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A Study on the Insulation of Thermal Clothing Under
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ABSTRACT

The purpose of this study was to investigate insulation of thermal clothing under still and
dynamic air conditions(with 2.1m/sec air velocity) and decrease of insulation in both conditions, to
analyze correlations among them, and to estimate insulation and decrease of insulation using
factors, such as fabric insulation, fabric weight, clothing weight, air permeability, and water vapor
resistance. A total of 25 kinds of clothing were tested(9 types for suits, 6 types of jacket, 5 types
for shirts, and 5 types for trousers). The results of this study were as follows;

Thermal resistance of clothing under the dypamic air condition decreased comparing to that of
clothing under still air condition in all types of clothing. Decrease in shirts was the biggest
(47.5%), followed by suits(39.51%), trousers(37.48%), and jackets(84.49%) in sequence. Thermal
resistance of clothing under dynamic air condition showed very high correlation(0.98, p<0.01)
with that of clothing under still air condition, followed by thermal resistance of fabric(0.86,
p<0.01). Decrease in thermal resistance of clothing showed the highest correlation with air
permeability. It didn't show correlation with other factors. Regression analysis showed that fabric
thickness would be useful factor for estimating thermal resistance of clothing and air permeability
also would be useful factor for estimating decrease in thermal resistance of clothing.

Key words: thermal manikin(*d 8 v} 7)), thermal resistance(-&% ] &), clothing insulation
(S8 .24, fabric factors(2) &1 AHE), water vapor resistance(F4 % 3}), dynamic air
condition(F & 27)
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{E 1) Physical Properties of Clothing

Aol 100%

o ;I?abm Alr permeabllity |
thickness | o,

, | (em /em /min)

o dmm) -

W-1 {&4], 7 0.48 617.76 12.91
W-2 |54, AP 10%(% 90%) 0.79 29711 0.60 607.08 14,10
W-3 188, 43/8(50%/50%) 0.70 24047 0.39 42492 12.58
W-4 | FFE AAYA 50% (& 50%) 1.15 426.77 0.89 362.88 16.04
W5 |[FRE, AMAIES 10% (2 90%) 1.09 350.21 0.88 717.60 15.70
W-6 [ WEFE. AW o] 10% (2 90%) 0.96 377.99 0.86 587.16 13.31
J-1 [(A9d, 294 1.50 666.67 42.00 14.50 139.00
J-2 AYE, sy~ 0.69 255.55 67.00 18.82 26.66
J-3 |3, 2 AEY 1.67 490,85 1.57 33.66 33.78
J-4 |2, Aedgole 0.89 275.67 0.83 16.30 28.24
J-5 jollofwil e} 7] 1.00 428,39 0.89 9.35 41.76
J-6 [REA"HATEY 0.78 286,55 0.88 19.13 17.52
J-7 |ZEngzE 042 197.21 15.00 19.84 117.03
J-8 |[AHE =y 1.05 377.78 20.00 24.00 42.63
J-9 (2818 A 1.19 622.22 32.00 20.87 59.21
S-1 (2= A 4PM 0.26 135.90 0.66 545400 10.75
S-2 |EHd a9y 2~Eg A 0.36 234,14 0.71 2658.00 14.88
S-3 |EgE A~ 0.39 304,84 0.82 1741.20 13.93
S-4 HAaxgd 0.25 146,38 0.56 9768.00 13.73
S-5 |[9EEgdE 0.38 300.42 0.94 400.68 18,33
T-1 |[9E2gamEd 0.68 290.23 0.80 2312 14.01
T-2 o} AE 0.50 276.92 0.64 178.80 15.05
T-3 |ACF 0.69 360.88 0.82 285.00 14.29
T-4 |48, ZgtEg s 0.45 242.34 0.57 336.40 12.62
T-5 [F2E I ~Eq A 0.43 299.54 0.88 873.60 15.44
Mean 0.76 328.35 7.67 1028.51 29.34
S.D. 0.38 123.83 16.39 2164.81 32.15
& A = Area of the plate test section, m’

sted S AEY, FHBHZAL 20027T, 65+
1

0.1m/seco) 9}t Test 2 . S

AR, BE 374 2 Agzdel aFH F 308

L HOlHE Yo Hugew B Hews A
sttt I AAk2 ol g} itk

ri- 5= To) - (1

= I )

Rt = Resistance to heat transfer provided by

the fabric system and air layer,
m* - CT/W

Ty = Plate surface temperature, C
P. = Air temperature, C
H = Power input, W

2) AEY B4
FHA L 1SO 1109291 F3ked Sweating guard-
ed hot plate® ol &3l ZFs4th 54 A 23
C. 40£1%RH. #A =
Plated] -+ @425 TUsm T o} Plater}t
5
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_ (Ps—Pa)A
Ret= 17 (2)
Ret = Resistance to evaporative heat transfer

provided by the fabric system and air
layer, m’kPa/W
A = area of the plate test section, m’
Ps = Water vapor pressure at the plate surface,
kPa
Pa = Water vapor pressure in the air, kPa

H = Power input, W

Ref= Ret — Req ------------------—--—- (3)

Ref = Averaged evaporative resistance for fab-
ric alone

Ret = Averaged evaporative resistance for fab-
ric and air layer

Rea = Averaged evaporative resistance for bare

plate covered with liquid barrier

3) e ned

ASTM F 1291-90(ASTM, 1998)ell st g+
AfAEATANN NhuliS o] gl F&o
Z7) sloAe oo nege EA3Et 29

9 BAFZAL L5 20£01°C, AUEE 50+2%R.H.
otk F& v By 498 B4
ol U7 TN HASHLH B M= 21+
0.1'Cm/secE KA stHTh v le) APz}
e gB8E YT AFINIFL W) £x9 £ F
Eo] @I HI, APzl HRLeg d4s
A FAEE FFHe Ao d4sA A 1
i+ HeE 3087 HEvhzly HRre e &
HE HEsy Fo] 71580 o] 248 A3E oy
o A st o5 HA) H2EL et
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S(T,xA )
ZAZ' ___________ (4)

thd =

Twia = Weighted averaged temperature, C
Ti = Zone temperature, T

Tams = Ambient temperature, C

= A XA,
Q) A - E@AZA)

Q/A; = Zone heat flux, W/m’

2
Aj = Zone surface area, m

( thdv Tamb)
Q/A wtd

thd:

Rwia = Weighted averaged thermal resistance,
m’ - C/W

(FE g Bed — 1FEA AL Bed)
TE 499 2o

X 100

Z4 49 tolE= SPSS WIN 150 BAZZIH-&
AHgste] BAEAT TR & EA 3telM 9 9
5 %Egg—ﬁ HEFTE,
& E77 T3 5
E Abol9] 38 S EA487) -r]°}°4 Pearson 2|
! 2 o8 Bey Zha
F437] flstd g3 AR o] AAFH
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{3 2> Thermal Resistance of Clothing and Physical Properties of Fabric

W-2 0.57 1.03 0.63 38.83

W-3 0.56 0.99 0,58 4141

Suits W‘f_l 0.66 143 0.88 38.46
W-5 0.73 1.44 0.87 39.58

W-6 0.64 1.36 0.82 39.70

Mean 0.62 1.22 0,73 39.98

S.D. 0.07 1.21 0.14 1.31

J-1 1.65 3.36 219 34.82

1-2 2.03 2.06 157 23.79

J-3 1.32 1.67 1,10 34.13

J-4 1.89 1.17 0.79 3247

J-5 1.15 1.13 0.77 31.85

Jacket J-6 0.64 0.92 0.55 40.22
J-7 2.16 1.50 1.03 31.33

J-8 1.89 2.01 1.18 41,29

J-9 2.18 2.05 1.21 40.98

Mean 1.66 1.76 1.15 34.54

S.D. 0.52 0.74 0.49 5.66

S5-1 0.56 0.79 0.40 49,37

5-2 0.72 0.39 0.49 44,94

S-3 0.68 0.81 0.45 44.44

Shirts S-4 0.76 091 0.44 51.65
S-5H 0.69 0.75 0.40 46.67

Mean 0.68 0.83 0.44 47,41

S.D. 0.07 0.07 0.04 3.05

T-1 0.58 0.88 0.56 36.36

T-2 0.58 0.86 0.54 37.20

T-3 0.67 0.99 0.63 36.36

Trousers| T-4 0.51 0.86 0.51 40,69
T-5 077 0.89 0.56 37.08

Mean 0.62 0.90 0.56 37.54

SD. 0.10 0.05 0.05 1.62

Total Mean 1.01 1.27 0.79 39,02
SD, 0.59 .59 0.41 6.01
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E5g B9 wadd dol mEA HAFrig dAHd SR MBI FS 12Tm/secd] F&
olE A HEZ I FES99 tlr] Alely & EA N9 B2y BF A WA A 26%~57%,
Aol AA o Fwhito] F o]l EAA S 2.89m/secl M= 49%~61%2) ZAE HolT gk
got Hud o we wEA douinz oo 1 ojg} Hlw3ted HFH REA oo HRHY Za
82 7A4g otk ¥ AfdHE Ay HeA E 2 F4E& AR JEygon F&o] ZitEds
aAle] F& A st H2¥S FEAule] nls) £ H282 748 Aoy o4dnt
24.02%~5220%2 #AAE RIem #Ha 39.02%9
ALAEE BT 7 9% BYg¥EE HE{FI) 2. 2% EX| Al 259 223} QXE ALO]
75%2 e Ash Vg aA derter g of Armat
22 FEF 3998%, vt F 37.54%, AT 34.54% o
A = Ho 012 E
9 ¢om UuaT olgw A%E Azd A%, 3 BH A A RS BIAH A ARE Aol
B FAZ gebd 3402 Q@ uFe ggel O HWATE G Dol vrin
gE %o Mad 2R £ERY B4 E4 A TE L SARLEHAN & EANS AG0EH
o © HeAS Rast 2 A0S wol Atelol= AAEAIF 0.98(p<00DE s B2 FGE
BAE HolT 9o Fio EAsdE nede
4 25
£% 0 £ '
Eé ) * . r=0.98*+ g . [ ]
£w 2 .
e | e Fos| MMt
3] 05
0 0
Q Q05 1 1.5 2 2.5 05 1 15 2 25
Clothing insulation with air velocity(clo) Clothing insufation with air velocity({clo)
<3l 1> Correlation of Clothing Insulation in Still Air {338l 2> Correlation of Clothing Insulation in Dynamic Air

Condition and Clothing Insulation in Dynamic Air

Condition(**p<0.01)

Condition(*p<0.01)

{E 3) Correlation Coefficient between Clothing Insulation and Other Factors

Condition and Fabric insulation in Still Air

with no 1.0 0.98** 0.85%* 0.71%* 0.73** 0.77%* -0.29 0.77**
wind
Clothing
insulation 0.98** 1.0 0.86** 0.69** 0.69%* 0.82** -0.36 0.76**
with wind

*p<0.05 **p<0.01
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{& 5) Comparison of Regression Equations Estimating Clothing Insulation using Factors

Clothing 1nsula't10n with no air 0.6880A - 00846 |732.83** | 0.97
velocity (A)

Fabric insulation(B) 0.701A + 0567 21.22** |048| 0510B + 0278 21.29%* | 0.52

Fabric weight(C) 0.004B + 0.121 26.62** |054| 0.002B + 0.034 20.73** | 047

Clothing weight(D) 1.115C + 0.425 22.65%* |050| 0.762C + 0212 20.86** | 0.48

Fabric thickness(E) 0.028D + 1.057 3429** 10.60| 0.021D + 0.632 46.98** | 0.67

Water vapor resistance(F) 0.014F + 0.860 33.08** 1058 0.010E + 0.504 31.37** | 0.58

*pC0.05 **p<0.01

{3 6> Estimation of Decrease Rates of Clothing using Factors

Clothing weight(E) -6.864E + 44.211 5.15* 0.18

Air Permeability (G) 0.002G + 37.053 19.81** 0.46

*p0.05 **p<0.01

e, 979 % AES % €28 9589 Wt

o ol FFAY BN e Zo) F& EA A9 R H2¥2 TR 9
. 7tz 5 67%, 58%. 52%, 48%. 47%<) 8l 46%(p<0.01) 8} 71 B AF5E&E Bl 3o
ASE UsEY. 78 A9 e B2H g o) ZFE2 dFE 18%(p0.05E I9A ¥
g FAE o8 d5&2 HoknoH FEY & AFES HojA A%tk ol FF MY 9
THA B FHFE o|&F A& Fadd 52 B2 AAE Alelg) A4 EACM 72
02 AAEY AF A58 YoM & AolE o] HEY FAPE B4 Asiet 71 Aol

< & Qs FF A

L83 459 FAQL Aog Hu 53 JE N. 822

FAE F7o] Lolslng REAY B w3

TR 34 A A B4 959 HeHe 3o APATANE g Be Axlo] ZF A B

@ ARt 2 s AoR ¥ o 23 AREY AdAdS #AE EAE u
alt} 2 ApdME o2 APATe] g FLHo

5. CIXEE 0|88 23 Xste| o= T4 stelA 4 4 B ZAst S H

o EAske AR, 371 o) A MRS S8 BT 63,
4 % AR A ARY BHE GO U o s e s s o2 gz gug



F4 £ A ALY o8 2QBH0] BE AT
2lm/scc F& dolAe 2ol weRS ZRsA  HolE XY o) Aol Fhol= BAL U
om ol Ay AN ZHY FF AN eleAHFEY FA), AEe Wr ue T4
BEE 3 7)e A g vyagon 24 o589 AH, NFY A § OYT dAEL 1
= S g 8 AyAsrr FrhE gart gled 53 shE

F 2589 %9 2m/sec ¥4 olA B 9% FBoR 49 AR ke #4 sx
S8 040~219cloAtel 2 Hi 0.79clo, EZWa} o FEEA ¥ T ooyt AA APE 5 HHA
041clo?] 88l ol ARom #F A9 9B B ©b @ HolEuol AT THa AT 4F
L83 Mug w EE 9B Bglox Redoe) 7t & B9 B dollele] ARAAE EAse] A
EHUTE MEFIL G5%2 HEY AsE A2 3 A ATl 48es) 93 A7l Bew Ao
A vepdor dgog FER 3951%, ulxE AR
37.48%. AAF 34.49% 9 0 F et}

L FE St oEe HRHE RE A9 iy V. 06
i%gﬂw:‘l} o9 =2 HAAA(0.98, p0.01)S EolH
Uelw JEEZHES v =S FABA(0.86, 1) International Standard Organization (1984). ISO7730 :
pl001)E& Holx Yo} theoz AE T, =& Moderate thermal environments-determination of the
N - - . PMYV and PPD indices and specimen of the condition
AR TR AE 9% o TE A B for thermal comfort, 1SO. Geneva.
oMol 7+ AAZ At B, LE A9 He 2) International Standard Organization (1989). ISO7933 :
g3 vy o u FE9 zeral Abpdo) 7has) Hot 6{1vz'zvnmenz,‘s-ana]yﬁca] detamzhatign and 1h¢ez*—

) pretation of thermal stress using calculation of required
g 2 &) FA e Aaao) tha Frtalsith sweal rate, 1SO. Geneva,

3. 9B Hedy 7Pak HEo AL D 3) International Standard Organization (1991). ISO9920 :
A o AR ELAIN A o ol o o Ergonomics of the thermal environment-estimation of
¢ w2 BEEE068(p0 = Eler I e the thermal insulation and evaporative resistance of a
AHET= Aol =2 gkl clothing ensemble. 150, Geneva.,

= ) ~ . 4) American Society of Heating refrigerating and Air

4, F& 3le] 9B LE@o HZ A9 olE ] .

% @9 o 1},}_ -e e _] | ol=el Conditioning  Engineers (1992). ANSL/ASHRAESS-
Hedd ulg] A2 FAZ 0]4d o]E2§L2 =o} 1992: Thermal environmental conditions for human
How B9 Zekzl o) H.¢ 2T 0|23 &g occupancy. Atlanta: ASHRAE Inc.

~ o 5) American Society of Heating, Refrigerating and Air
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