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ABSTRACT

As well as in buildings, HVAC is an important system that significantly influences energy
performance and thermal comfort in vehicles. The thermal comfort indices developed for
homogeneous indoors could not be applied to the inhomogeneous thermal environment of
vehicles. Several human thermal physiological models have been developed to simulate
transient and local inhomogeneities in the thermal environment. In this study, specific
convective heat transfer coefficients of human body segments were measured through
experiments in a chamber to develop a human thermal physiological model that can be used for
vehicles. It is confirmed from the experiments that the convective heat transfers are significantly
varied with human body segments under HVAC fan operation because of air velocity. The
convective heat transfer on the subject segments ranged from 41.0 to 145.6 W/m? and from 51.7
to 118.7 W/m? for the second and seventh fan speeds, respectively. The model for convective
heat transfer coefficients of each segment was proposed to predict the convective heat transfer
in the human body. The model and results of this study could help evaluate the inhomogeneous

thermal environment, and also design HVAC systems for vehicles.
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3t TF=55(Thermal comfort) (Fanger, 1967; Yoon et al., 2003; Hoof, 2008; Croitoru et
al., 2015)E =01, Y} o] AH|%|= oYRE Eol= Aolet & 4= Ylti(Balaras et
al., 2005; Lopes et al., 2005; Park et al., 2016). AAE2] 2HeHd TS5 =0]7] 9JslA]
= AU QA1 o] G v T17] 31 E45 T (Thermal neutral) AEE F-A]5H7] $19t
QIA] Al=xA717H(Physiology of thermoregulation) & &0l FH(Stolwijk and Hardy, 1966).
A o] Fag T W A2 A7 |50l TR 7|20 SIS IR .C = ASHRAE(2020)°]l
A Ao S ot AL tiateE 2l whE 2F )2 9](Thermal comfort zone) &
AAIsEAL It
FEOl HVACA|AEL2 2453 Complete mixing)S Y20 2 AA5H= 497 o

™ o] o= 25, 55, 7157t EA S S 1A glo] Adl AA|o A FLsHA A==
= 78/ ell(Semi steady state)S 7Hgsto] Ao Aulieg kel g S
Jefu AlojA | A” o) i o 2 F3t A S Wdlsh] Hrhe =4 T EEE
(Personal conditioning) & #-8-51of W] a8 22)7] 917 A7 &ds| Ad=
UL A& B TS A-8ohs -9 Al Fed = AY] 2419 glo]l mAad o
= A Aot I o™ 11 gL ER AAZFZE
2 4919t Fangero] PMVE} 22 7]E0] 2
7] ©J¥th(Hensen, 1990).

=42 0 &2 AU 2731210 Glo] S ARt dHi el A 9] QIAIe Al o] e Akt
= 91517 Stolwijk(1971)-= AFEHe] 414 H9IE 7ot Y50 = 7Fgsto] QI ek 7ids}
At AL WY, 5, F, o, &5 6-7-91(Segment) 2 725k 7 9= 510
(Core), T™-S{Muscle), A|®(Fat)} I H(skin) 2] 47H5(Layer) = 7351 247 1= =(Node)
= TERJY 9710l EF(Central blood flow)E g5t & 257 L =5 o]-&5fo] T4 84
ko] G A Az A7 A E et RE= A3 o] % Fiala(1998)+= Stolwijk
o] el Z o 2 JAIE 155919t 57150 = AlE2oE3. 2™ Tanabe et al.(2002)= 34|
= 5(Back) ¥} 715 (Chest) 2 729t 65 - =2 A5 QA kS Zis|ct.

AL ZF A1 FE 2 w5 E= OJ5(Clothing) ¥ =4 @740 i, AL
o] ot GHEHRS AR o) E= o) 53 53 X Ak flolixl= 2 A%
FEE Ui Be SA GHAEAGTE 72 2871 12™ de Dear et al.(1997)= =9 '
& BF1%(Thermal Manikin)2 -5l Ax[5te] 75 9 2HA] Adefiofl A1 9] 414 16591
7 2 EAF SAGAIE S5 Oguro et al.(2002)+= 2 vhufl7]of] o83 9131 AF
gollA B/ (Upwind)¥t F5KDownstream) FFolx9] thf EALAE AAISIAL,
Wang(1990)-> A AFgre] w2k -fARRH I 25t 2Hd 9 Ao 2]-8of wh&
i SHLA S-S 7St oFA I Al FoH GAg R QAR
i} §HA Auighdo] 54 0 &2 Bt dstAY B AdEll(Unsteady state) A ™9 2
23S dlSstal B lokes & 7S sHIthHu et al., 2023).

HVAC A|2ELS AZ8E ofy 2} 2ol QlojA e BaAte] T4t oA 88/ d5=

=
<214 Z| 3 (Thermal indexes)E %-86

e
it
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295k F0T A4olo] He o148 olsle] B AT B2 AR A

3
25t 2 dohd It 2 o] F0]Z| 1 QIth( Alahmer et al., 2011; Croitoru et al. 2015; Yun
etal., 2021). O] Gl be] A HE T HAol h e 7R S171sto
ool QoM Avle) 9o} RS Aolr) Qe e BE i A} 2o] i 9]
ol wfebs A e sk XA Debd 4 9lo] AfolNe] B2E e 7)) @
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Figure 1-> FH 9] 7] 8.5 Uit} s = AMT BAR FLEE o] glom ZHol= 2%
& 9 37)=ko] 2o] 7153t 22 7](AHU, Air Handling Unit)7} i 2 A 2] =]o] gl
ol tiiExE ARl $1ste] do] AlAH A E E(Dashboard)E 2115 ©1-8-
5t Figure 29+ 20| B/Aol AX[SH3IT). tiAE Ei= 2ego] $FztA] 2ol f1x|eh 2] 24
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Figure 1. Plan of the chamber for measuring convective heat transfer rate
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Figure 2. Setting of experimental materials and a subject in the chamber

Table 1-2 FH o4 o] ARAZ7-S Aefsto] Uepdlich W W) A2 = St 9]
HVACAIAH] A5 18719] 7|20 2 ARGE| 11 Q=23 C2 AAstGinh Aol 3 A
A BAl 2278 247 71ESE CRS A ATLE7}23°C, 2T ATNSET50% 2 -394
o] A dEol “éﬁj 2 ERIRt Fofl RS Aol YA AT w2 k= Aol
9] 309] G4 <=8 Y 715 XS F2RRE ol BAC o] F5t. o thAEE rof] Al
AR A 271 0 2 2FAsto] A& Agsteint.

T H2 M= SRA| Y Z2AKSize Korea, 2020-21)0f14] LR $-2]ute} 20-30t) B4 ] Bt
2 AT A RS S s 20t BAS A mEAk= Ao] ZgE off o

S 7PAs] TS ZHE TEAS 7H0.453clo)S YOl Qe S, oFE, HHEER], HEEl A

AHEC= & 4712 HE77F Ao 1ehell A 7e7E4] 1l Ax|Eof o] 715519
Tf. Table 2= W Au|Eof Mg 2} FE7 oM o] 57| F5& Hehdnh 271 S5 S A &
€ FlETo e s Fole= sl FlETolk o] fx1of wh gt # Auj =
M 5719] F50l Aok AAglem SYET Mo Y|t 7k @ B% FHETOIA T

o] A vebdt. A2 FE 5719 F50] Aot A ARt 25t} 7eke] £ AmE
Z7A0A A5t

=

Table 1. Experimental condition of the chamber and the subject

Temp., T, [C] Rel. hum. RH, [%)] Rad. Temp., Tra [C]
Chamber
23+0.5 50+10.0 2340.5
. Height [m] Weight [kg] Clo* []
Subject
174.1 73.5 0.453

* Measured from each segment of sleeve shirt and cotton pants with underwear and socks, 0.07 [m2- ‘C/W]

Table 2. Airflow rate at the diffusers according to fan speeds

. Airflow [m/s]
Location
1 2 3 4 5 6 7
Left 1.1 1.5 1.8 2.1 2.8 3.0 34
Center Left 1.1 1.6 1.9 2.6 2.6 3.2 34
Center Right 1.1 1.1 1.9 2.5 2.8 33 3.5
Right 1.2 1.2 2.1 2.8 3.1 3.7 3.9
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Table 3-> SAT= 2 5471719 71 E Yepdch tiAHE 3 71 $-0] At 414
3?*-?4‘?% 7 ]—.Eré.\—l:-_% GXE%A|(Thermal anemometer, FV A645, Ahlborn)E AR861d =74
L o}so] Figure 264] 1 25} o] F22 Ax]sto] ALA] 1
H‘?aﬂ 7]-'7’—’1‘ o] SAN*E AT TRt S s G FeollA 9] Zﬁﬁﬂi
Js7] ffote] 7175 57 Aol HHEEIM = ofejo]] 71 WO} & 2Folstit). 7174
= A EE FETelA 715771 P8 § 581 S 4ke] Haha ARESI o oA /?lxﬂ
FOPER Z42E 391 S S NSl S73F-91=1S0 14505004 AABk= A 7-9] 5
A Agolatel dre= 5(Back) = ARt 155912 ofgl o o] 739 71 A H 2 (Fiala,
1998; Tanabe et al., 2002)]l W2} 2 Upper arm)2} 5P (Forearm)= ©17l(Shoulder) 2t &
(Arm)= “HEsto] F71513{C

T JA} AA FH o7 SHESF S4oll= AFS5A|(Heat flux sensor, FHF02 or HFPO1,
Hukseflux) S AF&SHITE. FHF02A1A4 0] 749 FHR-go] 7Fs3t A= Fofglo] ofEd 2]
7 F2feke oW & B Tark o] o] 213 F2sl= 73-¢-oll= T O] HFPO1AIA & |
o|E ol-gsto] mFo] WatsiGitt. dAEEL] S = 7IREEE St et F
AsHA stlom oF T wHet AREA Alojofi= 25X AIA(Thermometer, TSK7+1,
Technox) 2} &7 #4812 2(Thermal grease) & T Eo}o] AlA|Q} o= H:_t u) s 1zks}
At AdolA= @A A EE ool 2H49E 2 1022 7|the FRET0] P Sl
20 T 7eke] W AmE 2 ZE7F 2074 G 2SI T REE 5% -‘)r ASHA| 7+ A1A|
MR 273314 £S5 WHESGInh

Jl

Table 3. Experimental materials and methods

Parameters Materials

Air Temp., T, [ C]
Chamber Rel. humi., RH, [%] TESTO 400 (Testo)
Rad. Temp. Tra [C]

Thermal anemometer

Air velocity, FV A645 (Ahlborn)
Va [m/s]

Thermometer

Subject Surf. Temperature, Tg,r TSK7+1 (Technox) -

[C]
Heat flux sensor
Heat Flux, Qus [W/m’] FHFO02 and HFPO1 ' é

(Hukseflux) i —

o

AR Ao Ofslo] 245 BE ADL offo] 4] (1)7} Lol thiet Bl
P Heat o) EFSEL Qlek. 4] (1ol tebd n2} a2 247t S A

o

A et
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(convective heat transfer coefficient, W/m* per K)2} EALE A EA|4x(linear radiative heat
transfer coefficient, W/m’ per K)2, 7,2} T2 GREA AlA Aote] &8, 7,9 7=
H W 2o BARR LS VM, 4,,,-2 A4 2] HHA(m?)S 2Jm]elch

Qsen, = Q(onz + Q}?ud AS( nh’(( up (Zu ) + Asenh ( up ]17)

~
—_
~'

StA AelAld Bl 233004 7]t Ak 2ol W ol 287145 Al eletale SEet &
Atggo] glal ARt st B 20 EEehl PIHE FAISHL e A
= 2RIt ol S AR o n = AL, 7,20 W o HA|o] eyt Zotal
7P = Sl o719l EFEA AAM O B BEL L, T, 9F 25, T,/ g2z Al

B Aolo| A dofubs BAF BHEH, Qe TAIE 5= 210 Ao @RS

NRaE
Figure 3:& 1 23]E 97 Z7of 02 w3} AA] 155918 7154 B ehic)
ot 71 5E = 2104 0.6~0.1m/s, 7ol A= 25t o OF 3H) 52 1.5~0. 1m/s &) BEXE

Jehont ot 2m|E9] 97 2o E wate] AR wfet 7| Fe] 2
2Jol7) Y= Ao FAES 1:} AR ES] HE37171 23 = of7f(Shoulder), 2
(Arm), 7R(Chest ol 71457t 571, 2127170 afo] vld 2R W(Foot)w} o}
2)(Leg)ol e 7154557 efon] HANE Fot opcte 95 ol 1
&7 =0 70 2 ZAME| Q]
5k m])(Head) o4 51212](Thigh)7HA1= 28k} 7eke] 1l 2~m)=of nle} 7| el 2
ol2 Uiekfglott thel(Leg)o} H(Foot) oM 7154 0] Zfolrt gli= Ao 2AM)
cF ol 2o sigiafe] clelgh Bol RSESF A2 A2 F201 1 BV s
HETUS Foto] [@xtlA| F7157] wRoln] 2japstsl A H o
Lol 9~0ﬂ Figus 374 E}E 71WL5 BEE el 5 gtk B3 25T &

o] W AT Afo]7} 91 4= glor o]
REREE % Al 8 14 4 918 Ao 2 ke

CH gy

Figure 4= 418 % T2t 414 3910l 215 Q547 Ao BrTES ekl
o}, ShA] APz Skl A o] SIAIRE 9 715 A 10 52be] Qbget ol o]
HE G 2To 2 9IS 7 (A g e xiger] Aol ] Altelgl.on] 200]
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% & 75ho 2 g1 ATES tolA WE BelAo] drge] 24 Z7lsI9c). 217te)
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Figure 3. Air velocity at the 15 body parts of the subject when the HVAC fan was operated at
2 and 7 stages (Bars and lines mean the averages and the standard deviations of fourth
measurements, respectively)
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Figure 4. Transient heat flux by HVAC fan operation at the body parts of the subject
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zholgt Bglof| A= i FH-9Hrt AgRko] W2 A 02 ARSI Al FepdE A
X <(Hand), ™2|(Head), Z(Arm), tF(Leg), 'H(Foot), ©17l(shoulder), 51 Z](Thigh),
Hlj(Pelvis), 7I5(Chest) &0 2 FHgego] ZopArt. W Au =7} izobgo] whal ZF At
olo| A GAgFo] 2715t 0m 2tk AT EOA L 145.6~ 41.0W/m*S] B E, 7o AT e
o= 118.7~ 51.7W/m* Q] L5 LreERich

300 02 stage §7 stage
250 g
E 200 ¢ .
E °
% 150
= o
émo-# I o G
o dhis 1§14
R
= 5 2 2 LEZEEE TR
SO VIR R ey T S S UV AN R
ﬁ‘ ﬁl HoE
-
Body

Figure 5. Heat flux changes between two fan operation conditions (No data for Right Foot at 7 stage)

ChE S
Fanger(1970)©] PMV B elof = i} Ajgte] A2l T gl 2ibal Aufgtel
M| iR AALA2 ofele] 4] (2)2} 2ol AXIatA.Cm], 2] thFe] Aol 7| REE
oto] R BALA0] A5BAE o831 4] (3)-4) (5)% ol gle] AtgIe. Ao ek

R By, e 3t A8E B5te] 24 g2 ARe e,

Ry = 12.1:0"° )
Peony = B-v" (de Dear et al., 1997; Ichihara et al., 1997; Oguro et al., 2002) 3)
Peony = B-v" + a (Mochida et al., 1999) 4)

h(:on'u = V a‘fr(:.v—'— Uiz (Fiala7 1998) (5)

Figure 59 2] (1) F5to] AT diREAEAITE 7159 7ol =ad 2dvt |
w5t Figure 60 LHEFAT:. T npil7)g o821 7| itoll e 22 2H0] e F= 24
olgt: R AL sl 2jo)7} U= A0 7 FARE L) 71E Ael Ade] AvtE vl
Sto] Hid AA| F-f 2= 2ol & glovt medxte] e i Ht tha 22t
AL ghe Uehlle 2 0® ARSI, Eo AR R diRdigA+E A Ed &,
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i} m2] 5 o] FEF710) e EH FHelM = 71E0] 7L 2030 FARE 43RS e
AL Lot 71, Hl, SR} o7 9] ZB-fofl= tha: Zfol” } = A o= AR ]It of2Rt
Aoz A E Eof| A 0] FEE= 5719] Wkt o welxte] 2ho] e = Qlsto] WAyt
A0 FAEHXu et al., 2021). 2F2] AFEl= 2+ HAH|(clothing area factor, fi) 2+ 7|
Stk 17 Ato) 9] F715-0] FAE TobH ofefeh 21 A 2he] 2243} uhd|F]of| A= 2}
o7} & 4 UZ A0 = T, T3 A H Eof] )9 HEFO) Wk =4 AA K
H i G oA LTS 2ok FaRt 840l AR Alge] e 7]
O] Agof wet 7} HEF] ks AMEA 28T 4= Atk webA] A& Edte] 42
FEAGAS o5 B2 HET0] kS o= 1At 7490 ghob FHEte] Hek

ﬂl

Table 4= 1] ?-37\}01]*1 ZA3% 3t 2] (3)= o]-8ote] A S (Least Square Method)
o7 FARt 7t AAIFLle] Jlo] tiREdgAT2] AISAS et Z| ks oAM=
Figure 40 UFERH 23}k Zho] 26kt 7¢k0] T 27 ol A ZE2F 33)4 WHE: SAH 2E 510
H2oflA] 20240 9] FEe] et okl Af|5419] @A ks F|AsleteE weh|HE AA

Sioitt. iR @A SR JpgellA o] ti 5% Al A4 el tieddgds
Are ol AR 4= Gl A 0 = s 7]E QA R E 2 AR X El(Yun et al., 2021)°] A
B 739 AP HVACA 28] A H 71o] 7|0 4= Q& 210 2 Z]djEch

N

l-

E]

m&“

Table 4. Models of convective heat transfer for the seating subject with HVAC fans

Body segment B n
Head 17.8 0.20
Chest 35.1 0.75
Pelvis 55.0 0.79

L _Shoulder 14.8 0.49
R_Shoulder 12.5 0.16
L Arm 16.4 0.21
R Arm 24.1 0.33
L Hand 342 0.49
R Hand 25.5 0.17
L _Thigh 16.6 0.38
R _Thigh 10.7 0.18
L Leg 14.5 0.17

R Leg 22.1 0.17

L Foot 18.5 0.35

2E

orad SRS ofs}

A} 414 597 7]

r-{o

FN
Y
é
=
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E
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FAT 9 )R SAYFE SFellet Wit ARAEE W 25 28014 0.6-0.1mis 1
23 TR 1.5-0.1m/s¢] RIS LERAO0] AT 255 2SI A7 290]
we} 7)ol 2 Aol el i gl golHE A1) $918E 2 FjolS 1t
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£ o] g51o] AF thR-FE A| ZF A1 Glo] HRAHDAR] o548 Atsieo.

o] Aol =58 Ak Aol He] 2987 71 L HVAC A28 Ao 7]ofg 2o
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Figure 6. Convective heat transfer coefficient, h, of the body parts with nude or clothing
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