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Investigating the effects of individual characteristics on thermal sensation by
individual three-node model
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ABSTRACT

Comprehensive evaluation of individual thermal sensation could help engineers to optimum design heating and cooling systems, in order to reduce
energy consumption. Differences in the persons’ individual parameters such as age, gender, weight, height and basal metabolic rate have a significant
effect on the human body thermoregulation and thermal sensation. Since the individual parameters have not been considered in standard thermal
comfort models, they don’t lead to accurate results for specific individuals. In this study, the impact of individual characteristics, including weight,
height and gender, on thermal sensation have been evaluated separately and discussed to improve the prediction of thermal comfort for different
persons. Individual three-node model has been accurately estimated thermal sensation of the bare and clothed parts of the body by considering
individual physiological differences in human thermoregulation. The model has been verified against the analytical and experimental results where a
good agreement was found. Sensitivity analysis revealed that the differences in BMI’s persons could result in a variance of 1.5 unit in calculation of
thermal sensation. Thermal sensation results show that females, compared with males, are more sensitive at 15 °C (as operative temperature) and the
difference, depending on BMI ~ s subjects, is within the range of 0.27-0.9 units.

Keywords: Thermal individual characteristic, Individual thermal sensation, Human body thermoregulation, Three-node model
3 Slosas 28,55 I 5 5 b iladse 58 bl eslu oS5,
sl anals qu )l eeba p slalasde BB b Wiy e a5 cul

dodo -1

Iy iy 9 5 Cadlad mhans b o laslinl § ml, 5> Glolel slo Jow

Ol 09 oy lidiss o [3] LuhKes g Gesigls 1990 JLo
5 On @bl laulis ae b 5 (0 (Sod el
IR e 250 N Sl el 0 59,8 sl STy s, 1) S
it gt 5010 13 Jolee o8ayo b 2001 Jlo o [4] Lusigle .asols
el e lp (638 (e (IS (Sob Jlge o b g sles

Please cite this article using:

3 o oo o 31 Sl ol 1 g s se Jalt 355 S¥sles s
VIS VPSR C S R TN [PV T JUPR R RO I
SN (cyp 9 ON (Sl Caably b Guate (Jg ool )l
sl oo ably losb o el Sels ol o 58,8 sl el by ul),..l..
[2] @b slahais g5 1,35 Joo g [1] 58 bl Joe wsile ol

o 3Ll o3 € e 1 Alie o0l &1 £l (51

F.Davoodi, H. Hasanzadeh, A. Zolfaghari, M.Marefat, Investigating the effects of individual characteristics on thermal sensation by individual three-node model, Modares
Mechanical Engineering, Proceedings of the Second International Conference on Air-Conditioning, Heating and Cooling Installations, Vol. 16, No. 13, pp. 64-68, 2016 (in Persian

u"’)&)



slabis dw (633 J3o )l oéLiﬁmIb..\I)jl,_,'v')l);whml‘sg)).}6))3..&.13:'&,_}.&,.:)-5"&‘,:5,:9@")){

O 9 53918 ua))s
Ssk,br = ch—sk,br - (Qconv,br + Qrad,br + Qevap,br) (2)
Ssk,cl = QCr—sk,cl - (Qconv,cl + Qrad,cl + Qevap,cl) (3)

ON odadisy 5 o e sy Sily cuiga Cl g BN Glawgin; oS
Ap G JS gl 4 Apr o slo sy mhaw Cons 4 rizren aies

el
sl isy 5yl wlesl Sb5)l sl 1y p) Glepasls Gleioe wules po
2305 g5 (s S 5 00y 25
TSENS,,
0.4685(Tppr — To.c) Topr < To,c
=40.47ebr(Toor — To.c)/ (Toh — Toe) Toe < Topr < Ton
0.470epr + 0.685(Typr — Ton) Ton < Tppr (4)
TSENS,
0.4685(Tyc1 — To.c) Toa < Toe
= 4047 a(To.ct = To.c) (Ton — Toe) Toe < Tol < Ton
0.471¢1 + 0.685(Ty 1 — Ty ) Ton < Toa (5)
TSENS,,
0.4685(Ty, — Ty ) Ty < T
=4047e(Ty — To ) (Ton — Toe) Toe <Tp < Ton
0.47n, + 0.685(Ty — Ty) Ton < Tp (6)

6958 Jalse (530 Jutn ~2-2
[15]
m
BMI = 3 )
2 Oon gled B8 Gk 0 oage Sl B &5 el ISy

2l e a5 ol s oy Gl )l Gt Sl ol sla Jas
D3l S RSE s 5L 5 ohs Gl b (Sl Cale ca s
oS ol oad a1yl (8) alasly iy 2pm doys liwe 0y0,5] Cewdds sl
-[16] Ol g2 i b (255l Billas
BF = beyb 'BMI+be'a'age+be'0 (8)

age 5 v 0oy arls BMI (o 0,2 do,0 BE 393 ahal, o oS
1.330 sy @ Cphro sChra Copp wolpe wdbioe Jlo 4 03
by slp =6.70 4 0.262 1.210 yizan o0 sl -20.20 4 0.236
@le S cad b @3l Ga )0 39250 (22 Olime R L Bl oo 2Sb o
Sg0d dumlis | lagyT 059

1
Reore-skin = 1 1 )
Rskin blood flow RmuscletRfat+skin
S
0.05
Rmuscle = 1+ (Mgt—ﬁs ) (10)
130
R = ! (11)
skin blood flow — n- Cp,bl _ mbl
Rfat+skin = 0-0048(6fat+skin - 2) +0.0044 (12)

Cudybs Cppl 0o )l Jobs 335L 1 (MPKIW) )l > Casglin R a5
&5 Met (kgls) e 0 obz &5 Ml (IKIK) (5 olo
Sl ol (MM) oz &Y culid Sarkin 5 (WM?) Ssibs
ly pudlem oy Y Cwlis o)) ooy

Ofat+skin = 0.5+ ASF (13)

o> Claaxs b [5] oyl g Sl omimed g0 ) Ol
O Comd g 39 8 Ale Gy 0 el )l (6 SO adly
5wk Sdple Sl ads (I n 22 Gl Wl (ool
S 0 [6] g b 2002 Jloo jo .08 oy cews bl ole S e b
Sleb g e b o )5l lyls i 86 aKal] oo
Ol sl ools 13 gy 5 il Gralel Lalps s, 1y o3 (Sod
Jlo 5o [7] 65 axiws Soelas Lo ;0 oye 4 cons lagy; ol
e S50 Ly o e STy e Canis a4 atudly ol 56 2012
s b S5l (SWl Sl Bl gl a5 sl las gl ol 18
M 5l B sl Iy w0 Joe Ol Loy 0 5 900 )l
575 4 3% Oy 5 &0 Al ploa b g550 glos alox I ool
@ oS ws,S )5 2012 Jlo [ [9,8] il Kes g iVl 0T e
WAl i Blbl b 4 cos by (Sl culs b Jsese jeb
P ryat & Sl G el Bl 4 el gy Sl
502013 Jlo 0 [10] Lol Sen g 55 axind 5 whas Jlows 9y Lasl 3
ol ¥l o ol cuS 5 g g sl o olacsglis wisls lis 0g5 lidss
o5t 9 628 Joe o bl s cnl )5 S5z st 5 S &L
D3 el )l Yz bawg (69,8 Jao ol aiols axwgs o sbes i gl
sloosls aewgay p3Y glo ouiwliel g Cd 58y plol oz 5 o o9
s o 8l s sl 28 Sype [11] VL Jan 5
Slod et wzge Guged 423 21 (2 Wlgion 03 9 98 byl
5 ogs Eaisw o 2013 Jlo o [12] ubslen osd o3l Cewg
Sl olaslial slaJoe YISEN o 5 mlal 51 (SO G ais S ok
ol sloul b 1) el Gold (g5le e j0 oy T oole 8,505, a5 5,1~
OB ainss s S Wl glakhs aw Jow 5 S Bl mlE Jas o
603 Jae w1y labi aw Jow J14] o 5ea g sogls pol> saims
285 18 o liel 0550 0,20 gl Sl eslatwl b Jow g ools dxwgs
b SsSe slabaii a4l dawgs Jow )l eslinel b lie opl )
b gl i byl 0 Caniz g 03 (55 ale (60,8 lse

S350 IR i g S 9)90 3 Sl el )

GO 8 Slahdi dw Jao -2

dw a0 o S sl pladl G (03 lahds aw Jow o
DYl g 998 o0 ol (635 70 (A5 g odrdyy Camgy LS Camgy i
S sl Oyl el (Sieln e sle ol rigren 5 55 A5lse
B G 5 (slp opbige w18, 5 iz ok i ol
Sl 5l e g dsz g0 dailg, 5l oolaiwl b Jow cpl jo (60,8 alge
dop e polsm ar o @bl DMl 5 oz iy 8 yzen
5 Sl Selae b iy 2l Cudib w5 colee (o 22
los Cewdds 35 Glee

S oYolro -1-2

BB Cewgy 5 p0) o lagisy LS e lp sl wlse SVl
Wubgi gy Ssods Olisn |y (eandsy Cossy 5 (s

Ser =M =W = Qres = AQcr—skbr — (1 = D) Qcr—sk.ci (1)

65 G392 9 S Sl 5 g sabodysis Slelliyn (ul J2i8 (jre9d wVlie dcgoxe 13 o)lets 16 )93 1395 Mo )3 Sulle Sw e



Ue 9 5391 (y2) 8 Slabois dw (5333 U Hl 03l by 331 Gioha bl 59 1 638 ilie Jolge 336 Kigky w)
5 @ el ol e aBlie 98 g ez lawsie e ASF a5
4 | Al ged uyd 50 Gl calize oL gl Jow 4 (699, olgae
3t arshing w7 Ol 9 I 51 085 ST L g eine ud o9y 4 Wb nlplo
_ Bl L 3551 s | i il ey
82 ~-m- over weight
5’1 -+ obese @m@)ﬁﬁ*:.'?’
5 . e R . - aN[r a2 .
é) . S8z sl aw (69,8 Jowo 1 oolainl b oogd oo (WM idu (pl o
a L 035 (w38 (il el pals s )3 608 Jelse A5
-1 Olime @mls ;o alllas b 4 (69,8 Slsgas 5l plaS & Jbj)
o | Cou 3y o3l Sl Glel (it 0 s Jele T (685 3
-3 + * ! : ! . =] . B 5 .
i = 5 - ” s P oads >hb ctolosl (giluwas o ol 8ls Slae cw) sl dal o

Operative Temperature (°C)

Fig. 2 comparison of thermal sensation (males) for different
BMI

Sglite Sy 0095 asls b (350) o3l 5l bl aglie 2 S

oobeal (a3ls (oS Jlade aidlo)ls 3525 5 gy sl 031 (S b
O (S8 oS wblge Sglite o o 4 S oy 50l el
s il a5 ATSENSE asls 5l ool L "4 JS2" s aoglis
@ sdion i Slles lod S 50 s g ploye Sl lest o
30 b oo aaxMe a5 b jles Ll odd ools lis slawglas Oje0
a0 15 sles poailioe st boye 4 ol by Sl Loy
S Dol L add g S i oad o)lal Lulyh 4 az gl b egenndes
4 050 0 dbml ol 8l Sl el o BB axly 0.9 sgus o ol 8l
Oy oy (s Llyd g (638 Sluogas b (dalyd jo K0 &jle
Loy e adlbon 0.7 3ly o 350 Sl pleal a3l
LB L Jolee ()l ela aezme Llyl (] o (99,8 Slasin (lea
sl s T,

bos o b aS o oy ials e sYL glales jo BT oyl
Cial33l WSl )5 slales o Toaome § oo, OS] JBlos 4y s
LS bl baoye ) a8 ooy Y slales jo (Siketr S on oy
dglio ;o Sl ool il s 505 Gialol Lyl 4 5 08 e
ol 508 s Logas b

5
4 [ —w—under weight
3 [ ----hecalthy
=
=22} )
E & over weight
e
m L[ - obese
2]
&ot
n
[l
41t
2
3 1 1 1 L L
10 15 35

20 25 30
Operative Temperature (°C)
Fig. 3 comparison of thermal sensation (females) for different BMI

Sglite Sy 0355 (a3 L (3) o8 )l (el alie 3 S

il o oals las MTUSE" o T e bl s g ganle) a5 ol
L o (05Cl0) LSl ity b a5 g0 o3l Ltoles] ol 5o
maed ol el GRS s o] s e 5 itess (D50 a5 euds a8 S
e ashy L (05 5 (5 o) (e il glales o lagssle
LS G oy e 40055 00 G1)T @l 5 9 pdy o0 oLl 50%
4 50,04 0l gl elaal s o ol cenls lea by S0y 008
gl 48,5 a5 50 sl oaal 1 Jgazr 0 a5 Sglie slaad 5 035 L
05,5 Loz o & wlead bl o3l ol glsTa asbe S5 LG
0is oels) Dslite (Sond oS5 Bl | Gu oy asly oglite
Sleogas 1z 50wl 515 (5l Jle 0139 Rl (559 aodls
s 2 sz Y el s il ol S wud b asm Ol Jed
03] 35 355 n dnmlima 05 0 ¢ e (58,3 olge 5 oaliol b a5 53
ol b oy0 4 gl (g5lmdncd 5l odel Cans s 2 Jgaz 40 el oas
0a>ls 098 o canlin 4 jeb len caul ool ool las Sglae el
9 Obs oen Sl o ol slales o SN Gl (Sl eles
58 alols 15 cls 5l 5 e0s 5 Sl Linda bl o YU slales
@4y b )l pelenl a3ls 4 by pe Jlages 2 USET 5
el oads ools las aore Gl slales jo ol Bl Gglaie Soy 035
b 50y slales 45 il o canlie LB Jlogas ;5 45 wisSolan
S I S o Loy ol 5o 311 S ity iy syt b o3
L agzlae Lulps o a8 cwl ool las 5 0,0 Olibss mls (Ko
wibse sy 555 ) NS 5, Y Sl & iy Sl e
amo Coadly cpl 4 A8l drwg Joo 5l edel cunsa mbs a5 [17]
I8 o
S8 Llyd 4 arg b lags glp Sl pobes! Jloges "3 JSET o
Gz b 3 Wy, len jlogel 4 axgi b aS il oad ools lis ends

RH=50%
V=0.1 m/s
To=Tme
& ¢ [min]
0 M=1met 240

[,=0.5¢clo

Fig. 1 simulation schedule
Gl Gangle) 5 slame Lulyn 1 S

! Skinfold

391 9 G Sl 5 £ oubodyous Slallips Gl xS (yre9s wIlie dc goze A3 ojlait 16 095 1395 jiw (urde Splke Lwdiie 66



Oe 9§91 (325, Slabis dw (633 J3w )l o3laiwl b 3131 il yoluwal sg)xgé)ém&l,:)#“ii vil,.f; GWIR

iabesT o ol 3l el 1 Jgusr
Table 1 subject characteristic

3l sl 039 ol 9 Seadles 039 elS

(30<BMI)  (25<BMI<29.9) (18.5<BMI<24.9)  (BMI<18.5) (034 5 9,0 8) dasis

53} S 53} S ) S [e3} S
33 27.1 225 18 (KQIM?) Gy o055 daseioe
30 30 30 30 (years) e
110 83 65 45 (kg) ¢35
18 175 17 1.58 (m)
2.2 1.98 1.74 1.4 (M%) o colue
3168 3284 3262 3388 3326 3458 3388 3526 (UIkgK) o515 sl ¥ b o
185 158 1501 1417  10.8 10.2 8.2 6.98 (Mm) > aY cules
392 3203 335 229 283 168 221 108 () JERV RV

Slhles dlizie slalos ;5 (oo 5l elac] (gl ool Cavsts s 2 Jgus
Table 2 Results for males’ thermal sensation at different operative temperature

059 ol 39 LDl 039 R sleo
(25<BMI<29.9) (18.5<BMI<24.9) (BMI<18.5) Slles

TSENSov TSENSbr  TSENScl ~ TSENSov TSENSbr TSENScl TSENSov TSENSbr TSENScl  (°C)
-16 -1.82 -1.25 -15 2.1 -1.2 -1.34 2.2 -1.05 15
-0.6 -1.01 -0.48 -0.7 -1.2 -0.51 -0.72 -1.4 -0.52 20
-0.038 -0.08 0.21 -0.04 -0.15 0.08 -0.05 -0.14 0.12 25
1.84 1.66 2.1 1.9 1.8 22 2.2 2.1 24 30
37 36 3.76 3.98 338 41 4.02 39 42 35

ool a8 30 b o3l 5 eS Gl oLl il Slles lales s -1

IRCEL gy PRV 09 — & under weight
Ao L.:).?u (vgnds 4,0 25 390> ,0) o Sldes sbalos jo -2 0.8 @ healthy
alie o)l3, )l wles! Ll 5l Sgline oy e3g8 asls b ol 07 | } ®over weight
Adyls 06 | @ obese
Olid oy 4 Cand 395 5l (g ki Sl s Ll 0 oy -3 205 “—
. 2] ' !
LB (0 :04 |
G (§ i 5y wles] M iy oy 0095 2l b lay; -4 0
wms e ol 05 | as e 4y . -
02 | i
e S ygé -5 o1 L B A ~
(M2) o3 olos gl 4D CLoll Bl emdl
-1K-1) . sosl G
(kg 2KL) ooy o35 oo oedsb - Cpb N 2?)pcrativc Tczmspcralurc (°C:30 3
(TkgK) 55 o325 e Copi Fig. 4 comparison of difference thermal sensation between males and
(3 o) oy JUK CcSIG females for different BMI.

(kgm-3) o dndls D Sl (S0 005 b (4l s s (100 5> el NS aglie 4 JSC&

(n ) A 56 Sa

(ar (o) qints 56 fi S 5 4o -4

(Wm2°C) Jloal> o)l Jlisl cuys A 2 A5 508 Jalse (59,8 labai s Jao 5l 18,5 S8 L callia 0l 5o
(WM2°C1) ainis o) Jil oy P S SIS 4 3181285 )13 (Dbl 9590 o3 ()l el 9
(M) ases 03 1 3 Goletend 5 WD el (S 0058 (all Bl I (Lol og S ez 4

(Kg) e py> ™ 5 dedgw (S S jsbay (85 plxl Gglite Slles slales

(Wm?2) gl gy M el Coss &y o 28 & Soly ot

67 390 5 P Sl 5 £ orbiedygis Slellyn (RS (o9 wVlie acgaze 13 o led 16 095 1395 juwe (e Suilse wiae



Ol 9 53918 ua))s

sladois duw (33 J3w jl oslaiawl b 318l il oubanl,_sg))al.sé)é._ﬂiiadnl,:){iis‘,ﬁ,fe =T33

[2] A. P. Gagge, J. A. J. Stolwijk, Y. Nishi, An effective temperature
scale based on a simple model of human physiological regulatory
response, ASHRAE Transactions, Vol. 77, No. 1, pp. 247-262,
1971.

[3] G. Havenith, H. van Middendorp, The relative influence of
physical fitness, acclimatization state, anthropometric measures
and gender on individual reactions to heat stress, European Journal
of Applied Physiology and Occupational Physiology, Vol. 61, No.
5-6, pp. 419-427, 1990

[4] G. Havenith, Individualized model of human thermoregulation for
the simulation of heat stress response, Journal of Applied
Physiology, Vol. 90,No.5, pp. 1943-1954, 2001.

[5] H. Zhang, C. Huizenga, E. Arens, T. Yu, Considering individual
physiological differences in a human thermal model, Journal of
Thermal Biology, Vol. 26, No. 4-5, pp. 401-408, 2001.

[6] K. C. Parsons, The effects of gender, acclimation state, the
opportunity to adjust clothing and physical disability on
requirements for thermal comfort, Energy and Buildings, Vol. 34,
No. 6, pp. 593-599, 2002.

[7] D. Gagnon, G. P. Kenny, Does sex have an independent effect on
thermoeffector responses during exercise in the heat?, The Journal
of Physiology, Vol. 590, No. 23, pp. 5963-5973, 2012.

[8] S. Karjalainen, Thermal comfort and gender: a literature review,
Indoor Air, Vol. 22, No. 2, pp. 96-109, 2012.

[9] S. Karjalainen, Gender differences in thermal comfort and use of
thermostats in everyday thermal environments, Building and
Environment, Vol. 42, No. 4, pp. 1594-1603, 2007.

[10]X. Zhou, Z. Lian, L. Lan, An individualized human
thermoregulation model for Chinese adults, Building and
Environment, Vol. 70, No. 0, pp. 257-265, 2013.

[11]D. Fiala, L. K.J., M. Stohrer, Computer prediction of human
thermoregulatory and temperature responses to a wide range of
environmental conditions, International Journal of
Biometeorology, Vol. 45, pp. 143-159, 2001.

[12]P. Tuomaala, R. Holopainen, K. Piira, M. Airaksinen, Impact of
individual characterisitics—such as age, gender, BMI, and fitness—
on human thermal sensation, Proceedings of the thirteen
Internatinal  Building Performance Simulation Association
conference,Chambery: France,pp.2305-2311,2013.

[13] A. Zolfaghari, M. Maerefat, A new simplified model for evaluating
non-uniform thermal sensation caused by wearing clothing,
Building and Environment, Vol. 45, No. 3, pp. 776-783, 2010.

[14]F. Davoodi, H. Hasanzadeh, A. Zolfaghari, M. Marefat,
Developing  three-node  model to estimate individual
characterisitics effects on thermal sensation and human body
thermoregulation, Modares Mechanical Engineering, Vol. 16, No.
8, pp. 149-158, 2016. (in Persian _..,5s).

[15]G. Eknoyan, Adolphe Quetelet,the average man and indices of
obesity, Nephrology Dialysis Transplantation, Vol. 23, No. 1, pp.
47-51, Jan, 2008.

[16]D. Fiala, G. Havenith, Modelling Human Heat Transfer and
Temperature Regulation, in: A. Gefen, Y. Epstein, The
Mechanobiology and Mechanophysiology of Military-Related
Injuries, pp. 265-302, Cham: Springer International Publishing,
2016.

[17]1A. M. Claessens-van Ooijen, K. R. Westerterp, L. Wouters, P. F.
Schoffelen, A. A. van Steenhoven, W. D. van Marken Lichtenbelt,
Heat production and body temperature during cooling and
rewarming in overweight and lean men, Obesity (Silver Spring),
Vol. 14, No. 11, pp. 1914-1920, Nov, 2006.

(WmM2) coles Sdgilio g5 Mact
(Wm?) ;) Sple g5 Mshiv
(kgsim2) o5 by G)ls 20 Tbl
(kgsim2) poslsss 3,5 5 Thrsw
(Wm2) alaw asly o)l Jols b adss @
(WM2) gy 5 o 35 50 0 )l Jols
(M2°CW-L) uld 5> cuglie Ra

Wm2) )l opssgy S

() olos
(Cls T
(°C) b Lawgie sboo Ty

(x 2) ol !
(Wm'z) Lozl )5 5 w

(a2 ) o5 JuSm

(M@)Wﬁwbﬁwﬁé"?dr; a
(d-'-rg_g) o33k 7

(e ) o o3 o b gl s A
(W 2) o e lagido oz Cons M

L gi)
[PEC
PRGN [P act
o bse b
05> 4 bge b
oo br
o
wlral>  cONV
o S OF
s n
Js ov
i rad
ks TS
Sy sk
cxx-6

[1] P. O. Fanger, Thermal Comfort Analysis and Applications in
Environmental Engineering, pp.13-41, New York: McGraw-Hill,
1970.

G392 9 S Sl 5 g sabodygis Slelliyn (uil j2i8 (pre9d wIlie dcgoze A3 o )leii 16 )93 1395 Mo )3 Sulle Sw e 68



