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Table 1 Characteristics of parker material.
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Fig.1 Variation of outdoor parker used in

experiments
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Fig.2 Schematic diagram of tracer gas system.

=P H AL UTREET A (99.95%DHE) &2 vy,

Thickness Thermal Thermal Air Vapor Bending resistance (mm)
Material (mm) conductivity resisitance  resisitance  resistance Warp weft
(W/m/K) (K-mm?)  (kPa - s/m) (s/m)

26.5+ 21.0*
High permeable 0.170 0.205 3.14 oo 85.72 0.9 0.5
Middle 33.3% 19.5*
permeable 0.270 0.175 5.02 o 113.7 1.2 2.6

32.2% 28.3*
Impermeable 0.164 0.349 2.37 0 0 13 10
Simulated skin 0.574 0.130 7.90 0 70.35
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Effect of Vapor Permeability and Aperture of Outdoor Parka and Environmental Velocity on
Evaporative Heat Transfer and Ventilation rate

-Using sweating thermal manikin and tracer gas methods-

Yayoi Satsumoto', Takuya Aoyagi?, Ayano Dempoya®, Tomoko Koshiba*, Teruko Tamura*

1 College of Education and Human Sciences, Yokohama National University, 2Former Student of
Graduate school of Yokohama National University, 3Department of Architecture, Faculty of

Engineering, 4Department of Fashion technology, Bunka Gakuen University

AIM: This study aims to find out the effect of vapor permeability and aperture of outdoor parka and environmental
velocity on its heat and vapor transfer and ventilation rate. Experiments using sweating thermal manikin and tracer gas
method was conducted.

METHODS: To make clear the effect of the aperture and the vapor permeability of the material, outdoor parkas were
made whose vapor permeable levels are 3 levels (high permeable HP, middle permeable MP, impermeable IM) and whose
aperture can be changed open or closed. To make the reproducibility improve heat and vapor transfer, a sweating thermal manikin
was used. The ventilation rates were estimated using tracer gas method concurrently. To make the influence of the wind
velocity of the environment clear, ventilation rate was measured at wind velocity 0, 0.5 and 1.0m/s.

RESULTS: It was found that the vapor permeability of the & HP-open
<& HP-closed
® MP-open
OMP-close

-~
o

material and the apertures were effective in improvement of

evaporative heat transfer and there was a correlation in

&
o

ventilation rate and evaporative heat transfer in correlation of

po
o

0.85 except for MP. When the permeability of the material for

=
o

carbon dioxide were estimated, it became clear that the MP

Ventilation rate (L/min)

was impermeable for carbon dioxide. The indirect evaluation

e
o

0 0.5 1
Environmental  velocity  (m/s)

method of evaporative heat transfer from ventilation rate by
tracer gas method can be applied except MP. Contribution of
vapor permeability of the material was big and the influence  Fig.1 Relation between environmental velocity

of the aperture was small up to 0.5m/s, but the effect of the & ventilation rate

aperture equaled vapor permeability in 1.0m/s, and it became

conspicuous. There was correlation in the wind velocity of the environment for ventilation rate.

CONCLUSION: It was found out that the vapor permeability and the apertures of outdoor parka were effective on its
vapor transfer and ventilation rate by experiments using sweating thermal manikin and tracer gas methods. The validity
of the indirect evaluation method of evaporative heat transfer from ventilation rate by tracer gas method was verified
except MP which was impermeable for carbon dioxide but permeable for vapor. There was correlation in the wind velocity
of the environment for ventilation rate. Contribution of vapor permeability of the material was big to 0.5m/s, and the
influence of the aperture was small, but the effect of the aperture equaled vapor permeability in 1.0m/s.
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Expansion of Effective Wet Bulb Globe Temperature for Vapor Impermeable Protective Clothing

Petit Bk, FRIMLS, s, FRENE 9, S, SR

Tomonori SAKOIP*, Tohru MOCHIDAP, Yoshihito KURAZUMIE, Shin-ichi SAWADAY, Yohsuke HORIBA?,
and Kohei KUWABARA®
“Institute of Textile Science and Technology, Academic Assembly, Shinshu University, "Hokkaido University, “School of
Life Studies, Sugivama Jogakuen University, ‘Hazard Evaluation and Epidemiology Research Group, National
Institute of Occupational Safety and Health, *National Institute of Technology, Kushiro College,
Corresponding author: Tomonori Sakoi, t-sakoi@shinshu-u.ac.jp

Abstract: The wet bulb globe temperature (WBGT) is an effective measure for risk screening to prevent heat disorders.
However, a heat risk evaluation by WBGT requires adjustments depending on the clothing. In this study, we proposed a new
effective WBGT (WBGTer") for general vapor permeable clothing ensembles and vapor impermeable protective clothing that
is applicable to occupants engaged in moderate intensity work with a metabolic heat production value of around 174 W/n?.
WBGT.s" enables the conversion of heat stress into the scale experienced by the occupant dressed in the basic clothing ensemble
(work clothes) based on the heat balances for a human body. We confirmed that WBGTer™ was effective for expressing the
critical thermal environments for the prescriptive zones for occupants wearing vapor impermeable protective clothing. Based
on WBGT.", we succeeded in clarifying how the weights for natural wet bulb, globe, and air temperatures and the intercept
changed depending on clothing properties and the surrounding environmental factors when heat stress is expressed by the
weighted sum of natural wet bulb, globe, and air temperatures and the intercept. The weight of environmental temperatures
(globe and air temperatures) for WBGTeq for vapor impermeable protective clothing increased compared with that for general
vapor permeable clothing, whereas that of the natural wet bulb temperature decreased. For WBGTeq” in outdoor conditions with
a solar load, the weighting ratio of globe temperature increased and that of air temperature decreased with air velocity.
Approximation equations of WBGT.x" were proposed for both general vapor permeable clothing ensembles and for vapor
impermeable protective clothing.

Key words: Heat stress, Protective clothing, Occupational environment, Wet bulb globe temperature, Solar radiation, Air
velocity, Clothing vapor permeability
e

BUPIETIOT D DYV AI 27— =2 T IIIWBGT A RRFEIEL 705, UL, WBGT LD BEW A7,
BRIZIDMENLETHD. T TANIETIE, GHBVERERDY 174W/m? FEEEO HSREENESE At 08 ZiiE
FIRER, R B OB D E R EAFIRSFEIRT OFLVES) WBGT (WBGTer” 2424 72. WBGTer 13,
NEOBNEANIESE, FART 70 (TR 28 LT D 2T DAL AD L~ TGS 5T L3 ATRE
Td%. WBGTer (3, MBI REARE & L7 OBUE IO F BB E A KB 2 DITH N THLZ LML
2. WBGT IZEDE, BAN 2% BINRERIREE, 70—, KR, YA CRUES, KIROFEREIEREER
FAZESTHARERIRE, 7 v—7 1, KURDINEDE DINZALT 20BN T DL, Rtk
Bteios RO WBGTer 13, FHHYRAE S A TEIER (KUREBER) O EADHIINL, WERD HAM IR LTz,
HIHAROBLEBINTO WBGTer 1%, I KE/R2L, BEROFIGDHIML, KURDOEEGID L0
o7z, WBGTer D THIADS A F OO D4 KA T EREROPEIRIA IR FRS .
1IECHIC

WBGT (Wet Bulb Globe Temperature) 1%, 3tz #—TOEAEZ <7261, Yaglou & Minard (1957) 1Z
FoTRESNZ. HFAROZRWENS(HEZ) © WBGT 1, R(DITRT IO, BINBERIRE (Tw ) & EERR
JE(Tg ) DB LS TEZHNS. ARAROHLHEMINE (K) O WBGT I, Tw , Tg , BLO%IR(Ta )
OIENET, R IZE G261 5.

WBGT=0.7T,,+03 T 1
WBGT=0.7T,+027,+0.17, )]
CHBOHZRFIRICED, WBGT ZREEERFIC R DY AV A7) — =0 7RI 2283 T&%. WBGT (3,
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KE T B 22 i A WFFE T AL UE (NIOSH, 2016) , [EIBRER AE LSS FLE (ISO, 2017) , KIE PE M A B M ik
(ACGIH, 2015) D REIFEBRFUEN TEVA R ADFEIEE L TERAHS LTS,

WBGT (ZEDBAR AT CIE, BT DRI E> TSV ETHD. — ARGtk 7o 7L
(M) O%E, 75 T 5RO FHFAREL (AF) 235 2 & TO AR FIHECTd 5 (ACGHI, 2009, 2015;
Bernard and Ashley, 2009; Bernard et al., 2005, 2008; ISO, 2017; Kenney, 1987; NIOSH, 2016; Ramsey, 1978) . 7233, HifE,
AF [ TARRFHEEE M I QD (IS0, 2017) . FEAR2T 7 v (TEERR : B v EXR) B LT-H D
WBGT TEINHEARN ARNEL, F%) WBGT (WBGTe ) EL THIHIL TV S (ACGHI, 2009, 2015; Bernard and
Ashley, 2009) . WBGTe 1%, WBGT & AF #HWTHQB)TH2HN5.

WBGTer= WBGT + AF 3)

LU, WBGTe ZRET DIz OFPFETFIAIY, RFmE 7R (imperm) @%A BEHECHD. imperm DA,
JEEFNZBA RN 2% 5-2 DBEOWFE L EREEIRE OFRHIZR 8BRS perm DGELIXE 0D, £ D72, imperm
® AF X2 X->TH22% (Bernard et al,, 2005) . imperm @ AF % H—DfE “C’%LZ_“CLiOJ:, ZDAEITAARD
AF DMRRETRD, BAARL ADMBRGHIS AL, (RSP EVARL AGHT L7205,

Fox 13, JeA TS (Sakoi et al., 2018) 1235V VT, WBGTer ERILTEAFFO AMEOBUNSCET NV ATRE LT, 2L
e T IMATEE DX, Tg & Ta OMMEHOWREEREZHIAT LI, (REHEVEER 174 Wim? FREOH5E
JEVEREITHERE T DIEEED AF OWEFIEERRE L. TLU T, KIROE KBRS JRGE (v) ZHNTHIET
&% AF ZNZ 57200 T, BlntELR M O WBGT OFFf/ rlRETHHZ L AR L=, IELTZ AF 1L, ZHE Tl
SN TVD ARISEBLIAITESIZ AF SHERL, BEEL7Z. L)L, WBGT D7~ @/@ﬁ%ﬁ%ﬂ&(mpem (RS AT
T, HIZ AF 2B 5721 TIXEBICERV. £2C, WBGTew @ Tw, Tg, Ta D EAA (RTS8
BDHERER T =,

AMFZETIE, FEHEVEFERDY 174 W/im? FRE O FoREE T AEF T DJEEH D perm & imperm D 5125
WTC WBGTg RATRELTZ. Zhbit WBGT ERICHE TARDOEN T T /I EES W TCEHIIL TS0, i
KD WBGTeg EXHIT 2701, FLWVARMEERHIER 1RE (WBGT ) EFESAZEICLTZ. WBGTe™ @D imperm H
% perm D WBGTe™ EHIKTHZEITED, EORHEEBINILT.

Introduction

The wet bulb globe temperature (WBGT) was proposed by Yaglou and Minard (1957) to prevent heat casualties at
military training centers. The WBGT inside or outside buildings without a solar load (skady) is given by the weighted
average of the natural wet bulb temperature (75,) and the black globe temperature (7) as shown in Eq. (1). The WBGT
outside buildings with a solar load (sunny) is given by Eq. (2), with the weighted average of 7., 7%, and air temperature
(To).

WBGT=0.7T,+03 T, (D)
WBGT=0.7 T}, +02 T, +0.1 T, 2

These simple calculations enable the use of WBGT for risk screening in occupational environments. The WBGT has
been adopted as a measure of heat stress within the National Institute for Occupational Safety and Health criteria (NIOSH,
2016), the International Organization for Standardization standard (ISO, 2017), and the threshold limit value of the
American Conference of Governmental Industrial Hygienists (ACGIH, 2015).

Heat stress evaluations by WBGT require adjustments depending on the clothing worn. For general vapor permeable
clothing ensembles (perm), adjustments can be achieved only by adding or subtracting the adjustment factor (4F) of the
clothing worn (ACGHLI, 2009, 2015; Bernard and Ashley, 2009; Bernard et al., 2005, 2008; ISO, 2017; Kenney, 1987,
NIOSH, 2016; Ramsey, 1978). It is worth noting that the AF is currently referred to as the clothing adjustment value (ISO,
2017). The heat stress scale expressed in WBGT for an occupant wearing basic clothing (work uniform: long-sleeved
shirts and pants) is known as the effective WBGT (WBGTer) (ACGHI, 2009, 2015; Bermard and Ashley, 2009). The
WBGT.ris given by Eq. (3) using WBGT and AF.

WBGTer=WBGT + AF 3)

However, the adjustment procedure to determine WBGT.g is complex for vapor impermeable protective clothing
(imperm). For imperm, the relative influence of humidity and environmental temperature during heat stress imposed on
occupants is different from that for perm. Therefore, the AF for imperm differs depending on humidity (Bermard et al.,
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2005). If the AF for imperm is given by a single value, the value is the largest AF for the clothing, and this will result in
the overestimation of heat stress and conservative heat stress evaluations.

In our previous study (Sakoi et al., 2018), we proposed heat balance models for the human body that have the same
form as the WBGT.. Based on the proposed models, we succeeded in explaining the determinants of the weighting ratio
between T and 7; and proposed a determination method of AF" for the occupants engaged in moderate intensity work
with a metabolic heat production value of around 174 W/m?. We then confirmed that the adjustment of WBGT for perm
can be achieved simply by adding the AF,, which can be determined by using the heat and vapor transfer properties of
clothing and air velocity (v). The determined AF was validated through comparisons with the previously reported AF
obtained through human response observations. However, the adjustment of WBGT for imperm cannot be achieved by
simply adding an AF. We thus concluded that the weights of 7., T, and 7, of WBGTgneed to be adjusted simultaneously.

In this study, we proposed WBGT . formulas for both perm and imperm for occupants engaged in moderate intensity
work with a metabolic heat production value of around 174 W/m?. Because they are derived based on the heat balance
models for the human body in the same form as the WBGT, we refer to them as new effective wet bulb globe temperatures
(WBGTef") to distinguish them from the existing WBGTeq. We clarified the characteristics of WBGTeq™ for imperm by
comparing it to WBGTes" for perm.

25k

MR & B ORI OB A B a —E(045) L IEPL LT, KFFIRO FHES A WBGT L [FEE B
TRERIREE T, HERREE 7, SR TICK289MmE U Ol TcE LR 2205, ZoOXROE T —EDFEK
ETERUC X D RFIRO— k720, EIR WBGT 23R &30 C D BIADMEEAE S 2B CBEFD WBGT &
FERNT—ET 5. PEIHEHEOREE 7 8 2 BEFD WBGT OZHCREHEL L, IEERMRIC X 0 2 L= AMRoEuY
A THD.

B 5 &K L OIEEIRMEDREIR O SR U CHREMANR Z AR T & 2 _FIROIBIRESR i Y3 Tn
5. ZOROZEMEE, AEEKOB BXERERAE, AEERCO LRBEESREEZ AL TR E
B RENROE « W RURRERAE,  FRRIRIRESR 2 AT LT BN S 1D DRRGET 5.

UM AR U= BT, Bh#ARAE FEFOMIE WBGT RS B AR %152 & 45 EF WBGT & it 7e
D%, Ty Ty TAZ L8R E OO BREZ IR L TL.

BPCUTELS < LR e WBGT HRER A5
SEATHIZE (Sakoi et al, 2018) Tik~7= L 512, HARROLGEDO AMEUNEEIIZ @), AmOSE0Z£iiizt
(5) THEIZLENTES.

Methods
New effective WBGT equations proposed based on heat balances

As described in our previous study (Sakoi et al., 2018), the human body heat balance equation for shady conditions
can be expressed by Eq. (4) and that for sunny conditions by Eq. (5).

. S — 5 sk ok ok
WBGT,p =— 1o T, + =% —¢"T +B"T + AF @
a,+p, = a,+p

is is is is

- n. a. - n. B . _ - -
pmVided that ai =5 ! , ; =15 7! , A E — 771s 51 S _ 5zs S
a,+ B, 1, a,+ B, m O + Pis U 1 s
WBGT,, = — s S70 T BT 4y T 4 AR
effT — sk - ao w ﬂo g 7/0 a 0 ®)
ais + ﬁ is ais + ﬂ is
- ) a *k 77 IB *% 77 7/
provided that ST Z y T Y, E
ais +ﬁis 770 ais + ﬂis 770 ais + ﬂis 770
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AF:)**: 77is LEG_S_QY_SJ
ais +ﬂis 770 nis

ZITC, Ty WERFEIR(CC), S IXNADEEE (°C), WBGTar 1 ZREIE EADOENTHD. K@ 12BN o & fi
1%, 2 EnE(6) EA(7) THEZHND S(W? Ok D IED T 5AFRT T, & T, DER. g 1%, () THZ
HID S(Wm? °C) Ik DD FEEFRT Ty OBEHATHDL. 6 /12, Ty , Ty , Ty MOIMSILTZ/RTA—=5T, FHi(R)
ThHZ2BND S(Wm? ) ZRKIIL TD. GIZBWT, a, fo, 70 1L, TNENX(10) ~ (12) THZHND S
(Wm? °O) T D IED T HEET T, Ty, T, DEHRTHS. 1, 17X(14) TH2HNSL S(Wn °C) 123 HED
FHEFT Ty ODEHRTHD. 6, 12, Ty, Ty, Ta, Ty DOMNILTZ T A—4T, K(13)THZ LD S(Wim?) #3H]
THLDOTHD. ZNHOMEIET T, ME, BRREKRER, BEREEFOBCIZ AWHIL TSR FV
TRODHZENTED. Kd), O)ITBNT, ai, Bis, I, mis 1FZAVEIL, WBGT FiHEED EANR (F2EHE) (2O T, F
TREREE FC v fEAY 02 705 0.5 m/s ORPHATRDIZ a5, B, 6, pr OV TIHD. PESIIZ 0, s, s, s DI
I, THER 14.3 W/ °C), 5.8 W/(m? °C), 273 W/m? , 23.3 W/(m? °C) Tiho7z.

where Ty is the skin temperature (°C); S is the heat storage rate of the human body (°C); and WBGTesr is the index of
the rise in skin temperature. In Eq. (4), o; and f5; are the weights of 7;, and T that express their positive contributions on
S (W/m? °C) given by Egs. (6) and (7), respectively. #; is the weight of Ty that expresses its negative contribution on S
(W/m? °C) given by Eq. (9). d; is the independent parameter from 7, T, and Ty that expresses S (W/m?) given by Eq.
(8). In Eq. (5), %, B, and y, are the weights of T, T, and T, that express their positive contributions on S (W/m? °C)
given by Egs. (10)~(12), respectively. 77, is the weight of Ty that expresses its negative contribution on S (W/m? °C) given
by Eq. (14). J, is the independent parameter from 75, Ty, T,, and Ty that expresses S (W/m?) given by Eq. (13). All these
values can be determined by using the properties used in the heat balance equations for the human body, natural wet bulb
thermometer, and black globe thermometer. In Egs. (4) and (5), o, fis, 0is, and #;; are the mean values of o, f, 9, and #;,
respectively, which are determined for the basic clothing of WBGT adjustments (the work uniform) for v values ranging
from 0.2 to 0.5 m/s in an isothermal environment. The determined o, Bis, dis, and #;s values were 14.3 W/(m? °C), 5.8
W/(m? °C), 273 W/m?, and 23.3 W/(m? °C), respectively.

(n, +h, + LRA & \LRIF, £, w+0.0173M)

a, = . 6
LRh ©

c

(LRR.F, fC,w+' 0.0173M ) (hc' N h)

= f F h. +h )+0.0014M — 7
ﬂz f;l cl( c r) LRhC ()
] -
ded(hc - hrj +0.0014M
% wrnr ool w T ®
| \LRLE,, fdw+'0.0 3M [_ - h h]
] LRh, 7]
—LRhF,, f,W¢ ¢ )+ M[1-0.0014-35-0.0173-(5.624— ¢ |-
771' = (hc + hr )f;l F;l + LRthpcl f;l kw (9)
: h'
provided that A7 = ———— (Tr —Ta)
h, +h
o (n, +n, + LR« \LRR.F,, £, w+0.0173M ) 0

o

LRh

c
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) . (LRh.F ,f.,w+0.0173M
g, =| At p 010 (LR o . ) (11
h LRh,
y = dec{(hc +h,)—(h” ;,,hr Jhr0]+0.0014M
' (12)
S N 1177/ % 0.0173M
+{(l’lc +”hr \]hre —(hc +hr )}( c pc/fc/W+' )
h LRh,
i " h " hrfchcz(l_e)
s =2\ (LRAF,, f,w+0.0173M) ., \|AT'
o ‘ _ P . h, (1_9 ) (13)
' LRh,
—LRhF,, f.m¢ = ¢ )+ M[1-0.0014-35-0.0173(5.624 ¢ |-
770 = (hc + hr) chcl +LRthpcl‘fclKW (14)
provided that AT = ,,h’ (r.-1), 02%, o ZM
hc +hr gb’ hrf‘r gB hr fr

ZZT, fa I FAREREERE (K IC(ND) ), Fa KOY Fpu 1 3ENENAKIREMRERE M OISR AL (ND)
S RO S 3N ENNRDOSNEH, BROIRERIRERE, K OHERGRIREFHI 32 Fh i iR (ND)
Tob. he, he', he "TITNENNE, BIRBEREIER, HEREREHOM AR (Wim? °C)) TH5. by, h.',
he IIENERNE, BANRERIEALR, HERERIR G T OBIPBEN EMAELRE(W/ (m? °C) ) ; LR [3/LA AL (°C/kPa) ;
MR (Wm? ) T, 1 EEIRBEGRRE CRIGORE72L) (°C) ; widEEIRHE (ND). T3, W 135MOHH (Wim?);
AT BEO AT 13 T, EHL CORBHENIDNEEREDOHENNG (°C) TH. & &0/, & "IFTNLHN ARSI,
FAREERIRAE R, BERELEFHO KBRS (ND) ;¢ ¢ 1IENEN Ty , T (ZBTDEIFIASUE (kKPa) DRYEIL
DU THS. 6 KO 0724, MU BRBERIBEHOBERE 92 A RO, ZnEh T, KOV T,
(ND) DINENTERLUIZ T, DINEL, « KOk 1%, £ Tu KONT,, OFI7ARE (kPa/°C) DR ED

HETHS.

where £ is the clothing area factor (non-dimensional (ND)); F; and F,; are the clothing heat transfer and clothing vapor
transfer coefficients (ND), respectively; £, £, and £ are the effective radiation area factors (ND) for the human body’s
outer surface, natural wet bulb thermometer, and globe thermometers, respectively; 4, 4., and A" are the convective heat
transfer coefficients (W/(m? °C)) for the human body, natural wet bulb thermometer, and globe thermometer,
respectively; 4, &/, and A" are the linear radiative heat transfer coefficients (W/(m? °C)) for the human body, natural wet
bulb thermometer, and globe thermometer, respectively; LR is the Lewis ratio (°C/kPa); M is the metabolic rate (W/m?);
T, is the mean radiant (without solar influences) temperature (°C); w is the skin wettedness (ND); W is the external work
(W/m?); AT and AT are the increase of operative temperatures caused by long wave radiation compared with 7, (°C); &,
&, and gg" are the solar absorption efficiencies (ND) of the human body’s outer surface, natural wet bulb thermometer,
and black globe thermometer, respectively; ('and {” are the intercepts of the linear approximated equations of the saturated
vapor pressure (kPa) at 7y and 75, respectively; 6 and &' are the weighting ratios of 7, that express the influence of solar
radiation on operative temperatures for the human body or the natural wet bulb thermometer by the weighted average of
T, and T, (ND), respectively; and x and x " are the slopes of the linear approximated equations of the saturated vapor
pressure (kPa/°C) at T and Ty, respectively.

K@), (5) DOPTRENEHAEF T HIED WBGTars 13, w23 045, FrllRKOBEME (L., ) 2% 0.6 clo (IS0 (2017)
DIHELILDRIRT 2 7 N OWEME) , #ER O us )53 034 ND GRREELCED —fifE (SO,
2007)) THIUFA(D), 2) D WBGT &—Erd D2 el T/, ZLT, K@ Da™ L™, KB Da™ , B,
7" % (3) D WBGTw At DD EARLL, w 2045 LLT WBGTw ZEHH 288D AF™ | AF"™ LR
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72 7238, ABNTHB VT WBGTer (BUZIZEEDS W TIRE) ZBEFD WBGTw EXBIT 572012, LLF Tl
WBGTerr ZHTLVAERN WBGT (WBGTer' ) EFESZEIZT 5. WBGTer EIRERIZ, WBGT™ 13, % 225D EA
IoR%, BRI AR (VEZEAR) 25 T BB DM D EA RN 2D REEIZEMAT 2H D Thd. FEREBLZEOEY
Tar L, KD o™, B AFT ERGE)D 0™, B, y0 AFy™ D3, BRUIATEHT L 7 VL RGHIZ OV TR E
ENTVVD. EBIZ, Ty ICEARIFIARGIEDORIEEIFO « & 1%, THEH 0312 kPa/°CE-5.27 kPa |[TRRELTZ. =
DIEHROFIRIFEZEE, Ty 78 33~37°C OFIPHTIL, <04% Th-7=. Fi2, 6 & WOV, imperm NG FREPEREE
WS T2 Ty 13 perm LOBIELI2T UGN, perm & imperm TENEN R AEEFRTE L. ZORE
R,k &0 1T perm TIXENZEIL 0222kPaC, -2.37kPa, imperm T3 ZE4L 0.171 kPa°C, -1.08kPa &L7=.
[EURAZPEFEXRAZE S, perm OO T,y 73 23~33 °COFIPTIL<2.7%, imperm O T, 7% 18~28 °COHIPHTIEL <
32% CTohoT. iug & fu DIEZFFELW—RIVREHRTIL, BiFETX perm T 034ND(ISO, 2007) , imperm C
0.10ND &L, fo 13 Ly 2T f3=1+028 Ly DINTRKDT=. JEEFEOFXS v /2526 REERICHHET 2
A TOREE GAFFEFFH, 2013) 2 VTR 7=, OO OV T, Jef THFSE (Sakoi et al., 2018) CTEHL
T D EEICFHEZ AUT-.

The WBGTesrs for the occupants engaged in moderate intensity work in Egs. (4) and (5) coincided with the WBGTs
in Egs. (1) and (2) when w was 0.45, the static clothing insulation value (L) was 0.6 clo (the insulation of the base
clothing ensemble of ISO (2017)), and the static clothing vapor permeation efficiency (ic.) was 0.34 ND (the general
value for vapor permeable clothing (ISO, 2007)). We then regarded o™ and ;" in Eq. (4) and a,,™, B,™", and y,”™ in Eq.
(5) as the weights for calculating WBGTerin Eq. (3) and AF;™ and AF,"™ as the AF of WBGT.xwhen they are calculated
using w at 0.45. To distinguish WBGTegr (determined based on the heat balances) from the existent WBGTerin Eq. (3),
we hereinafter refer to WBGTegr as a new effective WBGT (WBGTer'). Similar to WBGTer, WBGTer" converts the
heat stress of various conditions into the heat stress scale experienced by the occupant dressed in basic clothing (work
clothes). In the results and discussion section, &, 4, and AF;"™ in Eq. (4) and o™, Bo"", 70, and AFy™ in Eq. (5) are
determined for selected clothing ensembles and air velocities. Furthermore, x and { for the linear regression of the
saturated vapor pressure by Ty were set at 0.312 kPa/°C and —5.27 kPa, respectively. The relative error of this regression
was <0.4% for Ty ranging between 33 and 37 °C. With regard to x and {’, we set different values for perm and imperm,
respectively, because the 7, corresponding to the critical thermal environment for inperm must be lower than that for
perm. Consequently, x and " were set at 0.222 kPa/°C and —2.37 kPa, respectively, for perm and 0.171 kPa/°C and —1.08
kPa, respectively, for imperm. The relative error accompanied by the regressions was <2.7% for T;, ranging between 23
and 33 °C for perm and <3.2% for T, ranging between 18 and 28 °C for imperm. For general calculations without
specifying the values of iz and fc1, the former was set at 0.34 ND (ISO, 2007) for perm and 0.10 ND for imperm, and f;
was determined by using /. as follows: ;=1 +0.28 L. The relative v to occupants was determined by using the speed
of horizontal walking that corresponded to the given metabolic rate (Sakoi and Mochida, 2013). For the other values, the
same properties were input as those used in our previous study (Sakoi et al., 2018).

WBGT. OMIE Sk

FANEERIEE RO BUGST, ARROSEIFA5), Amowaidi(16) TRTILENTES.
Determination method of WBGT,5

The heat balance equation for the natural wet bulb thermometer can be expressed by Eq. (15) for shady conditions
and by Eq. (16) for sunny conditions.

hc'(Tw_Ta)_l_hr'(Tw_T;)-l_LRhc'(Pw*_Pa):O (15)

hC'(]-'W _TLZ)+ hr'(Tw _TV)_(C;W'fV'H-i_LRhC'(PW* _Pa ): 0 (16)

ZITC, H XA RIS AR (W ), P 13BREZRGUE (kPa), P, 13 T, (23U HREFIZESUE
(kPa) TH%. BEKRAFHOBUGEE, AROSGEITN0T), o5 a13A(18) TR LN TES.

h'(T,-T,)+h'(T,-T.)=0 an
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(T, -1)+h (1,-T )2, 1 H=0 as)

P, 1, A(19)D Antoine JFE CUTEITEAH(ISO, 2005).

. 16,6536 4030.183
P =e 235+Tw (19)
h' & b’ 1X v (inms) ORETHLND, H, T,, T,, Pa, v 25250000, 2 (15), (17), (19) FiF= (16), (18),
(19) ZAAEDET T, T, B—BITRETED. WBGTr 1L, IRESNZ T,y , Ty &, BAbN T, ZHWT—
BITRET HIENTED.
where H is the solar radiation for a unit effective radiant area (W/m?); P, is the environmental vapor pressure (kPa); and
P, is the saturated vapor pressure at T, (kPa).

The heat balance equation for the black globe thermometer can be expressed by Eq. (17) for shady conditions and by
Eq. (18) for sunny conditions.

h'(T,-T,)+h'(T,-T.)=0 a7)
(T, -T,)+h (1, -T. )¢, 1 H=0 (18)
P, can be approximated by the Antoine equation in Eq. (19) (ISO, 2005).
. 16,6536 4030.183
Pw —e 235+Tw (19)

Because /. and k. are the functions of v (in m/s), 7,, and T can be determined uniquely by combining Egs. (15), (17),
and (19) or Egs. (16), (18), and (19) when H, T, T;, P., and v are given. WBGTex" can be determined uniquely by using
the determined 7', and 7, and the given 7.

IERLEER
RERER  (imperm) (Z351F 5 WBGTer” DFRALE

7, KROFIECERBHRIEEDENNIHD )BT, WBGTe™ CRHliSALABAARL AL~ Z VSO
BERBEIC B W CRBE CTHOME DN EREET 57212, Bemnard 5 (2005) 2SFHWZHROVEREAR, B/ N—F—)L, #
A2 QC H A=A — )L DIEIREMRE T AT AN — K] EIOORUZFER BRI L2 LU T, fROVEEE S R —F—
WL perm 1 ZJ&L, Tychem QC #/3—A—/UiX imperm \ZJEL7=. ZOIHNZ, BFERED RIS O BLUE kD
ERRTHDI0D, BARL AR Th-o728 02 5. FiE 3 SORIRT I TAD Ly & fu 1, 1SO (2004, 2007)
Hikke Caravello ©(2008) AT B EFAIRARKEKEEI LSV CIRIESNIZL DO THD. EBIT, iug , IS0 (2004,
2007) JitkE, HET 7T REETOY—~< /L~ 1% FRRIZ L > QRESNZ LD ZBKIIIO At O I8
WTRRESNTZ. TR TOKRIZ DU, Bernard & (2005) D7RIAEIZHEN, v 2 0.5m/s, M & 160W/m? ( AHfF
720 FAEAHERTHD 174W/m? (I M) [IZRELT-.

1, X2 ITHROMEES L RBIRIEDEIRC o 5 Tychem PiafiRkas D RIS, BLO, T T -
IROTEAEE & BRIES 2 A & T2 XDOHEIWBGT) 2777 EH B DOFFRIZI T WBGTer' 4 35°C A3
IRAHERFO_ERRBRERI G Lz, ZEROKPHRERHEN K E < B 5555 THIR—OER N LAJNHZFR U WBGTL
EZHIS L TEY, ERGFUORLDEEDMA N A% 9 2 TWBGTA AL VWX 5.
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‘ Coveralls, 2.8 met, T, =T, ‘ ‘ Tychem QC coveralls, 2.8 met, 7, =T,

o Critical environments by o Critical environments by
Bernard et al.(2005) Bernard et al.(2005)

Cotton work clothes, 2.8 met, 7, =T,

e Critical environments by
Bernard et al.(2005)

—

—_

= 10 gf 0 =10 B
& 0 <9 g9 O
= 278 . 8 N S
a8 5 7 & STt . ¢
g 7 2 6 g6 | O
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g = 4 E 4
: X : s
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25 35 45 55 Black globe temperature, 7, (°C) Black globe temperature, T, ¢ CO
Black globe temperature, 7, (°C)
a) Cotton work clothes b) Coveralls ¢) Tychem QC coveralls
MO d O HRERSBECHT IR S —d— O EIRE  HERTIE(CFB5HIR (Tychem QC) T
% WBGTer! B 235175 WBGT D FIRPEREN TS WBGTe

Fig.l Constant new effective wet bulb globe temperature (WBGTer') lines and critical thermal environments for (a) cotton work
clothes, (b) coveralls, and (c) Tychem QC coveralls; 7;: air temperature; 7,: mean radiant temperature

Results and discussion
Validation of WBGT4' for imperm

We first compared the constant WBGTe" lines and the critical thermal environments indicated by Bemard et al.
(2005) on a psychrometric chart for cotton work clothes, coveralls, and Tychem QC coveralls used by these authors to
validate whether the heat stress level evaluated by WBGTe" was similar for these critical thermal environments despite
the differences in clothing type as well as the environmental temperature and humidity. The cotton work clothes and
coveralls belonged to perm and Tychem QC coveralls to imperm. Because the critical environments were the upper limits
of the prescriptive zone of thermal regulation, it can be said that their heat stress was the same. 175 and f; for the above
mentioned three clothing ensembles were determined based on ISO (2004, 2007) standards and the total static clothing
thermal insulations provided by Caravello et al. (2008). Furthermore, i was set based on both ISO (2004, 2007)
standards and the total static clothing vapor resistances, of which the latter were determined through thermal manikin
experiments at Loughborough University, United Kingdom. For all clothing types, v and M were set at 0.5 m/s and 160
W/m? (close values to the target metabolic rate of this study at 174 W/m?), respectively, in accordance with the values
indicated by Bernard et al. (2005).

1@)-(c) (TR IIIT, BABEREEY, MOIEESE TIX WBGTS' Y 33.5~35.6 °C (1) 34.6 °C), H/3—
A—LClE 334~358 °C (V) 34.8 °C), Tychem QC H1/3—A—/LClE 334~352 °C (¥ 34.1 °C) IhriEL
TD. TRTOMR WBGTe 13 34.5 CIETIIALEL T V7zsd, WBGTer™ 1L imperm 2751 okk % 72 FRIED KR
(XS DEA R A& TN SR TS SRR DI D2 LN TED.

As shown in Figs. 1(a)—(c), the critical thermal environments were located between WBGTe” of 33.5 and 35.6 °C
(mean, 34.6 °C) for the cotton work clothes, 33.4 and 35.8 °C (mean, 34.8 °C) for the coveralls, and 33.4 and 35.2 °C
(mean, 34.1 °C) for the Tychem QC coveralls. Because all critical WBGTes" were located around 34.5 °C, it can be
concluded that WBGT.s" adequately reflects the heat stress for various clothing types, including imperm.

WBGT 12551 HIBERIRE SCERIRE (Tg |, Ta) DE

ZOCIEE AIEREM & 1745W/im? b 35, K213, Telst 22 b E7=bE&D RNEIELE#EAR imperm O
TEEROAREL air*EBEROIREL 67 (aiim®*, fiim**) & FRIEOHDHELK perm O aip**, Bip** Z/RLTE
D, Ielst DOIGINEEHITIBEREREL K o Lim* [ ZETICDL,  FBEK B Lim™* DMEIIL7=ZEh30703%.  Telst 124K
173 DB EBARD aip* & Bip** DU, RNBEIEBFK aiim** & Biim** OE(LIN/NSD o7, FfEEmE
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JEFHERBE D[ D BENEHTE 22 FIRH UL, AIREZZRDBGRGTZF IO —HOEHZ KL TD. Z2[DE- 7K
FIPUTIZIE —EThH o723, KARD B ZEF BT Telst [THE-TEINL 72, Telst (2> T RBEmBhH#R
imperm DZRFEHIHIOKFIN perm LNV KEL/RD720, Telst DZKIZHL T perm CTIRITIZHIMEL TN oiv* &
ir* MAEIEL7R0, BRMEKD oip*™ & Bip** OIS NERAEKD oiim** & Blim** N REApo7z.
ao** & sunny WBGTer™ @ Bo** & yo** ORI RICHAAMEIZS T,

Weights of wet bulb and dry temperatures (T and Ty) in WBGT 4"

Hereafter, we again set M as 174.5 W/m?. Figure 2 shows ¢;™ and ;™ determined for imperm (o™ and i) and
those for perm (o, and Bi,"™) at several levels of Ly aim decreased slightly with the increase in Ly, while B
increased. The changes in a;,” and B;,” depending on I were smaller than those in @i and Bism". Total thermal
resistance and total evaporative resistance between the skin surface and the surrounding environment represent a series
of resistances of the thermal/evaporative resistances of clothing and air. The thermal/evaporative resistances of air were
almost constant, whereas those of clothing increased with /.. The larger increase in the total evaporative resistance for
imperm than that for perm accompanied by ., caused an imbalance between o;™ and ;*, which were almost balanced
for perm for the change in Ly, and this resulted in larger changes in ;" and B than those in o, and B, The
same tendencies were observed for a,” and the sum of 8,” and 7, of sunny WBGTef'.

AF OAEROIRMEA~DOURATIE

30E, WD Ly \ZBWT, imperm D AF” (AFun™ )& perm O AF;,” Z#HELT-H DT, Wit
L \CXRTUCEBRANTIGIILTZ. UL, AF" OIEET 1.6 {5 Thot=. LosL, 4F,™ OfXIE 1.6 fERKED -
7o (AFm™ 13 Lua =05 clo DEE 2.7 °C, Iig= 14 clo DEE 10.7°C, AF;,™ 13X Iay =02 clo DEE 2.3°C, Iigy=12clo
DEE 32°C ). ZOZEE, I DHHEHBN NS IpBZ L RUTND. ZOTEND, imperm \ZXAHRFERES DIK
TFOERBEGIERE T 1N TS, FEREL T AF™ O Ly (T DRI 722 SRS e, $72, sunny
WBGTer™ @ AF Th[RROEHm s T

y=03mss, T,=T,S=0W/m?2

v=03m/s, T,=T, S=0W/m?
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a § 10 AFiim**
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*SN Lim § i - 4 B
E,n0.4 E O 000%{)( 3 % 2
60000090 <
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g 0 ‘
U '4 T T T

002040608 1 1214
Static clothing thermal insulation, /7, (clo)

2 AHOBER L PRI ORFEE TOLMEAE K

02040608 1 1214
Static clothing thermal insulation, 7, (clo)

3 AR DENR LYK O RREE fKEEHT

BT L OWEROIREL o & SRS 67(F 2 & ORfER: AF(B S OME B
SFOMENERE) Fig.3 AF;” for vapor impermeable protective clothing

(m) and vapor permeable clothing ensembles (,) at
several levels of Iy ND: non-dimensional; S: heat
storage rate of the human body; 7;: air temperature;
7,: mean radiant temperature; v: air velocity

Fig.2 &/ and B for vapor impermeable protective
clothing (») and vapor permeable clothing
ensembles (,) at several levels of Iy ND: non-
dimensional; S: heat storage rate of the human body;
Ta: air temperature; 7,: mean radiant temperature;
v: air velocity
Dependency of AF on clothing thermal insulation
Figure 3 compares AF;" of imperm (AF;"") to that of perm (AF;,™) at several levels of I, and both increased
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linearly against /... However, the slope of AF;;, " was 1.6 times larger than that of AF;,”

(AF;3"" was 2.7 °C when I, = 0.5 clo and 10.7 °C when L5 = 1.4 clo; AF;,” was —2.3 °C when I;,= 0.2 clo and
3.2 °C when luy = 1.2 clo). This suggested that the reduction of the evaporation capacity by imperm reduced the
evaporative thermal regulation capacity and resulted in an increase in the dependency of AF;™ on .. The same tendency
was observed for AF,"™ of sunny WBGTef'.

L%, EROGBISIL o & LTHEDOERIZ 034 %2, NEREOYFERC 0.1 25272 L EOfRERT. A%
I C&E DBREA TR, WBGT D T,y Tl ZH DRI B DEROFE G i E N o™, By, BRI RERD
PR ENER 0tin™, Boin ™)X 3 ITHIET 5. HFEEIE B COBERKOHREEMEDT Ly DK L THEDEKD o
oo By THEEAEBEET, FREN07, 03 FHEOfEE 7220 BEF WBGT Ot K<~ L7z, s, NGk
FEIRD o 13FF L 04 L7207, Boin ™V Lug DN EF- L, 0.5 clo 225 1.4 clo DT 0.6 725 0.7 £ TH X
72o Ty Ty WD DT NEIRNS AU D - T8I & LT, NGB ERGEIRE HRHCIIZARSE L 7o o7z 2 &
b, HEOFERORE LR TREOREPHERIN NS role Z ERET IS,

H 2 M0 C & DBRERICIS 1T D WBGTo DRI IER(RIHRO NMEEUNS DY YD L2 £ A b2 R 41~ T AF,",
AF 13N ENH H OER & RBRMEROMIERCTH S, HBRMHEERD AF," Ol BHEEKD AF,” X0
L\ 2 X2 TRE b Ul AR ENRAE FREL 28 L D RIRFRE 2 LEE 22072708, L\ ST 28R 1
ADFFEEDIALPIRE L IpoTz bB 2 B,

WBGTe (255073 Ty &Ta ONNE

413, imperm Boin' » Yoin' )& perm By’ s Yop- ITOWT, WKODDLAULD & [ZBTF5D L7/ B+ )
E " B " ) DEEIRLIZL D THD. Ly 1L, WiAIREL 1.0 clo EL72. & DHENINZEL2) foim” OHINNE,
Bop’ OHIIMEV/NED 2T, ZHUT, imperm & LIS, P DB NSLIebl=bEBE 2 b, Ai(16) X
(18) &, P, 13 (20) TEFZEN TS,

'

e s e o, _[(h; AR +h;)g}fa
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& /7 &g FOBITDINT/INENTSD, 0 13/ Fig. 4. Changes of weighting ratios of globe temperature and air
&0, T, ZRCTAETANT 20Tz, TDTZD, temperature (7,) depending on ¢ for vapor impermeable protective
Py O 5T To DI TISHIES Do imperm {Z clothing () and vapor permeable clothing ensembles (,); Ly static
LHHFEREN DI TIL P OFRBEBDSE. clothing insulation; ND: non-dimensional; S: heat storage rate of the
Po DEEEFRT T ERUIAEO QLB SHE human body; 7;: mean radiant temperature; v: air velocity
7o EDFER, imperm D53 0 (2B BRF-LA
ADRA- DI ) DBIREL T2 o T, ZDTED, Poin® D & ICLSEANIE, Bop” DENIOE /NS0T,

Ratio of weights of Ty and T, in WBGT 4"

Figure 4 indicates the ratios of 8, /(B> +y,") and y, " /(B,"+y, ) at several levels of & for imperm (Boim" and y,m") and perm
(Bop” and y,,). L was set at 1.0 clo for both clothing types. The increase 3, accompanied by the increase in & was smaller
than that of 8,,,". This can be explained by the reduced influence of P, when occupants wore imperm. From Eqs. (16) and (18),
P, can be expressed by Eq. (20).

h +h +LRh x w—hr,, h'+h OT, —|\h +h —h— h'+h T,
¢ h

h

r

; [ Z 0 —Zj(h +h) T + LR

r r

P - (20)

a

LRh.

Because &,, was much less than that of 5", 6’ was small, and the value multiplied by T, became negative. Therefore, the rise
in P, corresponded to the drop in 7. The reduced evaporation capacity by imperm decreased the influence of P, and reduced
the negative value multiplied by 7, that expresses the influence of P,.. As a result, the relative influence of factors other than the
factor related to @ for imperm increased more than that for perm. Therefore, the change in B, with & was less than that in f,,".

A IL..=10co,i,,=0.1, g Ly = 10 ¢l0, iy = 0.1,
% Ta:TraSZOW/m2,820.35 g-)\ *\./ Ta_Trﬁs_OW/m98_0'35 g)
H 1 = 54—~ o1 AF 5'4:/
N AFo.im £ :>: o 52 7% ¢
o | 5270 +.08 | &
* Y. = N 5 <
xQ 5 A _ -
R y . o ¥ 06 o yo.tm 4 8 8
ot . 0.6 [/oim 4.8 5 S 46 g
3 Q 4204 | o-o- o 6 &
£04 - o-9-00-0-o 46 & 5 e 44 %
8 0.im 4.4 g § 0.2 _‘,k--A—A—*—A— qé
E A o 4.2 g 8 0 q.im | | 4 %
[ .im | |
S0 . 4 5 © 0 04 08 12 16 <
0 04 08 12 16 < Air velocity, v (m/s)
Air velocity, v (m/s)
a) for permeable b) for impermeable

5. (a) BRMAEK (perm) & (b) FBIRAIREGER (imperm) DV ODDOZHEEE () 1Z8TFD 0™,
B0, BENAF iy FIZRKIBINE ; Ly FFRCORBEEREGT ;ND . R ;Ta: &
IR Tr: PYEESRR

Fig.5 ao™*, Bo**, yo**, and AFo** at several air velocities (v) for (a) vapor permeable protective clothing (perm) and
(b) vapor impermeable clothing ensembles (imperm); iq: static vapor permeation efficiency; I static clothing
insulation; ND: non-dimensional; 7: air temperature; 7, mean radiant temperature

WBGT o\ & I E TSR v D572
S5@@)(b)i, FERHEAEL perm (aop”™, Bop 5 Yop ) & AFop” IZOWVTD oo™, o™, v0 &, NEBEDHEAR imperm
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(Goim™ 5 Boim™ > Yoim ) & AFoim~ IZ2WVTD a0, Bo™, 70" ZEL~VLOXHHEE v T, HER FIZHBWTORLIZLD
Tho. ZNHDMIE, B CTOIERPMD T lay 25 1.0clo, €25 035 ORI NILDOTHS. %I —
DOEARITFIYS 45 (Watanabe et al., 2008). W FHNDKNZIHBUNTY, top” & Goim IXIFE—ETHSTZD, Bop™ &
Boim 13 SWHEE v AZETHEINL, Yop™ & Yoim (FBDLIZ. Bop™ & Yop . DDV Boim~ & Yoim™ PZAKIT, H
OFHEFETER TS, WBGTL 1E Ty & Ta DML H B5FHET 250 THD. H B—EThH->Th, v 13
T 5&E Ty 1% Ta (D728, WBGTe X v 2MEINT5E Ty, OEAEIEOL, T, DEAZJESLT H O
BE TN 2MENGHD . FEIBSHREFHIC BN TS Ty & Ta OEAD v KL TRERZEKIF T2 (SO0,
1998). AF |ZBAL T, AFoim~ DFH AFop"™ LB KED -T2, ZHUT, imperm DZFEBGHETRE )DL T
(280, v IR DBEEHN AN AT B R DB REIpoTelzbEBEZ BND. LL, HREOSM: (XITANE)
T Byp™ & Biim V& v OZUITHL TLEL TN, Bip™ & Biim 1EENEI Bop™ & Yop ™ BED Boim & Yoim
DITTHDHZEND, v I Bop™ & Boim . PHINE yop™ & Yoim™ DINTIVHDOEDEEINDZLITRoT. D
FER, Bp™ & Bum X, v OZHITHAOSL T —EL o7z AR ([ZOWTIE, AR, ERIERIC, v OZ IRl
T AFim™ OFD AF," J0HRESELL TA.

Influence of v on the WBGT 4"

Figures 5(a) and (b) show a,™, B, and o~ for perm (aop™, Bop »Yop ) and AF,,,”" as well as a, ™, B, and y,™ for imperm
(Coim > Boim > Yoim ) and AF, 4" at several levels of v for sunny conditions. These figures were drawn for Lz of 1.0 clo and & of
0.35. The latter corresponds to the gray color fabrics (Watanabe et al., 2008). On both figures, ¢, and ¢, remained almost
constant, whereas f3,,” and B, increased and 7., and 7, decreased with v. The changes of ,,” and 7, or B and
Yoin' Were attributed to the evaluation method of H. WBGTs" evaluates the amount of H based on the difference between 7,
and T, Even if H were constant, T, would move closer to T, with an increase in v. Therefore, WBGTexr" needs to increase the
weight of 7, and decrease the weight of 7;, with an increase in v to evaluate the influence of H. A similar dependency of
the weights for 7, and 7, on v were observed for the evaluation of mean radiant temperature (ISO, 1998). With regard to
the AF, AF,;»" changed more than AF,,” did. This was attributed to the increased influence of sensible heat exchange
by v on heat stress caused by the reduced evaporative

thermal regulation capacity of imperm. However, for ? v=1.0m/s, =0 W/ mz,

shady conditions (figures were omitted), £, and fin™ 1,,=10clo,e=0.35

were stable against the change in v. Given that £, and X <9 Foo

Bim" are the sum of B,," and y,,” and of Boim and Yoim" =~ 8 I o-1m

. e . - 5 OO

respectively, the increase in 8, and S accompanied % ._ 7 F Y 0-0-

by v was compensated for by the decrease in y,,™ and LL‘“ 6 F

Yoim - Asaresult, B, "and ;4" remained constant despite § 5 ¢

the change in v. With regard to AF}”, similar to AF,”, 4 .

AF;in™" changed more than AF;,” did with the changes in ; 3 op

V. Qé 2 *k
s 1 ip

AF (T JIFE T o 20

6 1%, HIHOELZR -V K OhoL~ Lol < -15-10 -5 0 5 10 15

BT D AF,™ , AFuw™ , AF,,)" , AF " % 7RLT
WD (T -T,). ZHBIET_T, v 25 1.0mis T, Lug 28
1.0 clo DEXTEHBEN-LDOTHS. K 5 L[FEEE,

(T-T,) (°C)

Fig.6 Changes of AF,™ and AF,” depending on mean

AF,," & AF,0m™ OFETIE, ¢ 2 035 L7 AFu"
& AF" 12, T-T, OEZID, 4F,™ & AF,,” XV
HRESEb LT, ZHUL, imperm \ZXBEGEEGHERE
FOAKFIZRY, BREREZGIZEDBARN A~D 5
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T, -T, O¥MEEHITRUD LTINS, AF,," & AF,u" 1%
BTz, AF,," & AFym™ OZEAUZOWTE, el
5(2018) MHEL TWDIINT, T, -T, OEIINTED AR

radiant temperature (7;) — air temperature (7) for vapor
impermeable protective clothing () and vapor
permeable clothing ensembles (,); & solar absorption
efficiency of the human body’s outer surface; /. static
clothing insulation; S: heat storage rate of the human
body’s outer surface; v: air velocity
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DEWREEN EFL, BN 22N
Influence of the radiant field on AF

Figure 6 shows AF,"™, AFym ", AF,,", and AF,;,"" at several levels of the radiant field except for the influence of
solar radiation (7,—T5). All of these were calculated for v at 1.0 m/s and /. at 1.0 clo. Similar to Fig. 5, & was set to 0.35
for calculating AF,," and AF, ", AF;m"" and AF, ;" changed more than AF;,™ and AF,," did with the change in 7,—
T%. This could be explained by the increased influence of the environmental temperature change on heat stress that was
caused by the reduction of evaporative thermal regulation capacity by imperm. AF;,"™ and AF»"" decreased with the
increase in 7,—T,, whereas AF,,” and AF, ;" increased. With regard to the change of AF,,” and AF,, ", as was reported
by Sakoi et al. (2018), the increase in 7,—7, caused a rise in operative temperature for the human body and resulted in
increased heat stress.

WBGT e DU

AIO/NEE TR ULIZ L 912, WBGTer'™ (FHMEZZE(ET D, DE D, WBGTer L[RI LAETRENDEA b1
ZOFHEAIE, RAREPHDBRER 2 &> TELT %, WBGTa' 13, 2T 22D 2 AR 57
L2 D TH D, DT, WBGTS DU AE Az L HHD perm (220 TENENA 1), (22) 12,
HEz& HIMD imperm \ZOWTERENA 23), 4) ITTREL., b0, v 23 02~2.0ms,
Lig 7 perm C 03~1.5clo, imperm T 0.5~13clo, e 7% 03~0.7, T,-T, 73-15~15°CODFIFH TRE I TN5.
Approximation formulas of WBGT 4

As was indicated in the previous subsections, WBGT.s varies in complex ways. This means that the heat stress
formulas expressed using the same variables as WBGT. change depending on clothing and surrounding environmental
factors. WBGTex" provided reasonable clarification on the changing trends of the formulas. For simplicity, we proposed
approximation formulas of WBGTe" for perm in shady and sunny conditions as shown in Egs. (21) and (22),
respectively; those for imperm in shady and sunny conditions are shown in Egs. (23) and (24), respectively. These
approximation formulas were determined for v values ranging from 0.2 to 2.0 m/s, /. values ranging from 0.3 to 1.5 clo
for perm and from 0.5 to 1.3 clo for imperm, ¢ values ranging from 0.3 to 0.7, and 7,—T, values ranging from—15 to 15 °C.

WBGT,; =0.697, +(0.0517,,,, +0.27)T,

cl.st

21
+[-0.62v+5.21,  +(0.04v—0.0871, , —0.052)T. - T.)-2.9] b
(116 +03v-0.08v* ~0.24]T,

1= (112 +0.3v-0.08v2 —0.24)]r, @)
+0.11(T. -T,)-0.13¢(T. - T,)-2.9]

WBGT,, =0.69T, +(0.0517,, , +0.27

cl.st

+[-0.62v+5.21

cl.st
WBGT,; =0.38T, +(0.141,,, +0.53)T,

(23)
+[-0.93v+8.21, , +(0.077v—0.0221

~0.13)T.-T,)-0.73]

cl.st

(0.845+0.25v-0.07v* ~0.18]r,

+[1-(0.842+0.25v-0.07v> —0.18)[T, 4)
+[-0.93v+8.21, , +0.19(T. - T,)-0.2¢(T. - T,)-0.73]

Tow DEHOR, T, & T, DELO, T, & T, OEAOFOL, A 21) ~ 24) O AF (YT 2ED
[FURAEDRCK « B RRREEFR 1 (), ©) (TR d. RQD-@IL, Law , v, & BRRSTHIEEE AR
EFOBA b UARFEICKENIE S5 Z ENTE D0, EMREAX M LAFHEOT-OI12E, X @) 7203

(5) ZfRNT WBGTs 235K Z EREE LU

The maximum/minimum of the regressed values and the maximum errors of the weight of 7., the sum of the weights
of Tg and T, the ratio of the weight of T to the sum of the weights of 7, and T, and the value corresponding to the AF
in Egs. (21)+24) are shown in Table 1(a) and (b). While Egs. (21)24) enable the rough conversion of heat stress into

WBGT,, =0.387, +(0.147,, , +0.53
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the heat stress scale for occupants dressed in work clothes even if /.., v, and ¢ are different, it is desirable to determine
WBGTex" by solving Eq. (4) or (5) for precise heat stress evaluations.

Table 1(a). Maximum and minimum data for regressions and the maximum error of Egs. (21) and (22)

Maximum value ~ Minimum value Absolute
maximum error
Weight of 7, (ND) 0.72 0.68 0.026
Sum of weights of T, and 7, (ND) 0.35 0.27 0.024
Ratio of 7, weight to sum of weights of 7 and 7, (ND)* 0.85 0.19 0.096
Adjustment factor (°C) 6.3% 6.0° —2.8b, —3.52 0.68° 0.59*

2 Values for Eq. (22), ® Values for Eq. (21), ND: Non-dimensional, 7,: Air temperature, T: Globe temperature
T Natural wet bulb temperature

Table 1(b). Maximum and minimum data for regressions and the maximum error of Eqgs. (23) and (24)

Maximum value ~ Minimum value Absolute
maximum error
Weight of T;, (ND) 042 0.37 0.034
Sum of weights of 7, and 7, (ND) 0.71 0.59 0.015
Ratio of 7, weight to sum of weights of 7, and 7, (ND)* 0.67 0.16 0.066
Adjustment factor (°C) 12.9° 11.8* —0.2% 0.0 1.08° 0.712

4 Values for Eq. (24), °® Values for Eq. (23), ND: Non-dimensional, 7;: Air temperature, T,: Globe temperature
T.v: Natural wet bulb temperature

R

AWFFETIE, REEVEREIEDY 174 Wi FREO AR T DR O BRMAE K perm & NN
BARENR imperm \ZOUNT, WBGTer™ 2425722 . WBGTo 13, NMEDOBCHE T RERIC IS E, AR AR (1
HER) 2 A8 MU BB 3T D BAR ADL U EH DT LD FTRE TD. WBGTer' 13, 2R (BImLDIE
Zate), BRERE, WMEOMAGHOEEEZ YT T MAFBIZ IOBUERD FIREE WBGTS' 2L, 78
PIRBED I EIR OB 2 RIS DDA CHOLZ a8 L. WBGTsw &bl Ty, Ty, T, LU ONNEN
TEAN A FHT DA, Bl /KBE), BRI, BROBREEIA 2B 2 ARRAHEIC ST T, Ty, T, DEA,
IR BEIEDLDEIONCTHZENTET. imperm @D WBGTer™ /4 perm @ WBGTer™ D HENS, RO K
IILRHER DD EDDH T, (1) imperm TITHLEREEE (T, & T, ) 7% WBGTy (252 D8R KREL, BEK T,
DTN THD. (2) WBGTe™ ZMERKEHEH 5L, perm, imperm EHIT XG0 v 7380795& T, O
HHDREL, T, 135, (3) imperm T3 A ST ARGO A FRAABTEME, v BSLOME %Y WBGTer (2
RERFBLHR D, LVORHE D, Zib 3 HEBEL, WBGTy , AR KIR ChOIEEEEE LT
BOFAN AR LR EDNAFCEDIPAARUTZ. WBGTo 1%, MELEIBREEE OB ENILS%, A4t
SRR FAEATHIT 2. LAL, WBGTer' , AAFEBRICID HEF LD SEDREHIA T T el . WBGTe
% HECRHO 2 b ST S IAE AT 5720100, MRSEBRICEARGET — 23 EECh 5.

RNBERMBGREREFH Lol & & AR ONREEH Lo & & MEOBUNSZA DI D, HROFTFEDO R E <

72 DB s IR A k5 & HAHIE WBGT 21572, ANEmMERREIRE R OMERD BT K% 04,
BEROEINT0.6~07 L7200, REOERKOEI & R/ INPHHR LTz, B RCRBERIEIH T2 WBGT ORI,
REIERER A S LT 00503 B ORIRE AR LT6 L S TRE L, ZHETHIEDORISRE ST
Mo T A OA 2 BINI B TRIERBENH L DMIEDSLE TH D Z LAVRSNTZ,
Conclusions

In this study, we proposed WBGTex" for perm and imperm for occupants engaged in moderate intensity work with a
metabolic heat production value of around 174 W/m?. WBGTe" enables the conversion of heat stress into the scale
experienced by an occupant dressed in a basic clothing ensemble (work clothes) based on the heat balance equations for
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the human body. We confirmed that WBGT. was effective for expressing the critical thermal environments for the
prescriptive zone for imperm through the comparisons of WBGTes with the upper limit of the prescriptive zone
determined by human subject experiments conducted under different combinations of clothing (including the difference
in vapor permeability), environmental temperature, and humidity. Based on WBGT.", we succeeded in clarifying how
the weights for 7., T, and 7,, and the intercept changed depending on clothing properties related to heat and vapor
transfers, solar absorption, and the surrounding environmental factors when the heat stress is expressed by the weighted
sum of T, Ty, and T, and the intercept. WBGTes" for imperm was characterized as follows from the comparison to
WBGTex" for perm: (1) the influence of dry temperatures (7 and 7,) on WBGTet" was greater for imperm, whereas the
influence of T, was the opposite; (2) with WBGTes" applied to sunny conditions, the weighting ratio of 7 increased and
that of T, decreased with an increase in v for both perm and imperm; (3) clothing thermal insulation, v, and radiant field,
excluding the effects of the solar load, had a greater impact on WBGTe" for imperm. Considering these three points, we
indicated approximation formulas for WBGT.s" that enable rough heat stress conversions into the heat stress scale for
occupants wearing the basic clothing ensemble, i.e., work clothes. WBGTef" evaluates the effects of solar radiation and
air velocity based on the heat transfer between the human body and surrounding environment. However, WBGT.s" has
not been validated for the effects of solar radiation and air velocity by human subject experiments. Validation data from
human subject experiments are needed for the wide application of WBGTe" to conditions involving variations in solar
radiation and air velocity.
HEE ZOBIZEE, BEERTSE N4 (No. 15H02888, 7' =2 M) — & — REIRENT K2 BEAVIVEZER) 04580
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VENT =V - €0, ~CO,,,
Cozwr T Coze
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Inlet outlet background
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Z= D REAR R I

BT HIRBEREE D HEAE
FHMBIEE & U, BEIR A MR L OSKEEER O 2 55 (ESPEC RT13)

HIER LN

DIREED

DK

il Reds KON flHE7R 65 bl O BIEYERE 1 4 DE

BRI THET B,
AR PNIEIEE 2 a5 (ESPEC RSW20S) |

I EVEBEEHI O

iRt O DAAEE O T o (BLED S AT E RGN 2 WRIE 21T 72, #BRE ~DO AN TR/ &

BBHXI, NIV ERAWE, BREVHEIZOWTIE, BEDOK EO0.1,
IRVR BRI ESS (ESPEC RS12) T. 14

Z8 AR TS L OV SR B 2
2) BERNERRE
?,E\U/EE;%F?’ BT B, 22 K
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P 6 BEE TOE=ED
Bt L7-[EHY TH 5, )t/ﬁ@ﬁ

,—-—»/—
DZEX

BERZIZY B EEEOMOBE - F AT TRBY .,
TR S ON/OFF [T E R TSI TUVTE2s,

VY, 23~24 BREEIC X A ~—F

REZR 28T, VJE 7 LESE
FREATT a v nbbNEE
ANERICEL L9
ME%W%LLT AIRBE

R E CREIRD OFF & 702 K O IEM LTunWiz, HlEHIMIC

B X OEROZEIREE T 27.8°C, FARNBEIT 56% THh - 77,

0. 6,
> FEIRR TRE L7z,

1.1,

2 BHEHEPOEEZEREE (22 BF~F 6 KF)
EXIRE (°C)

HE =S R IR IR R

0.lm 0.6m 1.Im 1.7m
8/21 27.3(0.17) | 27.5(0.19) | 27.5(0.22) | 27.5(0.23)
26.8/27.5 | 27.0/27.8 | 27.0/27.8 | 26.9/27.8
8/22 27.1(0.46) | 27.3(0.45) | 27.4(0.38) | 27.5(0.33)
26.1/27.5 | 26.3/27.7 | 26.5/27.8 | 26.6/27.8
8/23 26.9(0.62) | 27.3(0.55) | 27.6(0.39) | 27.9(0.27)
25.7/27.6 | 26.2/27.9 | 26.6/28.0 | 27.3/28.5
8/24 28.0(0.49) | 28.3(0.52) | 28.4(0.45) | 28.6(0.29)
26.8/28.4 | 27.1/28.7 | 27.4/28.9 | 27.9/29.0
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8/25 28.2(0.32) | 28.4(0.29) | 28.6(0.22) | 28.6(0.17)
27.2/28.5 | 27.4/28.7 | 27.6/28.8 | 27.8/28.8
8/26 27.9(0.18) | 28.1(0.21) | 28.2(0.20) | 28.2(0.18)
27.5/28.1 | 27.6/28.4 | 27.8/28.5 | 27.8/28.4
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L. Db 27k EARRO b,

Fo. EEOERME OMERIFICK T 5, BAGREYHES L O, KEE 2 8 (. KER) . KRR
LR (), DaxiRarae/et o2 VT 8 HEIE L7z, 65 kbl LB PE 1 44 D IEIR IR O A= P &
DFERIZONWTHE Lz, AEAEIREOERREICET A7 — X ZHET S0, BEOERFIETIEERIC
RS Tnzsy, HEHIM A48 C CHERANC 28°CRRE CMBIEIRA TV, 23~24 FFEIZZ 1 ~—fRE
TEJRDS OFF L7225 XA LT\ e, HEBMIZH T 5, K E 1 1In & S OEZEOZEKIREIT Y
27.8°C., FHXHEEIL 56% CTh o 7o, BEOZELQIREIIMEDOEILE & HI2 1-1. 5°CRE E5 L 28. 9CH
FEaHERE L Tz, B K OKRERO IR 36°CE T LS Lz, DT, BENERIREDZELOE
PR 72 52 BXER O BV DN > 1243, 70-80bpm CTHERE L TRV, 90 X° 100bpm 72 EOEVMEE 725 & 2 A
BT,

IREEREER DA, HEREOFRNIC LY, HEATECIERREOBIRBEORESC Y A7 Ex2 L b X,
T4 = RNy I FTHIERARETH D E VX L0, HEIICHRE DAL HETE L L5 e
BN EEND, MR, fER, SRR LA, DIRSCEEIRD ERERED LNHBICT T
— IR RDEOIBRIATLABHEBETHD LWV D, AR ORI, BREIETHEBRE ~OAE L7
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(1) FEBARD

FEEORIN T 4 — /L RIZTEBWT Y AT MMRGEE i NRIREBR BN 2 S0 U 7= /s R 2 Wil 5
2.

BAMRBRIIZ ML D BRICE VER S N TR Y, BEERIC S £ S E 288 % KIF 5. 2018 4 (H30
) ORI %P:%L< Bl Z VGRS O B EIRBER T CIXEAN OB Fies & 722 41.1 CH
Rk L7c. BANVERNCEIT 2BHE D 27 it T 212h72 0, [UEOREID 5 Z & bk
LD — T A T RORENRRKE W, L0 biFEEmITAFICEEE 720 FBLRMICHET 5 2
&, TOWHREBOKRE SPOWMTRBELRETHEELRERLEBEL LN TND. o T, &EME%
WET 22 LA HTEREZDOLOOUERLE Z TAEIET S b N OBFIEMSI 72 E 2RI FS T D
eSS ND.

HEEMOWER E LT, BRKEFEZ2ED D2 L TREA~OIERBFEZBOTZE2HNE LS
BCGHER L, HiZR w2 D O KA Z TR L CIEEMET 5 2 &f%%%%ﬁﬁ%aﬁkbk%mﬁﬁﬂﬁ
EMRBFE SN TWD. FlzE, RN — T A T2 RESHTTH 5 KT « B % - NPO 3 —
%kﬁ%fﬁWt~F747/hﬁ%&mﬂ//—v7A(kWHHEOJ%J%Lff t—h7
AT RAEROHEMEIZID AL TV D, O T B PE BRI A B e & OVERBRRREZAT 5 BV
A BITONTWND. 6T, FEM R TORGIIN 2 THTEE ~DE % & 5 O T2 31 722 2R TA
OEFEEIT B LTS, 22T, AR Y =7 MITERINAHMITFEEZE— T A TR
BUR OREANRAETE F OIREBREE 6 R D 72 6O 12 F 2 3k A 7.

EHEETR AN, S D EBRBEICEB T DIERERH O B O, B A — 7 2 A — 2 (] (LIRS R AEN)

BI2FERZB IR olz., FERTHWEERT, BRET 27 7L MiliZE (AS) I X OMrakMEELL

(WE‘F%D BafETmXEETm Thotz (K5-2-1). 72385, PRAKVESE~OBKITEREIARTIC

1TV, B — 7R A (R L7 0 b FEBRBHLA & L7z,
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f

Asphalt pavement
/ '

Water retention pavement

x

X 5-2-1 SEEREHLE ORI
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SNRTIUREBLSEL, BOHTBEICHBESND EESE UL Z L E/FET 5. IRMENFL TRV E
MNMEICIRBOAF N5 Z L, ZOAMEE NMEBARTE Foa &L, RG-2-DICE D EE
5.
Flogqa =M —W +Rpee —C—E (5-2-1)

2T, MIEEE [Wim2], WITEAE R [Wm2l, Rae (ZIEKRS < FHE[W/m?2], C 134 5iEE
K& [Wim?], EFEAELERE WnThsd, ik, AMIZEATIEEZELERL TS,
MNRRESREEIC BT 2 BB B & L C, FLACH & & ORI #(EKO MR60), <iFs & UMHxt
I (T&D TR-73U, Shinyei Technology THP-728), J&E# (3D distribution: Young CYG-81000), Hi3%
R BEER), 7 a—7RE (J BAEXDZ 1 0EICHE L. ZREEE OO B 25 A
FIEEH & LT, AREEIREE 7 m(alige, b, FH, M, KER, TR, &8 h—Ix%), BEBRE
(F—=3 2 %), TR 7 SEEE L RS ; Syscom SHTDL-3), L1(POLAR RS800CK) % 1 43 fiiZ,
Fio, BITEROHZIIHND 2D, FEBRAZICRE, KREELHE L. OFEE LT, RO,
PR, WBEEE 2 0 mEICIE Lz, Zeds, OEEEIIEICIE, MR 12 cm T a2 — L&AV,
PeBRE F B N BIUERR L HIRMIEG3 B ~F 0 143), BIMEK(2: T H~E-> TS 1+2), 1k
BEG2 0 AR~ P+ 7 DETICHER TRRAL TH 5, BRI — W ZE# LT

IR TITBREMEEM IOV THRFT L TWAN, K7al el NTAAL X =y b T HEKEM
D 5 < SR OB © A ¥ TR Tz, RBERE OFEMIC AWV DA ERIRE T2 LT, AHS
RETRS 72 S 0B L, ML ETMIRRE e CREOEEE LG L, RAMICLY BWERE
A&z HiETRATH D, BIVERICE T DEREEOBLE AT 1L, FHRD O R 8 A
Turr B L OMNE~DAF AHEBAS ZHWNTUU T &2 5.

AT, = HotRr oS (5-2-2)

Z 2T, h TRWEMEER [W/m2K)], A 135 < FHEMBER [W/(m2K)], oo 33540 A5 [N.D.]
Thb.

BB 2 =M SRR 1L 30 20 [l CIT b 7c. BFXRIT T OEWIEZ JIE L B R 2 % Fv (Mizuno
BioGear, biRiCEIT 5 ay DIEEV), EF, V7T A, va—XbRECLOEMHLEZ. EBRATIC
KA DIZ D AR—> KU > 7 % 200 ml R L7205, WA IISNF ILREZ RS, A v 7 4+ —
AReartvy hEITVWRIEBLEEOHZNSIMLTEY, £, RERITYZY VA BEOERE R
T, ~V U ESICHES S MEBEZM T LTV D, #BRE XD 56 4 DIEERRABETHD (%
Wi 28 447 0), FHHE 172.2 cm, FXIAE 62.8 kg, FHHFHE 224 Yr Th o7,

(2) SRR F
BABREICE T 5 AMREBRE~OFBE TR LRI VORNAFTH 5. FEirid 8 A Dk L 5 HH
TiThi, TRENO A O HFBREE % 5-2-1 1257, SEOVEREIX A § U R & 2 i+ 2 1
R S DX RS 70 EOMBEAERIZ L 0 BTSN D. SEFAWZRKMMENS B £ 25% & 5
W—T, TAT 7V MEEEIZH S RITH 9% TH D, O AR EO KX 2BREE N Cldg A
FHZ X DB LIC L HEREL ) (fKkT 52 L THOLNDZMBRIBEOIKT, FHAN S ORI
BEOKRTOREL T Cilm T DVNERNDHDH. £ T, X522 (X FHAND DR &, KEH
S EOMmEE EFToEWE2RBFELZSbE TR ERRAIT 2. BBV OBRS 7 71X
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AS H2E ECORNGT B WR 2L B0 ENETZ0agdRmL, BBV OBY T 7%, AS #Z

TOS A4

B 72 BEARIE THRAMBU B3 SCBLAD 2>,
o5&, K BHEOWEHE L TOERIINSSRY, MV EO WL L TOERITIRE 2D,

ASHfEE XD b REWE

BC5 BB SCRL T T & 5.

LEERTD.

WR i LY ENEFZV0ER LTS, HBRVES T 7R FaEICHOTns
DL, WR E%E FTOH B I L 5 ZEEN Z DT DAH

WU T, KA &N

# 5-2-1 AR
Day 1 Day 2 Day 3 Day 4 Day 5
No. of Subject ES-2periment trial 3 4 3 3 1
Mean global solar radiation [W/m?] 326 617 580 693 891
Range of global solar radiation| 139— 148— 278— 294— 696 —
[W/m?] 1067 1049 1163 1126 968
Ng —— IS(:ilar gadlgtlon i _
aé gegte(rlas:)?grorr;dlatlon i1000 Ng
£ | .|||.||
35 N ls00 2
82 L 1 =
E3 | 2
2R I
;02 L 1 1 O
Trial
X 5-2-2 ASEHINCH D 5  HEREEODEN

AS &%k & WR % EOZERIRE 21T 1.0m TiEe< b, & I FEHXIR 83.5C, FNRE 54.0%
RH CRI%CTholc. —hHTr/u—7RER SSHBREOEEL S ITES 0.5m 2V TR RKIREZE
3.5 Clipolz., IKEHKRENKEME RS L, W/ o—7REX WRERE ETES 2LV, &
ENEL 22D EHMENCEEE L D B2 D < D REOEENEL 2D,

ZOXIBEEIZEWNT, K 5-2-1 ITHEDS S AMEBU D AT T2 b DRI 5-2-3 ThDH. 22
TIX R TRESM A2 G O TRERPEA T 5. AEi2E To NMEBAR &IE, AS &i2E £2° 237 W/m2, WR &
4 28 215 Wim2 Th 5. WR i ETHEIIRVME S 72V (p<0.05), MifEE OIREUREE L L TIX WR

AL ETHEHDOMBNC BAFICRIENTZE T ) 2 LN TED. TOWFRITE 5-2-2 1 TR-T LBV TH

5. BRIRBEZOEINN LD FEICEFMMPAEC D A[REENH D03, o 7= ob B2 RERE L % i L
Ths.
N\g nAvAV) I| >'k :
g
2 200 §
=
=
£
£ 100 7
g
g
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5-2-3 NIRENVE faf B D LR

# 5-2-2 NEBVE & DGR
AS &%k WR &%
(AVE T8 87 87
EES & 193 181
BEER & 15 18
BEGEA R 29 35
NIREE T 237 215
(i 15)

ARLBEEMTIE, ERSSHEIXZ WRE#ZE EICT, ASEHE LI HIERVVEZ R LEZ. BEFmn50
FOH BT & D6 MRSV RIEHNZEUT—KIZ F L — A7 OBRICH V , RS TrE WR iz T
BIFRREHERF CX DR A & MW ER EN TE T .

HIZ, DHEEEDOBRIZOVWTIHRTEbDONE 52-3 ThdH. 2FEEZELT, A&, FHUTLD
AR Z R 2 T D, WR A EOfEIL AS &% EOEICH AT, BSETHER, TR, P
JECPE I U D MRIEERO b D0, AEEZRT Z LI3Rd ol BREAEEEEDREE DS
DREDoTmEVWIRER L7272,

% 5-2-3 AR R

AS Hli%k WR &%
IERG YR 0.69 0.48
T 118 0.04 -0.02
ST -0.33 -0.14

RG22 ESERRIEELIHAZARERICEL TR LIEZLONX 5-2-4 L7205, BEilXAS Th
0, BREESAENE UHAIITE I O H B SR O RN A END. BFROHFRIROE N % H
BE, 0a=0T IZBWTEEWINNAKRE K20, KBRS aNE L 5.
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Db wh—

AT, [OC]

T EOQ 40 U020 0 20 40
As W] AS [W/m’]
(a) HEEKIEY (b) BB AAHY

5-2-4 (KEREICR T 2 REK O T 5

ST IEE 5 < ST I 1T B RIS & IR AT DWW TSR 7= 2%, E S 7z WR SHE D F EiR
FEIT AS SIS AR TP T 6.8 CRIBENTERY, ISk ATwrr 3 2.4 CLEHEH SN, K
STRSNCEI L TIE, WR ST AS S2EIC A~ THEE 50 Wim2 K& o7z, X 5-2-4 TiE, BHRO5L
SRR X 0 BRBEICKI T DN R D 2 LA/ L TERY, BEHERSSHRE L 2B ZEMTIE, =
NECTEHELGHEO EF TH D clo e EITMZ TS FHHEO BV A RTHERMT — 4 Lo 72,

(3 i

JE P O BRBERE AL DR I RE TR BT R E W20, HATER ORER Th 288 e, £z
B 7R SR BRSO RE T do 5 5 I B L TP OE W S AMARIREEREE I T TR B2 MG L7z, 20,
NEBAREZERZ L, NMEBUC AR T 2 2 & 28 U CGREGRERIME 21T > 7. &k & LTk
PE, BRLT A7 70 b O 21, ARYMEE LTH, B2 G20V giRE FZBRIZR W\ T &R E TR
BRI REAT A OfESLITER S T,

52



6 AF U 2
6.1 WFFEBRAE 4 ) D75 5t

B2 ZIFBIENBEES I, BESN TS, FEH TIXEBRE T ORI TORAR—Y R EIEERICZ .
— T, ERE CIEEENE TORPTIENZEHRESN D, @i, $hIE, Z2RUELL WA, FFAHD
RN, IEFSE A O AL, RIERAEFSE S EER 21070009, SET RSO BDERBIHY. RN LT
D, WABRBEICE D AOREIEIRIESC AN ZRREE E LG 9-5720121F, HUCBRBEFHRO 2 THEr2%
DT, a2 NOAEFRIRREEZZET2MER DS, B HAEEICBOTADATREZFHIT 572D K572
R R CIRR B TR L Ty =T 77 VR BAN VAT ARE A THHEZ 2 LS.

BB CORMROELENIRE. FEDDOREEC/K 785, SMNELOESED 3 BLaind MEEVD
B OFREIA SRS . B ROEBGIPEME IR AR O BUK S B EIERE, R IR MBS KR T, B AR B
REDBVPIE TR D725, BB IR BB IS T B0 DML L TE KRB OO . ThRERDT YA
R, NOENME, BREORGEEDO R HIXREW. 22T, #BRE OB ORIIIIGC TRARIRBIZAR D) B IZTE
Ba T 572012, BVRIE~OBATIRIEO R HIHIREL, ZO T AT LAOREENLETHS.

6.2 W5t By

ARFFECTIXA — 5K — BRSO DR BB B2 FH U AR CAERIL, R CADIRBPE MO fr
P L2 DR EVERRFHA (BRUAIR, O, IEEhE, SR, KIRWNEES) BIOLEBET —2OERNTE, 5
KOFMOTEESLT AL ORBEZZEL, ST, HRE ITEF AL, BREE=X) 7 Al iels IR R
MEOT =T FTT NV AT LEFE R L, BERFORFIREIL IO ANMIRBOFH - 372 L, &RERFORER
REFHAREG 2322 5. F R DOFENZLDE KD SWIIERIC L 8T, AMEDLDOBUK BB RES T 572
DERFEO RO RLL LIZERKOBEREN: R _ EICEETHHA, LoL, BIRTIE, EbALLEEREENHES
ATORWRILTHD. 2T, RIFFETIX, BAHIE TR R E RO G ERFTT 5720 RIT - BHITEE~
XF L — YA RIEE O TREENCISE R S KOT P AL a2 MliEZHE R T 5. SHICHRKDAELR
TWEKRKT AL EZERLL, h—~v N ~xF 2 HOTEHIZIT, BVHIE T BHICh R KT A &2 T —X
TEF VRIS TIRELZV.

6.3 WD ik
6.3.1 D75 TILERBAN DR T LEBE - %R

=T T T VIR BAN VAT MIIVAERT — 22 BGL, BB U AT AOREE T — 28 EGT 52T, B
HUE TR 4B AT LA T 5. Uo7 7 VR BAN 27 A%, OHFLRNIEE LY, Q&R B YK
IRINGE B, @TEBh & (O - T I EE B ) DRk SN 5. Bt o 27 A, B ICE
BL7- WBGT w4, HiE S TR TS, ZhbDBr ko TSN T —Z 3%y NI — 2% Lo T
URYP—NIZERESNDEEBIT, W2 G 2 OERRIEZFHIIL T7 4 —R Sy 7 EZATHZEN A RETHS.

632 BERIRBBOEMRE - ABIEEORAERBT—2 EHN-ETILORKREE

AR—Y AT =7 OIENZaA 2 AFVTHEGHEE, BUKSBENE, HBRE O EB~BIE T REMRGET 52
LEHMEL CESWIEREZIE T34 AD T vV ea 8O T Y ERBEO 2 TR — W RIEICK
LSRR E, Ny RUVBMTIC L DRV A R OB E KB a1T o7, ERRFERT —#%H L2 WBAN ZVHE
FREET N AWV CERRBE COREE - AMAER O LEORHEiE T T VO ERGEEIT-7-.

6.3.3 BhE& AR5 FARF D WBGT #HIEXX D& 5t

ARaTIE, BB ERE A LTz &E B OKIRE S H LT EEAMROBIN D ) D, F K OFE
FRED R E B2 HIEF MRS I REA %t 5 L3 H 4 IE WBGT ( Wet Bulb Globe Temperature (WBGT)
ZRFT.

6.3. 4 HRIRBE T 1 > D FF{liiARESL

HBATIZED B KD SWTEH OB IT AR D DB B
ZARMESE DO BREED RO R LL I & AR O IR BV M )
FIZEHETHLN, BURTIIXEDHALLIZEBEDHESNT
WRWDRILTHD. £ THRITH—~ b R1F L —H A
LD HRGGHA L3I~ 150 ok iR 526k (X 1) LRIG
BN E o THEKRT A LA - BHED F K OHLK - BB B M GE
(TR RIET A ERIICTHEL 2. £, BEUCENRE K 1 RITY — < v R ARRE SR P — A AT
KOZNZRFT D70, FiTh—< L ~%FL, hL—H4 LD B IRER B T VA Rl AT 2
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AEE W2 EBRIZED T IR T D78 — A 25350 O 7RI BUR B R OM S FE (2 S — I ORI, FIT, BREENE
DI DAL T HIEE BHIIE LT, 51T, AR EVRER LHAH 2 R L TITW, W%
W22 8T, BROBBEEEDOFEAMR LS L TR DO MM L O 2 S A2 RAET228%5 2 O
LT,
6.3.5 BRDFHM - THA UHNKRBICRIFTHE

BRI NEDORBPE I REEET HIENHOILTRY, KiREAEDM
D/ NERIZ BT D RMETE RIZ O W TRE EITo 7. B2 HWIRE,
B, KROFHMBNEETHD. 22T, AT, HfEfle—2E7 2700741
DX D NARE R ET VEIERL, MEET ILVOZERNO KM V225

= Heater

H=150mm

WaER, BRI 5 ETHRIRNRIIZRAD =K LD FERERI R 23l A 7. K T

1=160mm r=40mm

RN TORITEE AT T D EBROI=0 12, AR AMEZVERL, PIV 31217
ST, NMEZHFERLEL TR, K 2 1R TITHE KR A2 AR —&KARD
TRERLAFICET MU, B A REL TR FE R e —4, BB REL TH
TARE T 7V V7 4V T NI A D R NEZ FBLLTZ.
6.3.6 HERFMIBMRETRIIIEZE
I T Bl 2SR A O BVFIE IS NE Y R ~ D B AT A . AR IRZREE DI Aspha"p% /4
B NARJE PH D B DR B IR E . FRICE RS N T BT A o / *
RE FAEDBEBOTOBFIERIEI AT DO—2ThHD. ik EK
TR & U TORAK M B 2L O ME B E B 2L S5 D4R 2 7o Bl AR SR R T
BY, FEMEETOFMITINZ, ZEREFTEE ~DOFEL B O R AR
IR BRI A = ha L 72 (1% 3) .
6.3. T RABRMIREROERIRIE - £HICEDOEAR - 47
BRO&EmE O H FAFICBITRBAREYEL &S IO, AMEO LR, KNIERE, Oz alser ey
FEHWTHIEL, 77 —hBLOBIERICED, BEAIEICB T DREBREICE DT EN A TG R O FLeR a1 T
VN, =l OPRERE OB BIREE R O EREIIRE AR AT B RO Sl O B ATE IS D MEIR IR = N BB A AT
THIEAHMELT, IRBBREYE B IO, BEIR 2 A, KAL), AWNIEREE 1 A (), O iEE raelet
HEHAWTS HEMIEL, ZDORERITOWNTHHT, BEEITol. ZNLICEY Eilnd 07 BRI O FZReiE4
ATz

Water retention pavement

3 BRI

Ambient Sensor Network
N

6. 4 B2k 5 Wearable WBAN T Themo n\
6.4.1 WBAN & BEMBHIHES R 7 ADTF— S HAI £ B8 B = ;
. WBGT 1
FEFHXIES R T LDEE P+ r =
WBAN b D7 =22 A~ —h 7+ TRAGL, Fyh—rHk N

GELTH— NTU TS A DT —HREEL, H— IS
R BT B 0 B M B R A, S 2 1 & D (BB 0D 2 P 1 s
DIRBEZ MBI T B DT NIV X LEBARL T, h— 3V AT A
BABEELT. o DR RIS, R —hT =
DE AR TIT A EA DT — A E =R T TEDEINT, 4 WBAN ZUHIE Tl A7 AOHESE
FRROBAIE T KB AT MERIC LT T LAY 7

Cellular phone i
with GPS o

Data analyzing and
monitoring system

y=0.68x+14.4

A LD B IO B EIT-7(K 4) 8| R=0.58 . ..ﬂgb.,,.
6.4 2BRIBHEFORMES - AWEEORNEEAT—8 3o ¢ sy
=AW =ETILORE 8. niot e '\»4”

B T OFEEELC, (5TETNM (Two Node Model), %4Ti .. ¢4 T
B IR EESET* O ML IR, BEOYEC T T g, s
FIREIC DUV CREEA T 72, 2O, TERICBIL T4 .
RHETE T o7y, BSIRICBIL CITMEE B TR T&C e
Ve (15). 5 F RO T TR ORI
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EIETNMB L OEASET*I IR B IRz, IHE &L E R EDO MAERLZEBESN TWDTZ08E % 2RI
KN CEAHEEZ D, ABETNOWEICHI-VT AL DRI L DHER DI DE S IGAT 2 & TF RO
FEZE BIFAZENTEDEB XD, ZDIOIZIIE A RERDOT F AL OEICIDEBREF N LT — 22 E LT

WSZEBRBETHDEEZD. (= 0.3 mls, B, =0 Wi |
1
6.4.3 [HE&AR7E R D WBGT?ﬁIE‘t@’rﬁnT 208 -

HAABL RIS BRI, AR, SR, BT OREO TS R 000
aﬁﬁ%i})6%%@(%7‘:.@?@@%?@&%%@H#@Lﬂfﬂm(wm&iﬂ?) 206 1 p,00
DOEATHEOEFERKIOGLIEIL, MEROE IR L. A HOH 704 | a, ™ 00C !
é?%b?fﬁafi‘f (ZEEROEFIG DI, UROEI SIS FEDH goz IR 3200004

AN EID LK 6).WBGTeff* D F I ANE IR D &5 45 4K 1] & 2 0B,

T ERBIROBHER AT ICIRES N 0 Lo

002040608 1 1.21.4

6.4.4 BFH—TILTRFLE FL—YHREKICK ZHRBE R TOEMERBRI 1, (clo)

THA 2 DR lAREL [R16 1 3500 4< LB AR 00 A 4 0D FE A
FHOBINER L OWE NI AL CIRB B TOAREE T LOWERO K L B ROEES

IrERm LI Thole. MRURELARBYRERIZIT MP & (HE O OBRED)

FrROCHEBIRREL 0.68 THABIRBIRI HDHIEMNIH LN -T2 F K

DB EE O FEAME & U THREE D5 O M HE A FEN CTX 5 /T REME A D BV .(1X] 7).

6.4.5 BRDEM - THA UHHBICRIETHE 10 || @OpenM
A OROENTRE CRRERHL . (IELT, Ak & || $OperHP N
PR q = 80 Wi B5O) PIV BIfG& 1 8 (0. BHEAEORE 5 || Moo p Ag
BUSHEO BRI EC L2, TEHRSAGIRIEREIC  J@ i A
SFAHAL, LEBO T, BaEnio 2| i As
H 5. £, ZRAICENT, AMERIO BFFESRRME £
DREL B AR LT 52 y=1.54x+3.00
M r=0.68

6.4.6 PEBEHNBRBETRIETHE ’ : ;

BANEES T 51T D AR BCR BE ~D BB Tt A XL DR Ventilation rate (ﬁmin)

HHChs. EiriT 8 AR L- 5 A Thi. 4R 7 HRAGE T EGERIE RO B fR
W BRZRPERBE(WR) 1 B B ER23 25%Em\\—C, 7A7

7/VNAS)EEED B 5 ST I35 9%@% D HEEDO R i
BABE T CIIRUH AL B IRV LIC XA B L, (k1521 T1 ST 7’/, ,
LNAMEBEIERDOILT, N HmEMN %ﬁi‘f%iﬁz%ﬁimﬁ%Tm AT g
TCEMRTARENRDD. K 9 1[I F I MNLDIRM S &, KA
HEOMmELE FTOEWEE KA FELE LY CTabRE ZERAT 3925798
SRR BIBVOMEZ T 7%, AS Si%E L TOFRIU )Y WR &
EEIZEERL, ABVOKEZ T 71X, AS it EToKE A K
B3 WR &3E FIVZWEEARL WA, ABVIET 7N T &I 000049746
D TWHDIE, WR A4 ETORE A SR D2 EGEN AS Ak - ) Tl
D RENZLE BT S, SOfiE ORI R TR B B8 PIV HERTR A
MNEBECHIDS, K B 5 EN TR CE5. U TE KB HEN
AT 5L, KB HEOMEE FToOEREIT/NIRD, R &
DOiEHEE EcoZERITRELeD.

T Solar radumon

! Infrared radiation 000

6.4.7 RRAFIRER OR IR - £ IS E OB - 4T

Refrected solar radiation ik
T\N I 1 11 I : I |
PR (65 kL EOREREA e 144) O A AR DD, IHE DR
2 fEICRNT, Z%Zﬂ%%%???ﬁ%%ﬁ5_k#” EE7po TNz BT

BL7-. B2EBEICB O TR E T EEE21T L, WEE DK g j N

i, Kﬂ&?‘ﬂm{ﬁr T ERL, DL SR ERPROLNE, B Trial
FEOE i E OMERRFIZIIT S, IRBIREY &, KGR, KPNRIE 9 A& BRI ID S SR S O

m
=3
(=}

Infrared radiation , )
Refrected solar radiation [W/m ]

0
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B, DA FRERE 2 VT 8 HRIRIEL72.65 b LD B 1 £ OREIRFFO A EORE TSV T
BT ARBEREE 0L, RERZEOFRNCEY, B EESCHERFEOBBRR O RFBRCVAIEEDLZ, 74—R Yy
I HZEMTIRETTH DAY, B HBICHERE OAMLAE TELIH et PR N E END. Fo MG E T, b
R, i eciE BA, DR EIRO ERBROONDLERCT T — R RD X0V AT AL EETHS. A, L
RIE, B THBRE ~ DAL Do b 00, DA FERSI TR 75012 F0, FEEIRIEE S H
HARRIE BN O R 82 AT T2 LILTER 7= - B89 - IERE SHERFOERE OB LD NT 2%
EBZDUERDHD.

6.5 FL

AR TITEFHRT AT BT ANH L5, @85, IR FOHFEOM7EE DER L CTEVHIE T
(B DRFGEE TN L T2, AN OIREAIIREETE O FEHE L 7e D IR BVE B GHA (B ARUATR, O30, TEEh &, FSIR, KR
WERIESE) B O LR G T — 2O RN TE, 2—PF—0E HEAHENMELS, Av—b T4+ DT/ A /L
KCUTNHALNIT —ZET=H) T TEDHING, LR OBAE T KB AT 2MERICLBE o7 v
YALDF B I NK B EIToT-. AAFFEICRNT, BHIE TR AT LD 7 L— AU — 7 FZ 1T o T2,

EAURE T B OFEFEL LT, &1 TNM (Two Node Model) , S HEA 0 E SET*DH HPELIRSE, LU
(2Tl TOHMMEIZ DN TG EITo 72, T ORE R, EEIEICEL T3t TE TV o722y, EFIRIZE
LTI E BSTPHITE TV, 2OV AT A EBHE T RICEICRNL DV AT A ET 57201213, ZEUR
BERE T CORMICOE2T — 4 2B L, ARIRELZ X EREICFMECX 5T VEERT L ENEE
b, Lo TH%LBHIE TR RO R R 2 W R 2 ERHILENH 5.

FROFENZIDERD SOTERICE KL, AMEDLDOEK BB A RES T D7D BREE O Al D 2h H
VL BIZE R OIEE R EICEECHD. AL CIEBVIE PRI RN B RO KM 2Rt 5720 30T -
BITENVE~ 25 LR — T RAEE W CRBIIC PR E KO T P A et T 252170 R ERE &2
KGBEPEDBIRMEZ BB LT,

H AR DB 2 TN 95 WBGTeff* D Tl A BB M D 5 5 K B ERBIE OB AR AT ICHR R L. R
DO ERE EBRCHRERIENLEND. SHITRKOELRLTWEKT VAU E2EBRL, b—~v~v3xF a2 HNT
R ATV, BVHE TS ISR R T AL B E R, S RAE YR E FEERICIOREEL 7=

H&EAIE FCOMFETBE OO ST 2t BRI E =2 Va2 T, A E, OEHT, ks ol
~OBEE DI ST-b OO, DAZFERSI TR T2 DOIE £0, SE7MEARTRE S B S RIS B O SR8 E o4
THILIXTE R oo MG BR-JIERELHEREOWERE OB EDNTLREE X HULERDDH 5%,
SOOI HEHNHERE OB RIE TELIH 7B PRI NEENS.
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