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INTROOUCTION

The primary and most important requirement which has to be fulfilled for sus-
taining thermal comfort in a given environment is that the heat balance of a
human being should be acceptable. In other words, the balance between the heat
produced by the body and the heat loss to the surroundings should be maintained

at a suitable skin temperature.

The extent to which it is possible to maintein this heat balance in a given
environment can be measured using the Thermal Comfort Meter described in Ref 1

and 2.

This requirement is not always sufficient, however. There should also be
an absence of large local thermal asymmetries, or gradients, as these may cause
discomfort of some parts of the human body.

A number of climatic chamber tests (3,4,5,6) have shown that human beings
will tolerate appriciably asymmetrical thermal fields. Nevertheless it is common
experience that people often complain of undesirable local cooling in everyday
environments. This conflict probably arises because the human subjects are, as
a rule, kept in overall thermal comfort during such climate chamber tests where
they are exposed to asymmetrical thermal fields. One exception to this rule is
Chrenco (7), who did not compensate for an increased ceiling temperature by re-
ducing other temperatures. He did indeed find considerably lower limits for the
acceptable ceiling temperature. Cabanac (8) states that subjects who generslly
feel slightly cool will be .more sensitive to an increased local cooling.

When it is necessary to implement & general reduction of the indoor tempe-
rature for reasons of energy conservation, there will be an increase in the
number of people in or below the cold part of the comfort zone. It is important
for the overall comfort of such people that local thermal discomfort caused by
asymmetrical radiation fields or unwanted air movements are avoided. In this
paper lccal discomfort parameters will be discussed, and an instrument will be
described which has been specially developed for measuring them.

PHYSIOLOGICAL BACKGROUND

According to Hensel (9,10,11) the experience of local thermal discomfort is a
complicated physiclogical phenomencon which depends on both the deep body thermal
receptors and the thermal receptors in the exposed skin area. Benzinger states
in Ref 12 that thermal discomfort on the cold side is perceived mainly by the
thermal receptors of the skin, whereas thermal discomfort on the hot side is
determined mainly by the deep body receptors. This view is born out by the fact
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that most complaints of local thermal discomfort are caused by local cooling.
Only these will be dealt with in this paper.

Fig. 1, from Ref 9 shows how a sudden fall in skin temperature from T, to
T, causes a short, abrupt rise in the impulse frequency from a receptor exposed
to it. The frequency falls againgradually, and stabilizes at a level correspon-
ding to the new skin temperature. From Fig. 2 it will be seen that during steady-
state canditions the impulse frequency is almost proportional to the skin tempe-
rature change from the Zero-value which is about 380C. Furthermore it is appa-
rent from Fig. 2 that the impulses from individual receptors are added. This
explains why the thermal discomfort, resulting from a local cold influence, will
increase with the size of the cooled skin area.

In Ref 13, an electrical analogue model of the outermost 5 mm of the human
skin was used to indicate that the heat flow (or temperature gradient) through
the cold receptors of the skin may be related to the subjective sensation of
cold in a given area of skin.

In the present state of knowledge it is, however, scarcely possible to use
this heat flow as an indicator of the level of thermal discomfort. This is be-
cause, as mentioned above, firstly the degree of local discomfort depends also
on the general level of comfort of the subject, and secondly the local thermal
discomfort resulting from a given cooling influence depends on the size of the
exposed skin area.

It is, however, useful to know this connection when one is trying to eva-
luate which physical parameters are best suited for the indication of the ex-
pected local thermal discomfort in given surroundings.

LOCAL THERMAL-DBISCOMFORT PARAMETERS

Oraft is the parameter which is often mentioned when the context is local thermal
discomfort. The latter can, however, also be caused by increased radiation heat
loss to large, cold surfaces. In practice a combination of these two effects

will often occur. It is therefore unfortunate that hitherto comfort limits have
been laid down only for each of these two parameters singly, nane having been
provided for various combinations.

Draft Parameters

Draft may be defined as an unwanted local cooling of the human body caused
by air movement. In the standards published in different countries, widely vary-
ing limits are laid down for air velocities, but very few experimental studies
relating to drafts have been reported in the literature. In a recent experimen-
tal study (15) it was demonstrated that the sensation of draft depends on the
following four factors:

The mean air velocity;

The maximum air velocity; .

The frequencies of velocity fluctuations;

The difference between the local air flow temperature and the
air temperature corresponding to general thermal comfort.

W N -

No index has been given in Ref 15 for the determination of the degree of thermal
discomfort caused by draft. Instead, combinations of the four factors have been
given, predicted to cause 5, 10, 20 and 30% of the people to feel draft.

An explanation of this complicated relation is given in Ref 13. Here it is
demonstrated that the parameter combination, which in Ref 15 were found to cause
thermal dissatisfaction of most subjects, were those which will cause large
heat flows through the exposed skin areas. In Fig. 3 the relation between dis-
comfort ratings and the frequency of the air variation found in Ref 15 is shown
at the bottom, and the corresponding connection between the calculated maximum
heat flow through the cutaneous thermal receptors and the frequency of air
variations in Ref 13 is shown above. In Fig. 4 another comparison is shown be-
tween heat flow through the skin and local thermal discomfort. At the bottom of
the figure an example from Ref 15 is illustrated, It is shown how the value of
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local smooth air velocity, which will give rise to thermal discomfort for 5,10,
20 and 30% of the pecple , varies according to the difference between locel air
temperature and the air temperature in general thermal comfort. The correspon-
ding calculated heat flows through the skin are shown at the top. It will be
apparent that at a given discomfort level the heat flow is almost independent
of the actual combination of local air temperature and velocity.

Both these comparisons confirm the hypothesis that the heat flow through
the skin is a parameter which is well correlated with the degree of local ther-
mal discomfort. '

There would seem to be a case for a new index for draft. This index, the
equivalent air velocity eav, is defined as follows: That completely uniform air
velocity which, in an isothermal environment, will cause the same degree of
thermal discomfort as the actual combination of the local air temperature and
mean velocity, as well as of the amplitude and frequency of any velocity varia-
tions. In this form the eav 1s difficult to determine in practice. If, however,
in accordance with the hypothesis from Ref 13, one substitutes "maximum heat
flow through the exposed skin area” for "degree of thermal discomfort,” a physi-
cal parameter is obtained which can be measured directly.

Note that using the hreat flow for the comparison of two thermasl influences
obviates the need to know both the general condition of thermal comfort and the
size of the affected skin area, as these are the same in both situations.

Thermal Asymmetry

As a measure of the degree of thermal asymmetry in a radiation field (16),
the radiant temperature asymmetry Atp is often used, and is defined as the
difference between the plane radiant gemperature on the two sides of a flat
element. (See nomenclature).

Thermal asymmetry can also, as mentioned before, be caused by air movements.
In practice the most common situation is a combination of radiant and convec-
tive asymmetry. If these two asymmetries partly neutralize esach other, it is
likely that the degree of thermal discomfort will diminish; If they augment
each other, it will increase. This idea suggests the introduction of another
parameter, analogous to At but combining the sum of radiant and convective
asymmetries. This new term will be called the equivalent temperature asymmetry
A .. It is defined as the difference between the equivalent temperatures on
the two sides of a plane element. '

This definition fits in excellently with the heat flow hypothesis in Ref
13 when it is remembered that the equivalent temperature is defined as the
comman value of air temperature and mean radiant temperature, which results in
the same dry heat loss from a person in still air as that produced by the actual
combination of airtemperature, mean air velocity and mean radiant temperature.

Athe provides an immediste expression of the difference in heat flows
through two skin elements oriented in opposite direction on a given person. The
influence of points 2 and 3 of the draft criterion from Ref 15 has not yet been
incorporated in this definition. The reason for this is that these points do
not influence the dry heat loss, but only the discomfort which follows it.

At g is well suited to use as a limiting criterion for permissible asymme-
try in the thermal field. It cannot be used directly, however, for an absolute
evaluation of the expected level of thermal discomfort in a given situation, as
the latter is dependent in addition on the following variables:

1. The heat balance between the subject and the surroundings, the PMV
value (14);

2. The subject’s clothing (clo value);

3. The subject’s activity-level;

4.~ The direction of Atpg in relation to the subject;

At present no data exist which make it possible to state directly the expected
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level of thermal discomfort resulting from a given value of At in relation to
all these four parameters.

A NEW MEASURING INSTRUMENT

As with the thermal comfort meter described in Ref 1, the principle behind the
develapment of the new measuring instrument to be described has been that of
simulating the thermal situation to.be investigated. In the case of the comfort
meter, the sensor is a body which exchanges heat with the surroundings by con-
vection and radiation in the same way as a fully dressed standing or seated
person would in the same thermal situation Fig. 5, :

A corresponding sensor for the determination of the expected level of local
thermal discomfort must in principle consist of a flat element which has the
same surface temperature and radiation properties as the unclothed human skin.
It is required to have the same thermal conductivity and heat capacity as the
autmost 0.2 mm of the skin. When a platinum film resistance (Aq) is placed be-
hind this element and covered by a sheet of minimal thermal conductivity and
capacity, the result is a probe which in principle is well suited to the evalu-
ating of local thermal discomfort. (See Fig. 5 and B). It is possible by means
of Aq to maintain the surface temperature of the probe at a level which corre-
sponds to the skin temperature in any thermal comfort situation. Measurement of
the power needed to maintain this temperature provides a direct indication of
the heat flow at the position of the equivalent thermal receptor.

This sensor may be used directly for measuring the equivaelent temperature
of the surroundings in relsation to a planar element. This reguires only a cali-
bration of the probe for its heat loss at certain known values of the equivalent
temperature in isothermal surroundings and still air.

Measuring the Equivalent Temperature Asymmetry, Atpg

This parameter is defined as the difference between the equivalent tempe-
ratures on the two sides of a plane element. This condition may be achieved most
simply by attaching another surface element with a platinum film resistance Ap
on the opposite side of the insulating sheet. The measured difference between
the equivalent temperatures determined from the heat losses from Aq and Ay is
the Atpg.

Measuring the Equivalent Air Velocity, eav

The equivalent air velocity is determined solely from the convective heat
loss from the skin. Accordingly, a sensor for measuring eav ought to have pro-
perties which render it insensitive to radiation from the surroundings. This
may be achieved by covering the probe with a reflective layer, e.g. a layer
of gold. A probe of this form will measure only the convective heat loss from
the skin,

In the form described, the probe will consist of both radiation-absorbing
and radiation-reflecting elements. Fig. 5 shows the original form of a practi-
cal functional probe. Similar placement of the elements on both sides of the
probe will cause their thermal convection effects to cancel, and will also eli-
minate effects of air direction on the results of the measurement.

However, eav quantities only change in the convective heat loss caused by
local air movements. It should therefore be measured in relation to the neutral
air temperature of the surroundings, and not in relation to the comfort tempera-
ture of the skin. This is the reason why the probe arrangement in Fig. 5 and
6 incorporates an unheated platinum resistance B for measuring the actual air
temperature, as well as an electronic control circuit to maintain all the planar
elements at a constant temperature above that of the surrounding air when eav
is being measured,

For the prototype of this new measuring instrument, this temperature diffe-

rence was chosen to be 10 K. This corresponds to the typical amount by whlch
the surface temperature of bare skin exceeds an indoor temperature of 22- 24%¢,
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This probe is able to measure eav directly, taking proper account of all the
four factors stated to be relevant to the sensation of draft in Ref 15. After
the heat loss from A has been determined in isothermal surroundings with zero
air velocity, corresponding to eav = 0, the mean air velocity can be determined
by the measurement of the concurrent increase in heat loss from A when A and B
are placed close together,

Placing B in the general temperature field enables the influence of the
difference between the air-flow temperature and the general air temperature to
be determined. If, for instance, the general temperature is greater than the
air temperature at the position where A is measuring eav, then the difference
in temperature between A and the surrounding air will be > 10deg. This itself
would bring about an increased heat loss and therefore a positive eav.

The influence of possible changes in the air velocity, and their frequency,
enter into the determination of eav, as shown in Fig. 6. Very fast frequencies,
above 1 Hz, do not get through the probe disc and into Aq. The frequencies which
do get through will cause a periodic increase in voltage across A4. These vol-
tage peaks will charge the capacitor C through the diode D. The indicating
meter will accordingly register a greater eav value than the mean velocity.

Very slow changes in velocity (much less than 0.1 Hz) will discharge C through
the resistor R. The power will decrease, and again tend to the value correspon-
ding to the mean velocity across the surface of the probe. Fig. 7 shows an
example of how eav varies with the frequency of variation in velocity measured
with the new instrument.

Measurement of Other Thermal Comfort Parameters

The shape of probe chosen enables it to be used directly to determine a
number of other important thermal parameters.

The Air Jemperature may be determined using 8, and is read directly on the
indicating meter.

The Plane Radiant Temperature, to,. (16), or the directional mean radiant
temperature, dmrt (17), is calculated by the instrument from the mesasured
difference between the heat losses from the absorbing and reflecting surfaces
on the same side of the probe. This difference constitutes the instantaneous
radiant heat loss, but a correction needs to be made in the instrument to allow
for the fact that neither the reflection nor the absorption of the elements is
total. :

The Radiant Temperature Asymmetry, Atpy (16)

This guantity can be evaluated directly as the difference between the two
values which have been obtained for tpr'

As mentioned previously, the Mean Air Velocity, mav, can be obtained if B
is placed next to A and the convective heat loss from Az integrated in the in-
strument over a suitable time interval, e.g., 1 min. In this measurement it is
necessary to make a correction if prt is greater or less than the air tempera-
ture. This is due to the fact that the plane elements used for measuring mav
are not 100% reflecting.

Normally, a sphere is considered most suitable for omnidirectional air
velocity measurement, Fig. 8 shows the measured relationship between the probe
orientation relative to a specific uniform air movement, and the measured mean
value of the velocity along the two sides of the probe. This result indicates
that this probe can be used for measuring the mean air velocity with reasonable
accuracy, even if the direction of the latter is variable or unknown.

The Mean Radiant Temperature, mrt

With the instrument described here the mean radiant temperature cannot be
measured directly. It can, however, be found quickly as an average of the six
tpp values obtained by measuring with the sensor in three mutually perpendicu-
lar directions. Such a measurement is both quicker and more informative than a
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conventional measurement with a globe.
CONCLUSION

There still exists no available index or limit criteria for :the local thermal
gffects which can directly give the expected degree of thermal discomfort. This
is because in each of the investigations carried out up till now, the influence
of only a single parameter on the comfort perception has been taken into account.
Naturally the result has been that the comfort limit has been given as a maxi-
mum acceptable value of that specific parameter. In reality, the local thermal
discomfort in most cases is caused by a combination of different thermal effects,
and comfort limits should therefore be laid down (similar to the PMV index)
relative to the person’'s expected subjective reaction under all normal possible
combinations of local thermal effects.

Even today there are no standard measuring methods for determination of
the degree of thermal asymmetry or draft. Neither are there any measuring in-
struments on the market which are particularly adapted for these measurements.

The measuring instrument described here i1s developed as an aid to fulfill-
ing this need. Just as in the case of the comfort meter, the instrument has
been constructed with the aim of simulating a person's heat exchange with the
surroundings. ‘

While the comfort meter takes into consideration the heat loss of a person
as a whole, and hence of the central temperature perception, the discomfort
analyzer aims at simulating a person’s peripheral temperature perception.

There is still a need for a "coordinator” which can assimilate signals
from the two instruments to obtain an absolute value which gives a person's
overall perception of thermal environment. For such a "coordinator”™ to be con-
structed, more experimental results are required which can form the basis for
establishing subjective comfort criteria for local thermal effects. Besides,
further investigations are necessary to determine how different combinations
of central and local thermal effects affect a person's perception of thermal
comfart.

Until such investigations are available it is deemed that the parameters
discussed here are the most suitable for characterizing a room's thermal con-
dition.

NOMENCLATURE

Definitions of local thermal discomfort parameters:

DRAFT - is an unwanted local convective cooling of a person . The sensation of
discomfort is dependent on:

The mean air velocity;

The maximum air velocity;

The frequencies of velocity variations;

The difference between the air flow temperature and the
neutral temperature.

S W N =

The equivalent air velocity, eav, is the completely uniform air velocity which,
in an isotherm environment, will cause the same degree of thermal discomfort

as the actual combination of the local air temperature and mean velocity as
well as of the amplitude and frequency of any velocity variations.

THERMAL ASYMMETRY

The plane radiant temperature, tgp, is the uniform temperature of a hemisphere
which would provide the same radiant with a small plane element as in the real
environment.

Radiant temperature asymmetry, At ., is the difference between the plane radiant
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temperature of two opposite sides of a small plane element,

The plane equivalent temperature, t,.o, is the common value of air temperature

and plane radiant temperature which, at an air velocity nil, would provide
the same dry heat loss from a small skin surface element as in the real environ-

ment.
The equivalent temperdture asymmetry,

Aﬁpes is the difference between the plane

equivalent temperature of two opposite oriented small skin surface elements.
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Fig. 5 Sensors for measurement of thermal discomfort: On the
left is a sensor developed for measurement of the dry heat loss
from the human body as a whole, and on the right is the new
sensor for measuring draft and thermal asymmetry. Fach side

of the new sensor has 2 gold-plated and 2 black-painted elements,
which are heated separately by a platinum resistance between the
element and the insulating sheet.
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Fig. 6 A simplified diagram showing the selection of the
critical air velocity frequencies from one of the gold-plated
elements. The element has the same thermal properties as the
outermost 0.2 mm of the human skin. ' ,
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JOEL JACKMAN, Eng.,, R&D, Puget Power, Bellevue, WA: Your study relates to sen-
sible heat loss. Have you done any work with latent heat loss?

T.L. MADSEN: No. I have until now been interested in the comfort and the cold
discomfort zone. This 18 - and 1t will especially be ~ the most common thermal
situation in Scandinavia and, I think in many areas in the U.S5S. and Canada. And
in the neutral as well as 1In the cold zone the latent heat loss ig only of minor
importance. Nevertheless, 1t is our intention to supply the comfort analyzer,
described in my paper, with a sensor for measuring the relative humidity of the
air and with an electronic circult for calculating the partial water vapor pres-
sure of the air from the measured values of the alr temperature and relative
humidity.

DAVID T. HARRJE, Sr. Res, Engr. & Lecturer, Princeton Univ., Princeton, NJ: Has
this new thermal comfort probe been used to map out a room with regard to window
and air flow influences on local discomfort?

MADSEN: The instrument I have presented here 1s the very first prototype and
there are stl1lll some problems, mainly concerning the separation of the radiatdion
output from the convectilve output, when the alr velocity 1is fluctuating. But it
has, in fact, been used for practical measurements in a hospital ward in a big,
new Danish hospital where some of the patients In the beds close to the big
window complained of draft. Qur measurements gave no reason for this complaint,
there were no alr veloclties nor radiation field which could give rise to any
sensation of draft. We found that the only logical reason was the actual posi-
tlon of the air inlets which made the curtalns move slightly in front of the
patient. This slow but steady movement might give rise to a P8ychological sen~-
gsation of draft for a person with nothing much to do. Compare with Dr. Rohles'
paper Temperature or Temperament at the ASHRAE meeting.

R.F. GOLDMAN, Dir.-Military Brgonomics, U.S. Army Res. Inst. Environ. Med.,
Natick, MA: You resurrect the 1960's argument of Benzinger that central tempera-
ture was the key factor in heat discomfort. Most ASHRAE work on heat discomfort
is based on the concept of percentage of wetted skin, as suggested originally by
Gagge., Central temperature 1s only involved as a forcing function for sweating,
while skin wetness 1s a function of the skin-~to-air vapor pressure difference,
clothing insulation and permeability, and the basic requirement for evaporative
cooling.

MADSEN: As mentioned in my paper this only deals with local thermal confort
caused by cooling. When I menticned Benzinger's statement the reason was to
point out that local thermal discomfort is mostly a phenomenon which occurs in
connection with or as a result of a general thermal discomfort to the cold and
not to the warm slde of the comfort zone. I think that sweating ~ which, as
you mentlon, 18 forced by the central temperature sensation -~ 1s senged as a
more general discomfort than, for dnstance, a cold neck or cold feet.
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