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DESIGN REQUIREMENTS FOR A COMFORTABLE ENVIRONMENT

by

D. A. McIntyre

SUMMARY

The most important factor affecting thermal comfort is the general feeling

of warmth. This paper presents an easy method of estimating the optimum
subjective temperature as a function of activity level and clothing insulation.
Subjective temperature is an index defined in terms of a standard envircnment,
and is simply calculated from the environmental variables. The variation of
thermal sensation between different people, and in the same person from time
to time, is described; it is shown to have important consequences for
temperature control. The findings of field surveys show that pecple adapt
their behaviour to the prevailing conditions, and there is no universal
comfort temperature.

Potential sources of thermal discomfort are discussed and wherever possible
working limits are given, within which most pecple will be camfortable. The
paper ends by discussing the concept of comfort; it is concluded that the
existing concepts of acceptability need to be refined.

This Memorandum is published as part of the
Electricity Council's Research Programme and

any technical query on the contents or requests
for permission to reproduce any part of it should
be addressed to the Author.
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1. INTRODUCTION

Decisions about the thermal environment in a building must be made at

. the design stage. In recent years, there has been a growing awareness of

how the building structure and climate interact to determine the thermal
behaviour of the building interior, and of the important part that environmental
cansiderations have played in determining the very shape of ‘buildings

(Banham, 1969). No longer is it acceptable for an architect to design his
building, and only call in the heating engineer at the last moment; in the
past this has led to too many failures to control the environment inside

totally unsuitable structures.

The design requirements for a comfortable envircnment must be specified

to the design team in physical terms. It would not be reascnable simply to
specify that the building should be 'camfortable'; the requirements must

be set out in physical units of temperature, air speed and so on. Realistically,
the requirements must include both an optimm value for the physical parameter
in question, and a permitted range. The activities of research workers over
the past fifty years or so have produced a great deal of information, and

this paper summarises what is known about camfort requirements. Response to
a potentially uncomfortable stimulus varies greatly between different people,
and from time to time for the same person. Further, the strength of ocbjection
to an uncomfortable stimulus is very greatly affected by the circumstances,
and it is the wnfortunate experience of many office managers that the more
money that is spent on a building, the greater seems to be the sensitivity

of the occupants to any minor discomfort. In any modern office there is
always at least one person who is more sensitive to air movement than any
anemometer yet devised by man.

Experience shows that by far the most important factor determining comfort

is the general feeling of warmth. Many other things influence comfort, and
they will be dealt with later in this paper, but the first rule remains: get
the warmth right and only then worry about any remaining causes of discomfort.
They may well have disappeared.
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2. WARMIH SENSATION

By canfort, we mean a state of satisfaction, i.e. a person is comfortable if
he says he is camfortable. Camfort cannoct be predicted from first principles,
-nor solely from a knowledge of physiology and the physics of heat loss. The
prime data on camfort conditions is cobtained by exposing subjects to different

environments and asking them how they feel. Rchles and Nevins (1971) performed

what has became the classic experiment on thermal sensation in the environment
chanber at Kansas State University; 1600 subjects were exposed to 160
different canbinations of temperature and humidity, and they rated their
sensation of warmth on the seven point scale shown in Figure 1. Part of the
data is displayed in Figure 2. It can be seen why so many subjects were
needed; the variation between people is so great: that it is necessary to
work with large numbers of subjects to cbtain meaningful averages. By
performing a regression analysis on the data of Figure 2, we can say that

the camfort temperature far sedentary people, wearing light clothing of
insulation 0.6 clo wnits, in an air speed of 0.15 m/s, at 50% R.H. is 25.6°C.
Clearly it is out of the question to repeat the experiment for all combinations
of clothing, activity, thermal radiation, humidity, air speed of interest,

and some method of predicting comfort temperatures is necessary.

A more direct method of determining comfort temperature is that which has

care to be associated with the Laboratory of Heating and Air Conditioning at
the Technical University of Denmark. In this method a subject sits alone in
an environment chamber, and maintains the chamber at his optimum temperature
by requesting any necessary changes in temperature. The comfort temperature
fownd by this technique is termed the preferred temperature; the comfort
temperature found by regression analysis of warmth votes, as in Figure 2,

is termed the neutral temperature. In same circumstances the two temperatures
may not be the same (McIntyre 1978c).

The variables which. affect a person's thermal sensation may conveniently

be divided into two groups, termed the personal and the physical. The
personal variables are the activity lewel and the degree of clothing ‘
insulation being worn. A more active perscn requires a lower air temperature
for camfort; increased clothing also allows a lower air temperature. There
are four physical variables affecting overall thermal sensation: air
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temperature, mean radiant temperature, air speed and atmospheric humidity.
These parameters are described in more detail in the Appendix.

The engineer concerned w1th the indoor environment commonly wishes to
describe the warmth of a space in temms of the physical variables under his
control. Over the years, many camfort indices have been proposed; each
index has normally reflected the interests of its originator, and so tends
to have a limited range of application. It must be realised that all indices
which conbine the physical variables into a single index are theoretically
inadequate as a predictor of warmth. In particular, the effects of air
tenperature (T_, °C) and airspeed v (m/s) interact with clothing temperature
(Tcl %) e.g. an increase of air speed increases the feeling of warmth if
Ta >Tqr and vice versa for T, < Tcl‘ Since Tcl is a function of metabolic
rate and clothing insulation, the effects of Ta and v cannot be considered

in isolation from the personal variables. The only entirely satisfactory

‘way of tackling this problem is to deal with all variables at the same time,

as has been done in Fanger's comfort equation (1972) or Gagge's derivation
of Standard Effective Temperature (1972).

Hcmever, these relations are rather camplex for normal use, and also make
it impossible to describe the warmth of an environment without knowing about
the people in it.

2.1 Subjective Tenperature

To simplify the presentation of the camfort requirement for the indoor
environment, we shall use a simple index that gets round some of these
difficulties. The index is termed subjective temperature, and is defined
as the temperature of a uniform enclosure, with- Ta = Tr' v =0.1m/s and
R.H. 50%, which would produce the same feeling of warmth as the actual

“environment. T‘,:l and Tr are the air and mean radiant temperatures ) p

and v is the air speed in m/s. This definition was proposed by Parcewski
and Bevans (1966). It is implied that the personal variables are the same
in the actual and in the standard environment. This definition is similar
to that of ET* (Gagge et al., 1971), but does not imply the use of any
particular model of heat loss.

Having got a convenient index, the requirements for comfort may be broken
-5- '
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into two parts; firstly what subjective temperature, Teup 1S needed for -
camfort, as a function of metabolic rate (M) and clothing insulation (I ol o) PR
and secondly, what conbmatlons of the physical variables will produce that T syl
'Ihe subJectlve temperature requj_red for comfort is a funct:x.on of metabolic

[ ]
rate (M W/m ) and clothing :Lnsulatlon (Iclo’ clo unlts) s

_—

T = 335 = 3T, - (0.08 +0.05° I ; M (1) :

H
This equation is plotted in Figure 3. This relatich is derived errplrlcally

_-—

from Fanger's equation. Over the range of conditions M < 150 W/m and
Iclo < 1.5 the error introduced by the simplification is less than % K P
~ (McIntyre, 1976). Equation (1) thus has no theoretical basis; it is a

. -_—
successful empirical approximation of Fanger's equation. Fanger's equation,

in turn, has been shown to fit experimental data well. -
Where a person is performing extemal work, not all of his free energy =

production appears as heat. In this case M in equation (1) should be replaced mm
by the internal heat production H (W/m), where H = (1 - n)M, and n is the
mechanical efficiency of the task performance. The efficiency of a task is
nommally low, but may rise to O.1 for tasks such as sawing, or lifting. The ™
maximm found is about 0.2 for uphill walking or cycling at a high metabolic  mm
rate.

—
For many indoor environments, air and mean radiant temperature are approx:'.tratelx_
equal, and the air speed is low; equation (1) then simply gives the air

temperature required for comfort. For non standard conditions, we have to
provide an expression for Ts ub in .terms of the physical variables. The -
following expressions were derived by McIntyre (1976b)

[ ]
Tsub = 0.56 T+ 0.44 Tr for v <0.1 ny/s (2) -
T = 0.44 T+ 0.56 5 - 1°V(5'Ta’)/(°’44 + 0.56 v/ I0Ov) for v»0.1 s, |

The equations represent a reascnable campramise between simplicity and accuracy,,
Equation (2) is supported by evidence from several experiments, sumarised in -
McIntyre & Griffiths (1975b). The more general form in equation (3) is derived
" by assuming that at speeds above 0.1 nys the convective loss varies as the -
square root of the air speed, and that the clothing surface temperature is 5 K -
above the subjective temperature. The derivation is similar to that given by
Mackey (1944). Equation (3) has been checked against Fanger's camfort equaticn

1
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over the range of subjective temperatures fram 18 to 28°C, within the
range O < v< 1lm/s and ITa-Trl < 6 K; the discrepancy between the
predictions of equation (3) and Fanger's equation was always less

than 0.6 K, and generally better than this. The relationship between

the subjective temperature Ts

b and the environmental variables is shown

in Figure 4.

Figure 3 allows us to predict the camfort temperature for a person with
known clothing and activity, and Figure 4 to ensure that the actual set

of conditions cambine to produce this camfort temperature. The figures
have no theoretical basis; they are an empirical simplification of Fanger's
canfort equation, which they fit with excellent accuracy for indoor
conditions. Neither the equations, nor Fanger's comfort equation itself,
allow the prediction of thermal sensation at temperatures which are not
camfortable. This paper is concerned only with conditions near comfort,

and the wider prcblem is not considered here. Several models have been
proposed for the prediction of sensatioh; Fanger's PMV (1972) is based

on an extension of the camfort equation, and Azer and Hsu developed a
comprehensive thermoregulatory model for predicting thermal sensation (1978).
In warm humid conditions thermal sensation and discomfort behave differently
from each other; discomfort is well predicted by skinbwettedness, which
may be estimated by the SET (Gagge, 1972).

2.2 Comfort Range

Thermal camfort is not an exact concept, nor does it occur at an exact
temperature. A person may be comfortable over a range of temperatures and

if the temperature is changed so that it moves outside this range, the onset
of discamfort is not sudden. There is nothing in the physiological system
which behaves like a snap action thermostat. A person's reaction to a
temperature which is less than perfect will depend very much on his expectations,
his personality and on what else he is doing at the time. All this makes it
difficult to talk precisely of a camfort range. The generally accepted
conventicon is to treat thermal discomfort in terms of the scale of warmth
sensation, and the comfort range is taken to be the three central categories
of the seven point scales shown in Figure 1. On the Bedford scale, sensations
of 'camfortably cool', 'comfortable' and 'camfortably warm' are taken to

-7=
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imply an acceptable thermal condition; the equivalent central three
categories of the ASHRAE scale are also taken as a camfortable range.

An individual can only describe his sensation usin_g'one of the discrete
categories of the scale. However it is legitimate when performing analysis
to treat the scale as continuous, when deriving such statistics as means
and standard deviations. On a continuous scale, the camfort range runs
fram 2.5 to 5.5 i.e. from the transition between categories 2 and 3, to
the transition between categories 5 and 6.

A great amount of data has been collected giving the variation of warmth
vote with temperature. Typically, a subject sits in an environmental
chanber for a time, and then records his warmth. sensation on a seven point
scale. In most work that has been done, each subject attends only once.
The data cbtained may then be analysed to produce the best regressian line.
Figure 2 shows the regression line for seated, but not inactive, lightly
clothed people. The regression line predicts the mean thermal vote of a
group of people, as a function of the ambient te.rrperature.

In Figure 2 the change of temperature corresponding to a change in mean vote
from 2.5 to 5.5 is from 18.5 to.27.5°C, so at first sight the camfort band is

a surprising 9 K. However, this ignores the fact that there is a considerable

variation between people. At the neutral temperature of the population, i.e.
where the mean vote is 4, there are same pecple who are too hot, and some
who are too cold. If the temperature moves above the optimum, the number
of people feeling too hot increases rapidly. Knowing the standard deviation
of the wvotes, which is 0.8 of a scale interval, it is possible to construct
a curve showing the proportion of pecple uncomfortable, as a function of the
mean vote. This is the well known curve of PPD (predicted percentage
dissatisfied) produced by Fanger (1972), shown in Figure 5. It shows the
PPD as a function of the mean votes of a population of people, all of wham
have similar clothing and activity. Dissatisfaction is defined as a vote
outside the central three categories. It may be noted that the curve mst
pass through 50% PPD at a mean vote of 2.5 and 5.5. If the mean vote is
+5.5, then 50% of the population must be voting more than 5.5, and so are
too hot.

The PPD curve shows that good temperature control is important when dealing

-8—
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with a large group of people. Even at the optimum temperature, 5% are
dissatisfied. As the temperature moves away fram optimm, the proporticn
wmocamfortable rises rapidly. If we accept 10% dissatisfied as a working
maximm, the temperature must be controlled within a band of * 1% K about
the optimum.

The variation in warmth vote of a group of people at a constant temperature

has two camponents. The first camponent is the between subjects variance.

This is because people differ from each other; one person may consistently

(on average) require a warmer temperature than ancther. The second component
is the within subjects variance. A person is not perfectly consistent and
will nbt necessarily feel the same in the same conditions on different
occasions. Data fram experiments in which each subject attends on several
occasions enable us to estimate the two variances separately (McIntyre, | 1978b) ;
the results are surprising. The within subjects variance is no smaller

than the between subjects variance, and both have a standard deviation of
about 0.8 scale wnits. There is a real difference between people in their
neutral temperature; same people are consistently warmer or cooler. However,
this variation is smaller than the scatter produced by unexplained variation
within subjects,

The causes of this variation have not been investigated in detail. Although
we can control the activity of a subject, it does not follow that the metabolic
rate is controlled; previous activity, recent food intake and emotional
factors may all contribute to a variation in heat production or storage. Thermal
sensation will also be influenced by vasomotor tcne, which may vary under the
influence of intemal, as well as external, factors. |

The fact that the within subjects variance is similar to the between subjects
variance means that we can use Fanger's PPD curve unaltered to apply to

a single individual. The ordinate, PPD, now becames the percentage of occasions
that one person will feel too hot or too cold as a function of temperature.

At a temperature which is 4.5K below the optimm, the person's mean vote averaged
over several occasions when he experiences that temperature, will be 2.5, i.e.
con the borderline between camfort and discomfort. We would therefore expect
the perscn to feel too cold an 50% of the occasions that he experiences this
temperature. The camfort range of an individual is thus the same as the
canfort range of a group of people. Taking 10% dissatisfied as the criterion,
the range is *1% K on either side Oﬁ: the optimum.

-9-
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2.3 Field Data

A group of people sitting in the same temperature, who all have similar
clothing, esthibit a spread of warmth sensaticns. This is demonstrated in
Figure 5, which shows that at best one can meke 95% of the population
camfortable at one time, and that the proportion uncomfortable increases
rapidly as the temperature moves away from the optimum comfort terrperatui:e.
The implication is that a room having a large number of people must be
carefully controlled within a small temperature band around the optimum
temperature. '

In the real world, people do not wear standard clothing, and are free to

modify the insulation value. The range of insulation of clothing acceptable
in Westem Europe and the U.S.A. is roughly 0.3 to 1.2, Inspection of
equation (1) shows that this implies that an individual may adjust his camfort
temperature over a range of 6 K, and it should therefore be possible for most

people to achieve camfort indoors by suitable modification of clothing. To
find out if this happens, we must turm to the results of field surveys.

If people are making behavicural adjustments to campensate for a change in
temperature, they will act so as to reduce their thermal discomfort, and

the slope of the regression line of warmth vote against temperature will be
reduced below the value found in laboratory studies. Many studies carried
out in environment chambers have consistently found that the rate of change
of warmth sensation on a seven point scale with respect to temperature is
0.33 su/K, where su stands for scale wnits. Table 1 gives the regression
ccefficients listed by Humphreys (1976) in his important study of the results
of thirty-three separate field surveys. It appears that people in real life
campensate slightly for short term changes in temperature, presumably by
changing clothing, and so reduce the regression coefficient to 0.23 su/K.
This figure is the average of the coefficients obtained for the different
studies, and thus represents’ the rate of change of sensation one would expect
to find for a group of people in an office as the temperature changed fraom
day to day. The position changes remarkably when long term effects are
considered, and a regression of all the votes fram all the surveys on
temperature shows them hardly to be affected by temperature at all. This
phenamencn is shown in Figure 6 where the neutral temperature for each survey

-10-
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is plotted against the mean temperature of the whole survey; each

point thus represents the findings of a whole survey. It can be seen that
the people have been remarkably successful in adjusting to their
surrounding temperature. However, this adjustment seems to take same

time to accamplish, since in any particular building a deviation from:

the neutral te.trpérature occurring from day to day will produce feelings

of warmth, cold and perhaps discomfort. The more extreme adjustments at
the ends of the range may well take generations to accamplish since they
involve whole patterns of life style and buildings, as well as dress. It
should not, therefore, be deduced from Figure 6 that any temperature will
do. Rather, the temperature provided in a building should be consistent
with the local climate and culture, and should also be steady from day to
day. A temperature that changes unpredictably fram day to day does not
allow people to wear appropriate clothing. It was noted by Humphreys (1976) ,
that air conditioned offices, with a very steady temperature, were successful
in achieving h:l.gh levels of satisfaction with the tenperature.

The very wide range of neutral temperatures shown in Figure 6 cannot be

campletely explained by clothing adjustment alcne. Two possibilities suggest
themselves: it is possible that pedple adapt to an extreme temperature in
such a way that comfort corresponds to a different physiological state, so
that the pecple who are comfortable at 34°C have a different bodily state
from those who are camfortable at 18°C. The other possibility is that the
meaning of the words of the seven point warmth scale change their meaning
with a change in climate, so that people in a warm climate may wish to be
'comfortably cool', while those in a cold climate may wish to be 'comfortably
warm'; this implies that the neutral temperature of Figure 6 may not in

fact represent the ideal temperature. There is some evidence to support
this point of view (McIntyre, 1978c), but the position cannot yet be said

to be resolwed.

3. NON-THERMAL FACTORS

The first section of this paper showed how the mean comfort temperature of
a group of pecple can be predicted from a knowledge of their activity and
clothing, and how this temperature is modified by thermal radiation and air

-1]1-
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speed. Several other factors might be expected to affect camfort temperature, -
‘and these are dealt with in the following section. '
. . - -
3.1 Age and Sex
-
There is little evidence to suggest that healthy old people require a

different temperature fram young people. Basal metabolic rate decreases with
age, but this is fortuitously compensated by a decrease in insensible o
evaporation (Fanger, 1972). Experimental studies have not found any J.mportant

difference between the camfort temperatures of young and old people (Fanger, 197. )
Griffiths and McIntyre, 1973, Rohles and Johnson, 1972); the samples included ™
people up to and over seventy years 'of-age. b

Surveys of old people admitted to hospital have shown an appreciable number
with low body temperatures, and hypothermia in the elderly is recognised as

a potential risk to life. It would gppear that there is not a systematic
shift of comfort or thermoneutral temperature with age. Rather, it seems

that the ageing process results in a deterioration of both behavioural and
physiological themmoregulation, which, particularly if coupled with poverty

or social isolaticn may lead to the old person living in too low a temperature,
with a consequent fall in deep body temperature.

-
Children have a higher basal metabolic rate per unit surface area than adults, =
~and this does seem to lower their comfort temperature. Humphreys (1977) o=
found that primary school children, aged between 7 and 9 years, generally -
felt rather warm in school, but there seemed little relaticnship between

mean warmth and mean classroom temperature; however, over a period of same

days warmth sensation did follow variations in classroom temperature. Humphreys™
recamended a temperature in the range 19-21°C for general classwork, which

) o

encompasses a range of sedentary and standing activities.-

p—
There is no a priori reason why men and women should have the same camfort

-
temperature; the metabolic rate per unit surface area tends to be lower
for wamen than for men, and there are other physiological differences in —
temperature regulation. Nevertheless laboratory experiments in which men and -

women wear standard clothing have not shown any important difference in
camfort temperature between the sexes (Rohles and Nevins, 1971; Fanger and
Langkilde, 1975). It has, however, consistently been found that the slope
of the regression of warmth vote on temperature is greater for women than

-]12-
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for men, i.e. wamen are more sensitive to temperature changes away from
the comfort temperature (McIntyre, 1978b).

Several surveys have found that in offices wamen tend to wear lighter
clothing than men, particularly in summer (Gagge and Nevins, 1977), and

‘this may be reflected in a higher camfort temperature. In practice, there

is no need to differentiate between the sexes for comfort temperature.
3.2 Climate, Season, Time of Day

There are definite physiological adaptions to heat and cold in man. People
moving to hot climates show changes in sweating response, and there are
parallel, though less marked, changes in shivering and vasoconstrictive
responses in people exposed regularly to cold.

There does not appear to be any. change in preferred temperature produced

by long term exposure to heat or cold. Several studies in Denmark have
failed to find any variation of the mean preferred temperature of groups

of cold store workers, winter swimmers or dwellers in the tropics

(Fanger et al., 1976). However, the results of Humphreys (1976) survey of
field studies found a de facto alteration of neutral temperature with
prevailing climate. The possible implicaticns of this were discussed above.

. The same findings apply to the effects of season, and laboratory studies

have generally failed to find any difference in warmth sensation between
times of year (McNall et al., 1968).

Bodily functions show a definite 24 hour rhythm Deep body temperature
swings by about O.7 K between night and day, and cne would expect this to be
reflected in a change in preferred temperature. There is no suggestion that
this happens, and determination of preferred temperature throughout a

24 hour period found no significant variation (Fanger et al., 1974). Kansas
State University found no difference between afternoon and evening (Nevins et
al., 1966).

Shortening the time scale étill further, it seems that the temperature which
the subjects experience before an éxperinent has no effect on their sensation
during the actual session. McIntyre (1975b) showed that half an hour's
exposure to either 28 or 19°C had no influence on a person's preferred

-13-
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temperature measured over the next 2 hours. Similarly Rchles and Wells (1977)
found that 1 hour's exposure to 16° or 32°%¢ produced no effect on warmth

vote when the subjects retumed to a 23°C standard condition; the warmth

~ sensation returned to narmal after only 5 minutes. A rather more extreme
experiment by Gagge et al., (1967) exposed nude subjects to a comfortable
(29°C) room for 1 hour, and then transferred them to a cold (17.5°C)

room for 2 hours. After this period they returned to the 29°C rocm. Their
thermal sensation retumed to neutral very quickly, long before skin and
rectal temperatures had returmed to normal.

3.3 Surroundings

Many claims have been put forward for the effects of colour cn various
aspects of man's feelings. In particular, it has often been suggested that
the use of 'warm' colours in a room would allow a lower air temperature to

be used for comfort. This has never stood up to experimental test. While

a persaon might well prefer 'warm' colours in winter, colour does not affect
thermal sensation (Bennett, 1972; Fanger et al., 1977). These results

agree with the general finding that man's thermal sensation as a function of
ambient temperature is little affected by extraneous variables. For instance,
- Griffiths and McIntyre (1975) found that mental concentration while performing
a difficult reasoning task had no effect on either neutral or preferred
temperature; in the experiment questions were asked about both sensation

and preference, to deal with the possibility that the subjects might feel

the same sensation while concentrating, but might prefer a change in
sensation. In another experiment at ECRC (McIntyre and Griffiths, 1974) it
was found impossible to bias the wanmth vote of subjects by giving them

false information about temperature changes. Recently, however, Rohles and
Wells (1977) noticed a difference in warmth vote when subjects experienced
the same temperature in different chanbers. They followed up this cbservation
with a further experiment and found that a chamber furnished with carpet,
panelled walls and soft lighting, produced a higher warmth vote fram the
subjects than the same chanber with bare walls and fluorescent lighting.

The difference in neutral temperature, estimated from the results on a nine
point warmth scale, was 1.3 K,

~14-
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4. CAUSES OF DISCOMFORT

So far we have dealt with those factors which influence a persan's feeling
of warmth. It is emphasised again that wammth and cold are the daminant
sensation influencing thermal camfort. There is, for instance, little
profit in worrying about the humidity lewvel if the temperature is wrong.
However, once the temperature is right, a perscn may still be uncomfortable,
and we now consider what other factors might cause discamfort.

4.1 Radiation Draughts

It may be that a room which is comfortable over most of its area contains

low temperature surfaces which cause discamfort to people nearby, by producing
an excessive radiation loss from one side of the body. The most common
instance is, of course, the 'radiation draught' felt when sitting near a

cold glass surface.

Two experiments have dealt with this problem. Anquez and Croiset (1969)
treated the problem directly, with subjects sitting in front of a cold
window. Olesen et al. (1972) worked with unclothed subjects, but extended
their results to deal with clothed subjects. It was shown by McIntyre (1975a)
that if the findings of the two experiments are expressed in terms of the.
thermal radiation field, they show very good agreement, and the findings

can be expressed as follows: ' '

Discamfort will be experienced at positions where the plane radiant temperature
facing the cold surface is more than 8 K below the mean radiant temperature

in the main part of the room remote from the window. This applies to normal
indoor conditions with low air speed and normally clothed people, and it is
assumed that the rest of the room is comfartable.

This recommendation takes into account both general cooling, due to the
reduction of mean radiant temperature (m.r.t.) near the window and the additional
discamfort from local cooling on one side of the persaon. '
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The recomrendation may be rewritten quantitatively as
Fpg (T, - ‘Tg) + FW (T, -T) <8 v (4)

Ty form factor, plane element at test point to window
F oW form factor, plane element at test point to wall
T g temperature of window

Tw temperature of wall

The form factor is defined as the fraction of radiation leaving the element
that reaches the other surface. Expressions for form factor are to be found

1

T 11111 11

1

.in standard bocks on radiation transfer, and are also quoted in McIntyre (1975a).™

Other surface temperatures are assumed to be equal to Tr’ the mrt in the roaom.

For design British conditions, when the outside temperature is -1°% we may
take T_ to be 7.5°C for single glazing; the inside wall temperature is 18°C,
and T_ = 22%. Figure 7 shows the distance from the centre of a rectangular
window which just satisfies equation (4).

4.2 Asymmetric Radiation

Most radiant heating systems produce a radiant envircnment that is asymmetric,
to a greater or lesser degree. High levels of asymmetry may be disliked by
the occupants, and it is necessary to set same sort of standard. The first
step, of course, is to ensure that the heating system produces a thermally
neutral environment; any prcblems from asymmetry will be magnified if the
temperature is incorrect.

The degree of asymmetry may be quantified by the vector radiant temperature
(v.r.t.) T, This quantity may be visualised as the difference between the
average surface temperatures of opposite halves of the room. It is defined
in the Appendix. Several workers have tackled the prdblem of relating
discomfort to degree of asymmetry (McNall and Biddison, 1970; Olesen et .al.,
1972). It appears that a vector radiant temperature fram ceiling heating
of 20 K does not worsen the comfort vote of a group of pecple when they are
asked to rate their discomfort in separate experiments. However, the subjects
can detect the asymmetry, and it was found (McIntyre, 1977a) that they
tended to blame the heated ceiling for causing discamfort, even though their
average discomfort did not worsen when campared with a wniform environment.
To be on the safe side, it is recammended that the vrt should not exceed 10 K.
-16-
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When designing panel heating, it is sufficient to assume that all unheated
roam surfaces are at the same temperature. We can then write down relations
of the m.r.t. and v.r.t. at a point in the room:

TV=FpC (Tc—Tu)

T =Fsc Tct (1=-Fg) Ty

ch form factor, plane element to ceiling
Fsc form factor, small sphere to ceiling
Tc céiling tenperature

Tu tenmperature of unheated room surfaces

The form factors are geametrical functions of the positions of the test point
and the hot panel. The questions have been solved for a point under the
centre of an overhead panel, and the results are shown in Figure 8.

Heated ceilings are not the only sources of overhead radiation; lighting
installations may contribute thermal radiation. Measurements have shown that
the illuminance and irradiance are directly related (McIntyre, 1976a), and
the illuminances which produce a v.r.t. of 10 K are:

850 lux for tungsten filament lamps
4000 lux for de luxe warm white fluorescent
8000 lux for white fluorescent lamps

Radiation fram fluorescent lamps is therefore unlikely to cause trouble, but
tungsten filament lamps produce a considerable amount of thermal radiation.

4.3 Temperature Variations

Experiments which have exposed people to slowly changing temperatures have
generally found that the mean warmth vote of a group of subjects corresponds
to the instantaneocus temperature, and is not affected systematically by the
direction or rate of change of temperature (Griffiths and McIntyre, 1974;
Berglund and Gonzalez, 1977). Nevins et al., (1975) used a cyclic change

- of temperature, with amplitude 10 K and a rate of change as high as 18 K/hr.
The subjects rated their sensation cn a seven point warmth scale, and the
rate of change of sensation with respect to temperature was 0.3 scale units/K,

-17-
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which is only slightly less than the figure for steady temperatures. In
“general, then, warmth sensation is determined by the instantaneous temperature,
with little effect from rate of change of temperature. It is therefore
possible to use the PPD of Figure 5 when dealing with changing temperatures.

In real life, people generally have the opportunity to alter their clothing
insulation to campensate for changes in temperature, but there is not

much evidence that they do this in the short term (Humphreys, 1976).

There is no doubt that at times a change in sensory stimulation is pleasurable,

and this has been demonstrated experimentally by Haber (1958), but only for

the rather restricted case of finger temperature. Temperature variation,

as a pleasurable stimulus, and as a relief from 'temperature boredom' has

_ its advocates (Gerlach, 1974), but as yet there is little convincing evidence
of its desirability. Wyon et al., (1973) measured performance cn mental

tasks during temperature swings. Small swings of amplitude, 2 K at head level,

were found to reduce arousal and depress performance. Larger swings increased

arousal and restored performance back to normal. However, the large swings

were found to be uncamfortable, and Wyon concluded that there was little

argument for any beneficial effects of temperature swings.

4.4 Humidity

The effect of humidity on warmth is strongest at high air temperatures where

a person is sweating, and consequently above his comfort temperature. The
effect of humidity on comfort temperature is small; Fanger's comfort equation
predicts that a change in RH from 20% to 75% would produce a reduction in
preferred temperature by 1 K. Such a small effect would be difficult to

.
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detect, and experimental investigations of warmth have not shown any significant |

effects of humidity on warmth at steady air temperatures below about 23% ‘
(Rochles and Nevins, 1971; Andersen et al., 1973; McIntyre, 1978d).

It is quite clear that at high air temperatures, high hmtﬁ.dities increase

both warmth and discamfort. At comfortable air temperatures, any effect of
humidity on wammth is negligible; this leaves the question of whether humidity
may affect comfort in other ways. Low humidities, which may occur in winter
in heated buildings, are cammonly held to dry the nose and skin, producing
camplaints of sore throats and headaches. The experimental evidence on the

-18-
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effects of low humidities has not yet achieved a consistent body of findings.
Inhibition of mucus flow in the nasal passages at low humidities was
demonstrated by Bwert (1965), yet careful experiments by Andersen (1974)
failed to confim it. Several experiments have found low (< 30%) humidities
to be less canfortable than medium levels (Andersen et al., 1974; Carleton
and Welch, 1971; McIntyre, 1978d) but have not always been confirmed. There
is suggestive evidence that it is a canbination of low humidity and
atmospheric pollutants (e.g. tcbacco smoke) which produces the ill effects,
and so well controlled experiments eliminate the discanfort when eliminating
pollutants.

The question of whether there is an upper limit far humidity at comfortable
air temperatures has received less attention. There is no support for the
belief in the ill effects of 'damp cold'; at low air temperatures, high
humidities have no detectable effect on heat loss or warmth. If a person's
activities are variable enough to produce occasicnal sweating, then the
effect of high humidities in irﬂu'.biting sweat evaporation may be noticeable.
Clothing kept in high humidities will absorb moisture, and the latent heat
required to evaporate this after putting on the gamment may produce a sense
of chill. The arguments against high humidity in buildings lie elsewhere.
Prolonged humidities above 70% encourage the growth of moulds, which, once
established, are very difficult to eradicate.

There is epidemiological evidence to link the incidence of ‘colds with low
humidities. Much of the work (Green, 1974) has been in countries where the
outside air temperature, and consequently indoor relative humidity, falls to
values far below those found in Britain. The evidence shows an increase in
incidence of infection as the RH falls from 40% to 20%.

At low humidities the act of walking on a carpet is able to charge a person
to a potential of several kilowolts, and this can produce an unpleasant
electrostatic shock when an earthed object is touched. A review by

Brundrett (1977) showed that for most carpet materials the problem vonly occurs
at relative humidities below 40%.

A range of humidities from 40% to 70% will prove acceptable at comfortable
air temperatures, both fram the point of view of comfort and other oconsiderations.

-19-
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Higher humidities bring the risk of condensation and mould growth. Lower
humidities may be felt as uncanfortable, and increase the generation of =
static electricity. Occasional excursions down to 30% should not be lan
troublesame. -
4.5 Floor Temperature -
Where people walk barefoot, floor temperature has an important effect on —
local camfort. Olesen (1977) investigated pecple's perception of floor
—

temperature; the subjects were lightly clothed, and in general thermal
camfort. As might be expected, the thermal conductivity of the floor had -
an important effect on comfort of bare feet; the lower the conductivity of
the floor material, the wider the range of temperatures that were tolerated.
Table 2 shows his recammended ranges of floor temperature, based on experiments
with 10 min exposure, and with the limit taken to be 15% dissatisfied. fom

When people are normally shod, the flooring material turns out to have little =™
. importance. Olesen found an optimum floor temperature of 23°%C for standing -
pecple, with a permitted range fram 20-28% , correspanding to 8% uncomfortable;

this is a less stringent critericn of discamfort than adopted for bare feet,
and suggests that floor temperature is of little importance. The results -
fram Nevins et al. (1964) were included in the analysis. =

The experiment by Chrenko (1957) and general British experience with underfloor .
heating suggest that Olesen's limits err on the high side, and for prolonged
occupation the recommended maximum floor temperature is 25°C, with excursions
up to 27% permitted. While this is only apparently a small difference fram -
Olesen's recommendation, it is of considerable engineering importance, since -
it is difficult to provide sufficient heat transfer to a heated room at low

—
floor temperatures.
-_5
Time of exposure is important. A floor temperature that is initially
pleasantly warm may, over a few hours, produce unpleasant local vasodilatation. ™
Burton (1963) warned strongly against the danger of overheating the feet. o=

Cold floors are usually associated with vertical gradients of air temperature. .
Experlence indicates that where the general room air temperature is a comfortable
225 C, a reduction in air temperature at foot level by 3 K or more will produce
discomfort. Current research at the Gas Corporation laboratories in England =
and at the Danish Technical University should provide further data. —

-20- ' -
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4,6 Air Movement

The effect of general air movement on feelings of warmth has been discussed
above. In warm conditions, air movement may be employed to reduce discamfort.
The disturbance of an air movement above 0.5 or 1 m/s in itself can cause
annoyance, so that people given a free choice of air speed tend to under-
carpensate for a raised air temperature, and act to minimise the cambined
discamfort of warmth and air movement (McIntryre, 1978e).

The more general problem is that of localised air movement in an otherwise
comfortable environment i.e. the problem of draughts. Some sort of air
movement is inevitable in an air conditioned or mechanically ventilated
building. Strong draughts, above about 0.4 m/s, are usually very localised,
and caused by faulty design or commissioning of the system. Surwveys of
buildings have demonstrated a number of typical draught producing situations
(Dickson, 1977). At the other end of the speed range, it is common to

find camplaints of draughts where there is very little air movement; usually
the effect of a low floor temperature has been misinterpreted as a draught.

The specification of camfort limits for draughts has proved difficult, and

is not yet campletely resolved. By virtue of the natural convection loss

from the body, a person produces a rising layer of warm air flowing over the
head. The speed of the flow depends on the difference between body surface
temperature and air temperature, but is typically 0.2 mys; the boundary layer
may be several cm in thickness (Lewis et al., 1969). Since draughts have

about the same velocity as this protective layer, there is a rather camplex
interaction between the two. In laboratory experiments on sensitivity to

air movement it is possible either to expose the subject to a free air jet
(e.g. McIntyre, 1978a) or else to duct the moving air to within a few cm

of the skin surface, and cansequently lead it through the boundary layer

(e.g. Pedersen, 1977). Experiments with a ducted draught have generally

found lower discamfort thresholds than those using a free jet.

McIntyre (1978) found a 30 minute exposure to a draught of 0.25 m/s on the

face to be rated significantly worse than one of 0.15 m/s; anbient and draught
temperatures were both 21°C. 2 speed of 0.2 my/s was no worse than 0.15 m/s,
and seemed quite acceptable. This agrees with the findings of Houghten et al.,
(1938) ; however Pedersen (1977) found that over 20% of his subjects would find
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this speed uncamfortable. Our general experience of air movement in offices
indicates that a speed of 0.2 m/s is acceptable at head lewvel (Dickson, 1977).

In practice, air movement varies with both ‘time and position, and it is not
possible to describe a draught by speed and temperature alone. Pedersen
(1976) found a greatly increased sensitivity on the part of his subjects
when the air speed varied regularly; a frequency of 0.3 Hz gave the greatest
effect. At this frequency a draught of temperature 22°C and mean speed

0.05 m/s was found uncamfortable by 20% of subjects. It seems unlikely

that people would respond unfavourably to a free jet of this magnitude.

4.7 Non-specific Symptons

In each of the above sections, the effect on comfort of a éingle physical
factor has been discussed. The effects have been studied in the laboratory
by varying thé magnitude of the physical factor, and asking about symptoms
in the subjects. In the field, the position is reversed. .'The symptoms
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are there, and the researcher has to try and identify the cause. We have often™

heard camplaints of 'stuffiness' or 'lack of oxygen' from the occupants of
air conditioned offices, in situations where measurements of air quality
showed nothing wrong. Other symptams, such as headaches, tiredness or
drowsiness, may be blamed on the environmental system. The prcblem is
widespread, and various cures have been proposed, such as negative icnisation

or electric fields; these systems have not been generally accepted. Research

is needed to investigate these non-specific discamforts, and find if they can
be related to environmental factors. ‘

5.  DISCUSSION

Most of the recammendations given in this paper imply that if the strength
of a potentially wncomfortable stimilus is increased, there comes a point
when the person experiencing it finds it no longer acceptable. However, in
reality, a person's decision as to whether the stimulus is unacceptable
depends on more factars than its strength. Clothing and physical activity
have an important effect; in general they act to reduce a perscns's
sensitivity to a stimulus, but study of this topic is anly beginning
.. (McIntyre and Gonzalez, 1976). There-are-other,:less quantifiable factoss.
Mental activity will determine how much attention will be paid to a thermal

-22—-
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stimilus; a minor discomfort will go wnnoticed if there are more important
matters to be attended to. Judgements of acceptability are greatly affected
by context. A gentle stroll across the office produces a self-inflicted
draught well in excess of any comfort recommendation, and a coal fire flouts
every guideline on discomfort from thermal radiation.

Poulton (1977) warns strongly of the dangers of quantitative subjective
assessments, pointing out that subjective ratings of a stimulus depend on
the range of stimuli experienced. He gives examples of judgements of
'noisiness', and concludes that whatever the range of noise a person is
exposed to, he will rate the loudest noises as 'too loud'. This may provide
sare crumb of comfort to air conditioning engineers who find that standards
of expectation seem to rise just as fast as the standard of air conditioning.

Thermal sensation judgements behave more reliably than evaluative judgements,
and it is possible to display'information on the spread of sensation of a
group as in Figure 5. The PPD curve makes the assumption that anycne voting
outside the central three categories is dissatisfied. This may not be so,
and where it has been tested (Berglund and Gonzalez, 1978) the ratings of
'wnacceptability' did not coincide with the PPD criterion. When asking
subjects -to give ratings of discamfort or unacceptability, the precise
wording of the question and the manner of asking it may have an important
effect on the answer. There is the danger that techniques producing consistent
results may wnwittingly introduce bias. In an experiment on ceiling heating
(McIntyre, 1977a) the subjects produced quite different answers to the

two questions 'How tmooam‘:'artable are you?' and 'Is the heat fram the ceiling
causing you any discamfort?'. The subjects were ready to ascribe discamfort
to the heated ceiling whether or not its temperature was raised.

The camfort criteria in this paper have been collected from a wide range
of published papers, and so inevitably include different assumptions of
what onstitutes 'unacceptable' discomfort. In the future, attention must
be paid to this problem, so that criteria of unacceptability may be set
in the context of the experience of the group to which they apply.
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APPENDIX
ENVIRONMENTAL VARIABLES

The main body of this paper has described camfort criteria in temms of
the various variables describing the envircnment. Further notes on their
definition, and tables of typical values are given in this appendix.

Metabolic rate

The activity level of a person is described quantitatively as his metabolic
free energy production MW/i2); note that it is conventionally expressed

in terms of unit body surface area. Same of this energy may be used to
perform extemal work, but most is lost as heat from the body. The metabolic
rate of a person may be estimated by measuring his rate of oxygen consumpticon.
A great deal of information is available in the literature on the metabolic
rate associated with different activities. A list of activities is shown

in Table 3.

Clothing insulation

The thermal insulation of clothing acts as a barrier between skin and air,
and so allows man to be comfortable in cool air temperatuxes The insulation
is expressed quantitatively in clo wnits, where ane clo corresponds to a
thermal resistance of 0.155 mzK/W The resistance is measured from the
inner to the outer surface of the clothing, and does not include the thermal
resistance of the external air film. The clo wit was introduced towards

the beginning of the last war (Gagge et al., 1941) to provide an easily
wnderstood descriptive unit: 1 clo wnit was the insulation value of the
ocontemporary Eurcopean business suit. Clothing has becare lighter since,

and Table 4 gives a list of the clo values of same typical ensenbles. The
values are cbtained from measurements made on a heated mannikin (Seppanen et
al., 1972), or on a persan in vivo (Nishi et al., 1975). Sprague and

Mmsen (1974) give details of a method by which the insulation value of an
ensenble may be estimated from a description of the individual garments.

Air temperature and speed

The description and measurement of air temperature presents few problens,
though it is necessary to use an aspirated thermometer to avoid errors in
the presence of themmal radiation. The description of air speed is more

-24~



ECRC/M1185

difficult, since air movement is notoriously variable in both spabe and time.
An anemometer of the heated sphere type is the most useful, since it gives
a non-directional measure of the general cooling effect of the air motion.

Mean Radiant Temperature

The mean radiant temperature (m.r.t.) is defined as the temperature of

a uniform enclosure with which a small sphere at the test point would have

the same radiation exchange as it would have in the real environment. In

a non~uniform enclosure, the m.r.t. varies with position, and the temm

test point is used to describe the position of jntei‘est. When the surroundings
cansist of i surfaces, each of temperature Ti' the m.r.t. is given by

Tr =1 Fsi r‘['i

so long as the T, do not differ by more than about 20 K from anbient; if

they do, the weighted average of the fourth powers of the absolute temperatures
should be used. Fsi is the form factor from the small sphere to the ith
surface, i.e. the fraction of radiation leaving the sphere which reaches

the surface. ' '

The effect of small high i:enperatuxe sources on the m.r.t. is more easily
dealt with by a different method, since a source such as a bar fire or infra
red lamp presents neither a simple shape nor uniform temperature, making both
F and T @ifficult to evaluate. If the source contributes an irradiance
 EW/u® at the test point, this increases the mean radiant temperature at
that point by

AT =E/(16 0 T)
At normal temperatures it is sufficient to use the approximation

‘ATr = 0.043 E (K)

This is accurate for small AT ; the error increases to about 5% for

AT =20 K. The value of the irradiance may be cbtained from the manufacturer's

data, or measured with a radiation thermopile.
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Plane Radiant Temperature

The plane radiant temperature is the surface temperature of the inside of
a uniform hemisphere which produces the same irradiance on a small plane
element at the test point as exists in the real environment. The element
lies in the basal plane of the hemisphere.  Plane radiant temperature is a
function of direction as well as position; the direction is specified by
the outward normal to the test element. The irradiance E (W) is the
total radiant energy falling on a surface per unit area; it is not the
radiant exchange, and is independent of the temperature of the surface.

When the surroundings consist of i surfaces of temperature T,,

Tpr = 1 Fpi Ti

'As before, the fourth power law must be used if the temperatures differ by

more than about 20 K from ambient. Fpi is the form factor from a small
plane element to the ith surface.

The plane radiant temperature is simply related to the irradiance E by
4

E = OTpr

The irradiance and hence the plane radiant temperature, is readily measured
using a net radiameter fitted with a reference cavity.

Vector Radiant Temperature

At other times it is necessary to describe the asymmetry of the radiation
environment. Consider a small plane element at the test point. The plane
radiant temperature seen by the front surface is denoted by T orl’ and

that by the rear surface by Tpr2' If the element is now pointed in different
directions it is found that (Tprl - Tprz) has a maximm value in a wmique
direction. The normal to the element is now pointing along the direction

of flow of radiant energy, and the value of (Tpr - Tprz) is the vector

- radiant temperature Tv’ This quantity has both magnitude and direction, and

is a vector quantity, cbeying the laws of vector addition. The vector
radiant temperature is the difference between plane radiant ﬁemperatuxes in
opposite directions and is therefore easily visualised as the average surface
temperature of cne half of a room minus the average of the other half. The
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equivalent of the vector radiant temperature in units of power is
A_the radiation vector, altematlvely known as the differential radiant flux.

The radiat:.on vector R(W/!m ) lS the difference in irradiance on opposite
sides of a plane element.

= R 3
T, = R/ (40 'I‘r)

= 0.17R at roam temperature

The radiation vector is easily measured with a net radiameter.
The above concepts are discussed in detail by McIntyre (1974).
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TABLE 1
REGRESSION COEFFICIENTS OF WARMIH VOTE ON TEMPERATURE
. Regression coefficient
Sampling (scale wnits/K)
Climate chanber studies 0.33
{standard clothing) ’
Field studies, extending over weeks 0.23
Field study, over year 0.16
Between studies regression 0.05
(After Humphreys, 1976)
TABLE 2
CQOMFORTABLE FLOOR TEMPERATURES
Floor material Acceptable temperature range
Bare feet Shod feet
Carpet 20-28 )
)
Wood 23-28 ) 20-28
)
Concrete v 26-29 )

Figures are fram Olesen (1977), and are based on 10 min exposure. For
long exposures, the upper temperature acceptable to people wearing shoes
should be reduced to 25°C (Chrenko, 1957).
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TABLE 3
METABOLIC RATES FOR DIFFERENT ACTIVITY LEVELS
Activity Metabolic Rate (M)
(W/mz)
Basal metabolic rate 45
Seated at rest 60
Standing at rest 65
General office work 75
Light industrial work 150 (n =0.1)
Heavy manual wark 250 (n =0.1)
Walking on lewvel ground, at 4 km/h 140
Walking on level ground at 6 km/h 200
Walking up 5% slope, at 4 km/h 200 (n =0.1)
Walking up 15% slope at 4 km/h 340 (n =0.2)

Approximate mechanical efficiency (n) shown in brackets.

TABLE 4

INSULATION VALUES OF SOME CLOTHING CUTFITS

Clothing Insulation

(clo wnits)
Nude o
Light sleeveless dress, cotton underwear 0.2
Light trousers, short sleeve shirt 0.5
Warm, long sleeve dress, full length slip 0.7
Light trousers, vest, long sleeve shirt 0.7
Light trousers, vest, long sleeve shirt, jacket 0.9
Heavy three piece suit, long underwear 1.5
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Figure 1. The two seven point scales of warmth in current use.
The central three categories are conventicnally
regarded as the camfort range.
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Figure 2. The warmth vote of 1296 subjects as a function of ambient
temperature. The area of each circle is proporticnal to
the nurber of respondents. Data from Nevins et al. (1966)
and Fanger (1972). The best fitting regressicon line is
shown.
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Figure 4. The relation between subjective temperature, Ty,
and the physical variables of air temperature
Ty, mean radiant temperature, Ty, and air speed v.
The differential (Ta~Ty) is determined by the heating
system and building structure.

ECRC/M1185

T1 1111113y lolod

113111111111 11

}



TR R

1

100°%

g

|

PPD

'3 11

N

50%

(3 '3 )

(3

L ]

i i

0% L :
2 3 i 4 : 5 6 MEAN VOTE

| |

1 1

1

L 1 ] ] 1 1 ! ! ] [ ol 1 |

-6 5 4 3 2 1 01 2 3 4 5 6+
TEMPERATURE DEVIATION FROM OPTIMUM(K)

R IRE IR IS IE
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deviation of the temperature fram the optimm value.

A temperature range of + 1% K about the optimum ensures
a PPD of less than 10%. After Fanger (1972).
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Figure 6. The neutral temperature of a group of pecple as a
function of their thermal experience. Each point
represents the result of an entire field survey.
The abscissa is the average temperature recorded
during the survey. After Humphreys (1976).
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The minimm comfortable distance fram the centre
of a rectangular window, calculated for single
glazing with an outside temperature of -1°C.
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. ) 1.0
-5 h/a

The permitted elevation of the temperature T (°C)
of an overhead square panel above the mean

radiant temperature T, (°C) in a room, as a function

of the size of the panel. The heated panel has

dimensions a x a, and is at a height h above head

level.
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