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APPENDIX A 

The combined heat and mass transfer coefficients as used in the heat balance equation. 

Part A: The Sensible Heat Transfer Coefficient, h', 

I = 1/[f 
1

(h + h )] or l/(f 
1
h) a c r c c 

-2 -1 Wm K A-1 

A-2 

The linear radiation coefficient (h) varies from 4.55 a:o '15:n = 20°C to 4.90 at T = 40°. The 
convective heat transfer coeffbc~9nf h is given by 8.6 V · , where V is ambient0 air movement 
in m/s or by 5.66 (Met - 0.85) · , whichever is_zhe larger is used in A-1 or A-2. Metabolism 
(Met) is expressed in met units (1 met= 58.2 W~ ). 

I 
1
_ is the intrinsic insulation of the clothing layer (equals 0.155 I 

1 
, when CLO units 

are us~a instead of m2 K/W for insulation), The factor f 
1

, the ratio oI 0the clothed body 
surface area A b to the body skin surface A , is given b3' (1 + k 

1 
I 

1 
) • In the present . c -!) c 0 c 0 

analysis k 
1 

= .25 and constant. 
c 0 

Alternatively, 

where the Burton thermal efficiency factor, Fcl is 

or 

1/(1 + 0.155 f 1hI l ) c c 0 

Part B: The Insensible Heat Transfer Coefficient h' . 
e 

A-3 

N.D. A-4 

Analogous to I and I 1 above, R and R 1 are the evaporative heat resistances of the 
~ c . ea ec "air" and "clothing layers respect1vel.y, thus 

h' 
e 

1/ (R + R 
1

) ea ec B-1 

in which it is assumed the latent heat of evaporation occurs on the skin surface, and the 
passage of water vapor to the ambient environment is a function of the vapor resistance (R ) 
of the air and clothing layers (R 

1
). ea 

ec 

The vapor heat resistance of the air and clothing layers are defined as 

R 1/ (L . f 
1

. h ) m2 .kPa/W B-2 ea · a c c 

or = I I (L . i ) B-2' a a a 

wh_Elre i = h /h and I = 1/(f l.h ) from A-2 above. a c a c c 

and R = I 
1

/ (L . i 
1

) m2
• kPa/W B-3 eel c a c 

The factors i and i l (N.D.) above describe the permeation efficiency of water vapor 
through the air a°bd clotbrng layers respectively. A typical value of icl for everyday 
clothing is 0.45. [9]. 

The factor L in B-2 is known as the "Lewis Relation" for air-vapor layer over skin 
surface and is defined as the ratio of the evaporative heat transfer coefficient h to the 
convective heat transfer coefficient h L varies slightly with T k in K degree~ and is 
given by 

L 
a 

c a s 

15.15 (Tsk + 273.2)/273.2 K/kPa B-4 
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Alternatively 

h' 
e 

L .i /(I + rc1), 
a m a 

B-5 

where i is permeation efficiency ratio for the combined clothing and air layers, as used by 
Wood.coc~, Breckingbridge and Goldman [ 10]. 

The three permeation efficiency ratios, i ' m icl' and ia' are related by 

l/i = F 1/i + (1 - F 1)/i l 
m c a c c 

N.D. 

Burton's Fcl is defined in A-4 above. 

From B-5; 

i = (h' /h' ) /L 
m e a 

N.D. 

and the negative slope of any ET* locus in Fig 1 is the product w. L .i 
a m 

Part C: 

B-6 

B-7 

In tEz. -~recedinjz se~Iion s, all heat transfer coefficients are expressed in terms of 
either Wm K or Wm kPa . The (m2) term always refers to the human Body Surface Area as 
measured by t:he DuBuis Forw-ula (::;ee eq. 3, p , 8, ?. , ref. 4) as: 

( ink ) 0.425 (h . h . )0.725 Ad = 0.202. weight g . eig t in meters G-1 

The body surface area of an average sized man is considered here to be 1.8 square meters, with 
weight 70 kg and height 1.7 meters. 

Part D: 

SI 

oc 

K 

kg 

m 

kJ 

m2 

kPa 

w 

W/m2 

W/ (m2 .K) 

W/(m2kPa) 

K/kPa 

kPa/K 

Conversion Factors - SI to IP 

Term 

temperature 

absolute temperature 

mass 

length 

heat 

area 

pressure 

power 

metabolism 

heat conductance 
heat transfer coef. 

evap. mass transfer coef. 

Slope: Lewis Relation:ET* loci 
(Mollier Psychrometric Chart) 

Slope:ET* loci 
(Carrier Psychrometric Chart) 
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x Factor IP 

x 1. 8 + 32 F 

1. 8 R 

2 . 205 lb 

3.281 ft 

0.9478 Btu 

10.76 ft 2 

0.1450 psi 

3.412 Btu/hr 

0.3170 Btu/hr.ft 2 

0.1761 Btu/hr.ft2 .F 

2.186 Btu/hr.ft 2 .psi 

12.41 R/psi 

0.08058 psi/R 



~J'P_END IX B 

FORTRAN Program: Two Node Model of Human Temperature Regulation 
for Calculation of ASHRAE Comfort Indices 

c·~~~~~~~~~~~~~~~~~~~~~~~~~-~~~~~~~~~.~~~~ 

c J.8.PIERCE : APG/APRF/LGB (Prj.2N'1/let27/rev.5/86) 
c IBM PC-AT/DOS 3.10/PRCFORT 1.00 
c Computer program to evaluate the physiolo9ical and psychological 
c response ct human subjects to their thermal environment. 
c The to! lowing members of the Pierce Lab. have made significant 
c contributions to the present model over the past 20 years : Berglund, 
c Casby, Fobelets, Gagge, Gonzales, Hardy, Nishi, Oohori, Stolwijk snd 
c many others as visiting tel .lows. 
c 
c 
c 5 I l"LLA T lON CF TEt"PERA Tl.RE REGLLA Tl ON. 
c This routine simulates the temperature regulation over a 1 minute period 
c Inputs are the physiological data from the previous time step and 
c the current environmental conditions. 
c Variables in common blocks letl and let2 are defined prior to this 
c routine. Variables in common block let3 are defined in this routine 
c 

c 

subroutine letloop 
real lri icl, iclsi imikclo 

Ocommon /letl/ ttsk,ttcricSW•cstr•cdi libz, 
lskbt I' rgsw I' act1we.ve I, i env i r .c I o.ataievet, i c I, i mi 
2tairh,pa,erf,tr,chccikclo 
Ocommon /let2/ alpha,eveff,rm,wk,tsk,tcr•tbm, 
lskbf,eskichc, lr,chr,ff,faclictcircloichcloitcli 
2cloe,fcleifpcl itoitski itcri .alphai 1skbti ieski 1sar 
Dcommon /let3/ eresicres,dryi 
1ttbmidi latistric,regswiersw,emaxirt' 
2edifipwet,prsw.edrip,ediff,pdif,vpsk,rhsk 

c~~-Dry heat balance : solve tor TCL and Q-R 
21 tclold=tcl 

chr=4.*.72*5.67e-B*((tcl+tr)/2+273.15)**3 
tcl=(chclo*tsk+tacl*(chc*ta+chr*tr))/(chclo+facl*(chc+chr)) 
it(abs(tcl-tclold) . gt.0.01) goto 21 

c 
c~~-heat flow from clothing surface to environment (FACL=l. if CLOE used) 

dry=facl*(chc*(tcl-ta)+chr*(tcl-tr)) 
c 
c~~-dry and latent respiratory heat losses 
c~~S.8662 kPa=44 mmHgi .017251=.0023*760 mmHs/101.325 kPa 

eres=.017251*rm*(5.8662-pa) 
cres=.0014*rm*(34.-ta)*ata*ff 

c 
c~---+-ieat flows to skin and core : 5.28 is skin conductance in the 
c~~absence ct skin blood tlow 

hfsk=(tcr-tsk)*(5.2B+1.163*skbf )-dry-esk 
htcr=rm-(tcr-tsk)*(5.28+1.163*skbt)-cres-eres-wk 

c 
c-~~Thermal capacities (average man : 70 kgi 1.B square meter) 

tccr:::58.2*(1.-alpha)*70. 
tcsk:::58.2*alpha*70 

c 
c~~-Temperature changes in 1 minute 

dtsk=(htsk*l.B)/tcsk 
dtcr=(hfcr.*1.8)/tccr 
dtbm=alpha*dtsk+(l.-alpha)*dtcr 
tsk=tsk+dtsk 
tcr=tcr+dtcr 

c 
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c:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

c:~~-Oetinition ot vascular control signals----~----~~--~~~~~­
c:~~-TTCR1 TT9<, a nd TTBM ar e t he se t po int s fo r cor e 1 s ki n and~~~­
c:~~-avera9e body temperatures corr espond ing to phys io l . neutr a l i ty~ 

c BZ is the r at io ot s k i n mass t o t ota l body mass ( s ki n+core )~~-­

.--~~Typica l va lues t or TTCR, TTSK and BZ a r e 36.8 , 33.7 and 0.10 ~~ 
c:~~-i'ILPHA is the ac: t uq l s kin to t ota l body mass rat io--~~----~~--

c 

it(tsk.st.ttsk) then 
warms=tsk-ttsk 
c:olds=O. 

else 
c:olds=ttsk-tsk 
warms=O. 

endit 
if(tc:r.st.ttc:r) then 

war-mc:=tc:r-t tc:r-
c:o I dc:=O. 

else 
coldc:=ttc:r-tc:r-
war-mc:=O. 

endif 
ttbm=bz*ttsk+(l.-bz)*ttc:r 
tbm=alpha*tskt(l.-alpha)*tc:r 
if(tbm.gt.ttbm) then 

warmb=tbm-ttbm 
coldb=O. 

else 
coldb=ttbm-tbm 
war-mb=O. 

end if 

c----~~------~---

c: Physiological temper-ature regulation controls----~~~~~~--­
c:~~-Constants for average/normal man : COIL= 200 I iter-s/(m2.hr . K)~ 

c~~- CSTR = D.i dimensionless~~~ 
c-- CSW = 170 g/(m2.hr)-----
c:~~-6.3 I iter/(m2.hr-) is normal 9<8f~~--~~~~~~~-~~~--~­
c~~-in the absence of any thermoregulatory vascular- c:ontrol--~~-

c 9<BFL = 90 I iter/(m2.hr) = max S<BF------------------
c~. --~--~~~~~~~~~--~--~~--~~~~~~~~~----~------

c:~~-control skin blood +low 

c: 

di I at=cd i I *warmc 
stric:=c:str*colds 
skbf=(6.3+di lat)/(1.+stric) 

c:~~-SKBF is never below 0.5 I iter/(m2.hr) nor above SKBFL 
if(skbt. lt.0.5) skbf=0.5 
if(skbf.gt.skbf I) skbf=skbfl 

c: 
c:~~-ratio of skin-core masses change with SKBF 
c:--. -(i'ILPHA, SKs;:")=( .15, 6 . 3), ( . 45 , 1 .24), ( . 05,90) 

alpha=.0417737+.7451832/(skbf+.585417) 
c 
r--~-c:ontrol ot regulatory sweat i ng 

regsw=c:sw*warmb*exp{warms/10.7) 
if{regsw.gt.rgswl) ressw=rgswl 
ersw=.68*r-egsw 

c:~~-adjustment of metabolic: heat due to shivering {StolwiJk1Hardy) 
rm=act+19.4*c:olds*coldc 

c 
c:·--~~~------~-----~~~--~--~~~---~~~-----~----~-

c: Evaluation of heat tr-anster by evaporation at skin surtac:e--~~-
c:----~~~~~~~~~~~~~~~~~~-~~~~~~~---~~~-

c:------LR varies with TSK . 
.----LR=2.02 C/mmHs or 15.1512 C/kPa at 0 C ( lr=2.2 at 25 C) 

lr=15.1512*(tsk+273.15)/273.15 
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c 

c--~-Mass transfer e~uation between skin and environment 
c~~--RT is total vapor resistance ot clothing+ air layer 
c~---IM is etticency of mass transfer tor (clothin9tair layer) 
c~~-ICL - tor clothing alone 
c Reference : Woodcock, Breckenridge and Goldman 

rt=(l./im)*(l./( lr*facl*chc)tl./( lr*chclo*icl )) 
emax=(l./rt)*(svp(tsk)-pa) 
prsw=ersw/emax 

c 
c-----.06 is PDIF for nonsweatin9 skin~- Kerslake 

pdit=(l.-prsw)*.06 
ed i f=pd i f*emax 
esk=erswtedit 
pwet=esk/emax 

c 
c-~--Beginning of dripping (Sweat not evaporated on skin surface) 

c 

if((pwet.ge.evetf).and.(emax.ge.0.)) then 
pwet=eveff 
prsw=(evett-.06)/.94 
ersw=prsw*2max 
pdif=(l.-prsw)*.06 
ed i f=pd i f*emax 
esk=erswtedif 

end it 

c-----When El"'AX<D. condensation on skin occurs. 

c 

if(emax. lt.O.) then 
pdit=D. 
edi t=O. 
esk=emax 
pwet=evetf 
prsw=evef f 
ersw=D. 

endit 

c--~-EORIP = unevaporated sweat in 9rams/s~.m/hr 
edrip=(regsw*.68-prsw*emax)/0.68 
if(edrip. lt.O.) edrip=O. 

c~~-Vapor pressure at skin (as measured by dewPoint sensors) 
vpsk=pwet*svp(tsk)t(l.-pwet)*pa 

c 
c~---Rl-EK is skin relative humidity 

rhsk=vpsk/svp(tsk) 
c 

return 
end 

c~~-Ccmputation of comfort indices. Inputs to this routine are the 
c~~-physiological data from the simulation of temperature regulation loop 
c~~-Variables in common blocks 1, 2 and 3 are defined prier to this 
c~~-routine. Variables in block 4 are computed in this routine. 
c 

subroutine letindex 
real lri icl' ii:ls1 im1kclo,kclos 

Dcommon /letl/ tisk,ttcr1csw,cstr1cdi l1bz1 
lskbfl1r9swl1act1we1vel' ienvir1clo1ata1evef1 icl' im1 
2ta1rh1pa1erf 1tr1chcc1kclo 
Ocommon /let2/ alpha1evetf1rm1wk1tsk1tcr1tbm1 
1skbf1esk1chc1lr1chr1ff,facl1ctc1rclo.chclc1tcl, 
2cloe,fcle1fpcl1to,tski1tcri1alphai1skbti1eski1sar 
Dccmmon /let3/ eres1cres1dry1 
1 ttbm1 di I at. str i c, regsw, ersw, emax, rt• 
2edif1pwet1prsw1edrip1ediff1pdif1vpsk1rhsk 
Dcommon /let4/ store, 
lset1et1pmv1pme1pms1hsi, 
2disc1tsens1sto1hr1etctc1efche1 
3slope1svpo1 idc1xclo1xcloe1 idd1xim1xicl 
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c:--------------------------------------------~----------~~~--------

c: art I : Heat transfer indices in real environment----~--------~ 
c:·~------------------------~------------------------------~------------

c: 

ctc=chc+chr 
to=ta+erf /c:tc 
cloe=clo-(fac:l-1.}/(.155*facl*ctc} 
fc:le=1./(1.+.155*c:tc*cloe) 
fpc:l=l./(1.+(.155/icl )*chc*c:loe) 

c-----clothing characteristics for printout (variable names start with x) 
c-----CLO = intrinsec clothing insulation• CLOE= effective cloth. insul. 
c ~nter CLO and KCLO (compute CLOE} or enter CLOE and KCLO .(compute CLO 
c:---Note : KCLO=O --> CL.O=CL.OE, KCL.O>O --> CLO>CLOE 
c-----Enter IM (compute ICL) or enter ICL (compute IM) 

c 

xcloe=c:loe 
it(idc.eq.1) then 

xclo=clo 
else 

xclo=l.-kclo*cloe-kc:lo/(.155*ctc} 
xclo=(-xclo+sqrt(xclo*xc:lo+4.*kclo*c:loe))/(2.*kc:lo) 

end if 
if(idd.eq.1) then 

xic:l=icl 
xim=(1./rt)*(1./( lr*facl*chc)+l./(lr*c:hclo)) 

else 
xim=im 
xicl=fac:l*chc:/(chclo*(rt*lr*facl*chc:-1.)) 

endi f 

c art 11 : ET* (standardized humidity/real CLO ,ATA and CHC}-------
c----------------------~------------~----------------------~----------
c:-----c:alculation ot skin heat loss (l-6K) 

hsk=ctc*fc:le*(tsk-to)+pwet*lr*c:hc*fpcl*(svp(tsk)-pa) 
c: 
c---~-Get a low approximation for ET* and solve balance equation by iteration 

et=tsk-hsk/(c:tc:*fc:le) 

c: 

90 err=hsk-c:tc*fcle*(tsk-et)-pwet*lr*chc:*fpc:l*(svp(tsk)-svp(et}/2.) 
it(err. lt.0.) then 

et=et+.1 
goto 90 

end if 

c:----------------------------~-----------------------------------------
c Part III : Standard effective temperature SET*--------------------
c-----standardized humidity. CHCi CLO, ATA normalized for given activity 

c:: Standard environment 
chrs=chr 

c 

c:-----CHCS =standard c:onv. heat tr. c:oeft. (level walking/sti I I air) 
chcs=5.66*(ac:t/58.2-.85)**.39 

c: 
c:-----minimum value of c:hc at sea level = 3.0 (vel=.137 mis) 

if(chcs. lt.3.) c:hc:s=3. 
c:: 
c:-----standard f"ET-CLOS relation gives SET*=24 C when PMV=O 

rn=rm-wk 
cfos=l.3264/(rn/58.15+.7383)-.0953 
kc:los=.25 
tac:ls=l.+kc:los*c:los 
ctc:s=chrs+c::hc:s 
cloes=c:los-(fac:ls-1.)/(.155*fac:ls*c:tcs) 
fc:les=1;/(1.+.1SS*c:tcs*c:loes) 
fpc:ls=1./(1.+(.155/.45)*c:hcs*cloes) 
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-

c 
c-----Get a low approximation for SET* and solve balance equ. by iteration 

set=tsk-hsk/(ctcs*fc\es) 
200 err=hsk-ctcs*fcles*(tsk-set)-pwet*lr*chcs*fpcls*(svp(tsk)-.5*svp(set)) 

i f( err . I t . 0 . ) then 
set=sett.l 
goto 200 

end it 
c---STO and SVPO are coordinates for standard environment 
c-----STO =standard operative temper~ture 

sto=ctc*fc\e/(ctcs*fcles)*tot(l.-ctc*fc\e/(ctcs*fcles))*tsk 
c 
c-----SVPO = standard operative vapor pressure 

svpo=(chc*fpcl/(chcs*fpcls))*pat 
1 (1.-(chc*fpcl )/(chcs*fpcls))*svP(tsk) 

c 

c----------------------
c-----P art IV : Fanger ' s comfort equation. Predicted mean vote (PMV)--
c-·---------- - ----------
c---ESW when >O, is evaporation by sweating onlyi when <O, ESW=-STORE 

esw=rn-cres-eres-ctc*fcle*(tsk-tol-edif 
c 
c-----Fanger's reg. sweating at comfort threshold (PMV=O) i s 

ecomf=(rn-58.2)*.42 
c 
c-----PMV is the classic Fanger's index . 

pmv=( .303*exp (-.036*\ m)+.028)*(esw-ecomt) 
c 
c----PMV* (PME in prgm) uses ET instead of TO 

eswe=rn-cres-eres-ctcs*fcles*(tsk-et)-edif 
pme=( .303*exp(-.036*rm)t . 028)*(eswe-ecomf) 

c 
c-----SPMV* (PMS in prgm) uses SET instead at TO 

esws=rn-cres-eres-ctcs*fcies*(tsk-set)-edit 
pms=( .303*exp(-.036*rm)t.028)*(esws-ecomf) 

c----SPMV* = PMV* in standard environment 
c---------------------------------------------
c----Part V : Heat stress and heat strain indices derived tram ESK,--­
c---EMAX, W (skin wettedness) and WCRl T-~--

c------~------- ---·~---~··----

c----EMAX is read_iusted tor EVEFF and/or ECRIT 
emax=emax*evett 

c 
c---DlSC (discomfort) varies with relative thermorequlatory strain 

disc=5.*(ersw-ecomf)/(emax-ecomt-edit) 
c 
c----BeldingJs classic heat stress index (HSI) 

ereq=rn-cres-eres-ctc*fcle*(tsk-to) 
hsi=lOO.*ereq/emax 

c 
c---Belding's HSI is also an index of thermoregulatory strain 
c---Heart rate (f-IR) is a +ct at HSl and RM 
c HR data base (Gonzales, 1968) as fol lows : 
c----(RM,HSI,f-R)=(l,10,75),(1,l00,110),(3,18,92),(3,100,170) 

c 
c 

i t ( hs i . I e. 0. ) then 
hr=l.885*rm/58.2+69.225 

else 
hr=( .2Bl*rm/58.2t.108)*hsitl.885*rm/58.2t69.225 

end it 
it(hr.gt.220.) hr=220. 

c Part VI : Thermal sensation TSENS as function of mean body temp . -
c:: 
c::----TBM.... is TBM when DISC is 0.( lower I imit of zone at evap. regu\ .) 

tbml=( .185/58.2)*rnt36.313 
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c 
c---TBl"l. is TBM when HSI=lDD (upper I imit of zone of evap.re9ul .) 

tbmh=(.359/58.2l*rn+36.664 
c 
c~~TSENS=DISC=4.7 when hSI=lOO 
c~~In cold, DISC & TSENS are the same and ne9. tct ct TBM 

if(tbm.9t.tbml) then 
tsens=4.7*(tbm-tbml)/(tbmh-tbml) 

else 
tsens=.68175*(tbm-tbml) 

endif 
c 

c----------
c----Par t VII : Other indices------------------
c ·-------------------------·--
c---calculation of heat storage : 
c---Net metabolic rate - (respiratory heat !ass) - (skin heat lass) 

stare=(rm-wk)-(cres+eres)-(dry+esk) 
c 
c----effective insensible heat tr. coeff. EFCHE 1n W/m2.kPa 

efche=lr*chc*fpcl 
c 

c-~effective sensible heat tr. coeff. EFCTC in W/m2.K 
e·rctc=ctc*fc I e 

c 

c SLOPE on Mel I ier chart defines I ines of const. enthalpy for the totai 
i:---hum id environment inc I ud i n9 both c I oth i ng and air I a)o'Rr "'' ''"''"'CJU~d i ~s 
c---the body skin surface. SLOPE in K/kPa.(t~=ordinateipa=abscissa) 

slope=pwet*efche/efctc 
c 

c----Psychrometric ratio for total humid-clothing environment is 
c---WCRIT*EFG£/EFCTC or WCRIHl.A*IM 
c: 
c:---losses shown as negative on printout 

ersw=-ersw 

c: 

edif=-edif 
eres=-eres 
cres=-cres 
dry=-dry 

return 
end 
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TABLE 1 

* Standard Transfer Coefficients and Critical SET Levels with Activity 

Activity I v h h h h h' /h' els eq cs s s es es s 

met (W/m2
) Clo m/s -2 -1 Wm K -2 -1 Wm K -2 -1 Wm K Wm-2kPa-l K/kPa 

(1) (2) (3) (4) ( 4) (5) (5) ( 4) (5) 

1 (58.2) 0.67 0.11 3.00 7.42 4.56 32.61 7.15 

1. 25 (72.8) 0.57 0.23 3.96 8.38 5 .18 40.77 7.87 

2 (115.4) 0.39 0.50 5.98 10.40 6.76 60.24 8.91 

3 (174. 6) 0.26 0.80 7.61 12.09 8.48 81.52 9.61 

4 (232.8) 0.19 1.06 8.87 13.34 9.97 101.06 10.1 

5 (291. 0) 0.14 1.30 9.88 14.36 11. 31 119. 55 10.6 

(1) by Eq. 13 for zero work; 1 Clo= 0.155 m2 K/W 
(2 ) Equivalent air movement is ex8 !90.79 + 0.74 log (Met-0.85)] 
(3) Calculated by 5.66 (met-0.85) • (see Appendix fi) 
(4) All coefficients calculated for SET* at comfort 
(5) for kclos=0.25; icls=0.45 

* w SET (slope) 
a~ comfort at comfort 
N.D. °C (K/kPa) 
(6) (7) (5) (6) 

0.07 23.6(0.50) 

0.10 23.8(0.79) 

0.16 23. 7(1.43) 

0.20 23.6(1.92) 

0.23 23.2(2.23) 

0.28 22.4(2.97) 

(6) Slope is wh'e/h' at SET* values indicated for comfort, wcrit=0.85; and wcrit=l.O 
<7> wo = (Ecomf + Ediff)/Emax 

* * SET (slope) SET (slope) 
w . =0.85 
°Crtk/kPa) 

w . =1.0 
°Crtk/kPa) 

(6) (6) 

38.9(5.96) 40.3(7.01) 

38.8(6.56) 40.6(7.72) 

39.2(7.42) 40.4(8.73) 

38.8(8.01) 39.6(9.42) 

37.0(8.45) 38.9(9.89) 

37.0(8.80) 38.4(10.4) 
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Discussion 

R. GONZALES, U.S. Army Res . Inst . Env. Medicine, Natick, MA: In your last figure i n the 
presentation (psychrometl"ic chart) yout" lines of PMV are very similar to Yaglou• s original 
old eff~ctive temperature iso- strain lines; although the old ET was not as rational as PMV, 
it• s surprising tha t the old ASVHE does converge in the comfort zone. I would like to see a 
composite of all these "iso-st rain" lines in the Fundamentals chapter just to c l arify for the 
eng i neet" where divet"gence exis t s . 

A.P. GAGGE:: The original ASHVE ET Comfol"t Chart, was first published by Houghten and Yaglou 
in ASHVE Trans~r.tions (1923}, VGl. lS, f· 151, and descr i bed responses of sedentary 
half-clothed subjecls after they moved from one temperature- humidity condition to anothe~. 
ET loci on a psychrometLic chart described "Lines of Equal Comfort." Their fil"st chart was 
criticized as being impractical (half-clothed) and unrealistic. Both Yaglou and Houghten 
soon publ j shed independent l y revised ET Chal"ls fol" practical situations. We chose for the 
pl"esent compal"ison t he revision by Houghten, Teague, and Miller, ASHVE Transa ons (1926), 
Vo . 32 , p. 185, for "ligh tly cl.othed subjects working in still air." Prof . Yaglou had'·rnoved 
in the mean t ime to HarV'al"d University as an instructor' at Prof. Drinker's School of Public 
Health, where he continued his studies with the early ET well into the postwar period. 

In the figure attached, we have compared on a Mollier chal"t lines of Equal Comfol"t with 
PMV* loci, and ET* loci, as del"ived fol" 3 mets and 0.26 Clo. Comparison between the old ET 
and PMV* at 10° again shows that t he old ET would find the environment to be less cold than 
PMV* as l"P.lative humidity increa.ses (i.e., steeper- negative slope). At Comfol"t (PMV* = O) 
and toward wann conditions, the diffel"ence between the negative slopes of the old ET and PMV* 
becomes insignificant. In the cold (10°), as would be expected, the new ET* and w loci 
coincide . At Comfol"t (PMV* = 0), and throughout the zone of evaporative regulatiom, loci fol" 
ET* al"e always less steep than t hose fol" PMV*. However', at or neac the W crit = 0.85 line, 
loci foe the old ET, skin wettendess w, PHV*, and ET* all coincide. 

We believe that after 60 years we may have succeeded finally in rationalizing the old 
ASHVE: ET Charts in tenns of the Human Heat Balance Equation, of all the heat and mass 
tl"ansfel" coefficients involved fol" beat exchange by radiation, convection, and evapol"ation 
and by a new undel"standing of human tempel"ature regulation dul"ing cest and exercise. 

GONZALEZ: You mentioned in youc presentation that the loci of constant PMV* in Figure 10 
wel"e also loci of constant wettedness. Since they wel"e del"ived by substituting ET* (or SET*) 
for Opel"ative Temperature in Fanger's Comfort Equation, are they loci of constant ET*? 

A.P. FOBEC.ETS and GAGGE: We believe that man senses both tempel"ature and enthalpy of the 
total humid environment (which includes the clothing and ail" layer's surrounding the skin 
SUl"face). We believe the most r-epresentative index of temperatut"e and enthalpy of the humid 
environment is ET* (or SET*) . Wet-bulb tempel"atul"e alone overestimates the effect of 
humidity. Opel"ative tP.mpel"atuce does not l"eflect the humidity content of the envil"onment . 

When we define PMV* by substituting ET* for To in Equation 7 in the text, 

PMV* = ~lHsk - h'(Tsk - ET*) - Ediff - Ecomfl· 
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Wettedness, w, of the test environment is also defined in tenns of ET* by solving for w 
in Equation 4: 

w = [Hsk - h'(Tsk - ET*)]/[h'e(Pssk - 0.5 PsET)]. (4 I) 

The threshold wettedness, w0 , for Comfort in tenns of ET* is given by Equation 12 in 
text as: 

( 12 I) 

By substituting (4') and (12') in (7'), 

which demonstrates that PMV* is linear with skin wettedness. PMV*, like DISC, is a power 
function of ET*. 

Finally, the threshold w0 , which includes Fanger's Ecomf factor, ; ~erves as a zero 
index fo~ the PMV* sensory category scale and is neither a control factor in human 
temperatur.e .regulation nor a significant factor in the body heat bah.nee equations, 1 and 2 
above . . , 

J 

GAGGE, FOBELETS, and L. G. BERGLUND response to both questions: For the Zone of Evaporation 
Regulation: 

1. Line~ of CEqual Comfort'' (i.e., the ET loci of Houghten, Yaglou, et al. iq the 1923~26 • 
period). of constant wettedness, of constant DISC, and of constan~ PMV*, . all four fall into 
yo~r class,-c"ISO-Strain" lines. Perhaps lines of comitant heart ' rat1:1 may be . also-added. 

2 . The "I so-Stress" lines are those for mean skin temperature, mean. b_9dy temperature, and 
regulatory ,.sweating, to which may be added Fanger's original PMV (see Fig~re _ 2). 

3 , ET* (or SET*) is a temperature measure of enthalpy of the total humid environment, which 
surrounds the wet skin surface and includes both the air and clothing layers. Wet-bulb 
temperature is a temperature measure of the enthalpy of the ambient environment itself. 
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