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This paper ts concerned with the basis for thermoregulation under conditions of
thermodynamic equilibrium. The thermoregulatory system can in principle only be
understood through an appropriate integration of its physical, chemical, physiological,
and neurological aspects. The common description of thermoregulation simply as a
hypothalamic “feedback’ control of a servomechanical “‘set point” has net led to an
adequate self-contarned model. Review of steady-stale data (nude, resting human, low
wind and humidity, 6-46 deg C ambient temperature T.) indicates that, at the very
least, there are physical-physiological aspects of thermoregulation not explained by a
hypothalamic set point model. Rather, we can point to a wide spectrum of cyclic
““thermodynamic engine’’ processes which regulate the various subsystems of the body
[1)2 The cooperative orchestration of all these processes produces a dynamic regulation
of temperature, essentially as a self-regulation. This dynamic regulation produces an
overall thermal equilibrium for the entire body.

To llustrate some unresolved equilibrium problems: Reported mean skin tempera-
tures T, versus T, are incompatible with the physically determined skin-to-atr trans-
Jer coefficient of about 7 kcal/m?/hr/deg C. At low T, either mean metabolism M
must be higher or T, must be lower, or the physical conductance must be g rejected. One
experimental test suggests that T, is lower than commonly quoted (e.g. ) T, = 26 deg C
instead of 30 deg C at T, = 20 deg C). Such discrepancies may arise if free convec-
tive transfer is suppressed or if experiments are not carried on to equilibrium. Change
in metabolism, heat storage, and tissue temperature may be significant for several
hours, requiring at least 3 hours of sample data for accurate equilibrium temperature
measurements. At low T, there is no solid evidence for metabolic regulation; in the
cold, equilibrium M rises only 20-30 percent, not 200-300 percent as proposed by
some workers. At high T., the usual definition_of mean tissue conductance [C =
M/(T. — T,)] leads to nonphysically large C as T, approaches deep body temperature
T..

This paper ts restricted to the physiological-physical modeling of the regulation of
a variety of coupled fluzes (e.g., oxidative metabolism, evaporative flur, free and
forced convective flux, fluid heat exchange) and potentwls (e.g., internal and surface
temperatures, evaporative phase changes). To resolve the foregoing difficulties we offer
two hypotheses: (a) the body autoregulates a vital core; peripheral regions cool, e.g.,
extremity T, drops toward ambient, the regulated core ‘“‘contracts” longitudinally;
(b) a significant portion of the evaporative heat loss may occur below the skin’s surface.
Adjustment of two parameters emerging from these hypotheses allows a consistent
modeling of steady-state thermoregulation. We suggest that hypothalamic control is
one component of regulation and operates at higher frequency (with 7-min period)
than steady-state autoregulation (3-hr period).
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Introduction

IN this péper we undertake an examination of the
physwal factors that may lead toward a theory of human
thermoregulatlon We shall show discrepancies between gen-

_erally &ccepted theory and results of generally accepted experi-

mentg.. Our objective is to identify those discrepancies, explain
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Fig. 1 Metabolism and oxygen uptake versus ambient temperature
for various activity levels. The dotted portions represent reasoned
guesses at the limits of survivability

why they have arisen, and propose ideas for their resolution. To
make our major points as clearly as possible, attention is re-
stricted to the steady-state (equilibrium) characteristics of the
nude, resting human. This represents the simplest real case in
which all relevant physical facets of the problem can be ex-
amined.

We will regard a physical steady-state to be achieved after it
has existed for a few multiples of 7 min and can be sustained for
more than 4 hr with only negligible variation in all time-averaged
parameters. Experimentally, over a 7, range of 15 C to 35 deg
C, at rest or at exercise, any change in conditions (e.g., ambient
temperature or activity level) leads to an initial body transient
which dominates other effects for the first 7 min. Ewven after the
first 20 min, a system is still under the influence of the initial
transient. At all times there is a high frequency cycle (2-min
period) in metabolism and a low frequency cycle (7-min period).
After 20 min the average metabolism is determinable with an
accuracy of about 10-15 percent by taking 2-10 min averages
of sample data. There is little subsequent change in metabolism,
O; uptake, blood flow, pH and CO, levels. However, sample
data averages are required for the next 3-5 hr to determine the
average metabolism to 1-2 percent accuracy. For body tem-
peratures (or ‘‘storage’”) a much slower transient exists. There
are lower frequency cycles (30 min and 3!/, hr periods), and about
60-90 min are required for the initial transient to die out. After
that the mean temperature at any station would not change
very much, but the cycles would continue. A minimum of 4 hr
is needed to achieve equlibrium in temperature and to avoid
storage [1]. :

In its simplest form the problem of equilibrium thermoregula-
tion can be formulated as follows: There are essentially two in-
dependent variables, a maintainable activity level of the subject
(e.g., resting, walking) characterized by his metabolism M, and
a measure of the environmental conditions, an effective ‘‘am-
bient” temperature 7.. We shall consider only the resting state
of the nude human. The effective 7', is a combination of the air
temperature, the radiative wall temperature, and the relative
humidity. Air and radiative temperatures are here taken to be
the same. Relative humidity plays a significant role only at
high temperatures [2].

Given the independent variables, one seeks to model the ob-
servable dependent variables: deep-body or ‘‘core’” temperature
T,, mean (over the body) skin temperature T,, and evaporative
heat loss E. The essential physical requirement for equilibrium
is that the metabolic energy produced within the body must be
conducted or convected to the body’s surface and thence con-
ducted, convected, or radiated to the environment. There may
be heat storage during the (transient) approach to equilibrium,
but in the steady-state the storage must be zero. Failure to
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satisfy this condition implies continuing changes in time - aver-
aged body temperatures, and thus a nonequilibrium situation.

Much published data relevant to thermoregulation are actual-
ly taken over short time scales (less than 1 hr). Many investi-
gators, using such dynamic data, have proposed or implicitly
assumed that thermoregulation originates in the hypothalamus,
with that structure acting essentially as a thermostat with a
specified ‘“‘set-point’’ (3-8]. While this proposition may be valid
for short-term regulation, one must keep. an open mind as to
possible roles for the hypothalamus or other structures in long-
term equilibrium regulation [9].

One must search the literature rather carefully to find true
equilibrium data. A brief summary of data [lc, 4, 10-17}, which
must be accounted for by a model of steady-state human thermo-
regulation, is provided in Figs. 1-3.

1 Deep-body temperature T, is essentially constant, being
almost independent of both T. and M. For a resting nude
human, it is near 37 deg C and varies only about 1 deg Cas T,
varies from 0 C to 45 deg C. The variation of T, at or near
equilibrium is described by Nielsen [18, 19] and Lind [20].
There has been much discussion of the relative merits of various
measures of deep-body temperature, The experimental data of
Nielsen [19] and Saltin [21] show little difference in results for
esophageal and rectal temperatures, and tympanic membrane
temperature differs little [22, 23]. We make no distinction and
simply refer to a deep-body or core temperature 7',.

Does the near constancy of 7', represent autoregulation of the
system or the existence of a set-point temperature to which
some feedback controller continuously adjusts the system?
Hardy [5] noted our 1960 view [la] in his statement that “the
equations for heat transfer from the body and for body tempera-
ture equilibrium together with the control systems equations
should provide the necessary material for a complete systems
analysis of the physiologic temperature regulator. However,
there is not sufficient information concerning the details of the
regulator [of the set-point] to make this a worthwhile effort at
this time” {24],

2 At a given activity level, M is nearly constant over most
of the ambient temperature range compatible with life (Fig. 1),
At either end of that range there is an approximately 20-30
percent rise in metabolism and then an abrupt drop, leading to
death. We interpret those rises as energetic charges placed on
the cardiovascular system, to provide the blood flow in a periph-
erally vasoconstricted state at low temperatures or to maintain
profusely discharging sweat glands in a highly vasodilated state
at high temperatures. Increase in activity level shifts this curve
upwards and toward lower temperature,

We emphasize that a 20-30 percent change in M is likely the
most that is found in the steady-state in cold environments.
Larger transient changes and continuing cyclic changes occur,
but the time-averaged mean value of M stays within about 30
percent of its value at ‘‘thermal neutrality” (i.e., minimum M
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Fig. 2 Deep-body (T,) and mean skin (To) temperatures versus am-
bient temperature for a resting individual
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Fig. 3 Evaporative heatloss versus ambient temperature for aresting
human (low humidity and low wind)

for a given activity level). Such limitations in variations of M
have been measured by us [lc] and others [4, 14, 17]. A study
by Raven, et al. [25] suggests that metabolism might have
“leveled off”’ to an equilibrium value three to five times greater
at 5 deg C than at 28 deg C. However, the study can be faulted
for having been carried on for only two hours. Clearly there re-
mains need for further experimental study to determine true
equilibrium results.

Hardy and DuBois [12] left the impression that the body
shivers in cold and perhaps doubles its metabolism. In fact, at
all temperatures, metabolism continually cycles by a factor of
nearly 2:1 [1c, 26, 27]. In the cold there may be transient shiver-
ing and continued bouts of shivering, but measurements show
the same harmonic spectrum of metabolism. In the time-
average, taken over a minimum of 3!/, hr, metabolism does not
change much after the first 20 min, and shows only a moderate
rise for the same activity (e.g., rest) at 0 deg C as compared to 30
deg C (3-hr data [1c}; 10-hr data [17]).

3 Mean skin temperature (an area weighted average) T,
versus ambient temperature is shown in Fig. 2 for a nude resting
human. Itrangesfrom T, = 22degCat T, = 5degCto T, =
37 deg C at T, = 45 deg C.

4 At (local) T, above 35 deg C sweating is profuse. Evapora-
tive heat loss by a resting human (low humidity, low wind) is
shown in Fig. 3. At rest, E ranges from 10 kcal/m2/hr at T, =
25 deg C to perhaps 130 keal/m?2/hr at T, = 45 deg C.

Thermoregulation is generally described [4, 5, 8] by three
distinct physiological mechanisms and approximate temperature
regimes: a “‘metabolic control” for T, < 32 deg C, a “vasomotor
control” (dilation or constriction of the vasculature) for 32 deg
C < T, < 35 deg, and a ‘‘sudomotor control” (i.e., sweating) for
T, > 35 deg C.

We can formulate the thermoregulation problem in a’ way
which separates its physical from its physiological aspects. The
function of the thermoregulatory system is to maintain a near
constant T.. In the steady-state the transfer of heat produced
within the body takes place in two stages: transfer from a core,
where most of the heat is generated, to the surface, and then
transfer from the surface to the environment. The first stage
requires determining physical heat transfer coefficients in terms
of physiological mechanisms, for example, blood flow, its local
distribution, sweat mechanisms, etc. The second transfer is an
essentially physical process, with transfer coefficients depending
on geometric factors, surface and ambient temperatures, proper-
ties of air, wind velocity, and whether the surface is wetted.

Surface-to-Air Transfer—A Physical Problem

Heat is transferred from the surface to the environment by
radiation, conduction, free (i.e., no wind) or forced (i.e., a wind)
convection. The total heat transfer coefficient h is some com-
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Fig. 4 Computed values of 7, (solid curves) compared to experi-
mental values (dots) versus ambient temperature for various values
of h (in kcal/m?/hr/deg C)

bination of the coeflicients for these separate processes. For the
steady-state, h is defined by

M — E = hA(T, - TJ) (1)

where A is the total surface (DuBois) area. (About 10 percent
of the metabolism and of the evaporative heat loss are lost by
evaporation in the breath. Thus M and E in the foregoing (and
henceforth) approximately represent (M — 0.1M) and (£ —
0.1E). Only the net transfer across the skin determines the coef-
ficient h.) Rewriting (1) gives

T, =T +M_E
s = a Ah

(2)

In Fig. 4, T, versus T, is plotted for various values of k and
compared with data (dots). (Here A = 1.8m?2, a typical value.)
From Fig. 4, empirical values of h vary from about 7 kcal/m?/
hr/deg C at T, = 45 deg C to about 34 kcal/m?/hr/deg C at
T. = 5deg C.

As a prerequisite for a satisfactory theory of human thermo-
-egulation, one must develop a satisfactory theory for h in order
to correctly predict T', as a function of T,. We and others have
done this before [4, 28, 29, 30]. However, here special attention
is paid to some important details about the components of A
which were overlooked in previous evaluations of the theoretical
results.

Radiation [31, 32). The skin is assumed to be a perfect black
body—its emissivity is 0.99 [4]. According to Stefan’s law, the
body receives s 7,4 kcal/m?/hr (s = 4.94 X 1078 kcal/m?/hr/
(deg K)* and 7 absolute temperature deg K) and emits s 74
kcal/m?/hr. The effective radiating surface is about 3/4 of the
DuBois area [4], and the net heat radiated from the body is

H, = 07584 (14 — 14Y).
Defining h, via H, = h,A (T, — T.) and converting to deg C
h, = 3.0 [1 + 0.0055 (Ts + T,)] keal/m?/hr/deg C  (3)

With the data of Fig. 2, h, can be plotted (Fig. 5); it is in the
range 3.3 to 4.4 kcal/m2/hr/deg C for 5 deg < T < 50 deg C.

Free Convection [31, 32]. The heat transfer coefficient for free
convection depends on the temperature difference between skin
and air and on geometrical factors (e.g., size, shape, and orienta-
tion of the individual, and size of the chamber in which the
experiment is performed).

Only the most simple free convection problems have been
treated. However, there exists (cf. the bibliography in reference
[31)) a large body of correlations which summarize results of free
convection experiments in both laminar and turbulent flow
regimes. Three dimensionless numbers are used in correlating
such data.

The Nusselt number Nu compares the convective energy
transport to the energy that would be transferred by simple
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conduction. For a body characterized by a dimension D trans-
ferring heat into a medium of conductivity k, for which a heat
transfer coefficient h is measured, Nu is defined by hD/k. If
one can determine Nu, one can calculate k.

The Prandtl number Pr combines several gas properties. For
air, Pr is essentially a constant (Pr = c,u/k = 0.71, where u =
viscosity, €, = specific heat).

The Grashof number Gr represents the ratio of the buoyant
force to the viscous force on an air ‘“‘element,” Gr = gD3AT /v?r,
where the acceleration of gravity ¢ = 980 em/sec?, the kinematic
viseosity v = 0.14 cm?/sec (air), AT = |T, — T, 7 is absolute
temperature, and D is the same characteristic dimension as in
Nu. An important point is that if the individual is situated such
that distances between him and the walls are smaller than D,
then one must replace D in the Grashof number by that smaller
dimension (reference [32], p. 181). Since wall proximity tends to
decrease the buoyant force with respect to the inertial forces,
the free convection may be substantially suppressed.

Dimensionless analysis of the fundamental transfer equations
(reference [31], chapter 23) shows that Nu is a function only of
the product Gr Pr. The form of the relationship depends on the
geometry of the particular:situation. We shall represent a
petson by a eylinder 30 ¢m in diameter and 180 em in height.

Evaluating the Grashof number with 7 = 300 deg K and Pr
‘= 0.71 gives -

Gr Pr = 34 X 108 AT D = 30 cm (horizontal position)

and

GrPr = 7.3 X 18 AT D = 180 cm (vertical position)

i

AT will generally be in the range 2 C to 10 deg C.

We are interested in both horizontal and vertical positions.
For horizontal cylinders, the experimental correlations (reference
[32], pp. 177, 180) for hiee in (kcal/m?/hr/deg C) are

hiree = 1.57 (AT H [4a)
for 108 < Gr Pr < 10%, laminar flow, 7, > 7T, and
hiree = 0.7 (ATNH (4b)

for 3 X 105 < Gr Pr < 3 X 109, laminar flow T, < T, For
vertical cylinders, with D = 180 cm, the appropriate experi-
mental correlation (reference [32], p. 173) is

htree = 1.16 (AT 6]

for 10 < Gr Pr < 102, turbulent flow; T, > T.. Qualifications
on these expressions are given in [32].

Since the position of the subject is often not stated, or a
variety of positions is allowed during the same experiment, the
best we can do is to indicate likely values limiting the range of
hiree. The largest values of Rie. come from the horizontal laminar
results, while the smallest come from the vertical turbulent re-
sults. When the skin surface is cooler than the environment, we
have only the one horizontal laminar result. The values of
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Fig. 5 Contributions to h from radiation, free convection, and forced
convection as functions of ambient temperature
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hiree for the vertical and horizontal cylinders do not differ much,
as a consequence of a nominal length to diameter ratio of about
6:1. Thus since two ‘“‘extreme’” orientations yield nearly the
same values, those values of hgee should be fairly good for any
orientation. The value of hgee averaged between the vertical
(5) and horizontal (4a) results are used for T, < T, and the
value of Aree from the horizontal result (4b) is used for T, >
T. (Fig. 5).

Forced Convection. Forced convection occurs when the air
near the subject is driven by some potential gradient. For such
cases Nu is correlated with the dimensionless Reynolds number,
Re = DV /v, where V is the air velocity. With the body rep-
resented by a cylinder 30 ¢m in diameter, Re is

Re =215V (V in em/sec).

There is little difference between correlations for flow perpen-
dicular or parallel to the cylinder axis. The result for perpendic-
ular flow at low forced convection velocities, often prescribed in
experiments, is

htorcea = 0.46 V0.466, 02 <V <20 cm/sec (6)

This is illustrated in Fig. 5 for V = 7.5 cm/sec. When both free
and forced convections occur simultaneously, McAdams recom-
mends (reference [32], p. 258) that the higher value be used.
However, when hsorcea and hgree are of the same order, as occurs
in this problem, we prefer a ‘“vector’’ addition, writing the total
convection coefficient h.

he = \/hzforced + h?gree

The total heat transfer coefficient h is the arithmetic sum of
the radiative and convective contributions (Fig. 5). For low
forced convective velocities (V =~ 7.5 cm/sec), h nearly equals
6-7 keal/m?/hr/deg C across the entire ambient temperature
range, regardless of the orientation of the subject.

These results are consistent with those of previous investiga-
tions. Colin, et al. [30], using V = 35 cm/sec, obtained a forced
convective contribution approximately twice ours and a total
h = 10 keal/m?/hr/deg C. For lower wind conditions, other
workers have also computed h = 6-7 kcal/m?/hr/deg C.

Although these theoretical results may be generally accepted,
they are apparently inconsistent with the experimental data ob-
tained in thermoregulation experiments. In particular, Fig. 4
shows that & should vary between 3 kcal/m?/hr/deg C at Ts =
5 deg C and 7 keal/m?/hr/deg C at T, = 45 deg C. There is a
clear discrepancy between the predicted  and the measured h.
(Colin et al. [30] also noted that, in the cold, they measured h =
7 kcal/m?/hr/deg C instead of an expeeted h = 10 kcal/m?/hr/
deg C [33].) :

Actually, the theory presented here does permit values h =~
3 keal/m?/hr/deg C, but only under somewhat artificial condi-
tions. If the free convection were suppressed by closely con-
fining the subject, and if the wind velocity were “‘zero,” and if
the radiative wall temperatures were adjusted to reduce radia-
tion, then h could equal 3 kecal/m2/hr/deg C. However, in most
experiments, major efforts were apparently made to maintain
the temperature close to the nominal value and to maintain spec-
ified nonzero wind velocities. Still, there remains a variety of
subtle ways in which the measured h can be affected.

If an experiment in a cool environment is not carried out over
a long enough time, mean skin temperature may not have fallen
to its final equilibrium value. The value of & will then appear to
be smaller than it really is. If the subject is partly or lightly
clothed, or if he is allowed to shield himself or protect himself
by curling up, or if the space around him is insufficient to allow
a free convective flow, then the measured value of k will be less
than the calculated value. We suspect that the last possibility
is the principal reason that experimental values of h are low com-
pared to predicted values. In reviewing the experimental ar-
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Fig. 6 Mean tissue conductance versus ambient temperature for dif-
ferent fractions g of subsurface evaporative loss

rangement of our own 1964 study, we now realize that we were
not and could not have been making measurements with a fully
established free convective flow. That requires 7 m of room
height. Instead, vertical free convection was suppressed and we

‘measured b = 6.0 keal/m?/hr/deg C at T, = 29 deg C and

h = 4.3 keal/m?/hr/deg C at Ts = 20.5 deg C. From what we
know of others’ work, it seems likely that they also suppressed
free convection. Suppressing free convection reduces h by ap-
proximately 3 keal/m?/hr/deg C in the cold (Fig. 5).

There is no similar discrepancy in warm environments be-
cuase hreo becomes small (it depends on 7's — T,) and so, even
if it is suppressed, only a slight difference is made in the total h.

We believe that this analysis provides reconciliation of theory
with experiment. To test this one specific issue, we performed
an experiment at 7'; = 19 deg C, in an open (shaded) space,
with a male subject wearing only a brief nylon bathing suit.
After four hours a mean skin temperature of 26-27 deg C was
recorded. This is about 3 deg C less than the value in Fig. 2
and it lies nearly on the line h = 7 kcal/m?/hr/deg C in Fig. 4.
This datum strongly suggests that the theory of h established
directly from physical principles is consistent with equilibrium
measurements. There remains a need for further measurements
of mean skin temperatures in ambient conditions below 20 deg
C. They should be made under the following conditions: (1)
nude or nearly-nude fully extended subjects, (2) a minimum
34 hour exposure, (3) low wind velocity (less than 5 cm/sec),
(4) open space (i.e., distances to walls should be about 7 metres)
around the subject. Then we could be confident that the data
are suitable for comparison with the theory.

Heat Transfer Through the Skin—A Physical-
Physiological Problem—Some New Ideas

The approximate linear associative dependence of mean body

temperature 75 on T, and T., at any operative equilibrium,
namely

Ty = aT, + b7, 7

and the gross linearity of tissue temperature with depth (see
Bazett and McGlone in [4]) are generally regarded as sufficient
basis for describing a peripheral body zone by a tissue con-
ductance.

The mean tissue transfer coefficient, in the steady-state, is de-
fined as [4, 16, 34]

- M
co _M/A

T. — T, (8)

This definition is inappropriate as T, approaches T, in a hot
environment. Physically C cannot become too large. To avoid
incompatibility with the second law of thermodynamics, some
other energetic process must intervene. The conductivity of
tissue should vary from about 18 kecal-cm/m?/hr/deg C when
vasoconstricted (i.e., the conductivity of fat) to about 50 kcal-
cm/m?/hr/deg C when vasodilated (i.e., the conductivity of
water, or blood). Tissue conductivity is an active physiological
parameter. With an average tissue thickness (from the surface
to the middle of the muscle layer) on the order of 2 e¢m [4] the
mean conductance ¢ would then be expected to vary from 9 to
25 kcal/m3/hr/deg C. (In a warm environment there might be
an additional increment to C arising from the countercurrent
heat exchange of warm blood flowing near the surface and cooling
there. An overestimated upper limit to this contribution is
about 15 keal/m2/hr/deg C [35). The effect is not very important
and will be neglected.)

Values of C computed from the data of Figs. 1-3 and found in
the literature are considerably in excess of 25 kcal/m?/hr/deg C
at high T, (4, 36]. Thus the definition in (8) is inadequate.
Some other mechanism must contribute to a consistent deter-
mination of C.

In seeking such a mechanism, we first note that there are
pools of fluid beneath the surface of the skin, e.g., in the sweat
glands. We hypothesize that at least part, and under some con-
ditions, all of the evaporative heat loss may take place beneath
the skin’s surface. (That is, the subcutaneous tissues may be
able to function as a refrigerator. Whether this hypothesized
function is identifiable with the sweat glands or some other func-
tional unit remains to be determined.) The evaporated water
vapor passes out through pores. When the water vapor partial
pressure in the pores exceeds the saturation pressure, sweat
seeps to the surface and evaporation takes place there. Gagge's
concept of a variable wetted surface [4] then becomes applicable.

The subsurface evaporation proposed here is different from
the water vapor diffusion suggested by Buettner [37] to account
for part of the insensible evaporative loss which contributes
only about 10 percent of E. We are suggesting that there is a
mechanism which can generate considerably greater subsurface
losses. Whether that process is a simple diffusion or some more
complex mechanism is not clear.

Thus, we propose that in the definition of ¢, M should be re-
duced by that fraction g of the evaporation E which takes place
beneath the surface. (That is, for ¢ = 1, all evaporation is sub-
surface and the skin is dry; for g = 0, all evaporation is from
the surface, perhaps indicating a completely wetted surface.)
Then

_ M — gEY/A
C = T — 7. )
With the data in Figs. 1-3, € versus T, is plotted for various
values of g, Fig. 6. The curve g = 0 corresponds to the previous
definition of € and illustrates the unacceptably high values of
C. With g greater than zero, the values of C can be maintained
within physiological-physical limits, at least at high ambient
temperatures. In particular, C reaches a level near 18 kcal/m?/
hr/deg C for g approximately 1/3. As a first approximation,
that value for C is close enough to the expected limit of 25 to be
reassuring of some a prior: merit to the model. The physiological
significance for a limiting value of g = 1/3 or thereabouts is not
known.

The value of ¢ = 3 kcal/m?/hr/deg C measured at low T,
(Fig. 6) differs from the expected physiological lower limit of 9
kcal/m?/hr/deg C. The value of g plays an insignificant role in
determining the value of € at low T, since E is considerably
smaller than M. Thus this new difficulty is not related to our
hypothesis in the following.

The usual response to this problem is that, due to a ‘‘metabolic
response”’ such as shivering, M increases enough in the cold so
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that computed values of € would be at least 9 keal/m?/hr/deg
C. Clearly, M would have to increase by about a factor of 3
(cf. (8) or (9)) to raise C from 3 to 9 keal/m?/hr/deg C. However,
for a given activity level, M does not change more than about
30 percent over the survivable temperature range (Fig. 1). A
more realistic mechanism is required.

It is found that after 2 or 3 hours in the cold, one’s extremities
(arms halfway to the elbow, legs halfway to the knee) blanch
and their temperatures drop toward the ambient temperature
(18, ¢). Some longer time scale regulatory mechanism has re-
sponded to the cold and redirected blood flows, “abandoning’’ the
extremities in order to maintain regulation over a vital core.
Much less heat is then transferred to the environment across
these unregulated areas (the temperature difference approaches
zero, evaporative loss is negligible). To represent this idea in the
heat transfer equations, let f be the fraction of the total area
which remains regulated. Equations (1) and (9) become

M — E = fhA(T, — T.)
M — gE = fCA(T, — T,)

10
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where 7', is the mean temperature over the regulated regions
and C is the tissue conductance corresponding to 7,. The mean
temperature over the whole surface is

T‘x =fTa + (1 _f)Ta

Equations (10), (11), and (12) are proposed as representing
steady-state thermoregulation of the body. The coefficient h is
a physical factor with a value near 7 keal/m?/hr/deg C. The
coefficient C' represents an active physical-physiological mech-
anism. The parameters f and g are physiological-physical pa-
rameters which characterize complex physiological mechanisms,
whose effects are summarized quantitatively in this crude way
but whose detailed physics and physiology are not yet under-
stood,

To model the physical-physiological behavior of €, we note
that the transition in tissue conductivity from 18 to 50 kcal-
em/m?/hr/deg C [35] takes place essentially linearly between
local skin temperatures 7', of 28 C to 34 deg C (inferred in part
from reference {4], p. 205, and reference [1f]). With the tem-
perature increasing nearly linearly over the approximately 2 c¢m
from the surface (T,) to the middle of the muscle layer (T',)
(reference (4], p. 132) values of C can be derived (Table 1) [38].

(12)

Table 1 Peripheral tissue conductance versus skin temperature

7,(°C)  Cf(keal/m?/hr/°C) T,(°C)  C(kcal/m?/hr/°C)
25 13 31 20
27 16 33 22
29 19 35 24

With these values of C and with A = 7 keal/m2/hr/deg
C, one can determine the course of f and g in the range 5 deg C
< Ta < 45 deg C. Combining (10) and (11) to eliminate T,
gives
EQ —¢g)
C(T, — Ta)

PECENUES )
- hC(Tc - Ta)

(13)

With M and E as known functions of 7, from Figs. 1 and 3, f
versus g is a straight line for a given 7. A family of such
straight lines is shown in Fig. 7. The dashed line indicates the
logical likely course of f and g between T, = 5 deg C and 7', =
45 deg C. (There is some uncertainty in the indicated course
because the computation in the region T, > 30 deg C involves
the taking of small differences (M — E) between large quantities
(M and E).) Fig. 7 shows clearly why it is not possible to con-
struet a rational model with ¢ = 0 (i.e., no subsurface evapora-
tion) over the entire range of ambient temperatures. With g =

6

0, above 7'y = 30-31 deg C the'body has no mechanism to main-
tain regulation; after all, f cannot exceed unity.

This model is a considerable oversimplification of the real
system. Yet all that is required in principle to “‘complete’” the
problem is an equation describing how the blood is redistributed
to different parts of the body, thus indicating which regions are
regulated and which are abandoned. That relation would rep-
resent a physiological-physical theory for the parameter I

Others have attempted more complex modeling of thermo-
regulation [39, 40, 41]. In general, the approach has been to
assign values for the blood flow to the various parts of the body.
The net result is to effectively assign a value for our parameter f.

We can also model T,

Ty = al, + bT, )

which is of considerable interest in the study of thermoregula-
tion in the cold [6, 42]. Proposed empirical values of (a, b) range
from (0.5, 0.5) to (0.9, 0.1), depending on T4. Consider the body
to be a cylinder with a diameter d, of about 30 ¢m, an unspecified
length, a core of diameter d;, and a core-surface thickness [t =
(d: — d1)/2] of about 2 cm. Assume that a fraction f of both
core and surface length is regulated at T, and 7, respectively,
and that the unregulated fraction (1 — f) is near T,. Then the
volume-averaged T is easily calculated (assuming a linear tem-
perature gradient between core and surface) to be approximately.

Tb=fTr(1_2l>+Ts%t +(1_f)Ta<l_?(;->

d
Here we have used di = dy = d, d? — d? ~ 4 dt, d? + d? ~
2d* + 4 dt,and T, = fT, + (1 — f)T.. Using numerical values
in the foregoing gives

Ty = 087 fT, + 013 T, + 087 (1 — f)T.
Thus we can identify
a = 0.87 f.

From (2), with M/A = 50 kcal/m2/hr, E =~ 0, and h ~ 7 keal/
m?/hr/deg C, T, ~ T, + 7, so

b=087(1—-/)4+0183=1—-a

(There is a minor adjustment, neglected here, to these values
because T, = T, + 7.) From Fig. 7 we can get f versus T4 and
then tabulate a and b versus T, (Table 2).

Table 2 Coefficients a and b versus ambient temperature

T.(°C) f a b
> 33 1 0.87 0.13
30 0.82 0.72 0.28
25 0.65 0.57 0.43
20 0.58 0.52 0.48
15 0.50 0.44 0.56

In warm environments (T, > 32-33 deg C, f = 1) the limiting
values of (a, b) are (0.87, 0.13) while in the cold the values
change to (0.5, 0.5) at 7, = 20 deg C,f = 0.6. These theoretical
values are in reasonable agreement with known empirical values.

In warm environments there is a shift in regulation from sub-
surface cooling to surface cooling, with a physical psychrometric
process determining the ultimate limit to a capability for evap-
orative cooling. Above T, =~ 40 deg C, the skin is completely
wetted and evaporative losses are determined by physical and
geometrical factors. The simplest derivation of evaporative loss
is based on the similarity of the heat and mass transfer equation
sets when those transfers take place in the same hydrodynamic
fields, that is, when the process is psychrometric {31, 43). The
heat transfer coefficient for convection k. (i.e., heat transfer =
he X temperature difference) and the mass transfer coefficient
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Fig. 7 Likely progression (dashed line) of f (fraction of body area
regulated) and g (fraction of subsurface evaporative loss) versus
ambient temperature

k., (i.e, mass transfer = h, X water vapor partial pressure
difference) are related in the indicated unjts by

hn (keal/m2/hr/mm Hg) = 2 h, (kcal/m?/hr/deg C)

Fig. 5 shows that, for small wind velocity V = 7.5 em/sec, h, =
2 keal/m2/hr/deg C and thus the expected value of h,, is 4
keal/m?/hr/mm Hg [44, 45]. The maximum possible evapora-
tive heat loss from a completely wetted surface depends on the
water vapor partial pressure difference between skin and en-
vironment, determined by the Ta, T., and relative humidity.
Demands on the body for heat loss in excess of this limit cannot
be met, and the result is heat prostration.

More background discussion and details of this model can be
found in [46).
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