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ABSTRACT

A new method for the evaluation of the thermal environment in automobiles has
been tested in steady~-state conditions and non-gteady-state c¢onditions 1like
warm-up periods (as in wintertime) and cool-down periods (as in summertime).
The investigation was conducted in a wind tunnel where airspeeds of up to 130
km/h were achievable at temperatures between =18°C and +40°C. A realistic sun

load on the car was also simulated during the test.

Three different measuring technigues have been tested at both the driver
and front passenger positions, namely: air temperature sensors at feet and head
level, thermal comfort sensors that measure the equivalent temperature posi-
tioned at three levels, feet, abdomen and head; and finally, a thermal manikin
that measures the equivalent temperature or heat~loss for 16 different body
segments. The eguivalent temperatures used in the two last methods combine the
influence from radiation (sun load), air velocity, and air temperature caused
by the air-conditioning system. In the test with the thermal manikin, a good
simulation of the normal driving situation is created. The thermal manikin is
heated and thermally simulates a human being., This is particularly important in
a confined space such as a car because the airflow from inlets is nonuniformly
distributed and strongly influenced by the presence of driver and passengers.
In addition, the sun’s radiation through the windows causes an asymmetric thexr-
mal load on the persons in the car and the seats thermally insulate some parts
of the body, from which the heat loss is greatly reduced. These factors are not
taken into account if only air temperature is measured. This paper presents

results from all the methods and a comparison is discussed.

T,.L. Madsen is assistant professor at the Thermal Insulation Laboratory, Tech-=
nical University of Denmark, Bjarne W. Olesen, Ph.D, is research assosiate at
the Laboratory of Heating and Air Conditioning, Technical University of Denmark
and Ken Read is project engineer at General Motors Technical Center, Warren,

Michigan.
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PROBLEM DESCRIPTION

Recent research into indoor climate has resulted in a fairly good knowledge of
the requirements to each of the thermal climate parameters and how to combine
the parameters to obtain an acceptable thermal indoor climate. Standards (ASH-
RAE 81-=55, [1], 180 7730 [2] and 180 7726 [3]) have been established for both
the thermal comfort and the measuring methods for evaluation of the actual

degree of thermal comfort.

Research and standards to date have concentrated mainly on the indoor cli-
mate in buildings. As people spend a lot of time in cars, the next step is
obviously to apply the research methods on the indoor climate to the thermal

comfort in cars.

The problems of climate in a car are diffevent and often more difficult to
estimate. Normally, a stable and acceptable indoor climate can be established
and maintained in a building, but in a car, the controlled indoor climate is
only established when the car is started. The thermal environment in a car is
more difficult to control and evaluate than in a building. These difficulties
are due to external influences, in particular, to direct and varying solar gain
on gome parts of the body. Other factors are: the inhomogeneous temperature and
air velocity field c¢reated by the air-conditioning system of the car; that
modern car seats give a considerable amount of insulation to the parts of the
body in contact with the seat; and that the person, merely by his presence,
influences the air movement from the climate and the ventilating system. Last,
but not least, neither driver nor passengers are able to change their positions
much to make up for the agsymmetric climate condition., It is therefore very rea-
sonable to investigate to what degree modern cars are able to create an accept-
able thermal indoor climate; how to measure the thermal environment in a car:
and to what extent the new international standards for thermal comfort can be
used to evaluate the thermal invironment in a car. This paper presents a pilot

study designed to compare three different methods of assesment.

Thermal comfort is created when the combined effect of all six thermal clie-

mate parameters - activity level, clothing, air temperature, aliyr velocity, air
humidity and mean radiation temperature - cause a person to loose the heat pro-
duced by metabolism and still maintain an acceptable skin temperature [4].
According to IS07730 [2], the degree of general thermal comfort can be given by
the PMV~-index (figure 1). This value can be calculated when the six climate
parameters are known., The PMV-=index should lie between =0.5 and +0.5, which
means that less than 10% will find that the thermal invironment is unaccept=
able, In addition, the standard includes quidelines for local thermal comfort

like radiant assymetry, draft and air temperature gradients.
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Measuring Methods

The usual method of evaluating the efficiency of the c¢limate conditioning
system in cars is to apply air-temperature sSensors to measure the air tempera-
ture at feet and head level at all seats, the main purpose being to investigate
the ability of the system to raise and lower the temperature to the desired
level, However, when using these thermal sensors, only one (air- temperature)
of the three main climatic parameters that concerns the thermal confort sensa-
tions (air temperature, mean vradiant temperature, air velocity) is measured.
This fact is especially unfortunate in cars, as the mean radiant temperature
usually differs far more from the air temperature than is the case in buildings

and the air velocity is also greater and more nonuniform than in buildings.

Meaurement of thermal comfort can be made by using transducers made spe-=

cially to make an integrated determination of the influence of the three above-
mentioned climatic parameters on the thermal comfort. By means of these trans-
ducers, when connected to a measuring instrument in which the actual activity
clothing and air humidity are also taken into account [7], it is possible to
determine the equivalent temperature at the place of the transducers. The
equivalent temperature [5, 6] is defined as the uniform temperature of an imag-
inary enclosure with air velocity equal to zero in which a person will exchange
the same dry heat loss by radiation and convection as in the actual environ-
ment. By using three transducers pery person (figure 2), the equivalent temper-
atures representing the whole body can be found by weighting the three measured
equivalent temperatures in relation to that part of the body they each repre-

sents

teq = 023 ° A + 0,67 ° B + 0.1 * C

where A, B and C are the equivalent temperatures measured at feet, abdomen and

head level respectively.

By using this mean eguivalent temperature, Eeq, the thermal insulation of

the clothing and the activity level, the PMV=value may be estimated.

Measurement by Means of Thermal Manikin

The thermal comfort meter is a good instrument for determination of the
PMV-values in buildings where the thermal field is fairly homogeneous and the
presence of persons is of minor importance for the measuring result. In a car,
however, it is more important to simulate the actual conditions and to measure
the very nonuniform conditions. This can be done using a thermal manikin as
also described by Wyon et al. [8]. Instruments of this kind have been used for

measurements of the insulating ability of clothings for several years [9] and,
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in some cases, for the evaluation of the thermal indoor climate in buildings
[10]. The manikin used for the present investigations has been developed at the
Technical University of Denmark for measurement of clo~values and for evalua~
tion of the thermal indoor climate [11). The wmanikin is fitted with pliable
joints so that 1t can be placed in different positions. Thermally it isg
divided in 16 sections, each with its own heating system to ensure that each
section will maintain exactly the surface temperature that, according to Fan-
ger's comfort equation [4], will give thermal comfort at the actual heat loss.
After measuring the energy consumption of each of the 16 sections, the equiva=-
lent temperature for each part of the body can be found. By using the total
heat loss from the whole body, the PMV=value may be found. For the measure-
ments, the manikin is first clothed in a summer suit with a clo~value of 0.8
and then in a wintexr suit with a 010mva1ué of 1.4, These clo=values were mea=
sured in a pre-test and include the thermal insulation of the seat. It is thus
possible to evaluate the general thermal comfort by the PMV-value and any asym=
metry of the thermal field by the individual eqguivalent temperatures for each
body segment. These asymmetries will cause differences between the heat losses

from any part of the body which is not due to the changing of clothes.

Test Facilities and Procedures

All the tests were performed in a windtunnel where air temperature, wind
velocity and radiant sun load would be simulated and controlled at different

levels,

As it was not possible to simultaneously measure in the game position with
both the comfort transducers and the manikin, measurements were first taken
with one placed in the driver's position and the other in the front passenger
position. The measurements were then repeated with the positions reversed. The
regults presented here are mainly those conducted at the driver's seat. The

following two test procedures were used,

Cool~down: To simulate summer conditions, the car is heated up in the wind
tunnel with simulated sun load to an operative temperature around 60°C. After
steady state conditions have been obtained for some time, the engine and air-
conditioning system isg started. The engine is running under a vealistic load
during the whole test. During the entire test the air temperature (+40°C) and
sun load from above and from the left side of the driver is kept constant. When
the cayr is turned on, the wind speed in the tunnel is increased to a level that
is equal to the relative air velocity when driving at 80 kﬁ/h@ Before the
cool=-down starts, the air-conditioning system has been set to maximum, the fan
speed to high and the outlets set in a fixed position, All measurements are
recorded continuously during this transient condition, i.e., thermocouples in
two levels, equivalent temperature in three levels and the total heat loss from
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the manikin, together with the heat loss from the head and feet/lower legs. The
clo=-values for the thermal manikin and the values set on the comfort meter are
given in Table 1. When steady=-state conditions are obtained, the heat loss fron
all 16 parts of the manikin is recorded. By estimating the clo=values for the
comfort transducers, it is assured that the thermal insulation of the seat is

equivalent to 0.2 clo.

In the steady-state conditions established after cool=down, a sevries of
tests with different levels of fan gpeed, A/C level and sun load is performed

(Table 2).

Warm=up : To simulate winter conditions, the car is cooled down to an oper-
ative temperature of approx. =-18°C. After steady-state conditions have been
reached for some time, the engine is started and the warming-up of the car by
the heating system is started. The fan speed has been set in the high position.

During the warm-up, similar measurements for cool down are recorded,

In the steady~state conditions, an additional test with low fan speed is

performed,

Results and Discussion

Warm=ups figure 3 shows the results from air temperature, comfort meterx
and thermal manikin measurements taken at the driver's seat during a one hour

warm=up test., It is important to remember:

= that the thermocouple curve is the result of only two point measurements

of the air temperature

= that the comfort meter curve is a weighted result of three-«point measure-

ments of the equivalent temperatures, and

- that the manikin curve is the equivalent temperature calculated on the

basis of the dry heat loss from the whole body.

The manikin curve starts at only -11°C corresponding to the maximum posgi-
ble heat input to the manikin. A new thermal wanikin to be used for car inves-
tigations may have a higher maximum heat input. The temperature measured by the
thermocouples 1is several degrees higher +than that measured Dby the other
methods., The reason is that the air temperature is increasing rapidly while
the mean radiant temperature is increasing more slowly because of the thermal
capacity in the car. In addition to that, the mean radiant temperature will
remain lower than the air temperature because of the poor insulation of normal

car walls and ceiling, and, finally, the air wvelocity caused by the heating
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system will c¢reate an increase in the convective heat loss and thereby a
decrease of the eguivalent temperature. The rise in temperature is slightly
slower when using the manikin than when using the comfort meter; the reason may
be the manikin's higher time constant or that the temperature does really
increase more slowly when the whole body is taken into account. The time cone=

stant of the seat may algo have contributed to this difference.

During winter conditions, with an activity level of 1.2 met and a clo-value
of 1.4, comfort is obtained at an equivalent temperature egual to 19°C. When
using thermocouples, it seems like comfort is obtained after 15 minutes (figure
3)s Thig is a false conclusion because the temperature experienced by the dri-
ver is between «5°C and +5°C as measured by the comfort transducers or the
thermal manikin. The comfort level is reached after 24 minutes using the com-
fort meter and after 36 minutes using the thermal manikin. It is, however,
important to remember that during the warm-up period the driver will be in a
transient state, he will actually feel +the thermal environment warmer than
indicated by the objective measurements [12]; but the difference found between
the thermocouples and the two more sophisticated methods by the end of the
warm-up period indicates that the heating system is congsiderably legs efficient

than indicated by the simple measurewment of air temperature.

Cool-down, figure 4. Ag neither the comfort meter nor the thermal manikin

are able to perspire, they cannot be used at an equivalent temperature higher
than the deep body temperature, i.e., 37°C. The heat losg at that temperature
is zero and only the operative temperature can be measured, i.e., integrating
the air temperature and the mean radiant temperature but not the air velocityve.
As the manikin has no output for operative temperatuves, the starting point of
the curve is 36.4°C, which is the temperature at which heat loss begins. The
correlation between the three measuring results is better than for the warm=up
gituation. The reason is that the increase 1in convective heat loss is partly
compensated for by a decrease in radiant heat loss due to the hot invironment
outside the car. That means the mistake of using an air temperature sensor that
is not influenced by the radiation 1is compensated by the fact that the air
temperature is also not influenced by the air velocity. The optimum comfort
temperature for 1.2 met and 0.8 clo is 23°C. This temperature is reached 30-35
minutes after start=up, but in this case the thermal manikin is first to reach

the comfort state.

From figures 3 and 4, it 1is seen that the "real"” warm-up and cool-=down

times are approximately the same, around 30 minutes.

Steady State After Warm-upe. Two situations are tested: maximum outlet air

temperature with high fan speed and maximum outlet air temperature with low fan
speed. The temperature at feet and head level and the mean temperature for both

gsituations are shown in figure 5. The temperature measurements made with ther-
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mocouples are significantly higher than those made with the comfort meter and
the manikin, except in the case of the low fan speed situation where the feet
of the manikin show three degrees higher equivalent temperature than the air
temperature measured by thermocouple, The reason may be that because of the low
air velocity, the warm air will not reach the thermocouple that is placed clo-
ser to the floor than the feet and lower legs of the manikin. The result from
head level shows an eguivalent temperature several degrees lower than the tra-
ditionally measured air temperature at breath level; the reason is - as already
mentioned - the higher air velocity and the low mean radiant tempevature; but,
nonetheless, the heating system is still able to maintain an equivalent tem-

perature of 19°C, which is the comfort temperature during winter conditions.

Steady State After Cool=-down. The six situations shown on table 2 have

been tested:

Figure 6 shows the mean temperature at the driver's seat, measured using
all three methods, for each of the six test situations. There is fairly good
agreement between the three methods in test conditions II and IITI where there
was high or mean fan speed and normal cooling. This is due to higher air veloc-
ities compensating for the high solar gains. In situations V and VI, where the
solar gain is decreased, the difference between the air temperature measured by
thermocouple and the equivalent temperature measured by comfort meter and theyr-
mal manikin increases. With no sun load, the temperature at the driver's seat
igs 4=-5 degrees lower when measured with meter/manikin than when measured by
thermocouple. By comparing the results from test II and III, it is seen that

the difference between high and mean fan speed is insignificant.

The differences between temperatures measured by the three different
methods at feet and head level as well as the mean difference are listed in
Table 3. On average, the comfort meter measurements avre 4~5 degrees lower than
the thermocouple measurements at feet and head level, although the weighted
mean temperature of the three comfort meter measurements is only slightly lower
than the wmean temperature of the two thermocouple readings. The reason must be
that the cold air is concentrated around the body center where the third com-
fort sensor is placed. At feet level, measurements made by the thermal manikin
and measurements made by the comfort meter are in good agreement, but the mani=~
kin measures a higher temperature than indicated by the thermocouple at breath
level. The reason for this surprising difference is that the thermal manikin is
too tall, 1.84 m, and it cannot be seated in a normal posgition in a car seat;
the face is too close to the ceiling of the car and about 0.2 m higher than the
thermocouple at breath level. The manikin's head is, therefore, partly outside

the cold airstream and exposed to radiation from the hot car roof,

The mean temperature measured by the thermal manikin is 2=5 degrees lower

than the mean temperature of the two thermocouples. The thermal manikin will
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provide a more correct description of the thermal situation at the driver's
seat. The description may be even better when using a slightly smaller manikin

seated in a normal position.

It is also possible to measure the horizontal asymmetry in all six thermal
situations by means of the thermal manikin. The difference between equivalent
temperatures for left and right calf plus thigh and for left and right lower
plus upper is shown on figure 7. The equivalent tempevature for the right leg
is, as shown, about two degrees higher than for the left leg, but the equiva-
lent temperature of the right arm is much lower (up to 13 degrees) than that of
the left arm. In the two first situations, the reason is & forced cooling from
the air inlet of the right arm, and in the last situation, the reason is the
forced dooling in combination with the reduced soclar gain £from the right and
front windows. Obviously, this informa%ion cannot be obtained from the thermo-

couple or comfort meter methods.

Measurements have been made both at the driver's seat and at the front pasg-
senger seat, and it was interesting to compare the difference between the thex-
mal situation in these two positions when using all three measuring methods. In

Table 4, the comparison has been stated.

It can be seen that the thermocouple measures a higher temperature at the
passenger seat in all six situations, the comfort meter measures a lower equi-
valent tempevature at the passenger seat, and only the thermal manikin measures
the same equivalent temperature at both seats. The rvreason can be that when mea-
surements are only made at two or three points, it will not be possible to have
a correct mean value of a person's thermal situation when the person is exuposed
to such a nonuniform distribution of air temperature, air velocity and rvadia-
tion as is typically the case in a car when driving in hot areas. The thermal
manikin integrates this complicated exposure over all the body and a represen=-

tative egquivalent temperature can be found.

CONCLUSION

The evaluation of thermal comfort in automotive vehicles is more complicated
than in buildings. The reason is partly the transient conditions after start-up
in warm or cold environments and partly the intensive and non=uniform influence

from solar radiation and from the heating or air conditioning system,

This first investigation indicates that it is insufficient to measure only

the air temperature at floor and breath level. During both winter and summer

conditions this method indicates a cabin temperature several degrees lower than felt by driver
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and passenger and gives no measure of the influence from solar radiation or the distribution
of hot and cold air over the body surface. It is impossible to correlate these results

to guidelines expressed in ASHRAE and ISO standards for indoor climates in buildings.

By means of the comfort meter it will, however, be possible to have this
correlation as the influence from all six thermal parameters 1s considered. The
only limitation is that the comfort sensor only measures in one point. Using
three comfort sensors, it is possible to get a fairly good impression of the
thermal influence on driver and passenger from the complete thermal environment
in a car. It will also be possible to evaluate the difference between head and

feet level.,

The thermal manikin measures the integrated equivalent temperature over the
whole body surface as well as over each of the 16 body segments. A manikin is
therefore the best instrument for testing the distribution of hot and cold aiv
as well as for testing the influence from solar gain from different directions.
While the PMV-index may be used to evaluate the thermal comfort for the body as
a whole in steady state conditions, there is a need for additional experimental
studies with subjects to establish guidelines for the transient and nonuniform

conditions in a car.
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TABLE 1

Setting of Comfort Meter and Clo=value for the Thermal Manikin during Test

warm=up cool down
winter summer
activity level 1.2 met 1.2 met
vapour pressure 0.6 pa 0.9 pa
comfort meter clo~value feet 0.8 clo 0.8 clo
clo=~value abdomen 1.5 clo 162 0.8 clo 0.7
clo~values head 0 clo 0 clo
thermal manikin clo«value 1.4 clo 0.8 clo
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TABLE 2
Tests Conducted in the Steady=-state Conditions established after
Cool-down

I ITI ITT v v VI

high % be

fan speed mean x ® %
low b3
max be

air conditioning normal e ® x X x
front X X x x

sun load side % x b4 *®
roof X x x X s

Table 3

Difference between Temperatures Measured by Thermocouple and Equivalent
Temperatures Measured by Comfort Meter and Thermal Manikin. (Car speed 80
km. Air temperature outside the car +40°C. Driver's seat)

tair - teqscomf,m tair = teq.manikin
feet|{ head | mean feet| head | mean
max fan speed masx AC I 5.2 11.0 2.3 5.6 =02 561
- - - norm AC Ix 3.9 3.0 =-1.2 2.3 0 3.2
mean fan speed norm AC IIT 4.1 2.9 | =0.5 2.9 =0.6 1.9
low fan speed = - Iv 3.1 =365 2.3 2.9 2.9 1] 3.2
mean fan speed norm AC
no son sun through side v 4.3 3.4 3.0 3.3 =1.2 3.4
and front pane
mean fan speed norm AC
no gsolar radiation VI 44 5.3 3.9 4.1 =1.4 542
mean value 4.2 4.9 1.6 3.5 =0.5 3.7
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Differences between Equivalent Temperature { t,
Passengexr Seat in Six Steady-state Siuations after Cool-down

TABLE 4

q)

Measured at Driver's and

teg (right seat - left seat)©K

thermo=- comfort thermal
couple meter manikin
max fan speed max cooling I 3.5 =16 =03
max fan speed norm cooling IT 3.9 =17 0,0
mean = - - - Iry 3.0 =0.9 =02
low = - = - v 3.8 =241 061
mean fan speed norm cooling
no sun through side v 2.9 =1.1 w1e
and front window
mean fan speed norm cooling
no sun radiation vr 3.5 =3.7 =0.7
mean value 3.4 =1.7 =0.4
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Figure 1. The comfort scale used in the new ISO-standard for mode-rate thermal
environment. To the right is the correlation between the PMV-value and
the percentage which is voting -3, -2, +2, or +3, which is the thermally
dissatisfied (PPD)
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Figqure 2. Position of the three different measuring systems in the car. A) Air
temperature sensor, B) Comfort sensor, C) Different segments of thermal

manikin
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Figure 3. Recording of temperature in driver's seat during warm-up test. I is mean
of air temperature at floor and breath level. II is a weighted mean of the
equivalent temperature at feet, abdomen, and head leve. III is the mean
equivalent temperature measured with thermal manikin. The horizontal lines
indicate the comfort zone for 1.2 met and 1.4 clo (winter condition)
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Figure 4. Recording of temperature in driver's seat during coolsdown isgst using the
three different measuring systems. The horizontal lines indicate the comfort
zone for 1.2 met and 0.8 clo (summer condition)
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Fiqure 5. Steady state after warm-up.

Comparison between temperature at feet and head

level, as well as mean temperature using the three different measuring
methods for high and low fan speed
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Figure 6.

with the three different methods in six different combinations of air

conditioning effect, fan speed and solar gain
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high fan speed

max air conditioning

arm leg —

sun load: front roof

side,

high fan speed

normal air conditioning

sun load: side, front, roof.

mean fan speed

normal air conditioning

sun load: side, front, roof.

low fan speed

normal air conditioning

sun load: side, front, roof.

mean fan speed

normal air conditioning

sun load: roof.

mean fan speed
normal air conditioning

sun load: no

right

Figure 7.

high fan speed

max incoming air temperature

low fan speed

maximum incoming air temperature

Difference between the equivalent temperatures measured with the thermal
manikin's left and right leg and left and right arm. + indicates that the
left side is warmer than the right side. At the top the six steady-state
conditions after cool-down are shown. At the bottom the two steady-state
conditions after warm-up are shown
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