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Humid Operative Temperature.
A Biophysical Index of Thermal Sensation and Discomfort,

by Y. Nisur and A. P. GAGGE.

(J. B. Pierce Foundation Laboratory and Yale University,
New Haven, Conn. U.S.A.)

Is it possible to describe the combined effects of radiant heat, air temperature, humi-
dity, air movement and clothing as a single temperature, which has significance for
both physiologists and engineers in judging comfort and thermal sensation and in
predicting heat exchange ?

The heat balance equation for thermal equilibrium that describes how the net meta-
bolic heat produced (M) is exchanged from the skin surface with the environment by
radiation, convection and skin evaporation may be written as ;

M = F by (Tye— T) + Fat he (Tgke — Ta) + Foa w ho (P — Pag), (W /m?) (1)

where T, = mean radiant temperature ; T, = ambient air temperature, both in °C ;
Pgi = saturated vapor pressure in mmig at mean skin temperature (Tsx) ; Pap =
saturated vapor pressure at dew point temperature (Tap) and equals the ambient vapor
pressure ; Fei and Fper (N.D.) are efficiency factors of clothing for dry and wet heat
exchange (Burron and EpmorM, 1969 ; Nisar and GAGGE, 1970). The linear tadia-
tive, convective and evaporative heat transfer coefficients ate hy, he in W /(m2.°C) and
he in W [(m*mmHg) respectively. w is the skin wettedness, defined as the ratio of the
observed evaporative heat loss from skin surface to the maximum evaporation possible
(Emax) from a completely wet skin surface. Emax itself is defined by the thitd term
in eq. (1), when w = 1. Eq. (1) may be simplified by the modified Lewis Relation at
sea level conditions, he = 2.2 h,, and the following approximate relamon ovet normal
temperature and humldlty ranges (10°C«~40°C, th > 35 9%) ;

Pge — Pap = 1.4 (Tok — Tap)- (1 a)
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The equation, defining Humid Operative Temperature (Toy), is now given by,

M = hop (Tse— Ton), (2)

where hgp =A+B+wC A=Fyh,B=Fqh,,
and C = Fpq (2.2 X 1.4) he. (3)
Thus Toh = (ATr + BTy + wCTap) /(A + B+ wC). (4)

SIMULATION MODEL OF TEMPERATURE REGULATION
FOR A RESTING MAN aofter. Stolwijk & Hardy - 1966

BASIC DIMENSIONS ? WEIGHT - SKIN SHELL 34 kg, SURFACE AREA 2.0 nf,
= CORE 78.3 kg .
THERMAL NEUTRALITY : T« 341% , Tg- 366 °C, Ejngen * O-06Eq . +
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t
RESULTANT PHYSIOL. I  T,= 34+ [2.0/(0.97 x3.4)] L Sydt 14
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we Eg /Epax 16
Fre. 1. — Stimulation Model of Température Regulation for a resting man,

From eq. (4) Humid Operative Temperature Top, is defined as the average of Ty, T,
and Tgap weighted by the applicable heat transfer coefficients and skin wettedness
concerned. Weighting factors, A, B, and C, include the effect of clothing and air move-
ment. Top is thus the single temperature that answers in rational terms our original
question. The physiological vatiables, skin T,x and cote temperature T and skin
wettedness w atre the resultant of various internal regulatory processes (skin blood
flow, sweat secretion, and metabolism) and of the environmental factors (T, Ta, Tap,
hr, he, Fey, and chl)-

A simple model for temperature regulation after Srorwrjx and Harpy (1966) is
used to simulate man’s physiological response to various environmental stresses. The
case fot a sedentary subject in a uniform environment (T = Ty) is illustrated in Fig. 1.
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W /'L. PREDICTION OF PARTITIONAL CALORIMETRY
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Fre. 3. — Compatison of Humid Operative Tempetatute with tempetature

and comfort sensation votes by unclothed subjects.
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The physiological responses predicted at the end of one hour exposure to various Ty
values atre indicated in Fig. 2. The values Fy = o.57 and Fpa = o0.80 apply for 0.6 clo
and h, = 2.91 W /(m?2°C). The integrations of eqs (14) and (15) are made numerically
by digital computer for minute time interval. The heat partitions as air temperature
increases, ate not significantly changed by humidity until the skin surface reaches
100 %, wettedness. Since a part of secreted sweat may evaporate less effectively within
inner clothing layers and not on the skin surface itself, skin wettedness may reach its
true maximum value in a range 6o« 100 Y.

For our model w is a variable dependent only on the environmental factors. For any
given activity, air movement and clothing, T, is essentially a unique function of three
environmental temperatures T,, T, and Tap.

In Fig. 3 Humid Operative Temperature is compared with the data of average sensa-
tions of both temperature and comfort for 6 unclothed male subjects while resting at
the various air temperatures at normal humidity at 45 % th (GAGGE ez a/., 1967).

In summary, Humid Operative Temperature, when derived from the heat balance
equation for a temperature regulating physiological model incorporating the effector
processes of sweating, vasodilation and vasoconstriction, is a unique function of the
environmental variables. This temperature scale is useful as a rational index for bio-
physical thermometry and for predicting thermal sensations and discomfort in widely
varying environments.
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