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A Simplified Model of Thermal Comfort

Max Sherman

ABSTRACT

The purpose of conditioning the air in buildings is to provide a safe-
and comfortable enviromment for its occupants. Satisfaction with the
environment is camposed of many camponents, the most important of which
is thermal camfort. The principal environmental factors that affect
human camfort are air temperature, mean radiant temperature, humidity,
and air speed; virtually all heating, ventilating and air conditioning
(HVAC) systems, however, are usually controlled only by an air tempera-
ture set-point. Significant efficiency improvements could be achieved
if HVAC systems responded to camfort levels rather than air-temperature
levels. The purpose of this report is to present a simplified model of
thermal comfort based on the original work of Fanger, who related ther-
mal “comfort to total thermal stress on the body. The simplified solu-
tions allow the calculation of predicted mean vote (PMV) and effective
temperature which (in the camfort zone) are linear in the air tempera-
ture and mean radiant temperature, and quadratic in the dewpoint, and
which can be calculated without any iteration. In addition to the
mathematical expressions, graphical solutions are presented.

Keywords: thermal camfort, predicted mean vote, effective temperature
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NOMENCIATURE [unit of measure]

Basic Effective Temperature Coefficient [©C]

A

B Radiative Effective Temperature Coefficient [unitless]
o Convective Effective Temperature Coefficient [unitless]
D Evaporative Effective Temperature Coefficient [1/°C]
Eony Convective heat loss [W/mzj

E. Internal heat generation [W/m2]

E ox Maximum evaporative heat loss [W/mz]

E_ 4 Radiative heat loss [W/mz]

E s Respired heat loss [W/mzj

Ev Metabolic evaporative heat loss (sweating)- [W/m2]

Fcl e Effective thermal efficiency of clothing

chl Permeation efficiency

hc Qonvective heat transfer coefficient [W/m2 Oc]

h_ Radiative heat transfer coefficient [4.8 W/m> °C]

Icl Basic clo value [clo]

Iaie Effective clo value [clo]

Thermal body load (thermal stress) [W/mZ2]

Metabolic rate [58.1 W/mZ]

Met rate [met] ‘

Saturated vapor pressure of water at dewpoint [torr]
Saturated vapor pressure of water at skin temperature [torr]
Air temperature [°C]

Optimal effective temperature (i.e., camfort temperature) [°C]
Dew point temperature [°C]

Effective temperature [°C]

Mean radiant temperature [°C]

Skin temperature [°C]

Mean air speed [m/s]

Convective camfort coefficient

Evaporative camfort coefficient

Basic camfort coefficient

Radiative camfort coefficient

Predicted mean vote

Parameter x in the standard condition (e.g. hc)
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INTRODUCTION

The primary purpose of conditioning buildings is to provide a camn—
~ fortable enviromment in which to live and work, and a large amount of
research [1] has already been campiled in this area. However, in an age
in which energy cost and availability are key factors, using the least
energy possible to accamplish that purpose becames an important con-
sideration. The designer or operator of a building who understands the
effects of environmental variables on human camfort and can manipulate
them individually is capable of optimizing the building's heating, ven-
tilating, and air-conditioning (HVAC) systems for maximum ocamfort at
minimm cost. Many strategies are available for changing air tempera-
ture without sacrificing camfort conditions. For example, researchers
have locked at the effect of night set-back/set-up for reducing
heating/cooling loads[2,3].

As discussed by Fanger and Valbjorn [1], there are many other
aspects to acceptability of an ihdoor environment besides thermal com—
fort; in this report, however, we shall concern ourselves only with the
thermal aspects of human camfort. Thermal comfort is that part of total
human camfort which can be attributed to the thermal balance of the
body. Specifically, it is the interaction of environmental variables
(i.e., air temperature, mean radiant temperature, humidity, and ‘air
speed) with the occupant's personal variables (i.e., metabolic rate and
clothing). The landmark work in the field of thermal camfort was the
initial work of Fangerf{4]; since that time there have been many good
articles on thermal camfort[5-7] as well as large sections of books
(e.g. Ref 1), whole journal issues[8], and ASHRAE standards[9] devoted
to the topic.

Thermal comfort is a topic which is by nature multidisciplinary; it
involves aspects of engineering and of human physiology. Because the
human body has its own tanperatm'e—regu_]-.:ating responses (e.g., sweating,
vaso-dilation/constriction, shivering, etc.), an occupant's response to
(and hence sensation of) the enviromment will be a strong function of

his/her physical condition; a young, healthy body recovers more quickly
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and therefore can respond to changes in thermal stress than can an

older, ill-conditioned one.

In the building sciences, however, the usual goal is to predict the
comfort needs for the mean of the population who will occupy the struc-
ture (i.e., the average person). In general, we assume occupants
represent a broad cross-section of the population, and knowing the mean
response of the population is sufficient——that is, physiological vari-
ables can be amitted fram the equations. (Of course, if the building is
to be used primarily by a sub-set of the population that has signifi-
cantly different physiological responses from the norm (e.g., housing
for the elderly), predictions must be corrected accordingly.)

The purpose of this work is to derive simplified expressions’ for
thermal canfoft, expressions that can be used in engineering calcula-
tions and simplified thermal models to arrive at acceptable criteria for
the thermal environment. As will be discussed later, we have used the
basic equations of Fanger [4] but simplified them by making a few
approximations. = At the expense of camplete generality, these simplifi-
cations make the form of the equations more campact. Many of the assump-
tions we have made are appropriate only when a person is near the cam-
fort zone: we do not adequately model profuse sweating or shivering, or
regimes of significant body heating or cooling. These simplifications
should not significantly affect the precision of the predictions. (As
Fanger reports, it is impossible to please more than about 95% of the
people sampled; furthermore, even in the most carefully controlled
experiments that use Fanger's original equation, there can be as much as
a 25% variation in thermal sensation.)

PREDICTED MEAN VOTE

Predicted mean vote (PMV) is a measure of the thermal sensation (not
preference) that the mean of a population feels in a given environment.
As defined by Fanger [4], predicted mean vote is based on a seven-point
scale ranging from cold (-3), through neutral (0) to hot (+3). In.
deriving his equations Fanger correlated the predicted mean vote with



the thermal stress on the body, relative to camfort conditions. Thus,
using this correlation reduces the problem of calculating predicted mean
vote to an engineering calculation of thermal load.

Conceptually, we can describe the thermal stress and, hence,  the
predicted mean wvote as a function of all the variables: personal
(clothing and metabolic rate) and envirormental (air temperature, radi-
ant temperature, humidity, and air speed). This function can then be
used to define camfort levels for different cambinations of personal and
envirormental conditions. In order to derive an expression for
predicted mean vote, one must construct a hypothetical heat balance for
the body. Fanger did so by subtracting the heat load, as calculated
fram the camfort equation, fram the heat generation; the thermal sensa-
tion is then empirically related to this difference:. The camplete
derivation, including the individual heat loss terms, is contained in
Appendix A. ' |

Although the derivation in Appendix A follows Fanger's derivation
quite closely, a few differences have been introduced to simplify the
results: _

1) Linearized radiation: The radiation exchange terms have been linear-
ized to remove the '1‘4 dependence on temperature. This leads to a
linear expression for the radiative heat transfer that is accurate
to 5% for normal temperatures.. If, however, the enviromment in
question has sections with vastly différent radiant temperatures
(e.g. high-temperature radiant heaters), the error may be non-
negligible..

2) Simplified convection coefficient: In Fanger's ofiginal work the

convection coefficient for low air movement was a function of the
clothing temperature which was a function of the heat balance which
depended on the convection coefficient. This process required an
iterative solution and did not lend itself to easy interpretation.
We have elected to use convection coefficients that can be evaluated
directly. These two values will give the same results for all but a
very few indoor enviromments.



3) Dew point for humidity: The humidity variable in Fanger's work was

vapor pressure whiéh can be calculated fram the saturated vapor
pressure and relative humidity. Because both these quantities are
strong functions of air temperature, the effects of air temperature
and humidity could not be easily separated. We therefore elected to
use dewpoint, which is not a function of temperature, as our humi-
dity variable.

For the vast majority of indoor environments, these three assumptions
introduce very 1little additional uncertainty into the prediction of
thermal comfort, and do allow the effects of air temperature, mean radi-
ant temperature, and humidity to be separated.

Appendix A uses these assumptions to derive the thermal stress and
then uses Fanger's correlation to calculate the predicted mean vote. The

result is:

T T T
o :Ts c'I‘S eTg

The definitions and derivation of these quantities are supplied in the
appendices. (Note that skin temperature, TS, is determined ‘only by the
metabolic rate, m, we have used it throughout this report to simplify
the units of the equations—it is not an indeperxiem; variable.)

EFFECTIVE TEMPERATURES

Qur expression for PMV allows us to calculate a camfort level for
any given set of personal and envirommental conditions. For many uses,
/however, it is desirable to have a temperature index that yields an
equivalent ocamfort oondition relative to a standard environment.
Equivalently, the temperature index would be a corrected air temperature
that took into account mean radiant temperature, dewpoint and air speed.
Conceptually, we are camparing two enviromments: the first environment
is the actual enviromment of interest and the second environment is one
that has the same camfort level as the first but is described by a sin-
gle temperature; we call this temperature the effective temperature.



(Note that while our definition of effective temperature is similar to
Gagge's, there are same differences. The differences are the cambina-
tion of our canfort equations with our choice of standard conditions.)

In order to have an enviromment described by only one temperature we
must constrain the other envirormental variables in some way. We do
this by defining a set of conditions for the standard enviromment:; that

is,

F o2

I
I
L
These standard conditions, given in detail in Appendix B, are as fol-
lows: the air teuperaturé and mean radiant temperature equal to the
effective temperature, dewpoint is standardized, and the wind speed is
low. If we insert these conditions into the equation for PMV, we get an
expression for effective temperature as a function of PMV and the per-
sonal variables: |

+Y
c

+Y (2.1)

T3
e'I‘s

mt—]l 3.
oo

' [}
Y=Y°+Yr

e —_ 1

T
= ] ] ' —?. ——_——E (2-2)
Y Y°+(Yr+Yc)Ts+Y A

Solving for the effective temperature yields the following:

) T ' '
Te=_?[Y-Yo+%Ye] : _ (3)
t

‘1f we substitute the definition of the PMV into this expression, we get
a simple expression for the effective temperature as a function of the
envirommental variables:

Te=A+BTr+CTa+DTc21 (4)

(Note: the dewpoint term should be discarded for dewpoints 1less than
zero. ) o
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The coefficients used above are defined as follows:

T Y
=-S5 (L -y =X (5)
A Y' '2'Ye+Yo Yo) B -
t t
Y Y
C=_c' D=Tl_;?_
Yt sYt

Camfort Temperatures

Although the effective temperature gives a corrected temperature
value for the existing oonditions, it does not directly indicate the
canfort level. However, since we have an expression that calculates the
effective temperature as a function of PMV, we can use it to find the
effective canfort temperatures. These camfort temperatures then became
functions of the personal variables alone—independent of environmental
corditions.

The optimal value of the effective temperature must occur for ocam-
fortable conditions. The optimal effective temperature, therefore, is
calculated for PMV equal to zero:

TO = Te|Y=o (6-1)
T ' '

To=_?(éye-Yo) (6.2)
Yt

Because both the personal and envirommental parameters are variable,
a comfort value alone is often insufficient; a range of acceptable tem-
peratures is required. Fanger has found that while approximately 95% of
the people polled will find the Y = 0 (thermal neutrality) condition
acceptable, 90% of people will find Y = #1/2 conditions acceptable.
Accordingly, we shall define the camfort band to lie between those two



limits:

m‘ =T -7 (7°l)
elY=0.5 €ly=0.5

Ts

ary = . (7.2)
t
The size of the camfort band ranges fram approximately 2 °c fér condi-
tions where occupants are lightly clothed and sedentary to over 10 °C
for occupants who are heavily clothed and working hard. In Figure 1 we
have plotted acceptable range of the camfort temperature as a function
of the clothing level for three different activity levels.

As an alternative we can use the last two expressions to rewrite the
effective temperature equation in terms of the camfort temperature and
the camfort band:

T, =T, + YT, ‘ (8)

These same two equations can be used to elimihate all primed terms (com-
fort coefficients in the standard condition) fram the definitions of the
temperature coefficients:

ALY
= = ___O (9)
A To + YO AI‘O B Yr Ts
T, A
C= YC —T—o D= Ye -——9
s e

This formulation has the advantage of not referring directly to
standard conditions but, instead, to the value and width of the camfort
temperature. Thus, if same other criterion for standard conditions is
desired, these formulae can be used to calculate the effective tempera-
ture, as long as the value and width of the camfort temperature can be
defined.



Camparison with Standard Effective Temperature

The ASHRAE Handbook of Fundamentals uses as its effective tempera-
ture (E'I‘*) the Standard Effective Temperature (SET) of Gagge. As men-
. tioned earlier, the assumptions we have used to define our effective

temperature are samewhat different than Gagge's; we have used our sim-
plified camfort equations with a set of standard conditions (see Appen-
dix B) to define our effective temperature.

In Figure 2, we campare the effective temperature of ASHRAE to our
effective temperature. We have used the same criteria as that of
ASHRAE: clo value of 0.6, low wind speed, met of 1.0. For cool and cam-
fortable effective temperatures (i.e., below 30 °C) ET" and our effec-
tive temperature agree quite well; however, for very warm temperatures
(i.e., above 30 °C) there is significant divergence. The cause of this
discrepancy is that our model does not, as Gagge does, correctly account
for the thermal balance when sweating becames the daminant heat loss
mechanism (which, as Fanger points out, is well outside the comfort
range). Because we are interested only in the behavior near camfort,
this is not an important difference.

Figure 2 also campares the camfort zone of ASHRAE (Standard 55-74)
with our predicted camfort zone. For this camparison we have truncated
the camfort zone below the humidity ratio of 0.0043 and above the humi-
dity ratio of 0.012 as is done in that standard. The ASHRAE camfort
range extends 1 OC above the IBL zone, but this extra width is most
likely due to the broader range of clothing and activity values used in
the application of Standard 55-74.

TABULAR DATA

Although the equations for calculating the ocamfort and effective
temperature coefficients (equations 1-5 ) are straightforward, the pro-
cedure can be time-consuming. Furthermore, the clothing 1levels, meta-
bolic rate, and air speed are rarely known to a high degree of accuracy.
For these reasons, it may be practical to choose a single set of the
canfort and effective temperature coefficients and use them to calculate



canfort levels fram the three envirommental temperatures.

Table 1 displays all of the velocity—independent quantities '
s' Ty AI‘ )aswellastheccmﬁortcoefflc1ents (Y. Y Y Y)and
effectlve temperature coeff1c1ents (A ' B ' C ’ D ) in thelr standard
condition (i.e., zero air speed.) as a function of the intrinsic parame-
ters (clothing level and metabolic rate). Clothing level has been
chosen to span the full range from no clothing whatsoever to heavy
winter clothing and the metabolic rates cover sedentary to moderately
active occupants. Table 2 displays the camnfort coefficients
(Yr' Y., Yo, Y,) as a function of the intrinsic parameters and for three
different air speeds. ‘These wind speeds span the range normally con-
sidered to be acceptable for indoor work. (High wind speeds may cause
local discamfort, especially to sedentary individuals.) Table 3 displays
 the effective temperature coefficients _ (A, B, C, D) as a function of the
same intrinsic parameters and air speeds..

DESIGN APPLICATIONS

A simplified camfort equation such as ours has many applications.
It oould, for example, be used_. as a control algorithm in a large HVAC
system where a smart controller could adjust the envirommental condi-
tions to maintain acceptable camfort levels at a minimum cost. Other
applications involve estimating of the efficacy of radiant heating and
the suitability of humidity control for camfort. One of the most impor-
tant applications of a camfort model, and the one we treat below, is
that of natural ventilation for cooling. (We use natural ventilation
here to mean intentional ventilation through conventional openings in
the building shell (i.e., windows) where the driving pressures may
either be natural (i.e., fram the wind) or mechanical (e.g. fram a
whole-house fan)v.) ‘

During the heating season free heat (generated within a structure by
people, appliances, and solar radiation) assists the HVAC system in con-
ditioning the air; during the cooling season, however, free heat is an
added burden. Thus increased ventilation is rarely desirable fram a



10

thermal standpoint during the heating season, but may be quite desirable
during the cooling season. Natural ventilation has two separable
effects: the increased ventilation causes an increase in interior air
speed which allows canfort at higher air temperatures through increased
evaporative and oonvective cooling+, and the increased ventilation
removes internally generated heat and humidity, thus lowering the effec-
tive temperature. In other words, for many cooling climates it may be
possible to eliminate cooling plants or reduce cooling loads by using
natural ventilation.

The effect of increased air speed on the camfort zone can be calcu-
lated directly fram our camfort equations. In Figure 3 we display the
canfort zones for different internal air speeds using the conditions of
clo = 0.5 and met = 1. This figure could be used, for example, to esti-
mate the internal air speed that would need to be created by a fan in
order to extend upward the acceptable air temperature; by allowing air-
conditioning thermostats to be set higher, energy savings would be real-
ized. Although useful,’ thJ.S type of information tells us only the
inside temperature and humidity conditions that would be camfortable for
different internal air speeds; for natural ventilation considerations,
we wish to know the outside conditions that would be appropriate for
different internal air speeds.

Accurate calculation of the internal and outside conditions for a
given house normally requires a camplex camputer program. On a main-
frame camputer, hour-by-hour simulation programs{10,11] calculate energy
use by doing a detailed thermal balance for each camponent, and user-
friendly, microprocessor-based programs[12] use correlation techniques
to calculate monthly energy usage. For the high ventilation rates typi-
cally associated with natural ventilation, very simple steady-state cal-
culations can be used because the energy flows are dominated by the ven-
tilation. In addition, the free heat and moisture generation and the
thermal resistance of the building envelope have a relatively small

+ Technically this may not be true for air temperatures that are higher
than skin temperatures. Such a situation, however, is very unlikely in
the camnfort range.
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effect on internal oconditions; high-accuracy calculations are not
needed. '

w’#: As an example, we will calculéte' the daytime camfort
zones, using different internal air speeds, for a naturally ventilated
house. To estimate the ventilation rate, we will assume that the inter-
nal air speed is proportional to the ventilation rate (specifically,
that the number of air changes per hour is 100 times the internal air
speed [m/s] with a minimum of one air change per hour). We will calcu-
late the increase in humidity fram outside to inside from the total
internal moisture generation, 454 g/h, and the total ventilation; the
total increase in air temperature fram outside to inside is calculated
fram the - total free heat generation, 3000 W, the conductance of the
envelope 300 W/°C, and ventilation.

Figure 4 displays the camfort zones as a function of outside tem-
perature and humidity for different internal air speeds. For the higher »
- wind speeds the camfort zones in Figures 3- and 4 are quite similar,
indicating that the inside and outside conditions are camnparable; for
low wind speed, however, there is a significant shift between the two
situations because of the presence of internal gains. (Note that once
the internal air speed is below approximately 0.1 m/s, its direct effect
on camfort vanishes, but, since the ventilation rate and air speed are
linked, it affects the thermal balance of the building.) The range of
canfort zones in Figure 4 indicates that this building could be natur-
ally ventilated in the outdoor temperature range of approximately 15 ©¢
to 30 °c, if the internal air speed (via ventilation) could be con-
trolled. ’

Although such design chartsA indicate the optimal amount of internal
air speed consonant with human camfort, they do not indicate how the air
speed is to be provided. If the air flow occurs as a result of mechani-
cal ventilation, the problem is a ‘straightforward one of equipment

# The specific assumptions used in this example are necessarily crude.
The effect of these air speed and internal generation assumptions will
only be significant when the ventilation rate (and, hence, the equili-
brium outside temperature) is low. -



12

sizing; if the air flow is associated with naturally induced ventila-
tion, using architectural design is more difficult. A discussion of
appropriate passive—design features is outside the scope of this report,
but many authors have devoted themselves to this classic issue.[13-15]
More modern work has been done in the areas of wind channeling and
stack-induced ventilation[16]. '

SUMARY

In this report we have used the original work of Fanger to derive a
simplified PMV expression for predicting thermal sensation. In doing
so, we have made some simplifying assumptions to allow a closed-form .
expression of the predicted mean vote that is accurate near the camfort |
zone. The results of this simplified calculation have camwpared favor-
ably with exact expressions developed and used by Fanger and Gagge.
Concise tabular data that allow quick camputation of camfort levels for
different clothing, metabolic rates, and air speeds as a function of
envirommental temperatures have also been presented.

These simplifying assumptions allow the definition of a simplified
effective temperature scale that converts the actual envirommental con-
ditions into an equivalent temperature. The simplified effective tem-
perature campares well with the effective temperature (E_T*) in cufrent
usage. The use of the PMV scale creates a .unique definition of the
optimal value and acceptable range of the simplified effective tempera-
ture. Ooncise tabular data have also been presented that allow a quick
camputation of the simplified effective temperature for different cloth-
ing, metabolic rate, and air speed as a function of the other environ-
mental temperatures.

Finally, we have included sample plots of the camfort zones for dif-
ferent air speeds and oconditions. These plots allow the designer to
estimate the air speed necessary to keep a particular space camfortable
under specific oonditions. The anbtmt of natural ventilation required
for a prototypical house for arbitrary outdoor conditions can be
estimated fram such plots.
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APPENDIX A:
DERIVATION OF THE PREDICTED MEAN VOTE

The predicted mean vote (PMV) is an expression for representing the
thermal sensation of occupants exposed to the environment. It is a
seven point scale centered on zero where positive values represent warm
sensations and negative values represent cold sensations. Fanger [4]
has found an empirical relation between the predicted mean vote and the
physiological load on the body.

- -2~hn L

o
(See Namenclature) The load on the body is defined as the difference
between the internal heat generated and the heat loss that would occur
in the actual conditions if the body were in comfort. ‘The total load

can then be written as follows:

L=Ein'Eres'Ediff'Esw'Econv'Erad (A2)
Each of these terms represents a particular energy generation or loss

and will be discussed below. The derivations for these terms as well as

tables of clo (Icle) and met (m) values can be found in ASHRAE's Hand-
bock of Fundamentals(17].

Internal Heat Generation

A human body generates a certain amount of heat for any given
activity level. The activity 1level is usually specified by the met -
value, m, which is in units of the metabolic rate of a resting sedentary
person, M_ [58.1 W/m1.

Mo is the metabolic rate of a resting sedentary person.
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Convective Heat loss

Both free and forced convection cause heat exchange between the sur-
face of the body and the air. Thus, the heat transfer will be propor-
tional to the temperature difference between air and skin:

Boonv = Fole Pe (Tg = Ty ) (nd)

Definitions of the factors are given in Appendix B.

Radiative Heat Loss

In any indoor environment the surface of the body is exchanging
energy through radiation with other surfaces. = The linearized heat
exchange will be proportional to the difference between mean radiant
temperature and skin ténperature:

Erad =Fcle My ( Tg = T ) (A5)

Definitions of the factors are given in the Appendix B below.

Evaporative

Evaporative heat loss cames fram three sources: diffusion through
the skin, sweating due to (camfortable) metabolic activity, and sweating
for temperature regulation. (Because here we are ooncerned only with
the thermal load relative to camfort conditions, sweating as a means of
regulating temperature away fram camfort conditions does not enter into
the calculation of BMV.)

The total evaporative heat loss fram skin cannot be more than what
would occur if the body were canpletely.covered by a film of water,

Emax ; this maximum heat loss depends only on the evaporative power of

the environment and is given by the lLewis Relation (for air):

Emax = 2.2 h, chl ( Pg = Bg ) (26)

The three mechanisms are explained below:
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Sweating

Fanger has found thét sedentary individuals do not sweat when cam-
fortable, but that individuals who engage in activity will sweat to
remain camfortable. He uses the following expression to denote the
amount of sweating caused by activity:

E,=0.42M (m=-1) (A7)

(This term does not, of course, contribute for m<1.)

Diffusion

The heat loss due to diffusion is equal to 6% of me times the
fraction of the skin that is not covered by water. (See, for example,
ASHRAE.) Since the fraction of skin that is covered by water can be
approximated by the ratio of E_, to E ..+ We can write the diffusion
term as follows:

Egief = 0:06 (B - bEsw ) ' (A8)

(This term does not contribute for Esw>E. .)

Respired Heat Loss

Respiration causes two forms of heat exchange with the environment:
dry heat loss and latent heat loss. (This heat-loss mechanism is gen-
erally not important unless the temperature is quite low and the person
is heavily clothed.) We use the following expression to approximate the
total respired heat loss: | ’

0.0014( Ty - T, ) + 0.0024( B - By ) ] (A9)

= r
Fres =M M, L

The first term represents the dry heat loss and the second the latent

loss.
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Substitution of Dew Point for Vapor Pressure

Before totaling the load, we will make one more simplification: we
will replace the terms that depend on vapor pressure with ones that
depend on dewpoint. Same authors have used a linearized expression for
dewpoint as a function of vapor pressure:

PS - Pd = 1.92 ( Ts - Td ) (A10.1)

This expression is accurate in the 25 °C to 35 ©c range, but begins to
deviate sharply for dewpoints below 20~°C. ' Because dewpoints below 20
°c will be important in most instances, we have decided to use a more
accurate quadratic expression to relate dewpoint to vapor pressure; we
have used an exact calculation of vapor pressure and dewpoint over the
normal range of skin temperatures to generate an empirical relationship.
The expression we use for Ps is as follows: '

P _p. =—85 d (A10.2)

This expression has a maximum error of less than 1 torr in the fange of
0 °C to 40 <)Cv, which corresponds to a mean scatter of about 0.5 °C in
dewpoint. Below a dewpoint of 0 °C the dew point has little effect on
the vapor-pressure difference and, hence, on canfort, and we shall
ignore its effect in this range. Thus, for any dewpoint below 0 °C the
term containing the dewpoint should be discarded.

Summary

We can now rewrite the equation for the load in terms of the
envirormental parameters ('I‘a, v+ Tq, and v) and the intrinsic parame-

ters (m and Tae)-
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L= | (A11)
m Mo Generation
-0.42M (m-1) Sweating
N '1'2 2 |
' s ~ a | .
-mM | 0.0014(Tg - T,) + 0.0024—7—— | Respiration
L s ]
- 0132 ) h ( T2 -T2 )- 0.02M (m-1) Diffusion
cle c ( Tg - Ty ) Convection
Fcle h. ( Tg - T ) Radiation

Bquivalently, the predicted mean vote can be calculated from its defini-
tion. The equation below cambines several of the terms above into a set
of camfort coefficients:

A Tr Ty Ta
Y=Y +Y¥Y =—+Y —+Y — (Al12)
‘ [o] rTS cTs eTsz

The definitions of these quantltles, including the camfort coeff1c1ents
v Yo Yo, Y), are given in Appendix B.
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APPENDIX B:

LIST OF DEFINITIONS

BASIC DEFINITIONS

Skin Temperature: Fanger has suggested that in the ocomfort range the

skin temperature,. 'I‘s, is only a function of the activity level, m.

Tg = 35.7 - 2.16m (B1)

Convective Heat Transfer Coefficient: The convective heat-transfer coef-

ficient, h_, can be daminated either by air speed or by thermal buoy-
ancy. The larger of the two equations, as defined by Gagge[18], should
be used

h, = 8.3 v (B2.1)
h_ =5.66 (m - 0.85)0-32 ' (B2.2)
subject to a minimum value.

Note that very similar forms for the wind-dominated convection coeffi—
cient have been found by others[19, 20].

Radiative Heat-Transfer Coefficient: We have used a linearized form of
the radiation equations, thus implying that the heat-transfer coeffi-
cient will depend on the surface temperature of the body. However, for
the normal range of envirommental conditions we can assume a constant
value of 4.7 [W/m? °C] for the coefficient:

h. = 4.7 : ' (B3)

Effective Thermal Efficiency of Clothing: The effective thermal effi-
ciency of clothing is a measure of the effectiveness of clothing in
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insulating the skin surface fram heat exchange:

. 1 +0.23T

cle " 1 + 0‘178Ic1e(hc+hr)

(B4)

Permeation Efficiency of Clothing: The permeation efficiency of clothing

is a measure of its ability to allow the transfer of moisture from the
skin surface:

, 1
F = (B5)
pcl T 1 + 0‘143Ic1ehc

Clo Value: The insulation value of clothing is given in units of clo;

one clo is equal to 0.155 m® °C/W. Clo values are usually quoted as

either a basic clo value, I, or an effective clo value, I .. The
average relationship between these two values is as follows:
Toy = 1.16 I, | (B6)

Metabolic Rate: The activity level of the body is given in units of met,

m; one met is equal to the basic metabolic rate, Mo' and has a value of
58.1 W/m2.

Mo = 58.1 (B7)

This value incorporates a mechanical efficiency of work (i.e., the
amount of body energy that is converted into useful work) which, for the
activities considered here is a very small effect.

Comfort Coefficients

~ The camfort coefficients as used in this paper are defined as fol-
lows:
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Radiative comfort coéfficient:

r T.1 9
Y = ILFcle EH;EJXL 1.6+17.6e"2'1m_| (B8.1)

Convective camfort coefficient:

r h, T.7 .|
_ C s -2.1m
Y, =10.0014 Tgm+ F, —5r— |X| 1.6+17.6e J (B8.2)
L o J
Evaporative caomfort coefficient:
N h, T 4
Y, =10.0024 T, m + .132F ) —— |x| 1.6+17.6e72" 1™ | (B8.3)
L | o -
Basic camfort coefficient:
' 1
v = I h 2.1m

J-Y -Y,-Y, (B8.4)

r -
o = | 0-4 + 0.6m |X| 1.6+17.6e

~For convenience in calculating effective temperature, we have
defined the total comfort coefficient as follows:

Yt =Y_+Y +Y, (B8.5)

STANDARD mITIONS+

In order to define an effective temperature or a camfort temperature
we must define a set of standard conditions to which the actual condi-
tions must be corrected. In our namenclature, a prime indicates that
the quantity is in the standard condition, which is defined as follows:

+We have not assumed a standard value for the clo and met values; there-—
fore, our camfort coefficients will depend on the actual values of the
personal variables.
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zero air speed,

v =0 (B9.1)

T =T (B9.2)

standardized dewpoint,
1.2 _
(T2 =71 (1, - 3T (B9.4)

We empirically developed this equation to approximate a 50% relative
humidity over the range of interest. For effective temperatures between
15 °c and 30 °C, this assumption causes no more than a iO% difference in
the evaporative heat - transfer when ocampared to an exact calculation
assuming 50% relative humidity.

The standard camfort coefficients (Y's) are calculated using the
same formulae as the non-primed versions except that the low air-speed
value of the convection coefficient is used. Thus these camfort coeffi-
cients represent the camfort coefficients that would exist under tﬁe
standard conditions described above.
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Velocity-independent quantities and camfort and effective

temperature coefficients

Table 1.
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Y

Comfort coefficients for different intrinsic parameters

and airspeeds
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Table 3. Effective temperature coefficients for different intrinsic
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