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             ]E{umid Operative Tempefature.

A Biophysical gndex of Thermal Sensation and Discomfott,

by Y. NisHi and A. P. GAGGE.

(J. B. Pierce Foimdotion Laboralocy and lr'ble U>iiversity,

            Nlew Hdven, Conn. U.S,A.)

  Is it possible to describe the combined effk}cts of radiant heat, air temperature, humi-

dity, ait movement and clothing as a single temperature, which has significance for

both physiologists and engineets in judging comfbtt and thermal sens4tion and in

pfedicting heat exchangeP ･.･ '
  The heat balance equation for the[mal eguilibrium that desctibes how the net meta-

bolic heat ptoduced (M) is exchanged from the skin surface with the envitonment by

tadiation,convectionandskinevaporationmaybewrittenas; ' ･･''i

M=Felhi(Tgk-Tr)+Fclhc(TskmTa)-i-Fpalwhe(Psk-Pdp),(W!rxi2) (i)

where Tr == mean radiant temperature ; Ta = ambient air temperature, both in oC ;
P,k = saturated vapor pressure in mmHg at mean skin temperature (T,k) ; Pdp =
saturated vapor pfessure at dew point tempetature (Tdp) and equals the ambient vapot

pressure ; F,i and Fpci (N.D.) are efficiency factors of clothing fbr dry and wet heat

exchange (BuRToN and EDHoLM, ig6g ; Nism and GAGGE, ig7o). The linear radia-
tive, convective and evapo:ative heat ttansfer coefficients are hr, hc in W/(m2.0C) and

h, in VCr1(m2.mmHg) respectively, w is the skin wettedness, defined as the ratio of the

obsetved evaporative heat loss from skin surface to the maximum evaporation possible

(Em.x) from a completely wet skin surface. E..x itseif is defined by the third tetm

in eq. (i), when w = i. Eq.-(i) may be simplified by the modified Lewis Relation at
sea level eonditions, h, = z.2 hc, and the fo11owing approximate telation over normal

temperatureandhumidityranges(ioOCvA4oOC,th>3s%); ･･'i

Psk ri Pdp == i･4 (Tsk - Tdp)･ (I a)
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  The equation, defining Humid Operative Temperature (Toh), is now

                           M = hoh (Tsk- Toh),

where hoh=A+B+wC,A==Felh,,B:==Fcih,,
                        and C = Fpci (2.2 × i･4) hc･

                                         'Thus Toh==(ATr+BTa+wCTdp)1(A+B+wC)t

             SIMULATtON MODEL OF TEMPERATURE REGULATtON

                  FORARESTINGMAN otterStolwijkGHardy-I966
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        FiG. i. - Stimulation Model of Temperature Regulation fbr a testing ` ･

..gro.m,,eg.',(,-4,),II.u,mgd,O,,p.ergltji,vfi･.,e,lgp,e.r:iuf,e,:s.h,is..d.effi,n･.f･,d.2gt.h.e,age,r,aie.o.{,Ilihs,･1･i '

concerned..VQreightingfactors,A,B,andC,includetheeffectofclothingandairmove- ･
ment. Toh is thus the single temperature that answers in rational terms our original ･l-'

guestion. Thephysiological variab]es, skin T,k and core temperature Tcr and skin '' ' ･'' ,'

wettednesswaretheresultantofvariousinternalregulatoryprocesses(skinblood ''''
fhi,O
,illtiFW.fi?,ta:eirFepttL?)n.)andMetabolism)andoftheenvironmentalfactors(T.,T,,Tdp, ･,.,

.,.",v6m,p,･i.'.ll}.?geth.f.b;,beg]/e;:,agg`,g.,r;g,",ig/rgg,gft.e.r,,g.Tgkw.v{･s.ftn.d..",.iR,D,;.,ki,2`.`.'fig "'i

casefotasedentarysubjectinaunifotmenvironment(T,=Tr)isillustratedinFig.i. '
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             HUMID OPEIRA"T'IVE rEMPEIRAruRer

FiG. 3, - Cornpatison of Humid Opetative Temperatute with temperature
       and comfbrt sensation votes by unclothed subjects.
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The physiological responses predicted at the end of one hour exposure to various T.
values are indicated in Fig. 2. The values Fel = o.s7 and Fp,i = o.8o apply for o.6 clo

and h, == 2.gi W1(m2.0C). The jntegrations of eqs (i4) and (is) are made numerically

by digital computer for minute time interval. The heat pastitions as air temperature

increases, are not significantly changed by humidity until the skin surface reaches
ioo % wettedness. Since a part of secteted sweat may evaporate Iess effectively within

inner clothing layets and not on the skin surface itselg skin wettedness may reach its

true maximum value in a range 6o vA ioo %.
  For our model w is a vatiable dependent only'on the environmental factots.For any
given activity, air movement and clothing, Toh is essentially a unique function of three

environmental temperatures Ta, T, and Tdp,
  In Fig. 3 Humid Operative Temperature is compaxed with the data of average sensa-
tions of both temperature and comfbrt fbr 6 unclothed male subjects while resting at

the various air temperatutes at normal humidity at 4s % rh (GAGGE el al., ig67).

  In sumrnary, Humid Operative Temperature, when derived from the heat balance
equation for a temperature tegulating physiological model incorporating the effk}ctor

processes of sweating, vasodilation and vasoconstriction, is a unigue function of the
environmental variables. This temperature scale is usefu1 as a rational index fbr bio-

physical thermometty and for predicting thermal sensations and discomfort in widely

varymg envlronments.
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