 9EE B F

19

FEol 7 ofe Aoz eyttt bl
ol 100% Polypropylene Nonwover .2
E0jz 138 Coverall Ensemble®] 3%
© W3 9 AEgeo] M P FE
AeeE 71 souz A dxgy kA
oA 283l )= Coverall Ensemble &
N 7Hd H HEE FH ATE AYEL

e}

)
LIV A oA )

oAl A EVES FAAA F RoE
1= 1R2)=4

upeba] wHE g #Ro] 7bsg PET/
Rayon Coverall®} 13821 PP Coverall®l
el Hx - difF - BAVE B3 dEo
g G99 (Resistance to Dry Heat
Transfer)Hol|A] vt B ol F 71X
& 239 Coverall EnsembledlA] =}o]
7F o, Wk S ztA] o] 1# 3t
of E o} Polypropylene Coverall®] 23+
o] o Hojurg &gzt g3
AARS Ho ¢ Al & # dvkxn
& 4 A 53] vrE A"gslo 283}
Aol ALole ME Tz PR
o Yo} A7) H4¢ 24 AF EAE 17
tod & o oL 138 Coverall2 W3}

fr mt 2 ol

Table 6. Moisture Permeability Data for Coveralls Measured with a Sweating Manikin

Total Moisture Evaporative MOiStu.r?
. o : Permeability
Evaporative Permeability Resistance of
Ensemble . e 2 Index for
Resistance Index Clothing Clothing”
Re(m’ - KPa/W) im Rea(m’ - kPa/W) iy g
PVC with -
PET/RAYON 0.047 0.33 0.040 0.28
PET/RAYON 0.030 0.39 0.023 0.33
PP 0.026 0.46 0.019 041

“Calculated based on an air layer evaporative resistance of 0.0088m' - kPa/W.
"im for the nude manikin is 048,
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33 PMVel PPD X|$= 4b&

ISO 77302 Zgar =& Ao ¢
Ao g HHT{A 1 ARE wHdE=
S ARHoE At Fokh E3 #HAH7
< A, 713, SAF =59 Aid
(AL FEE vHA HE2z ofg g
stttz 8 4= QtHOlesen and Dukes-
Dobos, 1984). §A% FAE % 443 F
Hineutral) FEHIZA 714 ©]43A PMV
w2 0olARY, HmA AJzprE &3
T& 7Hsd B3 #AH2=2A ISO 77309
Al AskE W9e PMV< 0509, o
2] ot PPDE 10%8 {A geth
A YA wrALoA 2HEdm Qe
Coverall Ensembles% 7} o] #8311
A e M= 7H53 Coveralls, Al
T JEY & Ae 29 A 2L
A%t ik o gx 2go] shE3 134
Coverall, & #&79 Ensembled 4A3ld
PMV % PPD AFE &3 FHE
Table 7¢l AAISIHTE olwfe] PMV 4k
< % 9E 9Ey 2 AF7IFHA
A} Thermal Maniking ©o]-&3%ta] =33 3t
(Table 5% AHE3l T, AU S 4=}
g Hs g 7Y elre] AdRe o
&} ANSI/ASHRAE 56-1992 (ASHRAE,
1992)¢} ISO 773004 AAI& RES A3

o~

st ALgetgth e 7Y AAAESF
AMd BEAIES AlEY]) 58 B &8
= AE9] o 7 2R(Light activity)
< T2 3 HEE A3gAFe] 93.1W/
m’ol SFEM, LA fx] - Bl 7
ol gl A 2 2 53 2o A
o8 ¥ #TEIAE Hoe AdiHoz
O 52 =9 d(Medium Activity, High
Activity)-& 3HA] "ok FAJ$H mdo=
A fxE wHa B fA
st Qe AAAA E3 AJdeAz
(Tu=25C, RH=50%, Va=0.1 m/s)& &
olg3ld PMV % PPD A4E 23&314
. 2 A, Coveralls g3ln 3=
AAAEFT WA BERESR 2o 7y
+ AL e ARER 94 -9
=717 He H9d PMV< 105 F¥&
HojubA gt @Al =7le Aoz yehg
o o] dof] EHo 2 EUWE 7= A}
#gol g & <453 PPD AFE 25%
A2 yesdo 28 £759 Coverall
Ensembled #83tx ZAYstddx, AL
A - BFA17} 3 Ade o) A} 7
=7t 7 HE &AEAeE o RHA =7e
Aoz JYelA Medium Activitye] 2]
€ 3l 7% PPD(Predicted Percentage of
Dissatisfied)7} 40% AXY He Ho=
vebgtth 3 High Activityd] ZH$ole
80% 7H7hE HJAEe] dFHo=z wHEE
A R&= Ao Jeiyt

Table 7. PMV - PPD Indices of workers Wearing the Coveralls in the Atomic Power Plant

Intrinsic C!othing )
Ensemble InsuIlczlatlon Met?svo/liﬁz)Rate PMV F(’(I);I))
(clo)
Light Activity, 93.1 0.99 25
PET/RAYON 0.81 Medium Activity, 1144 1.28 39
High Activity, 165.0 2.05 79
Light Activity, 93.1 1.00 26
PP 0.84 Medium Activity, 114.4 1.30 40
High Activity, 165.0 2.06 79
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Coverall Ensembleg ZgEo2 #8331
AE FHPAE] APFA g3z HH
e =A R e AeE JdE%e
o2 ISO 7730014 AME-EE 6714 ®QIE
Z 23 7153 HUSS F4HeE FoR
2 210 APt 84 AH{EE =
2 F e W9 PMV< 05 A4HES 9
3 Z} WA 2AHXE AASAL g

e

341 o3 #APEe @iy

ISO 77309 ule} AHE3E upol] &3},
A4 Azt wbEA U] #y Fode F
ozl d3 B oM AT 7hE
219} & (Metabolic Rate, 93.1 W/m)4Q ujoi
Io %] 0.38 clo ©}3}9l A$= eyt
o] Axel ddyg AJ 9B dFEF
vtz T-shirts - ¥hokA]  xpge] oAER
(ANSI/ASHRAE 55-1992 ; ISO 7933)l &}
FE Y o= A ALEHT e APYH
AaHoez e g Fdx HEAE
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Table 8. Ideal Air Temperatures for the Workers in the Atomic Power Plant
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