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Preface
Good working environments with little or no risk for the health has been and will
in the future be even more important. The society, employer’s and employee’s
organisations will certainly step-by-step increase the demands until the goal is
reached. Many countries within the EU have been forerunners in this area. The
industry has realised that a good working environment with no, or small, risks is
an important competitive advantage and they continually improve their products.
It is, however, of great importance to work further all the time and derive advan-
tage from the latest knowledge within the field of work environment in order to
maintain competitiveness. This seminar was held in Florence on 18-19 November
1999 and it was called “Assessment of thermal climate in operator’s cabs”. The
seminar was an essential part of this ambition, i.e. to convey to the society,
employer’s and employee’s organisations, the industry and the scientific bodies
the latest knowledge when it comes to assessment of thermal climate in operator’s
cabs.

The objective was in particular to disseminate the result of the RTD project
“Development of standard test methods for evaluation of thermal climate in
vehicles”, partly funded by the Commission of the European Communities.

In this report, all papers presented at the seminar are put together. It also contains
a summary from the discussions during the plenary session.

Ultuna, Uppsala in May 2000

Björn Sundell Olle Norén
Managing Director Co-ordinator
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The thermal environment and its effects on human.

Victor CANDAS

Centre d'Etudes de Physiologie Appliquée
21 rue Becquerel, 67087 Strasbourg cedex.

ABSTRACT

The present paper is a rapid overview of the human temperature regulating system, its functionning,
adaptability and the consequences of the thermal information on sensation and comfort.

The human body is an organism which produces and exchanges energy with the environment. As an
endotherm, its internal temperature is rather constant while the skin temperatures are function of the
surrounding conditions. To maintain body temperatures to levels required for a normal physiological life,
regulatory mechanisms are triggered by the central regulating center. For this, thermal information is
given by thermoreceptors which also lead to thermal sensation genesis. Minimal physiological and
behavioural reactions are expected to be found at the thermoneutrality, when the thermal balance is null.
In any case, general thermal state and local sensations are at the origin of comfort or discomfort.
Although overall comfort is standardised, more should be known about, the effects of the heterogeneous
climates to ensure pleasantness; specially in case of unsteady-states.

INTRODUCTION

Human being is an endotherm and its normal physiological life is possible because of a nearly constant
internal temperature, which fluctuates very little in spite of large changes in the environmental conditions
and/or in spite of high amount of internal heat production. When man is exposed clothed to a normal
environment (around 20°C), internal heat production and external heat loss are compensated, mainly
thanks to reduction of heat loss via the thermal insulation of clothing. Equilibrium of the thermal balance
at rest is called thermoneutrality, under which the recruitment of the physiological mechanisms minimal.
In any other case, when heat losses are larger than heat production, it is necessary to struggle against
drops in body temperatures. Conversely, responses to heat stress will be triggered to reduce the
possibility of temperature rises. These reactions to thermal state changes may be of behavioral or
physiological origin.

To simplify the regulating system, a shematic representation of the involved mechanisms might be the
following :
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Let us start from the body temperatures : these are often described as core temperature Tco (internal)
and mean skin temperature Tsk (average of the local surface temperatures). Core temperature (rectal or
oesophageal or tympanic) is generally close to 37°C, although it may fluctuate from 36°C at night to
39°C or more under the physical activities which involved heavy muscular work. The information about
the level of core temperature is given by internal thermal sensors, more sensitive to heat.

The human skin temperatures are more variable even in every-life conditions : for instance the foot
temperature can be 30°C while forehead temperature is 34°C. Averaging temperatures of the different
body parts leads to a mean value of 33°C. Millions of cutaneous sensors exist to inform the central
nervous system (CNS) of the thermal state of all locations. Globally speaking, more numerous and more
sensitive sensors are found for the cold information compared to the warmth sense. The
thermodetectors are sensitive both to level of temperature (static aspect) and to thermal changes
(dynamic aspect) (HENSEL, 1952). The sensors activate permanently the CNS by sending electrical
impulses, which are integrated at the hypothalamus level for the overall estimation of the body thermal
state. These informations are also sent to the specific somatic thermosensitive zones of the cerebral
cortex and generate the well-known thermal sensations. While all informations are gathered into the
hypothalamus for a given physiological response, the thermal inputs into the sensitive cortical areas are
located, allowing the genesis of very specific local sensations, well-differenciated between the various
body areas. The thermal sensation depends upon the temperature and upon the stimulated surface
area.

The hypothalamic regulating center functions as a thermostat (Hammel et al., 1963) which includes set-
point values : 37°C for the internal temperature and 33°C for the skin. When the integrating system is
informed of variations in comparison with these reference values, reactions are triggered :

• behavioral responses : sudden changes in local skin temperature lead to rapid modifications
(substraction of surfaces in contact with hot surfaces, additions of clothes on cold skin surfaces,
activation of house heating system…) : these behavioral adjustments allow to preserve the integrity
of the human body without any physiological long-lasting mechanism,

• physiological responses : the variations of the body heat content are detected and may induce either
hypothermia (temperature drops) or hyperthermia (temperature rises). Outputs of the
thermoregulatory system will give orders to the effectors to react against heat balance disequilibrium.
The effectors are :

• blood vessels which, at the periphery will constrict or dilate to reduce or increase superficial heat
fluxes at the skin level,

• muscles which may contract to produce heat (shivering) OR sweat glands which may secrete and
excret sweat for cooling the skin by sweat evaporation at the cutaneous surface. As a consequence
of these physiological reactions and of the subsequent heat transfers, body temperature will be
adjusted to new levels. When steady levels are obtained, the physiological mechanisms are kept
constant to maintain the new thermal state, as long as it can.

THE CONSEQUENCES OF THE THERMOREGULATORY REACTIONS

The vasomotor adjustments appear as not very energy consuming, nevertheless variations of the
peripheral resistances induce a cardiac cost for a correct blood supply towards the involved organs
(muscles, skin, lungs, nervous system…) : at a constant blood volume, increase in blood flow implies
rises in heat rate. It can be assumed that each 1°C of core temperature drift is associated with a 35
beats per minute increase in heart rate. In addition, the vasodilation observed in the heat when the skin
temperatures increase reduces considerably the difference between core and skin temperature : large
supply of blood to the skin requires heart rate rise due to reduced thermal gradient. Physical activity in
such cases competes with peripheral heat transfer.
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Muscular contraction, voluntary or not, needs energy and for this body reserves may be consumed, but
restoration is then needed. Sweat gland activity, even at low intensities, often generate local wettedness
due to sweat accumulation when evaporation cannot take place. In addition to the local trouble, general
discomfort may be felt in such cases. Prolonged sweating results also in risks of dehydration and of
mineral imbalance as a result of ionic losses.

BEHAVIORAL ADAPTATION

Because humans have to face the climate everyday, they often protect themselves by the use of a
microclimate : while the shadow is appreciated in summer, solar radiation is much sought after during
cold winter days. Clothing results in fact in a microclimate surrounding the body to insulate it from cold
and heat. Body movements are also adaptative mechanisms to produce heat in the cold, while
reductions of physical activities are often observed in the warmest periods of the day…

PHYSIOLOGICAL ADAPTATION

Repeated exposures to hostile conditions induce the so-called acclimation processes and it can be
raisonably understood why marked morphological differences exist between people living in cold arcas
and those living under warm climate.

Adaptation to cold

Hormonal and metabolic changes are closely related. Cardiovascular adjustments result from
vasoconstriction; but vasodilation can occur to preserve tissues integrity (it is called CIVD, for cold
induced vasodilation). Vasodilation can also be the result of local apertures of arterio-venous
anastomosis.

There are different types of cold adaptation (Hammel, 1963), namely :

• Metabolic adaptation : increase of metabolic heat production, reduction of the shivering activity, slight
increase in skin temperatures.

• Hypothermic adaptation: slight increase in metabolism, constant skin temperature by drop in core
temperature,

• Insulative hypothermic adaptation in which all body temperatures decrease with no metabolic rise.

Adaptation to heat

The main objective of heat adaptation is to reduce the rise in body temperature resulting from heat
stress. Delay for onset of sweating is reduced by earlier recruitment of sweat gland activity and an
increase of sweating capacity is observed : more sweat glands are active and unitary gland activity is
enhanced. It is difficult to differenciate between the central and the local influences: the hypothalamic
center is more sensitive but the sweat glands are also more active for two reasons : rise in central
command for sweating but also rise in enzymatic local activity (OGAWA et al., 1986). Globally, sweating
is more rapid, more intense while at the same time, electrolyte sweat concentration decreases. As a
consequence, disequilibrium of the hydromineral balance may occur. All these reactions allow to reduce
the heat storage into the body and therefore to reduce the risks of heat stroke.

THE COMFORT BASIS

To ensure the vital functions, human organism burns energy substrates, consumes oxygene, reject
carbon dioxyde and produces metabolic water and heat. Even at rest, metabolic activity results in a
hundred watts of heat dissipated into the body by conduction, lost in the environments by convection,
radiation and evaporation. Energy distribution and local heat exchanges coefficients lead to a 37°C core
temperature and to local skin temperatures between 29 and 34°C.
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NEUROSENSORY INFORMATIONS

As stated above, the activity of the thermosensors informs the thermoregulatory sensors but also the
specific cortical arcas which allow the perception of the thermal signals. Whereas the hypothalamic
center generating the global vegetative responses gathers all informations and consequently reacts
more or less as a whole, the sensitive central areas of the brain receive specific typographical
informations which make it possible to generate local thermal sensations. These sensations are
proportional to temperature but also to rates of changes as thermosensors are. In addition, thermal
sensation may adapt because activity of thermoreceptors does so (KENSHALO et al., 1968). This has
an important consequence in terms of thermal sensation : to be convinced of these adaptation
processes, simply immerge left hand in cold water and right hand in warm water for several minutes.
Then, immerge at the same time both hands in thermoneutral water and you will realize that both hands
do not lead to the same sensation, althought the water tempeature is the same. A similar observation
can be obtained when people coming from outdoors where it was cold, come indoor where it is simply
20°C : they will express a warm sensation although it is not warm : it is simply less cold.

The effect of the sensory adaptation on the subjective overall sense of ambient tempeature is probably
related to the cutaneous area exposed and this explains the discrepancies observed between individual
subjective estimates, due to morphological differeces and clothing habits.

EXPRESSION OF SENSATIONS

Because human is able to express a general sensation although millions of sensors are giving lots of
informations to the brainstem, the integrative action is central. But people are able also to tell if they feel
warm inside and cool at the periphery ; they are also able to tell that they feel warm although the climate
is not warm. In other words, the differenciation between "inside" the body and "outside" the body makes
it possible to the human being to give expressions on HIMSELF but also on the ENVIRONMENT (Mac
INTYRE, 1980). This is typically the case when a person wears heavy clothes in a cool environment : a
personnal sensation of warmth is expressed in an climate perceived cool. A further more detailled
expression is also possible such as : "I feel warm because it is warm outside but I feel bad because of
cold feet". In this case, the overall sensation is clear but some problem occurs locally and is expressed in
terms of unpleasantness.

It is necessary to explain the human heat exchanges and the heat balance equation to understand well
how the climate affects body temperatures, thermal sensation and why people express satisfaction or
not with the condition. It is only on the basis of the overall heat balance equation that it is possible to
predict if themoequilibrium can be maintained or not, and it is on the basis of the results of the heat
balance equation that risk of discomfort might be estimated.

General heat balance equation

The general equation is :

S = M – W ± K ± C ± Cres ± R – E – Eres

Where S is body heat storage (if >0) or heat debt (if <0)
M is the metabolic activity
W is the energy given to the environment (generally = 0)
K is the conductive heat flux
C and R are the convective and radiative cutaneous heat fluxes
Cres and Eres are the convective and evaporative respiratory heat fluxes
E the skin evaporative heat flux.

How to calculate all these fluxes is explained in any good book (Fanger 1970, Kerslake 1972, Parsons
1996).

When S = 0, the heat balance equation is equilibrated, i.e. heat production, heat gains and heat losses
are compensated and thermoequilibrium is therefore obtained. This implies that body temperatures are
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steady : there is an infinite number of conditions for thermal equilibrium. Thermoneutrality is a specific
condition under which S is zero while there is no increase in M due to shivering and when minimal
evaporation is required.

Local heat balances

Each body part also exchanges energy with the environment : the local heat balance depends upon the
local heat tranferred by conduction from the internal tissues to the periphery and upon the dry heat
(conduction, convection, radiation) and latent heat (evaporation) exchanges. Although the local heat
balance equations are generally not calculated, the overall thermoequilibrium can be obtained under an
infinite number of local conditions. Thermoneutrality supposes an overall balance but not local
equilibrium and this is the problem of the human being, who tries to maintain his various local balances,
mainly by behavioral adjustments.

WHAT IS THERMAL COMFORT ?

It is obvious that thermal comfort is required and even if the comfort per se is not well or unanimously
defined, it cannot be ignored and all structures are built with the concern of comfort (building, house,
transportation means…).

Generally, it is admitted that thermal comfort corresponds to the state of mind for which individuals
expressed satisfaction with the environments. In fact, the comfort or discomfort notions are more
complicated and a kind of comfort gradation can be tentatively suggested as follows :

- discomfort : disatisfaction or unpleasantness clearly and continuously expressed,

- weakened comfort: general satisfaction with some local or episodic feeling of unpleasantness,

- comfort : may result from
- absence of marked satisfaction or pleasantness, with no perceived trouble,

- inability to express a specific wish or to tell what would be the preference,

- optimal comfort : expression of general satisfaction, pleasantness. Some small changes could
be wished but are not required by the individual,

- maximal comfort : perfect satisfaction, pleasantness is firmly expressed with absolutely no wish
for ANY change.

The main difference between the optimal and maximal comfort is that optimal comfort might probably be
durable whereas maximal comfort is likely to reflect a transient state, not long-lasting.

Comfort to-day is not well defined since it supposes satisfaction (as stated in the internationally well-
recognized definition) whereas the ISO standard (ISO 7730) will consider as comfortable, people who
feel neither warm – nor cold even though their wish would be for a different environment. The reason of
this weakness is that confusion is often made between sensation, pleasantness, and preference.
Responses to the questions related to these three items should be used for determining comfort or not,
and even to quantify the comfort intensity. An example of easy answer is:

I feel slightly warm,
I like it,
I could be a little warmer.

Comfort is present since the warm sensation is appreciated but preference is for a warmer climate (It is
not sure however that giving a warmer climate would not lead to warm discomfort…)

A more difficult interpretation can come from the following responses :

I feel slightly cool,
It is neither pleasant nor unpleasant,
I would like to be warmer.
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From a point of view of sensation, it is not comfortable (I feel cool, I would like to be warmer) but
discomfort is not expressed.

THE ISO STANDARD

The scales used for establishing the ISO Standard 7730 were supposedly related to thermal sensation
but some of the results were obtained from questionnaires including both sensory and affective notions.
The ISO Standard is derived from two main teams, one in USA (Rohles FH, 1974), one in Denmark
(Fanger, 1970). To summarize the work done, it can be said that :

- a thousand persons were recruted,
- a hundred thermal homogeneous conditions were explored,
- only usual clothes and low levels of activity were investigated,
- exposures lasted two hours and the subjective answers concern only whole body.

HOW WAS P.M.V. OBTAINED ?

Subjects in various conditions gave their answers to questionnaires, these could be :

0 = neither warm nor cold
±1 = slightly warm (+) or cold (-)
±2 = warm (+) or cold (-)
±3 = very warm (+) or cold (-)

The mean vote (MV) was obtained by averaging all the subject responses to a given environment ; for
instance,

6% answered –3
20% answered –2
44% answered –1
20% answered 0
6% answered +1

The average vote in this case is –1 (slightly cold), and it could have been the same with different
proportions.

How was this applied to PMV : predicted mean vote ? Taking into account the human parameters (M and
clo) and the ambient parameters (air temperature and its velocity, radiant tempeature and humidity), it is
easy to calculate the result of the heat balance equation and then to link the observed responses to
these results. The predicted response can be therefore deduced from a simple calculation.

WHAT ABOUT PPD ?

PPD is the predicted percentage of dissatisfied people. It is unvariably correlated to PMV as shown in
the figure below. In the above mentioned exemple, PPD would be 26% since only the people feeling
cold, warm, or very cold or very warm are considered as dissatisfied. Being slightly cold or warm was not
taken as unpleasantness.
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2 0

4 0
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1 0 0
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REMARKS
PMV-PPD has more or less strong points and weak points

• a strong point is that the mean response of a group exposed to a given PMV will coincide with the
prediction. On other words, it is easy to expose people to a slightly warm or slightly cold environment,
just by runing a program based on the heat balance equation and by finding the ±1 value. Then, the
average sensory value will be ±1 or very close. In the same way, when some parameters are known
– for instance physical activity and clothing - it is easy to predict the thermoneutral climate under
which the thermal judment will be 0 : neither warm nor cold.

• a weak point is that PMV has been established for homogeneous conditions and its use for climates
including differences between air and wall temperature does not lead to accurate predictions. In such
non-uniform conditions usually found in cars, consequences or air velocity changes may not be
correctly predicted.

• a debated point concerns PPD : it is not unanimously admitted that minimum dissatisfaction is
obtained at PMV = 0. It seems that people like to be a little warm. Due to this, the symetry of
disatisfaction for cold and warm is not obvious: unpleasantness due to coldness increases more
rapidly than that due to warmth.

The ISO standard includes a sort of contradiction: it has been established on the basis that people
feeling slightly warm or slightly cold were not dissatisfied with the environment. Then the standard states
that not more than 10% should feel unpleasantness to accept the climate as comfortable :but, from the
PPD-PMV relationship, a PMV of ±1 leading to a 26% PPD is uncomfortable, a conclusion which is
contradictory to the standard basis.

In conclusion, thermal climate has important effects on human in terms of physiological and
psychological consequences. In opposition to some thoughts, thermal comfort is not a caprice but is
really needed for a normal physiological life. The ISO standard helps a lot for the definition of the range
of ambient parameters prerequisite for a thermoneutral global climate. However, due to the
heterogeneous conditions found inside cars, more should be done for a better characterization of
comfort in cars. Any index making it possible to take into account the local effects of ambient parameters
on the various body parts will be wellcome.
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THERMAL CLIMATE IN CABS AND MEASUREMENT PROBLEMS

Maurizio Cisternino

Centro Ricerche Fiat

Abstract

The increasing market demand for highly effective and efficient HVAC systems for automotive applications
has determined a great impulse in the research and development of innovative methods and instruments
to predict passengers thermal sensation.

The thermal conditions in cars are very often different from the typical indoor climate in buildings due to
asymmetries and non-uniformity in the temperature and air velocity fields and in the dynamic behavior.
This fact dramatically increases the complexity of the comfort evaluation compared to the already
defined methodologies used for building applications.

The need of standard procedures in this field is a crucial point that has to be faced by all industries and
academic institutions.

The present paper reports on some of the typical aspects and problems in the assessment of thermal
climate in cabins and the major requirements needed by car manufactures for the development of the
new instrumentation.

Introduction

The penetration of air conditioning systems in the EU market is increasing with an exponential trend (fig.
1) that allows to forecast the attainment in few years of the US or Japan level – where 90% of the vehicle
are equipped with an HVAC  (heating, ventilation air-conditioning) system.

This growth is due to an increasing demand from customers for a better comfort. Moreover climate
control in many cases also reduces the driver stress and avoids the fogging phenomenon contributing to
safety aspects.

Fig.1  Percentage of vehicles equipped with an HVAC system

The purpose of an HVAC system in a car is to create and maintain a comfortable thermal environment
for all passengers, even in extreme climate conditions, and to guarantee good visibility, providing an
effective defrosting and defogging.
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The thermal environment in a car is more difficult to control and evaluate compared to buildings
environment due to the shape and size which may create  considerable thermal asymmetry and
inhomogeneous air temperature and velocity fields.

Moreover, unlike air conditioned buildings, the climate of a car is more subjected to thermal transients
than steady-state conditions: 85% of the trips, in fact, involves an average distance fewer than 18km and
with a duration from 15 to 30 minutes.

For these reasons, the characterisation of the thermal behaviour of a car over the first 30 minutes is
especially significant.

From recent market surveys [1], it has been ascertained that the users’ expectations towards thermal
comfort in cars mainly concern:

1. Well balanced air flows at low velocity

2. Shorter heating and cooling times

The effort spent by car manufacturers to increase the thermal comfort in cabs has leaded to the research
and development of innovative methods and instruments able to predict the thermal sensation of driver
and passengers under both transients and steady state conditions.

The present paper reports on some of the different aspects and problems faced by car manufactures for
the assessment of thermal climate in cabins.

Thermal comfort in a vehicle

Thermal comfort indices and models for design and evaluation of indoor climate have been studied and
developed over the years [2] and have demonstrated that man’s thermal neutrality and comfort depends
on both environmental quantities (air temperature and velocity, mean radiant temperature, air velocity
and humidity and personal factors (clothing insulation and activity level).

For normal daily conditions the indices most used are the PMV-PPD ones developed by Fanger (1972)
[3] and adopted in the international standard ISO 7730 [4], and SET* (ET*) index developed by Gagge
et al. (1971). The indices are based on results from experiment with large numbers of subjects and have
been validated over the years.

The combined effect of the environmental quantities and personal ones can be expressed by the
equivalent temperature, which is defined in SAE technical reports SAE J2234 - Jan ’93 as “the uniform
temperature of an imaginary 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 non-uniform environment”.

Even if the overall heat balance between body and environment is zero a person may still experience
discomfort due to unwanted local cooling or heating on some parts of the body. This local discomfort
may be caused by high air temperature or radiation asymmetries or presence of drafts. These are
situations quite often experienced in a car cabin: the location of the windows inside the vehicle causes
an high heat radiation at the head and chest level while feet and legs are shielded against solar gain, the
small area of the outlets generates high air velocities and  fluctuations in the compartment (fig.2)
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Fig.2 Example of air velocity field in a car compartment caused by dashboard outlets

High air velocities are normally accepted only for short period during transients (warm-up or cool down)
to compensate the effect of thermal discomfort. Studies [5] have shown that not only the air velocity level
is important for the draft sensation but also the fluctuations.

Wyon et al. [6] indicates additional requirements for the thermal environment surroundings the different
body parts; the eyes and the head are critical areas because they are extremely sensitive to air speed
and temperature. A relatively tight range of tolerance is then required in these zones, while the hands
have less sensitivity since they can adapt quickly to ambient changing conditions, allowing a greater
range of tolerability in thermal environment.

Changes in ambient temperature are also critical for feet because they can adjust for thermal variations
but at a very slow rate; in fact blood circulation in this zone is generally poor and the resting position
inside a car tends to increase this problem.

As a result a relatively higher temperature in the area of feet is needed but with a narrow tolerance band.

The recommendations for vertical air temperature differences in ISO 7730 set the maximum level at 3°C
even if few studies show that in case of cold head and warm feet the person can accept a greater
difference. Considering a car compartment the recommendation can be applied only using local
equivalent temperature concepts because the influence of the wall or solar radiation can’t be neglected
at the head and foot level. In fig. 3 a typical air temperature field inside the compartment in a summer
condition (without solar radiation) is shown. It can be noticed the presence of temperature stratification
(more than 10 °C between the highest and lowest temperature) mainly in the rear seats.

The radiant temperature asymmetry is one of the most important problem in the car compartment due to
the very close position of dashboard, windows and walls with respect to the body.

In standard ISO 7730 the maximum radiant temperature asymmetries allowed for cold and warm surface
both in vertical and horizontal positions are defined.

The horizontal asymmetry is often a problem for cabs in summer condition when the roof of the car is
heated by the sun. Another typical situation is represented by the high radiant source of  the dashboard
when heated by the sun through the windscreen. In this case it’s easy to reach dashboard surface
temperatures up to 80°-100°C especially during parking condition.
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Fig.3 Typical cab air temperature distribution (summer conditions without solar load)

Car cabin temperatures - summer condition - parking - 7 August - Turin
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Fig.4 Typical trend of dashboard surface temperature during parking conditions in summer

It’s clear that the criteria and limits for thermal comfort already defined for building applications cannot
easily transferred to the cabin environment due to the complexity of the thermal and air velocity fields
and for the fact they mainly relates to stationary conditions. Moreover while in an indoor ambient it’s
relatively easy to measure the different environmental quantities (air temperature and velocity, radiation
etc.)  and then verify the limits for each of them, inside a car it’s very difficult to measure these
parameters independently, because they have to be measured at the same time and in many different
positions due to the highly non homogeneous field.
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Other measurement difficulties rise from the fact that the presence of the passengers modifies the
thermal environment, especially in the air velocity paths.

It’s also not easy to determine the real mean radiant temperature surrounding the passengers, due to the
small and complex volume of the cabin with respect to human dimension.

Last but not least, the influence of the seat in thermal perception has to be take into account since the
body surface in contact with it is approximately 20% of the total one. The seat can be considered as an
additional clothing insulation but, depending on the different materials, it’s very difficult to calculate or
measure the exact “clo” value without special instrumentation.

It’s clear from the previous considerations that for the cabin environment a method to measure the
influence of all parameters at the same time is envisaged. The equivalent temperature is the quantity
related to the dry heat loss from body and to human perception that best can be used for this purpose.
To measure the equivalent temperature special heated sensors are needed which can be also attached
to an human shape manikin in order to reproduce the modifications in the environment due to volume
occupancy. Full size thermal manikin can be also used.

Testing purpose

The evaluation and assessment of the thermal climate inside cars have different purposes according to
the development process of a vehicle.

In a research stage the main goals for a car maker concern the evaluation of the vehicle performance in
term of thermal comfort with innovative solution of HVAC systems/components or control strategies. In
this phase also the development and tuning of thermal comfort simulation software and human
perception models require during testing a suitable instrumentation to validate the computer programs.

In a design stage, computer programs are normally used to simulate the thermal condition of the
compartment for an early evaluation of the comfort performances and to define specifications of the
HVAC system. It’s important also in this phase to predict how different sub-systems design (windows,
air-distribution, seats, interiors etc.) influence the comfort perception.

In a development stage the testing of the vehicle prototypes is widely used both in climate chambers and
in field to verify the thermal performances and to fulfill the requirements defined in the previous phase.
The debugging and tuning of the control algorithms of the automatic HVAC systems are also part of the
work normally included in this stage.

In a pre-production phase  the testing of the HVAC system are mainly used  to certificate the
effectiveness of the system according to the provided standards.

The objective measurements are often integrated with panel tests or subjective judgments for additional
information in order to verify the results obtained with instruments and computer simulations.

Testing conditions

In this frame many different types of testing procedures are used, but they can be roughly divided into
three categories:

1. Transient conditions

2. Short transient conditions

3. Stationary conditions

Transient conditions

The fast heating or cooling of the passenger compartment in a climate chamber simulating extreme
external conditions (summer and winter) are typical tests to verify that the rated power of the HVAC
system is sufficient to attain acceptable comfort in reasonably short periods of time ( ~10 minutes).
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During these tests (warm-up and cool-down),  the car is subjected to an external air temperature of 43°C
with a solar load of 800W/mq or to –10 °C with no solar load and the passengers are, of course, very far
from comfort ranges. The main objective is to decrease the discomfort level and its duration as much as
possible.  The conventional measured quantity for the evaluation is based on the interior air
temperatures which have to reach “comfortable” limits within a certain period of time.

Nevertheless, the presence of high thermal asymmetries and air velocity during these tests gets a very
poor correlation between the real thermal perception and the air temperature levels.

In the near future a great effort in the efficiency improvement of the HVAC systems is expected mainly
because great attention has to be paid by car-makers to power consumption.

Next generation of cars will be equipped with new high efficiency engines  (the so-called 3l/100km) with
low heating power available to guarantee a suitable heating during winter conditions. Moreover future
HEVs  may provide only 25% of the required peak heating needs under low loads in a cold climate if they
depend solely on heat from the engine coolant.  HEVs can face an additional challenge if the control
system turns off the engine while the vehicle is operating and heat is required for the passenger
compartment.

It’s clear the need of a careful evaluation of different HVAC systems, including auxiliary conditioning
systems (like conditioned seats, electrical heated glazing and panels etc.) and related control strategies
in terms of thermal perception and overall power consumption. More sophisticated methods and
instruments are therefore essential to investigate both thermal comfort and discomfort to ensure more
realistic results with respect to the traditional air temperature measurements.

An additional and very important feature of these instruments is that they have to predict the human
thermal perception during transients of few minutes, which represent a condition not widely investigated
in literature.

Short transient

This type of test, performed in a climate chamber, mainly simulates small variations of the climate
conditions within steady state comfort limits . Changes in the set-point of the cabin temperature or
external temperature, of the car speed or of the solar radiation intensity, are typical examples of such
variations. The rate of change can be both rapid or slow.

The objective is to evaluate the effectiveness of the HVAC system that has to maintain the same comfort
level independently from external disturbances or to adjust it when modification in the internal set point is
required. The same tests are also used during the tuning of the control algorithms in the automatic
HVAC system.

The evaluation parameter is again traditionally based on the inside air temperature trends which have to
meet different requirements as, for instance, the overshoot or undershoot peak values, in the settling
time etc. Also air velocities in different points are measured to verify the absence of draughts caused by
the air outlets.

The use of equivalent temperatures during these tests instead of air temperature and velocity are the
natural improvement for a more precise measurement and evaluation since climate conditions are very
close to comfort levels and quite good correlation with human perception can be obtained.

To detect discomfort sources local equivalent temperatures have to be considered.

Automatic control algorithms based on estimation of the equivalent temperatures have been already
studied and developed [7]. For the tuning of this type of climate controls the use of manikins measuring
local equivalent temperature is mandatory.

In the Alfa Romeo 166 model, Fiat has adopted this type of the climate control which has been
developed and tested with the help of an innovative manikin able to measure local equivalent
temperatures in 18 different locations [8].
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The main difficulties, in these type of test conditions, are related to the correlation between the variation
of the measured local equivalent temperature and the real thermal sensation during the relatively short
time transients due to the presence of physiological adaptation phenomena [9] and the response time of
the instrument. Another difficult task is to determine the weighting factors to apply to the different local
measurements to predict the global perception.

Stationary conditions

As already mentioned before steady-state conditions in cars seldom occur. Nevertheless a real situation
where this condition is approximately satisfied is in trucks, during the night sleeping period of the driver
inside the cabin. The normal position of the bed, very close to the rear wall of the compartment, makes
the influence of the heat exchange by radiation with the wall surface very high in the overall thermal
balance. In this condition it’s important to avoid draught near the sleeping zone and to control the air
temperature within narrow limits.

For this purpose it’s very interesting the use of a manikin with equivalent temperature measurement to
evaluate different type of insulating materials of the cabin or air distribution designs in order to achieve
the best comfort performance.

Instrumentation requirements

The testing of the thermal climate in vehicles are normally performed both in climate chambers and in
field. Due to the high cost of the facilities and travel arrangements it’s very important to minimize
downtimes and to perform efficiently all the needed measurements.

For this reason all the instrumentation used by car makers has preferably to fulfill additional
requirements further than the standard ones (accuracy, repeatibility, response time etc.) concerning the
robustness and an “user friendly” use of the instrument.

The traditional measuring instruments for the thermal assessment of the cabin are mainly based on
measurements of the air temperatures and air velocity in different points, with sensors generally fixed on
a dummy to simulate the volume occupancy of the passenger and to guarantee definite position points.
Humidity sensors are also often used.

New instruments and methods, developed by universities and research academies or directly by car
manufactures have been used in the recent past to obtain more realistic predictions of the thermal
sensation of the occupants.

In this frame, the adopted solution in Fiat group, is a human shaped manikin named EVA (Environment
Valuator Apparatus) equipped with 18 heated sensors and able measure the local and global equivalent
temperature (Fig.5,6).

To summarize, some of the requirements for the comfort instrumentation needed by car manufactures
are the following ones:

- Measurements related to human thermal perception both inside and outside comfort range

- Assessment in transient and steady state conditions

- Possibility to measure local discomfort

- Use of a suitable manikin to reproduce the modifications in the environment due to volume occupancy

- User friendly hardware and software features (low weight, robustness, simplified cabling, limited power
  consumption, plug and play SW etc.)

- Limited frequency of re-calibrations
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The definition of standard methods and procedures for this type of measurements are also expected,
as already done for buildings applications, in order to achieve a common reference among different
instruments.

Conclusion

The increasing importance of the thermal comfort assessment in vehicles has led to the development of
more sophisticated methods and instruments so to obtain a more realistic prediction of the thermal
sensation of the passengers.

The traditional instrumentation, in fact, cannot longer face the new challenges imposed by the market
expectations and new legislation.

Moreover, the presence of asymmetries and non-uniformity in the thermal field inside the cabin and its
dynamic conditions, dramatically increase the complexity of the comfort evaluation compared to the
building application.

The need of standard procedures and methods in this field is a crucial point that has to be faced by all
car-makers and academic institutions. Some important results in this direction have been already
obtained in the EU project “Development of Standard Test Methods for Evaluation of Thermal Climate in
Vehicles” but more studies and researches are expected to complete the development and
standardization process.
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Abstract

Thermal comfort is a psychological phenomenon and the only direct method of measuring the thermal
comfort of vehicle environments is to use human subjects.  This paper describes objective, subjective,
behavioural, and modelling methods of thermal comfort assessment.  It considers the advantages and
disadvantages of those methods with particular reference to thermal comfort in vehicles.  The second
part of the paper considers practical aspects of conducting vehicle trials to assess thermal comfort using
human subjects.  Reasons for conducting such trials include: direct evaluation of vehicle environments;
to establish standard test methods; to establish thermal comfort models and indices; and to examine the
validity of objective measures and their relationship to thermal comfort.  Guidance is provided on defining
aims, subject selection, operating conditions, subjective scales, and analysis and interpretation of
results.

Introduction

Thermal comfort is a condition of living organisms.  The thermal comfort of people in a thermal
environment can be determined by ‘measuring’ the responses of those people to that environment.  The
only direct method of assessing the thermal comfort of vehicle environments is, therefore, to measure
the responses of human subjects.

The environmental ergonomist uses four types of method, separately and in combination as appropriate,
for the assessment of human environments.  These are objective, subjective, behavioural, and modelling
methods.  These can be used for the assessment of vehicle environments.  They are described below
with principles, advantages, disadvantages, and relevance to the thermal comfort in vehicles.

Methods
Objective measures

Objective measures are those which quantify the physical or mental condition of a person by the use of
instrumentation or measures of an output such as performance measures.  The principle of the method
is that the measure can be interpreted in terms of the human condition of interest.  An example would be
the measurement of mean skin temperature of the body that would vary with the thermoregulatory
response to heat and cold (providing a rationale for the method) and has been shown, in research, to
correlate with subjective responses of comfort.  Another example would be skin wetness.
Disadvantages would be that they might interfere with what they are attempting to measure, the
correlation is not perfect and that thermal comfort is a psychological phenomenon, a condition of mind,
not a condition of the body.  An advantage of objective measures is that they are often independent of,
and can be used to complement, the results of other methods such as subjective measures.

Subjective Methods

Subjective methods quantify the responses of people to an environment using subjective scales.  Such
scales are based upon psychological continua (or constructs) that are relevant to the psychological
phenomenon of interest.  It is important to know the properties of the scales to correctly interpret the
results.  Scales of thermal sensation (hot or cold), preference, comfort, and stickiness are often used in
thermal comfort assessment.  Advantages of subjective methods are that they are simple to administer
and are directly related to the psychological phenomenon.  Disadvantages are that they may interfere
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with what they are measuring, some groups may not be able to perform the subjective task (for example,
babies, children, people with disabilities) and there is no rationale as to why such a response is provided.

Behavioural Methods

Behavioural methods quantify or represent human behaviour in response to an environment.  The
particular aspect of human behaviour observed is related to the human condition of interest (for example,
thermal comfort in vehicles) and a method of interpretation is required.  Examples would include
changes in posture, movement patterns (for example, away from uncomfortable environments), and
popularity of sitting positions (for example, if some seats were in a cold draught they would be occupied
‘last’).  Advantages of behavioural methods include minimum interference with what is being measured
and a direct ‘active’ measure of discomfort.  Disadvantages include the difficulty in establishing validity
and reliability of the method and direct interpretation of the results in terms of thermal comfort.  Change
in posture could be due to chair discomfort or other ‘non-thermal’ reasons.

Modelling

Modelling methods use a representation (mathematical and physical) of the human response to the
environment to provide an output or measure that can be interpreted in terms of the phenomenon of
interest.  A thermal comfort index method uses a model that provides a single number that represents
the degree of discomfort caused by an environment.  The model is based upon research and integrates
the relevant factors of the environment (temperatures, air flows, humidity, etc) surrounding a person in a
way representing the comfort response of the person.  More detailed representation of the human
response may include heat transfer calculations between a thermoregulating person and the
environment, that leads to predictions of skin temperatures that can be related to thermal comfort.
Physical models include the use of black spheres that can provide a simple representation of a non-
sweating person, to heated thermal manikins.  The temperature and heat transfer response of the
models can be related to thermal comfort using empirical models previously determined from
comparative experiments with human subjects.  The major advantage of the use of models is reliability.
For identical conditions, they will give ‘identical’ responses.  A disadvantage is in terms of validity.  No
mathematical or physical model will accurately represent human response.  A judgement must therefore
be made concerning validity and the degree of accuracy required.

Why Use Human Subjects?

Although mathematical and physical models will provide repeatable, reliable, methods, human subjects
are required to provide direct measures of thermal comfort and to validate other techniques.  It is
important therefore to develop assessment methods involving human subjects.  Such methods are used
for one of four main reasons:

• To evaluate thermal comfort in vehicle environments.

• To set up or carry out standardised test methods of thermal comfort in vehicles.

• To compare measures of thermal comfort in vehicles with prediction methods (models, indices)
based upon measures of the thermal environment in vehicles.

• To determine the relationship between objective measures such as skin temperatures and subjective
measures of thermal comfort.

The design of any vehicle test or trial using human subjects will depend upon the specific aims of that
test or trial.  However, there are general principles and these are outlined below.
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Design of Human Subject Trials

A typical thermal comfort trial involves driving vehicles over a route and measuring operating conditions
and thermal responses of passengers.

Specify the aim

An optimum trial design will achieve its aim with efficient use of resources.  To achieve this it is important
to be clear about the specific aim or aims.  For example, if the aim is to compare three types of vehicle
seats for thermal comfort then a repeated measures design, where all subjects sit on all seats (in a
balanced order) in identical conditions, may provide the best comparison of the seats.  Contrast this with
the evaluation of a thermal comfort index where a wide range of environmental conditions, including
seats, may be optimum.  If both aims need to be met then both types of requirement must be met in the
design.  It is necessary therefore to be specific about the aims of the trial.

Which human subjects and how many?

A valid method of evaluating environments would be to use a panel of experts.  This technique is used in
wine tasting for example where acknowledged experts give opinions concerning the quality of wines.
This technique depends upon identifying unbiased acknowledged experts.  This is not possible in the
area of thermal comfort and the trial designs should specifically avoid bias.  It is usual to identify a
‘random’ sample of human subjects as representatives of the population of interest.  This is a question of
statistical sampling and relevant factors such as age, gender, driving experience, and anthropometry
could be identified and influence subject selection.  The number of subjects selected will depend upon
the aim and experimental design.  A calculation can be made based upon the power of a statistical test;
that is, the probability of accepting the alternative hypothesis (for example, vehicle A is more comfortable
than vehicle B) given that it is true.  This is a rather academic approach and requires assumptions to be
made about the strength of effect you expect which is rather circular, as this is what you are trying to find
out.  Of practical importance will be the allocation of subjects to treatments.  If there are three cars and
three types of glazing being compared (that is nine conditions) then nine subjects would allow a 9 x 9
Latin square design.  That is where each subject is exposed to each condition in a different, balanced,
order.  A repeated measures design is where all subjects are exposed to all conditions.

Although not statistically rigorous, other points are useful.  It is generally considered that, for normally
distributed responses, increasing the number of subjects provides a diminishing return in terms of a
sample representing a population.  Numbers of greater than eight are often considered as an acceptable
sample size.  It is also useful to consider approximate probability.  For example, if two vehicles were
compared by four subjects then the probability of all four subjects preferring vehicle A to vehicle B due to
chance (when there is actually no difference in comfort between the vehicles) is ½ to the power of 4 =
1/16 = 6.25%.  So four subjects would not be sufficient to make a decision even in the case of an
extreme result.  The question of practical significance is whether the experimenter would be satisfied that
if all their subjects preferred A to B then this is considered evidence that A is more comfortable than B.  It
is useful therefore to estimate how many subjects it would take for practical significance to be
established.  It may be that statistical significance may be established with the use of large groups of
subjects but the effect may be small and not of practical significance.  The above provides practical
guidance, a more rigorous statistical approach can be taken in any particular experiment, however the
‘rules of thumb’ above can be useful.

Measurement of Subject Responses

The responses of the subjects that will be measured will be selected according to the aims of the trial.
Typically subjective responses are taken to quantify thermal comfort.  Objective measures are
sometimes used, mainly mean skin temperature (and sometimes sweat loss) to complement subjective
measures.  In a novel situation, subjective scales should be established from ‘first principles’ by
establishing subjective continua using psychological techniques.  Subjective scales for assessing
thermal comfort have, however, become established.  Examples are provided below.  It is important to
note that the way in which a scale is presented and administered can influence results.  A single sheet
questionnaire for example may be preferable to a number of pages.  The exact question asked should
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be established.  The frequency of completion of the questionnaire must be balanced with the overall
experimental aim of design.  Translation of scales (from English, for example) as well as cultural aspects
of the subject sample will be issues.  Knowledge of the previous ratings or of other subjects’ responses
is not normally provided.  Subject training and pilot trials will be necessary.  Some scales are used for
ratings of overall ‘comfort’ as well as for areas of the body.

Sensation Scale:

Please rate on the following scale how YOU feel NOW:

7. Hot

6. Warm

5. Slightly warm

4. Neutral

3. Slightly cool

2. Cool

1. Cold

The above scale is the ISO/ASHRAE sensation scale.  It is useful to use the standard scales as results
can be compared directly with international standards assessments as well as with the results of other
studies.  The emphasis to the subject is how YOU (he or she themselves – not another person or a
general view of the group) feels (the person actually feels, not how the environment seems to be) NOW
(at that time).  The form of the scale is in discrete intervals although, by joining with a line, a continuous
form of the scale can be used; for example, a rating of 5 – 6 (indicated by a mark on the line between 5
and 6) would indicate that the subject felt between ‘slightly warm’ and ‘warm’ and this would be given a
numerical value, for example, 5.3.  Continuous forms also apply to the scales below.

‘Uncomfortable’ Scale:

4. Very uncomfortable

3. Uncomfortable

2. Slightly uncomfortable

1. Not uncomfortable

Stickiness Scale:

4. Very sticky

3. Sticky

2. Slightly sticky

1. Not sticky

The above two scales have a similar form with an absence of effect at the base of the scale and
increasing strength of effect up the scale.  An important point is that a consistent word – uncomfortable
or sticky – is used for each rating.  This presents the specific psychological continuum as well as
ensuring that the scale is unidimensional.  ‘Uncomfortable’ is a negative effect of the environment as is
‘stickiness’.  It is unlikely that the scales are independent dimensions and they should be used to
complement each other.  It may be that people can be slightly warm and not uncomfortable but it is
unlikely that a sedentary, clothed subject would feel cold, very sticky, and not uncomfortable.
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Preference Scale:

Please rate on the following scale how YOU would like to be NOW:

7. Much warmer

6. Warmer

5. Slightly warmer

4. No change

3. Slightly cooler

2. Cooler

1. Much cooler

Preference scales are becoming widely used in assessment as they provide a ‘value’ judgement from
subjects.  If a subject rates a sensation of ‘slightly warm’ for example, it does not indicate whether or not
he or she wishes to be ‘slightly warm’.  The preference rating compares how the subject is with how he
or she would like to be.  No change will indicate a form of acceptability, preference, and satisfaction.

Other scales can be useful depending upon the aims of the experiment.  If a percentage of satisfaction is
required then a ‘forced’ (the subject must choose) yes or no response to ‘Are you satisfied?’ would give a
direct measure.  Ratings of pleasure may be of interest.  These may be confounded with visual stimuli
(for example driving through the countryside on a sunny day) but solar radiation can elicit pleasant and
unpleasant thermal responses and should be considered.  Ratings of acceptability will be useful to
vehicle manufacturers.  They require a sophisticated judgement based upon what a subject would feel is
acceptable in that context.

A combination of scales integrated into a questionnaire provides a useful measurement tool.  The scales
will complement each other and give a detailed profile of thermal comfort.  Subjective ratings from
individual parts of the body will provide some indication of why subjects gave their ‘overall’ rating.

Selection of Operating Conditions

The operating conditions used will determine the environments that are assessed for comfort.  In vehicle
trials it would be difficult to create identical operating conditions from day to day.  When using a
traditional experimental design (for example comparison of vehicles, vehicle seats or glazing types) then
this will be necessary.  This may only be possible in climatic chambers, although there are parts of the
world where consistent weather conditions prevail.  If consistent conditions are required, it is important to
remember that vehicle HVAC settings, starting conditions, time of day, solar direction, and subjects’
clothing should all be controlled.  In field trials where it is more difficult to control experimental variables it
is very important that the experimenter is vigilant in identifying influencing factors and controlling what he
or she can.  It is also important to make a note of any extraneous factors or loss of control for later
consideration of their influence.  If the aim of the vehicle trial is to evaluate a thermal comfort model then
an appropriate range of conditions should be investigated.  If specific products are being evaluated then
the operating conditions and their order of presentation to subjects will be determined by practical issues
(for example changing glass in a vehicle) as well as the repeated measures design, using a Latin square
for example.  The integration of subject numbers, measurements, and operating conditions (to achieve
an aim) along with available resources and cost will determine the overall experimental design.  Although
the results are not known, it is useful to draw empty graphs of data that will be obtained and ensure that
relevant data will be collected, the aim will be achieved, and decisions will be made.
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Analysis and interpretation of results

It is useful to present the results in graphic and tabular form.  This should include individual subject and
average data for each measure of interest.  Analysis of results is concerned with answering questions
(for example, is thermal comfort in vehicle A greater than that in Vehicle B? does the thermal comfort
index indicate thermal sensation? etc).  Preliminary analysis should attempt to answer the questions by
referring directly to graphs and tables.  Further analysis will involve data processing and may lead to
statistical tests.  These should be decided upon a priori.  This part of the analysis will involve making
assumptions about properties of the numerical data.  The properties of the subjective scales need to be
interpreted.  It is not necessarily the case that a rating of 6 on a scale represents twice the perceived
intensity as a rating of 3.  Is rating 4 ‘very sticky’ really twice the level of a rating of 2 ‘slightly sticky’?  To
establish this, research into the properties of scales will be necessary.  Parametric statistical tests (t
tests, analysis of variance) assume such properties (interval and ratio data).  Although parametric tests
are often robust in terms of violation of their assumptions it is often safer, and almost as efficient, to use
non-parametric statistics where rank order (ordinal or ordered metric data) can be assumed.  In this case
a rating of 4 would be assumed to be greater than a rating of 2 which is probably reasonable for the
subjective scales described above.  Detailed consideration should be given for specific cases.
Whichever statistical test is used, a decision can be made based upon the probability of the outcome if it
had occurred due to chance.  The synthesis of the results for each of the measures (skin temperature,
sensation, uncomfortable etc) often shows consistent trends that can lead to overall discussions and
conclusions.

Conclusions

Human subjects can be used in valid and reliable assessments of the thermal comfort of vehicle
environments.  Trials with human subjects will usually involve subjective methods.  Careful consideration
should be given to the design of trials with human subjects and the analysis of results.

The thermal comfort models and indices can provide reliable methods of assessment however, because
of the nature of thermal comfort they will always provide approximations to human response.



31

Paper for the CABCLI seminar – EC Cost Contract No SMT4-CT98-6537 (DG12 BRPR)
Dissemination of results from EQUIV – EC Cost Contract No SMT4-CT95-2017

Definition and theoretical background of
 the equivalent temperature

H. Nilsson,* I. Holmér, M. Bohm,** O. Norén**

*National Institute for Working Life (Sweden)
**Swedish Institute of Agricultural Engineering (Sweden)

Abstract

The equivalent temperature is a recognised measure of the effects of non-evaporative heat loss from the
human body. It may be particularly useful in the confined space of a vehicle due to the complex
interaction external and internal heat fluxes. The equivalent temperature is derived from the operative
temperature by the inclusion of the effect of air velocity on a heated body. Higher air speed and body
temperature will lead to larger differences between the two temperatures ( teq < to ). The operative tem-
perature only considers the air temperature and the mean radiant temperature and is defined for the
actual air velocity, whereas the equivalent temperature is defined for a standard air velocity (usually 0 or
<0.1 m/s). The advantage of teq  is that it expresses the effects of combined thermal influences in a single
figure, easy to interpret and explain. It is particularly useful for differential assessment of the climatic
conditions. However, the underlying hypothesis is that the teq -value always represents the same
"subjective" response irrespective of the kind of combinations of heat losses. Today this seems to be
true, at least for conditions close to thermal neutrality and within minor variations of the climatic factors
(4, 6, 11, 17). The purpose of this paper is to

• define the equivalent temperature.
• identify and compare different expressions for determination of teq .
• define and specify measuring methods for teq .
• define and specify calibration procedures for teq .

Introduction

The ultimate purpose of the HVAC (Heating Ventilation and Air Conditioning) -system of an automotive
vehicle is to provide comfortable thermal conditions, irrespective of the environmental climatic conditions
outside the cabin. The thermal environment in the cabin is complex, often asymmetric, as the result of
the interaction of the HVAC-system with the environmental climatic load. Convection, radiation and
conduction are the predominant avenues of heat exchange and they vary independently over time and
location. The final effects on the surface heat exchange of the human body are the determining factors
for heat balance and for perception of the conditions. Since several climatic factors play a role for the
final heat exchange, an integrated measure of these factors, representing their relative importance,
would significantly reduce the need for comprehensive sets of measurements and more easily allow for
comparisons of different thermal environments. Such a measure would also be required for the
assessment of the quality of the thermal environment from a user point of view.
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Theoretical considerations
General definition

In the SAE technical reports SAE J2234 Issued Jan93, equivalent temperature is defined as:

“The uniform temperature of the imaginary enclosure with air velocity equal to zero in which a person will
exchange the same dry heat by radiation and convection as in the actual non-uniform environment”

The definition is based on:

1. A human body exposed to two different environments, one actual with non-uniform and one
“imaginary” with uniform climatic conditions. It is assumed that the posture, the activity level and the
clothing of the human body
is the same in both environments.

2. The dry heat exchange from the human body is the same in both environments. The heat exchange
could be negative (less than 0 W/m2).

The equivalent temperature is a pure physical quantity, which in a physically sound way integrates the
independent effects of convection and radiation on human body heat loss. The equivalent temperature
relates to the human dry heat exchange with the thermal environment. This relationship is best described
for the overall (whole body) thermal sensation (9, 11, 17). There is limited experience with relations
between local dry heat exchange and segmental equivalent temperature (12). The standardised
definition of teq applies only for the whole body. Therefore the definition may have to be modified for the
purposes of this project. Overall teq does not take into account human perception and sensation or other
subjective aspects.

In terms of mathematical definitions several expressions exist. The following sections deal with various
principles for defining, calculating and measuring teq.(1).

Whole body equivalent temperature

This is the teq, which is related to the whole body of a human being.

Segmental equivalent temperature

This is the teq, which is related to a number of or one single body part.

Directional equivalent temperature

The teq can be described as a normal vector to the measuring plane in every point, defined by magnitude
and direction. It refers to the heat exchange within the half-space in front of the infinitesimal plane. A
small flat sensor can measure it.

Omni-directional equivalent temperature

This is the teq measured all around a body part or the whole body. It can be measured by a sensor
measuring in all directions or calculated from the directional equivalent temperatures, measured in all
directions.

Whole body aspects

Historically, and in most applications, the teq refers to whole body heat balance. This means that the
overall convective and radiative heat losses are used for the definition, calculation and measurement of
teq. The heat loss would then be the average for the whole body surface.
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Calculations

1. Determination of teq based on equations for convective and radiative heat transfer for clothed
persons. For unclothed persons Fcl = fcl = 1 .

R = Fcl ⋅ fcl ⋅ h r ⋅ (t s − t r ) (1)

C = Fcl ⋅ fcl ⋅ hc ⋅ (t s − ta ) (2)

By assigning different values for teq and teq representative for the "homogenous" condition with zero air
velocity, the equivalent temperature ( teq = t r = ta ) can be calculated, that gives the same   R+ C  as in the
actual situation, with no influence of the humidity.

The dependence between hr  and hc  at different temperature differences and air velocities may be
considered. This could lead to, presumably small, deviations between teq  at calibration and measured
teq . This and the use of clothing should be taken into consideration during calibration. Often heat transfer
coefficients, hr  and hc , are assumed to be constant. In reality in homogenous climate, they are
depending on the difference between the surface temperature and teq .

2. Determinations based on complete heat balance equations (viz. PMV)

The criterion applied here is that teq  is the temperature, replacing t r  and ta , that with zero air velocity
gives the same PMV-value as in the actual condition (9). Analysing conditions for thermal neutrality
requires PMV-values = 0.

PMV = (0.303 ⋅ e−0. 036•M + 0.028) ⋅{(M − W ) − 3.05 ⋅10−3 ⋅ [5733 − 6.99 ⋅ (M − W ) − pa ] −

0.42 ⋅[(M − W ) − 58.15] − 1.7 ⋅10 −5 ⋅ M ⋅ (5867 − pa ) − 0.0014 ⋅ M ⋅ (34 − ta ) −

3.96 ⋅10−8 ⋅ fcl ⋅[(tcl + 273)4 − (t r + 273)4 ] − fcl ⋅ h c ⋅ (tcl − ta )}

where

t cl = 35.7 − 0.028⋅ (M − W ) − Icl ⋅{3.96 • 10−8 ⋅ fcl ⋅[(tcl + 273)4 − (t r + 273)4 ]

+ fcl ⋅ hc ⋅ (tcl − ta)}

(3)

Other existing models and equations are rather similar - the PMV-equation  is just an example. The use
of heat balance equations for determining teq   is not unequivocal, since a change in the relation between
t r  and ta  also affects other avenues of heat loss for example by respiration and evaporation. In other
words, dry heat loss may be equal according to equations 1 and 2, but the total heat balance may not be
equal because respiratory and evaporative heat transfer will change depending on ambient water vapour
pressure and air temperature, unless it is assumed that this is constant. Consequently, extending the
definition of teq   to include respiratory and evaporative heat loss will alter the heat balance, although only
by a small fraction. In order to calculate teq  the heat balance equation used also requires a constant
ambient vapour pressure (changing relative humidity), otherwise balance may be achieved for several
teq -values.

Local heat balance and segmental teq

Special definition

By the definition the segmental teq  can vary over the body surface and the overall teq  is not the simple
arithmetic mean of the local values.



34

Calculations

The segmental teq  is calculated by the same principle formulas as shown in equations 1 and 2. However,
the values for the convective and radiative heat transfer coefficients for "normative conditions" depend
on the defined skin surface element. Usually, these figures are derived from manikin measurements
under standard conditions (12). A special problem is presented by the seat segments (19).

Constant heat loss and teq

An alternative method for the determination of "equal thermal environments" is the RST or Resultant
Surface Temperature and the associated "equivalent temperature" (18, 21). A constant surface heat loss
is assumed and the temperature of the surface segment (RST-value) that solves the heat balance
equation, for inhomogeneous conditions,  below (eq. 4) is used as a measure of the environment. In
homogenous conditions equation 4 can be reduced to equation 5. Equation 5 relates equivalent
temperature, according to the general definition, to RST for the specified condition. Note that the dry
heat transfer coefficient ( hc ), acquired with measurements, also is dependent of the temperature
difference   (RST- ta ) .

Q = hc ⋅ (RST − t a) + εs ⋅ εa ⋅ σ ⋅ [(RST + 273.2)4 − (t r + 273.2)4 ] (4)

For Q =85 W/m2, hc =1.6 W/m2K, εs =0.96, εa =0.9 and σ =5.67•10-8 W/m2K4 equation 4 is substituted by

t eq = 1.1 ⋅ RST − 15.6 (5)

Q is depending on measured segment, therefore teq  has to be calculated for each part of the body. Thus
RST and teq  can be calculated from the values of hc , ta  and t r  by iteration and measured with a constant
heated skin element as well. When measuring whole body and segmental teq  the heat loss value in
equation 4 has to change according to body segment in order to be representative of human surface
heat loss. The teq  determined in this way does not represent the whole body comfort heat loss unless
area weighing by a standard method (20) or manikin data are applied.

Measurements

In practice the equivalent temperature is measured with various instruments and devices. The ultimate
method is the use of a man-sized heated manikin, which simulates in a realistic way the three-
dimensional heat exchange of a human. This method, specified in more details in the following section,
provides the "true" values to be used for the comparison with other types of measuring devices.

Whole body teq

Basic climatic parameters

With measurements of air temperature, mean radiant temperature and air velocity, radiant and
convective heat losses can be calculated and teq  determined using equations 1 to 5.

Heated sensors

Heated sensors can be used for determination of body surface heat losses by convection and radiation.

Ellipsoid sensor

A heated, ellipsoid sensor may serve as a representative physical model of the human body (5, 15).
The heat exchange of the sensor is assumed to correspond to the total (and uniform) convective and
radiative heat exchanges
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of the human body surface. The instrument directly calculates the equivalent temperature. An instrument
of this kind is commercially available - the "comfort meter".

Flat surface sensor

Heated, flat surface sensors may give reliable and relevant estimates of dry heat losses. The 3-
dimensional nature of human heat transfer requires special arrangements of several flat sensors or
measurements on several locations, for example on the surface of a body shaped dummy. In order to
provide a single figure for the overall teq  values, the individual values are added and area weighted in a
representative way.

Local discomfort meter

A double-sided heated skin element has been constructed (16). The difference in mean heat flux (MHF)
from the two opposite elements can directly be transformed to a thermal asymmetry. The electrical
signals received from the skin element is transformed by a microprocessor into a value called Perceived
Heat Flux (PHF) which is equivalent to the sensation of local thermal discomfort. The calibration of the
instrument is done in the same way as for the manikins using equation 9.

Thermal manikin

A heated thermal manikin represents the ultimate heat flux transducer. The whole manikin surface is
heated to and controlled at the same "skin" temperature as the human body surface. The early manikins
comprised only one zone. Today's manikins provide 15, 19, 33, 36 or even more individually heated and
controlled zones (11). To get a single figure for teq  the local heat losses are added and the total value
divided by the total body surface area gives the dry heat loss to be used for the teq -computation.

Manikin with constant surface temperature

The surface temperature of the manikin is uniform and constant (viz. 34 °C) over all zones.

Manikin with distributed surface temperature

The manikin has a distributed temperature over the zones. Usually the temperature declines from the
torso to the extremities (2).

Manikin with constant heat loss

This manikin type operates with constant heat loss from the different zones. Small radial as well as
inwards axial heat losses may influence the measurements by this technique.

Manikin with adaptable surface temperature

Surface temperature of the manikin is allowed to change as function of dry heat loss using an expression
derived on the basis of Fanger’s comfort criteria (14).

ts = 36.4 − 0.054 ⋅Q t (nude)

t eq = t s − 0.155⋅ It ⋅Q t (clothed)
(6)

In n a cold environment the manikin will get a large heat loss. This is interpreted as a request for a lower
skin temperature. However, this lower skin temperature corresponds to thermal neutrality only for a person
in thermal balance, matching the higher heat loss by an increased activity level. In other words, this
method always determines equivalent temperature under conditions of thermal neutrality. This additional
requirement is then required as part of the definition (2).
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Manikin with heated sensors

This method measures the surface temperature of the sensors at constant heat loss with 18 small
sensors on a manikin body, each containing two heated surfaces with two different power levels. The
surface temperature of the two surfaces with known heat loss is measured and a linear model is used to
calculate the surface temperature for an unheated surface, i.e. teq  (10).

Segmental teq

Basic climatic parameters

On the basis of measurements of air temperature, plane radiant temperature and local air velocity,
radiant and convective heat losses can be calculated and teq  determined using equations 1 to 5 modified
for conditions of the particular local segment. Problems to be solved are selection of number of sensors,
placement of sensors, disturbances as well as integration and interpretation of values.

Heated sensors

Sensors for basic climatic parameters, heated surface elements and the ellipsoid sensor can be located
in at least six positions: head, chest, left and right arm and left and right leg. When measuring without a
manikin the sensors could be positioned in the centre of the head, the torso, the left and right hand and
left and right foot. When measuring with a manikin the sensors should be as close as possible to the
manikin surface. Area weighing is done by a standard method (20) or by using manikin data.

Thermal manikins

The use of multi-segmented thermal manikins allows a high degree of resolution in terms of evaluating
the local climate conditions over the body surface and determining teq . In fact, each segment actually
measures the dry heat loss from the corresponding body surface area. Critical to the measurement is the
position, size and shape of the manikin, temperature of segments and clothing. As discussed in the
previous section, the local "skin" temperature will influence the local heat loss.

Practical considerations
Practical definition of teq

When an instrument is used to estimate the equivalent temperature, procedures and conditions have to
be defined. A dry heat production of �1 met (58 W/m2) and no clothing insulation (0 clo) could be used.
These values are prescribed to roughly control the gradient between the surface and the environment.
Too big differences in gradient between calibration procedures may influence the calibration values. It is
assumed that the geometry the human body is considered. The shape can be simulated by using
multiple sensors or moving one sensor or apply any other mathematical correction. The calibration room
can have a mean radiant temperature and an air temperature of 24 °C. The air velocity of the room
should be as low as possible (<0.05 m/s).
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Calculations

An approximate (empirical) equation (15) for calculation of teq  is:
t eq = t o = 0.5⋅ ta + t r( )  (7a)

for va  < 0.1 m/s, and

t eq = 0.55 ⋅ ta + 0.45 ⋅ t r +
0.24 − 0.75 ⋅ v a

1+ Icl

(36.5 − ta )  (7b)

for va  > 0.1 m/s

This equation contains the important elements affecting the teq -value. Apart from the air temperature,
mean radiant temperature and air velocity it also shows the influence of clothing. More insulation
reduces heat loss and teq  is increased. This equation, however, refers only to sedentary conditions
(energy metabolism � 70 W/m2 ). For resting conditions and light clothing this formula predicts values
very close to the more complex calculations (see table below).

In the table below, calculations have been made according to equations above for the eight first
conditions in WP2. PMV is calculated according to EN-ISO-7730:1995 (8), which have been checked
with the example in the standard.

Table 1. The input data from the conditions for WP2. The relative air velocity is estimated to be zero for M < 58

W/m2 and v ar = 5.17 ⋅10−3 ⋅ M − 58( )  for M > 58 W/m2.

Conditions
according to WP2 1 2 3 4 5 9 10 11 Unit

M
58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0

W/m2

ta
24.0 24.0 24.0 24.0 24.0 19.0 29.0 24.0

°C

tr
24.0 24.0 24.0 29.0 34.0 19.0 29.0 21.0

    °C

va

0.00 0.30 1.00 0.30 0.30 0.30 0.30 0.30
m/s

Icl

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
clo

RH (pa=const.)
40 46 65 41 35 48 44 50

%

pa

1.19 1.19 1.19 1.19 1.19 0.88 1.60 1.19
kPa

pa(va=0)
1.19 1.03 0.73 1.17 1.34 0.73 1.45 0.95

kPa

teq

24.0 21.6 16.1 23.7 26.0 16.1 27.3 20.3
°C

teq (pa=const.)
24.0 21.5 15.9 23.7 26.1 16.1 27.3 20.3

°C

teq (emp.)
24.0 21.9 17.6 24.1 26.4 16.0 27.7 20.5

°C

R+C
87 111 166 89 67 164 56 123

W/m2

PMV
-3.1 -4.6 -8.3 -3.2 -1.8 -8.2 -0.9 -5.4

ND
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Higher M 1 2 3 4 5 9 10 11 Unit

M
91.4 91.4 91.4 91.4 91.4 91.4 91.4 91.4

W/m2

Icl

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
clo

RH (pa=const.)
40 46 63 40 35 48 43 49

%

pa

1.19 1.19 1.19 1.19 1.19 0.88 1.60 1.19
kPa

pa(va=0)
1.19 0.98 0.73 1.12 1.30 0.63 1.48 0.91

kPa

teq

24.0 20.8 16.0 23.0 25.4 13.9 27.6 19.5
°C

teq (pa=const.)
24.0 20.7 15.8 23.0 25.4 13.8 27.5 19.3

°C

teq (emp.)
24.0 21.9 17.6 24.1 26.4 16.0 27.7 20.5

°C

R+C
86 116 159 94 72 178 53 128

W/m2

PMV
-1.1 -2.3 -4.0 -1.5 -0.6 -4.8 0.3 -2.8

ND

Higher Icl 1 2 3 4 5 9 10 11 Unit

M
58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0

W/m2

Icl

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
clo

RH (pa=const.)
40 43 47 38 34 45 42 46

%

pa

1.19 1.19 1.19 1.19 1.19 0.88 1.60 1.19
kPa

pa(va=0)
1.19 1.10 1.02 1.24 1.41 0.79 1.53 1.03

kPa

teq

24.0 22.7 21.4 24.7 26.8 17.3 28.2 21.6
°C

teq (pa=const.)
24.0 22.6 21.2 24.7 27.0 17.2 28.2 21.4

°C

teq (emp.)
24.0 22.9 20.8 25.2 27.4 17.5 28.4 21.6

°C

R+C
38 43 48 35 26 64 22 48

W/m2

PMV
0.2 -0.2 -0.5 0.4 0.9 -1.7 1.3 -0.5

ND

These calculations show that we could expect equivalent temperatures within a range from approx. 13 to
28°C corresponding to PMV  values from -8.3 to 1.3. The dry heat loss values (  R + C ) should according
to the calculations be within the region of approx. 22 to 166 W/m2. The results from the equivalent
temperature calculations are rather similar except for the empirical formula at higher metabolism, since
that is not accounted for in the formula, equation 7.
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It is our opinion that the calculation with constant water vapour pressure ( pa =const.) is the most
reasonable, because the humidity is omitted in the same intention as in the definition. Notice specially
that the results in condition 1 correspond to the conditions for the practical calibration.

In order to emphasise the importance of defined conditions regarding metabolism and clothing, two more
sets of calculations have been made. The first one with a higher M  (91.4 met) and the other one with a
clothing insulation ( Icl ) of 1 clo. The results show, as expected, that a higher metabolism results in a
slightly higher heat loss and increased clothing insulation in a much lower heat loss, respectively. This is
also reflected in changes of several degrees in equivalent temperature. This emphasis the importance of
standardised calibration procedures also regarding these parameters.

Calibration of teq

Equivalent temperature (former EHT Equivalent Homogenous Temperature) (3) is defined to be the
temperature of a room with air temperature ( ta ) equal to mean radiant temperature ( t r , usually 21 or 24°C)
and air velocity ( va ) of about 0.05 m/s, in which manikin (or heated sensor) heat loss is the same as in the
given environment. This or similar expressions have been used by several researchers (7, 12, 22, 23).
The actual climatic conditions, with different values for ta , t r  and va , give an increased or decreased
equivalent temperature. The mathematical definition of teq   is given by the following formulae:

Qcal = hcal ⋅ (ts − teq) (8)

  
teq = t s -

Q
hcal

(9)

Where Q  is the measured manikin heat loss during the actual conditions, Qca l  is the dry heat loss for the
homogenous, standard environment, hcal  is the dry heat transfer coefficient, determined during
calibration in a standard environment, ts  is the manikin surface temperature (normally 34°C) and teq  is
the temperature of the uniform, homogenous environment. Calibration is carried out with the manikin
dressed in standard clothing. Clothing affects the value of hcal  and, therefore, has to be defined properly
and used throughout the series of measurements. The less insulation clothing provides, the more
sensitive will the manikin segments be to thermal influences. It is important to specify the clothing used,
whenever data are compared from different investigations and manikins.
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ABSTRACT

This paper compares the equivalent temperature determined by three thermal manikins, four heat-
integrating sensors, and by measurements of basic climatic parameters under different environmental
conditions. The experiments were conducted in a climate chamber under different combinations of air
temperature, mean radiant temperature and mean air velocity. The difference in the equivalent
temperature for the whole body determined under identical conditions by the various methods tested was
up to 2°C and up to 0.5°C, using the three thermal manikins. The differences decreased when the
number of body segments decreased. The repeatability of the equivalent temperature determined by the
heat-integrating sensors and the basic climatic parameter measurements was better than 1% and by
nude thermal manikins better than 10%. The equivalent temperature determined by a clothed manikin was
higher than that determined by a nude manikin. An increase in the clothing insulation from 0.6 clo to 1 clo
had no significant impact on the equivalent temperature. The regulation mode, comfort equation mode,
constant skin temperature mode and constant heat flux mode, had a slight impact on the determination
of the equivalent temperature. The greatest deviations (up to 1°C) were observed for the constant heat flux
mode. The heat transfer coefficients, both for the whole body and for the body parts of the thermal
manikins, decreased slightly when the air temperature of calibration increased.

INTRODUCTION

The thermal environment in vehicle cabins is non-uniform. The driver and passengers are exposed to
local heating and/or cooling due to vertical temperature difference, radiant asymmetry and local airflow.
The interaction of the thermal environment in the cabin, created by a HVAC-system and outdoor
conditions, with occupants is rather complex. This makes its assessment rather difficult.

The equivalent temperature is a recognised measure, which might be a particularly useful tool to assess
and classify the thermal environment in vehicles. The equivalent temperature is defined as the
temperature of an imaginary enclosure with the same mean radiant temperature and air temperature and
zero air velocity in which a person exchanges the same heat loss by convection and radiation as in the
actual conditions (SAE, J2234, 1993). The equivalent temperature takes into account the total dry heat
loss from a person, i.e., it measures the integrated influence of air temperature, mean radiant
temperature and air velocity (Madsen et al., 1984, 1986). By definition, the equivalent temperature refers
to the whole body heat balance. However, when the thermal environment is inhomogeneous, the whole
body equivalent temperature is not enough to perform accurate assessment. Under these conditions
segmental, directional and omnidirectional equivalent temperature can be used in addition to the whole
body equivalent temperature. These “localised” equivalent temperatures are defined and discussed in
the previous paper of this seminar (H. Nilsson, 1999).

There are various methods for evaluating the equivalent temperature, based on different principles. The
shape and size of the sensors used during the measurements are also quite different. Most often in
practice the equivalent temperature is determined by some of the following methods: thermal manikins,
heat- integrating sensors, and by measurements of basic climatic parameters (air velocity, air
temperature and radiant temperature). The methods are described and discussed in detail by Nilson
(1999).
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This paper presents results from a comparison of equivalent temperature determined by different
methods under well-defined laboratory conditions. The specific objectives of this study were to compare
the methods under uniform and non-uniform environmental conditions as they may occur in practice. An
important aim of the comparison was to assess the repeatability of the measurements and to identify the
dependency of the heat transfer coefficients of thermal manikins on the air temperature.

EXPERIMENTAL METHOD
Experimental conditions

Twelve climatic conditions were established in a climate chamber to simulate different thermal
environments in vehicles. These are described in Table 1 and shown in Figure1. Condition 1 was a
reference condition of a uniform environment with air temperature equal to the mean radiant temperature
and very low air velocity (less than 0.06 m/s). In conditions 2, 3, 7, 9 and 10 an airflow with different
velocity from front and side and with different temperature was added. A radiant asymmetry was added
in conditions 4, 5, 11 and 12 and the air temperature was thus different from the mean radiant
temperature. A radiant asymmetry caused by solar radiation was simulated in conditions 4 and 5 and a
local heating and cooling was introduced in conditions 11 and 12. Conditions 6 and 8 comprised air
temperature equal to the mean radiant temperature (24°C), combined with a localised air movement.
More details on the experimental conditions will be given in the following section on the experimental
facilities.

Table 1. The 12 climatic conditions and the thermal parameters

Condition no. Air temp.

(°C)

Mean radiant temp.

(°C)

Mean air velocity
(m/s)

1 24 24 0

2 24 24 0.3

3 24 24 0.6

4 24 29 0.3

5 24 34 0.3

6 24 24 local,upper body

7 24 24 local,   from left

8 24 24 local, jet on chest

9 19 19 0.3

10 29 29 0.3

11 24 19.6 0.3

12 24 29.2 0.3
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C ON D IT IO N N o. 1

C ON D IT IO N N o. 2,3 ,9 ,1 0

C ON D IT IO N N o. 4 & 5

C ON D IT IO N N o. 6

C ON D IT IO N N o. 7

C ON D IT IO N N o. 8

C ON D IT IO N N o. 11 & 12

Figure 1. Experimental conditions

The instruments tested

Thermal manikins

The tests were performed with three seated thermal manikins, AIMAN, HEATMAN and NILLE. The
manikins were full-size. Two of them, AIMAN and HEATMAN, had a male-shaped body, while the third
manikin, NILLE, had the shape of a female body. The body size of the manikins is different and each is
divided into a different number of individually heated and controlled body segments: 33 for AIMAN, 35 for
HEATMAN and 16 for NILLE.  All three thermal manikins can be regulated under four different modes,
namely comfort equation mode (CE mode), constant surface temperature for the whole body mode (CST
mode), constant surface temperature but different for the different body parts mode (CSTBP mode) and
constant heat flux mode (CH mode). In this study, the surface temperature of AIMAN and HEATMAN
was kept constant, 34°C, over all body segments. During most of the tests NILLE was regulated under
comfort equation mode, i.e. the surface temperature of the body segments followed the equation:

                                        tsk =36.4 - 0.054 * Qdry       (°C)                                       (1)

This equation is based on Fanger's comfort equation (Fanger, 1972). It expresses the relationship
between dry heat loss Qdry and skin temperature tsk  for an average person in thermal comfort. The
design and control of the thermal manikins is described in detail in the previous paper of this seminar (H.
Nilson, 1999).

Several experiments were performed with NILLE with different regulations under identical conditions in
order to study the impact of the regulation mode on the determination of the equivalent temperature.
First, the surface temperature of NILLE was kept at 34°C when it was controlled under CST mode.
Second, the CSTBR mode was used while the body was divided into six sections with different surface
temperatures: head - 35.5°C, rear trunk - 33.6°C, front trunk - 34.4°C, left and right arm - 32.6°C, left and
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right leg - 32.4°C, left and right foot - 30.2°C, and left and right hand - 33.1°C. Third, the heat flux of the
2 when regulated under CH mode.

Heat- integrating sensors

Four heat integrating sensors with different design, size, shape and control were tested, namely, comfort
meter, skin element, local discomfort meter and specially developed local heat-integrating sensors. The
heat-integrating sensors are described by H. Nilson (1999).

Measurements of basic climatic parameters

The basic climatic parameters comprised air temperature, mean radiant temperature and mean air
velocity. Five sensors, one air temperature sensor, one air velocity sensor and three radiant temperature
asymmetry sensors were used during the measurements. The air temperature sensor, based on a
platinum resistance temperature sensing element, has a measuring range of 5 to 40°C and an accuracy
of ±0.2°C. The air velocity, in the range 0.05-1.0 m/s, was measured by a low velocity thermal
anemometer with an omnidirectional sensor. The accuracy of the measurement was ±0.05 m/s. The
mean radiant temperature can be calculated by measuring the plane radiant temperature in three
perpendicular directions (two horizontal and one vertical). The accuracy of measuring the plane radiant
temperature was ±0.5 K.

Experimental facilities

The experiments were carried out in a climate chamber at the International Centre for Indoor
Environment and Energy at the Technical University of Denmark. The dimensions of the climate
chamber are 4.7 × 6 × 2.4m(W×L×H). Under steady-state conditions, the mean radiant temperature
within the chamber is equal to the air temperature. The air temperature in the climate chamber was
adjusted by a control system. The sensor of air temperature PT100 was placed on the floor of the
chamber, which was free of the thermal radiation generated during some of the tests. It is possible to
control the air temperature in the chamber between 5°C and 50°C with an accuracy of 
temperature distribution all over the chamber is less than 0.2°C. The airflow in the chamber was from the
floor to the ceiling. Careful measurements showed that the field of the mean air velocity in the chamber was
uniform. The mean velocity was below 0.06 m/s.

Figure 1 shows the experimental facilities arranged in the climate chamber and used during the tests. A
wind box was used to create airflow in the test zone, the box being 1.5 m high, 1.2 m wide, with two fans.
By changing the rotation speed of the fans it is possible to generate a horizontal airflow with a mean air
velocity of from 0 to 0.8 m/s. The tested instruments were located at a distance of 1.2 m from the box in
its centre plan. Filters were placed in the box in order to achieve an airflow that was as uniform as
possible at the location of the manikin. The tested instruments were always positioned at the same
location in the flow.

Two types of local air movement were generated and their impact on the equivalent temperature was
studied. The first type of local airflow was generated to cover only the upper part of the manikin’s body
with an average air velocity at the measuring plan of 0.6 m/s. For this purpose, the wind box with a
covered lower section was used (Fig. 1, condition 6). A small table was placed in front of the manikin in
order to provide a fixed boundary of the generated flow. The second local airflow was generated as a
round jet, simulating a simplified outlet of a car air-conditioning device (Fig. 1, condition 8). The centre of the
jet during these experiments was located 1.05 m above the floor. The outlet of the jet was located 0.6 m
from the manikin and was directed toward the chest of the manikins. The centreline velocity of the jet at the
location of the manikin was 1.1 m/s, decreasing to 0.15 m/s at a radius of 0.2 m. The turbulence intensity in
the jet increased from 20% at the centre to approx. 50% at the boundary. During the experiments, air
velocities were measured and controlled at six points located at a distance of 0.2 m from the wind box or
at the outlet of the air jet.

Solar radiation, from front and approximately 45° to the horizon, and radiant temperature asymmetry
from the left side at the tested location was generated. The solar radiation was simulated by a set of 6
lamps, each with full power of 80 W (Figure 1, cond.4 & 5). The lamps were positioned in two lines (3 lamps
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on each line) and were adjusted to produce a radiant temperature field that was as uniform as possible at
the location of the tested instruments, directed toward the chest of a seated manikin. The intensity of the
temperature radiation was measured at the location of the manikins by a solarimeter, which was calibrated
before the measurements. The intensity of the radiation field was controlled. Thus two experimental
conditions with different average mean radiant temperatures, respectively 29°C and 34°C, at the location of
the measuring sensors were established. During these two tests the intensity in a horizontal direction
decreased from 300 W/m2 and 115 W/m2 at the centre to respectively 100 W/m2 and 50 W/m2 at a radius of
0.45 m. In a vertical direction the intensity increased from 25 and 10 W/m2 near the floor to its maximum at
1.1 m above the floor, respectively, 300 and 115 W/m2, and then decreased respectively to 100 and 60
W/m2 at a height of 1.4 m above the floor.

A radiator with a surface area of 1x1.6 m2, supplied with water of different temperatures to generate a
positive or negative horizontal radiant temperature field, was placed on the left side at the measuring
location. The temperature of the water through the radiator was controlled to generate two experimental
conditions, namely: ta=24°C and tr=19.6°C and ta=24°C and tr=29.2°C (conditions 11 and 12, Fig. 1). The
surface temperature of the radiant panel was respectively 3°C and 53°C. The mean radiant temperature
was measured at a height of 1.0 m at the place where the measuring sensors were positioned (1.2m
from the box and 0.6m from the radiant panel). During the experiments the manikins were positioned in
such way that the top of the head and the upper end of the radiator were on the same horizontal level.

Experimental procedure

The three thermal manikins, AIMAN, HEATMAN, NILLE and the manikin EVA with attached local heat-
integrating sensors, have different heights in a sitting position. Therefore the height of the chair was
changed to keep the top of the head and the upper end of the radiant panel on the same horizontal level.
The manikins were seated on a special chair, designed to have the least possible contact with the
manikins and thus to contribute as little as possible to the clothing insulation.

The measurements by the comfort meters, the artificial skin element, the local discomfort meter and the
measurements of the basic climatic parameters were performed at six locations near the manikin body.
The six locations were: head, chest, right and left arm, right and left leg. All the sensors were placed as
near as possible to the manikin’s body. During these tests the manikin was switched off. Additional
measurements with the manikin switched on were performed only for the basic climatic parameters.

Six comfort meters, attached to a special device, named “a flat man”, were used during the tests to
perform simultaneous measurements at the location of the head, the centre of the chest, the left and
right arms, and the left and right legs of a seated thermal manikin. During the measurements the comfort
meters were aligned in order to simulate a seated person. The measurements by one artificial skin
element and one local discomfort meter were performed at the sites of measurement by the comfort
meter. Eighteen local heat- integrating sensors were attached to the body of a specially made dummy, a
female manikin named EVA. The body of the manikin was not heated. The manikin is designed for use in
a car cabin and therefore simulates a seated person. However, the design of the dummy allows flexibility
in the positioning of the torso, the arms and the legs according to the car seat size and interior design of
the cabin. The sensors were positioned at the same sites as the heat-integrating sensors.

The measurements by the tested instruments were performed one by one. The tested instrument,
manikin or heat-integrating sensor, was first placed at the measuring location and then the
environmental conditions were arranged. The data collection started after steady-state conditions for the
climate chamber and the tested instrument were reached. When the data collection for the 12
experimental conditions was completed, the tested instrument was replaced by another instrument to be
tested and the procedure was repeated. This procedure was repeated with all tested instruments. The
tests under the 12 experimental conditions were then repeated for a second time, followed by a third set
of measurements. Thus, with few exceptions, the experiments with each of the tested instruments were
repeated three times at intervals of more than one month.
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Calibration of instruments

The tested instruments were calibrated before the experiments. The calibration of thermal manikins was
performed in a standard uniform environment, defined as the environment with identical mean radiant
temperature and air temperature and zero air velocity. The aim was to define the heat transfer coefficient
for each body segment of the manikins. The heat transfer coefficients were used to calculate the equivalent
temperature. The three thermal manikins were calibrated at the same location in the chamber at the
beginning and at the end of the experiments. HEATMAN and NILLE were calibrated at six air
temperatures, i.e. 19, 22, 24, 26, 28 and 30 °C, and AIMAN was calibrated at three air temperatures, i.e.

The calibration was performed with nude manikins, as this was the condition under
which the strongest effect of the air temperature on the heat transfer coefficient could be observed.

The comfort meter, the local discomfort meter, the artificial skin element and the local heat-integrating
sensors attached to EVA were calibrated by the manufacturers of the instruments.

Determination of equivalent temperature

The measurements with thermal manikins provide information of heat loss, Qi, and skin temperature, tski ,
for each body segment. The local equivalent temperature is then determined by the equation:

                                               teqi= tski- Qi/hcali                                                          (2)

The hcali is the heat transfer coefficient for each body segment. It is determined during the calibration of
the thermal manikin in a standard uniform environment.

The measurements by the heat-integrating sensors provided concerning the heat loss from the sensor
and its surface temperature. As a result of the calibration, a linear relationship was established between
the equivalent temperature and these two parameters. The relationship was used to determine the
equivalent temperature during the experiments under the tested environmental conditions.

The measurements of the plane radiant temperature were used to calculate the mean radiant
temperature (ISO 7726, 1985), which together with the air temperature and air velocity was used to
calculate the equivalent temperature. The method of calculation of the equivalent temperature by the
tested instruments is described in the previous paper of this seminar (H. Nilson, 1999).

Method of comparison of the thermal manikins

The three thermal manikins used during the tests are divided into different numbers of body segments:
HEATMAN has 35, AIMAN has 33 and NILLE has 16 body segments. In order to compare the equivalent
temperature determined by the three manikins, the measurements by the body segments of HEATMAN
and AIMAN were reduced to represent the measurements by 16 body parts corresponding to the 16
body parts (segments) of NILLE. The measurements by the body segments of the three thermal
manikins were then reduced to represent measurements as if the manikins had only 6 body parts
namely, head, chest, left arm, right arm, left leg and right leg, as these body parts were represented by
the measurements with the comfort meter, the artificial skin element, the local discomfort meter and the
basic parameter measurements. The measurements by the 18 local heat-integrating sensors attached to
the surface of EVA were reduced first to represent 16 body parts (corresponding to the 16 body parts of
NILLE) and then reduced to represent 6 body parts as defined above. The following procedure was
used: (1). The manikin was calibrated, the surface temperature, tski, and the heat loss, Qi, from each body
segment was measured; 2) the tski and Qi were used to calculate the heat transfer coefficient for each body
segment, hcali; 3) during experiments with the manikin tski and Qi were measured; 4) the measured tski, Qi and
hcali were used to calculate teqi for each body segment; 5) the calculated teqi for each body segment was
weighted (weighting factor is defined as the ratio of the surface area of the body segment to the surface
area of the reduced body part) and the teq for the reduced body part was calculated.



47

RESULTS AND DISCUSSION

The results presented and discussed in the following were collected after steady-state conditions for the
measurements by the tested methods were reached. Due to the different time constant of the tested
instruments, time taken to reach steady-state conditions was different, from 15 min. to 120 min. The
results included in the following are average values from three repeated measurements (see section
“Experimental Procedure”). The repeated measurements were used to identify the repeatability of the
determination of the equivalent temperature by each of the tested methods.

Heat transfer coefficients for the thermal manikins

Figure 2 compares the whole-body heat transfer coefficients for the three nude thermal manikins as a
function of the air temperature of calibration. During the experiments the manikins were nude. Average
results from two or more calibrations are shown in the figure. During the experiments, AIMAN and
HEATMAN were regulated to maintain a constant skin temperature, 34°C for the whole body, while
NILLE was regulated under the comfort mode (the regulation mode was described in the section “The
instruments tested”).  The heat transfer coefficients for the whole body of the manikins as well as for the
different body segments were found to decrease slightly when the air temperature increased from 19°C
to 30°C. The decrease was different for the three manikins, but with a maximum of 1.2 W/m2⋅K (approx.
13%). The same tendency was observed for the heat transfer coefficients for the body segments of the
three manikins.  The relationships between the heat transfer coefficients and the air temperature were
identified and used to calculate the equivalent temperature. A detailed investigation of the impact of the
regulation mode and the clothing insulation on the heat transfer coefficients performed by NILLE showed
that the impact of the regulation mode on the heat transfer coefficients, both for the whole body and for
the body segments, was small, i.e. less than 0.2 W/m2⋅K (< 3%) in the case of a nude manikin and less
than 0.5 W/m2⋅K (< 5.5%) in the case of clothed manikin. Thus the clothing insulation diminished the
impact of the air temperature on the heat transfer coefficients.

The temperature difference between the surface of a thermal manikin and the air creates a free
convective upward air movement around the manikin. Several factors influence the strength of the free
convective air movement around the thermal manikin. It will therefore have a different impact on the heat
transfer coefficients from the body. One factor was the different control regulation of the skin tempera-
ture. The skin temperature of HEATMAN and AIMAN was kept constant for the whole body at 34°C,
while the skin temperature of NILLE was typically lower and changed with the ambient temperature. The
result was a difference of about 0.2 W/m2.°C in the heat transfer coefficients. The second factor was that
the posture of the manikin influenced the free convective air movement around the body. The three
thermal manikins had different body sizes and structures. The difference in the posture of the body parts
may have an impact on the free convective air movement and heat transfer coefficients. The third factor
was that the body shape and smoothness influenced the free convective air movement around the
manikins. These factors can explain the different impact of the calibration temperature on the heat
transfer coefficients for the three thermal manikins.

As already described, the calibration of the three thermal manikins was performed at least twice (four
times with NILLE), before and after the tests. This made it possible to assess the repeatability of
determination of the heat transfer coefficients for the whole body and for the body parts. The analyses of
the results showed that with few exceptions the repeatability of the heat transfer coefficients was within
0.5 W/m2⋅K (approx. 6%). It was almost impossible to avoid changes in the posture of the manikins
during the two calibrations and this could be the main reason for the differences found. The regulation of
the temperature in the climate chamber was with an accuracy of ±0.2°C and this may have contributed to
the uncertainty of the heat transfer coefficients as well.
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Figure 2. Comparison of the
heat transfer coefficient for the
whole body of the three thermal
manikins, HEATMAN, AIMAN and
NILLE. Average values from two
calibrations are used.

Equivalent temperature

The equivalent temperature for the whole body determined by the tested methods is compared in
Figures 3 and 4 for the experimental conditions defined in Table 1. The equivalent temperatures for the
whole body determined by the three thermal manikins were rather close. For most of the experimental
conditions, the equivalent temperature determined by the thermal manikins differed less than 0.5°C. The
difference in the equivalent temperature for the whole body determined by all the tested methods was for
most of the measurements less than 2°C, but under some experimental conditions it was up to 4°C. The
results show that the differences in the equivalent temperature for the whole body determined by the
heat-integrating sensors were large, and depended very much on the experimental conditions. The more
non-uniform the thermal environment, the greater the differences in the equivalent temperature for the
whole body. The differences in the equivalent temperature for the whole body determined by the tested
methods can be caused mainly by the surface shape, the surface size and the surface temperature of
the sensors. The surface shape and temperature of the sensors influence the heat exchange of the
sensor with the environment. In fact, the heat exchange of the human body with the environment is
three-dimensional. Therefore the different surface shapes and temperatures of manikins and heat-
integrating sensors will result in different evaluations. The shape of manikins is three dimensional, but
the shape of heat-integrating sensors (except the comfort meter) is flat. The flat sensors measure the
equivalent temperature in one direction. The different body parts of the manikins and the heat-integrating
sensors have different surface sizes, and they all measure the mean values over the entire surface. In a
uniform thermal environment, this will result in similar values of equivalent temperature, but in a non-
uniform thermal environment, the different surface sizes of sensors will cause large differences in the
equivalent temperature. The surface shape, the surface temperature and the surface size of the sensors
were thus the main reason for the differences in the equivalent temperature for the whole body
determined by the tested methods being identical. However, the results in the figures also show that the
equivalent temperature for the whole body determined by the tested methods differed up to 4°C,
depending on the non-uniformity of the environment. In a uniform environment the differences were
smallest, but still up to 1.5°C.

The equivalent temperature for the 16 body parts of the three thermal manikins and the manikin EVA
with attached local heat-integrating sensors determined in a uniform environment (condition 1, Table 1)
is compared in Figure 5. The equivalent temperature determined for the body parts of each thermal
manikin differed up to 2°C. Differences of up to 1.5°C were identified between the identical body parts of
the three thermal manikins. This result was unforeseen and could be explained partly by the impact of
the nude body parts of the manikins on each other. As expected, the equivalent temperature determined
for the 16 body parts of the manikin EVA was almost the same; the differences were less than 0.2°C
(0.9%).
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Figure 6 compares results from measurements performed in a non-uniform environment (condition 12,
Table 1). The differences observed in the equivalent temperature determined for identical body parts of
the three thermal manikins were up to 2°C, which is rather similar to the differences identified in a
uniform environment. Differences between the various body parts of the manikins were identified as well.
They were partly related to the non-uniformity of the environment. In a non-uniform environment, the
differences in the equivalent temperature determined by EVA for the 16 body parts were much greater
than those identified by the three thermal manikins. This was mostly due to the directional sensitivity of
the local heat-integrating sensors attached to the body of EVA. This will be discussed later in this paper.

The reduction of the body parts of the thermal manikins from 16 to 6 decreased the differences in the
equivalent temperature determined for the body parts of each manikin to between 0.5 and 1°C,
depending on the manikin. The equivalent temperature determined for identical body parts of the three
manikins differed less and was up to 1°C. However, even in a uniform environment, the differences in
the equivalent temperature determined by the tested methods for the 6 body parts was up to 2.5°C, i.e.
as much as for the whole body (Figure 3). In fact a large part of the differences, almost 1°C, were due to
a rather high equivalent temperature identified by the basic parameter measurements when the manikin
was switched on. In this case, the measuring sensors were located near the manikin and were therefore
influenced by the flow around the manikin’s body. The results also show that the differences between the
equivalent temperature for the 6 body parts determined by each of the thermal manikins were greater
than the differences determined by any of the other methods tested.  The non-uniformity of the
environment increased significantly the differences in the equivalent temperature determined for 6 body
parts by the various methods. In the direction of the non-uniformity the differences in the equivalent
temperature reached up to 9°C and were mainly due to the different directional sensitivity of the tested
methods.

The impact of the clothing insulation and the hair on the determination of the equivalent temperature was
investigated under three conditions: nude manikin with and without hair, clothed manikin (0.6 clo) with
and without hair and clothed manikin (1 clo) with and without hair. These experiments were conducted
for the experimental condition no.2 (Table 1). The thermal manikin NILLE regulated under comfort
regulation mode was used. The results of the experiments show that, in general, the equivalent
temperature determined for the body parts of a nude manikin were lower than the equivalent
temperature determined for the body parts of a clothed manikin. The greatest differences were observed
for the legs. The clothing insulation, 0.6 or 1.0 clo, did not have a significant impact on the determined
equivalent temperature. The hair caused an increase of only 0.2°C in the equivalent temperature for the
whole body. Only for a nude manikin was the equivalent temperature determined with hair much higher
than that determined without hear.
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The equivalent temperature was determined under identical experimental conditions (condition no.2,
Table 1) with a nude thermal manikin, NILLE, under the four different regulation modes described in the
Section “The instruments tested”. Comparison of the results showed that for most of the body parts the
differences in the equivalent temperature determined under the four regulation modes was less than
1.2°C. The highest equivalent temperature was determined when the manikin was regulated under
constant heat flux mode (86 W/m2⋅K). The differences in the equivalent temperatures determined under
the comfort and constant skin temperature mode of regulation were small. The differences in the
equivalent temperature for the body segments determined by the four regulation modes might be mainly
due to the influence of the body segments on each other, due to their different skin temperature.  The
influence of the body parts on each other was avoided only under the constant skin temperature mode. The
results showed that the impact of the regulation principle on the equivalent temperature was diminished
when the thermal manikin was clothed. Both comfort equation mode and constant skin temperature mode
are recommended for use with a thermal manikin when determining the equivalent temperature.

All data from the experiments were collected after steady state thermal conditions were reached, both for
the environment and for the manikins. Then the impact of measuring time on determination of the
equivalent temperature by the thermal manikins was studied. The comparison showed that under
steady-state conditions the differences in the equivalent temperature determined for the last 30 minutes
and for the last 10 minutes were less than 0.1°C. Only few exceptions of difference up to 0.5°C were
observed. It can be concluded that in steady state conditions, the impact of measuring time on
determination of the equivalent temperature was insignificant.

With few exceptions, the experiments with each of the tested methods were repeated three times under
each of the environmental conditions described in the previous section. This made possible to identify
the repeatability of the determination of the equivalent temperature. The repeatability of each of the
tested methods was defined as the maximum difference in the equivalent temperature determined from
three measurements performed under identical environmental conditions. The repeatability for each of
the tested methods was different under the 12 environmental conditions. The results listed in Tables 2
and 3 are average values of the repeatability identified for the 12 environmental conditions in Table 1. In
Table 2 the repeatability of the determination of the equivalent temperature for the whole body and the
16 body parts of the three thermal manikins, HEATMAN, AIMAN and NILLE, and the dummy EVA is
listed. The repeatability as identified by the tested methods for 6 body parts and the whole body is listed
in Table 3. The results indicate that the repeatability in the equivalent temperature determined by the
heat integrating sensors and by measurements of the basic environmental parameters was better than
the repeatability of the equivalent temperature determined by the thermal manikins. The results also
indicate that repeatability in determination of the equivalent temperature improved when the number of
body parts of the manikins decreased from 16 to 6. A more conservative assessment will define the
repeatability in determination of the equivalent temperature by the thermal manikins to be 1°C for the
body parts and 0.7°C for the whole. The repeatability for the rest of the tested methods was 0.5°C and
better.

The differences in the equivalent temperature determined from three tests under identical conditions by
each method was caused by several factors. The repeatability of the experimental conditions was one
factor. When nude, the manikins were very sensitive to the environment (air temperature, radiant
temperature, air velocity). As already mentioned, the location of the manikins in the chamber was not very
precise and this may be a reason for the differences. In fact the results of the analyses showed that the
repeatability of the determination of the equivalent temperature by the thermal manikins increased when
the number of body parts decreased. Therefore it is important to define the optimum compromise
between the number of body parts of the thermal manikins and the accuracy of the measurements.

CONCLUSIONS

Heat transfer coefficients for thermal manikins decreased when the calibration temperature increased. It
is recommended that thermal manikins dressed with fitted clothing be used in order to decrease the
impact of the calibration temperature on the heat transfer coefficients.
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The error introduced in the determination of the equivalent temperature due to the repeatability of the
calibration was less than 1.2°C. It is recommended that the posture of the manikins be the same as the
calibration posture during the tests.

The repeatability of determination of the equivalent temperature according the heat-integrating sensors
and the basic climatic measurements was better than that according to the thermal manikin
measurements. With few exceptions, the absolute equivalent temperature difference for most of the
conditions with thermal manikins was less than 1°C, and less than 0.5°C with the heat-integrating
sensors and basic parameters measurements.

The equivalent temperature for the whole body determined by the three thermal manikins was rather
close, the difference being less than 0.5 °C. However, the equivalent temperature for the whole body
determined by the heat-integrating sensors and by the thermal manikins differed up to 2 °C.

Under steady-state conditions, a measuring period of 10 minutes is sufficient for accurate determination
of the equivalent temperature.

It is recommended that a clothed manikin be used for the determination of equivalent temperature in
vehicles in order to decrease the interaction between the heated manikin and the environment and
between the different body parts.

Determination of the equivalent temperature depends strongly on the directional sensitivity of the
measuring device, especially in a non-uniform environment. Therefore, an appropriate arrangement of
the sensors is required.

The equivalent temperature determined with a manikin for four different regulation modes under identical
experimental conditions differed less than 1.2oC. The greatest deviations were observed for the constant
heat flux mode. Both comfort equation mode and constant skin temperature mode are recommended for
use with a thermal manikin when determining the equivalent temperature.

The equivalent temperature determined by a clothed manikin was higher than that determined by a nude
manikin. However, the difference in the equivalent temperature determined by a manikin with 0.6 clo.
And one with 1.0 clo. was insignificant in comparison with the impact of other factors. It is recommended
that a thermal manikin dressed with standard fitted clothing be used.
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Abstract

The purpose of this part of the EQUIV-project was to study and compare the different methods to
determine teq in a cab in a climatic chamber. Experiments were carried out in winter as well as summer
conditions with and without radiant load from a sun simulator. The methods used were three different
thermal manikins, ellipsoid sensors, two types of small flat sensors and flat sensors on an unheated
manikin.

The results show significant differences between teq determined with the different instruments. However,
the differences can be explained with principal and physical differences between the instruments used.
Such differences are size, posture, geometry, number of sensors/zones, location of sensors/zones,
surface temperature, insulation of surface (clothed/nude) and regulation mode.

One conclusion of the project is that all of the tested methods integrate all the important thermal factors
and that they therefore are useful for comparative climatic measurements, e.g. the effects of glazing or
draft. Another conclusion is that if results from measurements are to be compared, e.g. comparison of
climate in two cabs, they must be carried out with the same type of method and the same methodology.
Hence, standardisation is needed. Further work is needed regarding prediction of human thermal
sensation, although there are already indications that this is possible.

Introduction
Figure 1  The experimental
cab in the climatic chamber
with the sun simulating lamps.
The cab has its own
temperature controlled HVAC.
Most of the adjustment can be
made without opening the
door. The cab is designed so
that it is easy to change
material in walls to glass, type
of glazing, position and design
of air-inlets etc.

Experiments were carried out in an experimental cab in a climatic chamber during summer as well as
winter conditions. Simulated sun load was used in summer conditions.

The purpose of part of the project was to compare the equivalent temperature (teq) determined with the
different methods in more realistic and complex thermal situations than in a climatic chamber designed
for human subjects, but still in a controlled environment.
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The methods used to determine teq were three different thermal manikins, ellipsoid sensors (six simultan-
eously), two types of small flat sensors and flat sensors on an unheated manikin. The methods are
described in “Definition and theoretical background of teq”, which is also included in the proceedings of
the seminar.

Results

The results show significant differences between equivalent temperatures determined with the different
instruments. However, the differences can be explained with principal and physical differences between
the instruments used.

Although the methods could not determine equal teq in the same thermal situation, they are still useful to
measure the thermal environment. They all integrate the important thermal factors, e.g. they could all
measure thermal effects of radiant load or detect draft. However, to be able to compare results they must
be measured with the same type of instrument.

In the following sections the factors that influence the determination of teq will be presented as well as
why and how they have an impact on the results.

What differences can be seen in the results and which factors are causing them?

Size and posture

The size and posture of a manikin, or the location of a sensor, will have an impact of the measured teq.
The thermal conditions in vehicle cabs are often inhomogeneous. The ambient air temperature, as well
as the radiant temperature can vary several °C between locations only a few centimetres apart. In
addition, strong air jets from the nozzles creates an inhomogeneous air velocity field. Therefore
differences in location for corresponding zones or sensors may give significant differences. In worst
case, a change of position with only few cm:s may cause the zone, or sensor, to be affected by an air jet
from a nozzle with up to 2 m/s air velocity and a temperature that is 10-15°C lower in summer, or 25-
35°C higher in winter than the cab temperature. The effects of size and posture can be seen in the
results from most of the experiments, but it is more obvious in conditions with high fan speed.

In a small compartment like a vehicle cab there will also be another effect of size. The volume of a
human sized body will have an impact on the cab climate itself. The air streams will be forced in other
directions with a person in the seat compared to an empty seat. Hence, a manikin and a small sensor
will in fact measure in different thermal conditions in identical cabs under identical conditions, and the
results will of course be different. The manikins, like a real human being, will also add heat to the cab,
which creates convection around the body. However, it is reasonable to believe that the added heat will
have a minor impact on the result compared to the effect of the volume of the body. The effect of the size
of the body can also be seen in the results. With exactly the same settings in the cab and the climatic
chamber it has not been possible to recreate the same temperature and air velocity fields around the
driver’s position with manikins as with smaller sensors.

Geometry/direction of sensors/zones

The instruments tested have different construction of the heat-exchanging surface concerning geometry.
The direction of the sensor surface has an impact on the heat loss. A flat sensor is more sensitive for
radiant temperatures in a direction perpendicular to the surface. The direction will also have an impact
on convective heat loss. The heat loss from a person to the ambient air in most situations in a cab will be
by forced convection. In such a situation the direction of the sensor will of course have an impact. If an
air jet hits the sensor on the rear side it will not have the same impact on the heat loss as if it would hit
the surface from the side or the front.

The geometry of a sensor also has an impact on the convective heat transfer coefficient. Different
geometry, or orientation of a certain geometry, will change the ratio between radiant and convective heat
transfer coefficient, hence have an impact on the sensitivity for draft versus radiant heat exchange.
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Manikins with a number of separate zones will detect thermal asymmetries from all directions and will, at
least to some extent, be able to detect the direction of the asymmetry. Spheroid sensors consisting of
only one zone, so called omnidirectional sensors (e.g. Comfort Meters) will detect asymmetries from all
directions, but can not sense the direction. Flat sensors can only detect thermal asymmetries in the half-
sphere exposed to the surface, but will be very useful to detect the direction, in which the asymmetry is
located, because it is more sensitive perpendicular to the surface.

Examples of this can be seen in the results where the artificial skin and the local discomfort meter are
better to detect the hot front wall than the other instruments because they measure only in that direction.
Another example is that the comfort meters measure a mean value for all directions that are not affected
by the simulated sun to the same extent as the other instruments because they measure a mean value
of all directions.

Number of sensors/zones

The number of zones of a manikin has an impact on the results in two ways. The first also applies to
other types of sensors than manikins. The resolution of an instrument will of course be better the more
zones or sensors it has. However, It is not practical to present results from too many zones. However, if
there are too few zones the resolution may not be adequate.

What is the best number of zones will be decided by the situation. When assessing the thermal comfort
of a cab, the number of zones must be sufficient. Figure 2 shows teq-values measured in a sunny
summer condition with the same manikins but calculated for 16 and 6 zones respectively. As can be
seen it is not possible to detect the full impact of the radiant heat load with 6 zones.

Summer   +27°C, 750 W/m² sun    AIMAN nude and dressed
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Figure 2 The graphs at the left show results from the same measurement with AIMAN, but calculated for 16 and 6 zones
respectively. As can be seen, the result looses all resolution when it is calculated for too few zones. It is difficult to see
any impact of the sun load with 6 zones, while it is easy to see which zones are affected by the sun load with 16 zones.

The other, and maybe more important, way that the number of zones will have an impact on the results
on manikins is more related to the way the zones are divided from each other. A low number of zones
imply that each zone must be larger than if there are many zones. With large zones there is an apparent
risk that there will be great differences in thermal conditions over the surface within the zone due to draft,
local sun load or different insulation etc. This will lead to errors in the calculation of teq. Below it is
explained why.
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Impact of division or size of zones

It is important that the zones of a manikin are divided in such a way that the thermal conditions are
similar within each separate zone, otherwise the teq will be overestimated. This can be shown by simple
calculations.

Imagine for example the body part ”thigh”. The rear side is in contact with a seat that adds heavy
insulation (heat transfer coefficient, Hi, assumed to 0.53 W/m2, K), and the front side is exposed to
ambient air (heat transfer coefficient, Hz, assumed to 8 W/m2, K). Now imagine two manikins. The first,
manikin A, with two zones, one on the front side completely exposed to the ambient air (zone 1) and the
other on the rear side completely in contact with the seat (zone 2). The second, manikin B, with only
one zone (zone 3), of which 50% is in contact with the seat and 50% is exposed to the ambient air.

The characteristics of the heat exchanging surfaces are such that the heat loss ideally is uniform within a
zone (because the resistance wire gives the same heating power per length). However, the temperature
will vary over the surface if the thermal condition varies. The average temperature over the surface is
kept at a constant level of 34°C but there are often local divergences.

zone 1 zone 3 (part 3A)

<- insulation, e.g. driver's seat
zone 2 (part 3B)

Manikin A Manikin B

1 zone
Thigh in seat,Thigh in seat,

2 separate zones

T w o  z o n e s   # 1  &  2

1 :  n o t  i n s u l a t e d

2 :  i n s u l a t e d

O n e  z o n e   # 3

5 0 %  i n s u l a t e d

5 0 %  u n i n s u l a t e d

Figure 3 The figure
shows imaginary sections of
thigh zones of two different
thermal manikins. On the first
manikin the thigh consists of
two zones, one completely in
contact with the seat and the
other completely exposed to
ambient air.

The equivalent temperatures “measured” with the different manikins are calculated: 
teq,,M,n = tsk,n - Qn / Htot,n

Table 1 shows the results calculated for the different types of manikins. The measured teq for the whole
thigh will be 28.7°C for manikin A and 32.8°C for manikin B. Manikin B overestimates the teq with 4.1°C!
Because of the evenly distributed heating (= heat-loss), the real temperatures will be higher than the
regulated 34°C on the surface that is exposed to the warmest thermal condition, regardless if it is caused
by insulation, as in this case, radiant heat load or high air temperature. Therefore the part of the zone
with the colder thermal conditions will have a lower surface temperature. This implies that the heat loss
from the zone will be lower than it would be if the surface temperature were the intended (and measured)
34°C. Because the real surface temperatures of the parts are unknown and the mean value of the whole
zone is used in the calculation, the calculated teq will always be overestimated on a zone with different
thermal conditions over the surface!

Manikin A Manikin B
Zone 1 front 2 rear Mv 3A front 3B rear 3

Environment (=condition) used for calculation
teq,r 24 24 24 24 24 24 °C
Hz 8 8 - - - 8 8 8 W/m²,K
Hi - - - 0.53 - - - - - - 0.53 0.53 W/m²,K
Htot 8 0.50 4.25 8 0.50 - - - W/m²,K

Surface temperature calculated for manikin
tsk measured 34 34 34 - - - - - - 34 °C
tsk,r ”real” 34 34 34 25.2 42.8 34 °C

Calculated Heat-loss
Q 80 5 42.5 9.4 9.4 9.4 W/m²

Calculated teq

teq, M 24 33.4 28.7 - - - - - - 32.8 °C

Table 1.  Results from
theoretical calculations of teq
for the thigh of a manikin
with two zones compared to a
manikin with only one zone.
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The error becomes even worse if we want to assess only the thermal comfort of the part exposed to air
in the cab regardless of the seat. With manikin A it is possible to get a value for the part of the thigh
exposed only to the ambient air. With manikin B it is only possible to get a value for the total zone, which
is already too high. The difference between manikin A and B in this case is 8.8°C! The impact of division
of zones can be seen in all of the experiments. It is especially obvious when the manikin’s thighs are
compared in conditions without sun load. Sun load makes the front side warmer, which reduces the
asymmetry between the rear and the front side. The manikin NILLE, on which the thighs consist of only
one zone, always measure higher teq than AIMAN, on which the thigh consists of three zones.

Impact of different regulation principle

There are basically three different principles of regulation of surface temperature and heat loss from the
heated sensors tested in the project, namely;
1 - Constant surface temperature (with resultant heat loss).
2 - Constant heat flux (with resultant surface temperature).
3 - Comfort equation (surface temperature is dependant on the heat flux).

Constant surface temperature is either used with the same temperature on all zones, or with different,
but constant, temperature for different zones, e.g. reduced temperature on limbs.
The main advantage with the constant surface temperature principle is that the response time is short.
Because the surface temperature, and therewith the ”body” temperature is constant, there is no change
in heat stored in the manikin. If the same temperature is chosen on all zones there will be no internal
heat flow between neighbouring zones.
The main disadvantage is that it is more or less unstable because of the regulation. The range in which
the principle works is also limited. If the teq is higher than 34°C it will have no heat loss and therefore
become a passive sensor showing the operative temperature. The surface temperature is normally
similar to that of a human being. In these experiments 34°C has been used on all zones on the AIMAN
and HEATMAN manikins.

Constant heat flux can, like constant surface temperature, be used with the same value on all zones or
chosen individually for the zones. A constant heating power is supplied to the surface and the resultant
surface temperature is measured.
The advantages with this method are the ”unlimited” measuring range, the stability (no regulation) and
that it can measure a transient without disturbance of a regulating system.
The disadvantages are that the surface temperatures can be unrealistic and that it is slow in comparison
with a regulated system. There may also occur internal heat flow if zones have different temperature. A
constant heat flux of 85 W/m2 is used by artificial surface in these experiments, while the surface
temperature varies several °C between different conditions.

The surface temperature of a manikin or sensor controlled with the comfort equation will vary with the
heat loss in the same way as on a human being. Depending on the theoretical insulation of the
instruments, the equation may be different. In the experiments with NILLE two equations were tested:
1:   tsk = 36.4 - 0.0540 * Q  corresponding to a nude surface, and
2:   tsk = 36.4 - 0.2245 * Q  corresponding to a clothed surface (1 Clo).

The advantages of this principal are that the surfaces will have realistic temperatures compared to
human surface and that the range of use is wider than with constant surface temperature. The
experiments showed that the impact of clothed versus nude manikin is much lower, and that the heat
transfer coefficient is constant in the interval 19°C to 29°C. The principle also makes it possible to
simulate clothing.
The main disadvantage is that it is slow compared to constant surface temperature. Another
disadvantage is that, because of the fact that the surface temperatures varies in time as well as between
zones, there will be internal heat flow. The temperature difference between neighbouring zones may be
several °C, e.g. because of seat contact.

A manikin, or a sensor, will have different surface temperatures in the same thermal conditions
depending on the principle used. Below it will be shown that it does in fact have in impact on the results.
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To see if different regulating principles etc. result in deviations of measured teq theoretical calculations
has been made.

To begin with, the heat transfer coefficient for homogenous climate was calculated in a ”theoretical
calibration” in a 24°C homogenous environment. For the comparison in Figure 4 the constant heat flux,
100 W/m2, was chosen so that the surface temperature was 34°C during the calibration, the same as for
constant temperature.

When the ”calibration” is done, the difference between teq for the different methods can be calculated for
different climates, using the same equations as above and teq = tsk - Q / Hcal .

Difference between teq calculated for Ts or Q constant for Nude manikin   (Teq1-Teq2)
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Figure 4  This figure shows the
difference between teq calculated
for a nude manikin with constant
surface temperature of 34°C, and
teq calculated for a nude manikin
with constant heat flux of 100
W/m2. Negative values imply that
teq for constant heat flux is higher.

Figure 4 shows that a manikin with constant surface temperature will measure higher teq compared to a
manikin with constant heat flux when the radiant temperature is high and the air velocity is low. These
are conditions in which the manikin with constant heat flux will have higher surface temperature than the
one with constant temperature. Hence, a surface with higher temperature is more sensitive to forced
convection (draft) and therefore measures lower teq compared to a surface with lower temperature. A
surface with higher temperature is also less sensitive to radiant temperatures higher than the air
temperature (e.g. sun load) and measure lower teq than a surface with lower temperature. The difference
between teq measured with a sensor with constant surface temperature and a sensor with constant heat
flux can be seen in the results. The difference is especially apparent if local discomfort meter (constant
surface temperature) and artificial skin (constant heat flux) are compared in thermal conditions with
radiant heat load and high air velocity.

The fact that different temperature on the heat exchanging surface has an impact on the measured teq

will also be showed in the following section where nude and dressed manikins are compared.

Which method that gives the correct teq can be discussed, but the definition of teq states a human being
with the same metabolism and clothing as in the real climate. Therefore a surface temperature similar to
that of the heat-exchanging surface of a human being, normally the clothing surface, should give the
best value. From that aspect the constant surface temperature mode should give better teq than the
constant heat flux mode, and the comfort equation mode should give the best teq.

Impact of clothed versus nude surfaces

Manikins can be used nude or dressed. There are several advantages and disadvantages with both. A
dressed manikin is closer to reality, but it has lower resolution and is more difficult to move without
changing the clothing insulation and therewith the calibration. A nude manikin is more sensitive, at least
to draft, and is easier to calibrate. However, the temperature of the heat-exchanging surface will be
different from that of an insulated surface, and it will therefore measure different teq. In the same way as
the control mode has an impact on the surface temperature on the sensors and therewith the measured
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teq, also clothing has an impact. With clothing on the sensor (or human) the surface exchanging heat with
the ”room” is not the skin, it is the surface of the clothing. The surface of the clothing has a temperature
that is dependent on the heat flow and the temperature of the sensor. The difference between sensor
surface temperature and clothing surface temperature will increase with the heat flow. Below the results
of theoretical calculations, made in the same way as above, comparing teq determined with a dressed
and a nude surface are presented.

Difference between teq calculated for Nude and Dressed manikin   (teq1-teq2)
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Figure 5  This figure shows the
difference between teq calculated for
a nude manikin and teq calculated for
a dressed manikin, both with
constant surface temperature of
34°C. Negative values implies that
teq for a dressed manikin is higher.
Also in this case a lower
temperature of the heat-exchanging
surface will lead to higher measured
teq.

Figure 5 show that the differences between teq measured with a nude and dressed manikin will increase
when the thermal asymmetries increase. The nude manikin is more sensitive to draft, because of higher
temperature on the heat-exchanging surface, and will measure lower teq when the air velocities increase.
The nude manikin is less sensitive to divergent radiant temperatures, e.g. low from glazing in winter
climate or high from sun load.

Summer   +27°C, 750 W/m² sun    AIMAN nude and dressed
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Figure 6 This figure
shows the results from
measurements in the
same thermal conditions,
”sunny summer”, with
AIMAN dressed and with
AIMAN nude.
Calibrations were made
before with nude as well
as dressed manikin. The
results clearly show the
difference between teq
measured with a nude
and a dressed manikin.
Ta is the ambient air
temperature.

This can also be seen in the results on several occasions, especially in the sunny summer conditions
where the nude manikins show considerably lower teq, see Figure 6. To get further proof that the clothing
will affect the results, calibrations and experiments were carried out with NILLE and AIMAN both with
and without clothing. The results from these comparisons confirm what is said above. Figure 6 shows the
result for AIMAN in sunny summer condition, both with and without clothing.

On the basis of the results from this project it is only possible to conclude that clothing will affect the
result. But the definition of teq states, as said above, that it applies for a human being with the same
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metabolism and clothing. Therefore it is reasonable to believe that a dressed manikin will give more
accurate results.

Seat contact

The contact with the seat has a major impact both on the measured teq values and for the thermal
comfort in reality. Up to 20% of the body surface is heavily insulated depending on the type of seat. Most
materials in the cushions are also impermeable to moist, so the seat climate in reality becomes both hot
and damp. When evaluating the cab climate with some type of measurement it is important to also take
into account the impact of the seat climate. Not only the zones in contact with the seat is affected, also
the total teq. Another aspect is that when seat climate need to be evaluated, e.g. with ventilated seats, of
course an instrument with seat contact is needed.

Measuring range with positive heat loss

The definition of teq states that teq is ““The uniform temperature of the imaginary 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 non-uniform environment”. It does not say that an instrument used to
measure teq must lose heat in all conditions. The human body will not do that in all conditions, at least not
partially.

The human body has mechanisms to control and adjust the heat-flow when the thermal conditions
deteriorate from optimal. It can increase or decrease the blood flow, start sweating or start shivering.

If the climate becomes too cold the body will first decrease the blood flow in the skin of primarily the
extremities to lower the skin temperature and thereby the heat-loss. This is similar to the surface
temperature on a manikin run in comfort equation mode. If the teq is higher than optimal the blood flow
will increase to raise the skin temperature and heat-loss, similar to the comfort equation.

However, this function of the body can only increase the skin temperature to the same level as the deep
body temperature. If the teq becomes higher than that, the surface will gain heat instead of loose heat.
The blood flow will then distribute heat to other parts of the body that may be exposed to lower
temperatures, and thereby cool down the skin.

The conclusion is that an instrument should not loose heat at all conditions according to the definition of
teq. Instead the instruments should gain heat, but not as a passive body. The heat should be actively
distributed in the “body” of the instrument and thereby cool the surface. Today no instrument can mimic
this. On the basis of the results from this project, it is not possible to decide if it is better to raise the
surface temperature and maintain a positive heat-loss from the instrument, or if the sensor should
become passive and measure operative temperature. The difference is that the sensor will not react to
draft if it is not heated and the air temperature is equal to the radiant temperature. Further studies of and
comparisons with human thermal response and perception is needed.

Conclusions

• There are significant differences between the teq measured with the different instruments.

• The differences can be explained and the factors that are causing them can be controlled or
regulated.

• It is possible to use the instruments to evaluate climate. Relative comparisons of results measured
with the same instrument can be done with the present configuration, whereas the instruments need
to meet certain specifications to be used in absolute measurements.

• One major source of the differences between instruments is different temperature of the surface
exchanging heat with the surrounding room. These differences can be caused by different insulation,
regulation mode and dividing of zones.
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• Other sources of deviations are size and posture. A vehicle cab is a small space with asymmetric
climate. Thus size and posture will influence in two ways:
1 - a body will have an impact on the climate itself, and
2 - a small change in position may put sensor in other climatic conditions.

• The number of zones/sensors may have great impact on the results. Of course a high number of
zones/sensors gives better resolution. Another aspect is that large zones exposed to different thermal
conditions may have deviations in temperature over the surface. This will cause the teq to be
overestimated.

• It is reasonable to believe that the best teq, according to the definition, will be obtained with a sensor
that is influenced by the climate in the same way as a human being. This sensor would have to be of
the same size and shape as a human being, with realistic clothing and with realistic surface
temperatures for the normal activity level in the cab.

• With the constant temperature principle the range of thermal conditions in which the instrument can
be used will be limited. If the climate becomes warmer than the surface temperature, normally 34°C,
the heat flux will be 0 W/m² or the surface may even gain heat. It will thus be out of range concerning
teq measurements, because the definition states “in which a person will exchange the same dry heat
loss”, which no instrument can do. However, it will still measure the thermal conditions as a passive
sensor since the surface temperature is measured.

• Also the comfort equation principle has problems with the range of use for the same reasons as
constant surface temperature. But with the comfort equation the range of use is larger because the
surface will be heated up to 36.4°C.

• With constant heat flux the only limitation of the range of use is the risk of overheating. On the other
hand, the surface temperatures may be unrealistic compared to that of a human being, and the
method will not measure the correct teq according to the definition.

• To be able to compare results from different measurements, e.g. to compare climate in two cabs, they
must be carried out with the same method and methodology.

• Standardisation of the methods and methodologies are necessary.

• Further research is needed regarding the methods abilities to predict human thermal sensation,
although there are indications that this is possible.
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Abstract

During the years 1987 to 1992 a lot of investigations referring to the thermal climate in cars have been
done. About 50 subjects had been asked about their thermal sensation at about 30 different thermal
conditions. For WP 4.1 five of these conditions had been picked out and measurements of the resulting
Equivalent Temperature with seven instruments were done. Two of these five conditions had been
moderate, three had been hot summer conditions. These results had been correlated with the sensation
of the subjects of the former experiments. At hot summer conditions all of the instruments measured high
surface temperatures, which is not relevant for determination of equivalent temperature according to the
general definition. These temperatures are instrument specific and can not directly be compared to each
other. However, a comparison to human sensation is still possible. Nevertheless, good correlation could
be found between the measured instrument specific equivalent temperatures and thermal sensation of
subjects.

Objectives

The objective of this task was to reveal how teq, provided by the different instruments, is correlated to
human subjective responses to the thermal environment in a vehicle. The experiments were carried out
by the Fraunhofer-Institute for Building Physics in Holzkirchen, Germany, in a car cabin, situated in a
climatic chamber. The instruments had been sent to Holzkirchen to run the experiments. Existing data on
human subjective responses to five different thermal environments in cars, available from previous
laboratory experiments [1, 2] were used for correlation.

Facilities and experimental conditions

Figure 1. Photo of the Artificial Skin (at the
chest) and the Local Discomfort Meter (at
the head), positioned at the Flatman at the
right seat of the driver’s cabin.

Figure 2. Photo of Heatman, positioned at
the right seat of the driver’s cabin.
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The experiments were carried out in a climatic chamber at the IBP. Within the chamber a car cabin was
reproduced including a real ventilation system and car seats. Outside of the car a sun simulation
equipment was installed.

The following seven instruments had been used:

Sensors: Artificial Skin; 6 Comfort Meters
Local Discomfort Meter

Manikin: Nille, nude; Heatman, nude; Aiman, with clothing;
Eva, nude

The artificial skin, comfort meters and the local discomfort meter had been fixed on the Flatman at six
positions. The Flatman was seated at the right front seat as well as the manikins. Figure 1 and Figure 2
show examples of the mounted instruments. The five used conditions are described in Table with the
settings of sun radiation, ventilation rate, inlet temperature and radiant temperature of the cabin walls, as
well as the formerly measured Mean Votes [1, 2].

Results

The comparison between the determined teq-values and the local mean vote, depending on the votes of
about 50 subjects in the prior experiment [1, 2] is shown in Table 2. From this data the correlation
between LMV and teq for each instrument and each body part was calculated. These results are shown in
Figure. These correlation’s between local mean vote and equivalent temperature at head and chest are
shown as graphs in Figure for example for the instruments Comfort Meter, Discomfort Meter and Artificial
Skin. In Figure 4 the results are shown for the manikins Aiman, Nille, Eva and Heatman.

Figure 3. Correlation between Local Mean Vote LMV and Equivalent Temperature for
the instruments Comfort Meter, Discomfort Meter and Artificial Skin for the body part head.
(Comfort Meter: the three highest values are found with heat flow ≤ 0 W/m2.)
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Figure 4. Correlation between Local Mean Vote LMV and Equivalent Temperature for the manikins Aiman, Nille,
Heatman and Eva for the body part head.
(For Nille the highest value, for Heatman the two highest and for Aiman the three highest values are found with
heat flow = 0 W/m2).

Conclusions

The experiments had shown that in hot summer conditions all of the instruments measured high surface
temperatures. These temperatures are instrument specific and can not directly be compared to each
other. In the case of constant heat flow, the surface temperature becomes significantly higher compared
to the human situation. With constant surface temperature, on the other hand, the heat loss becomes
zero at the set point, which also differs from the human reaction. However, a comparison to human
sensation is still possible. In both situations the measured surface temperature is not a relevant
determination of equivalent temperature according to the general definition. Nevertheless, good
correlation could be found between the determined instrument specific equivalent temperatures and
thermal sensation of subjects.

The measurements showed that there are significant differences between the Local Equivalent
Temperatures, determined by the different instruments. For this reason, it was necessary to calculate
different correlation equations for each instrument, to find out the local thermal sensations of subjects.
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Table1. Adjustment of the five experimental conditions

Condition

Sun radiation [W/m2]
1

800
2

800
3

800
4

<15
5

<15

Radiation of Head -- -- -- -- --

Radiation of Trunk -- + + -- --

Radiation of Thigh + + + -- --

Ventilation rate [m3/h] 150 65 210 65 65

Inlet temperature [°C] 28 26 26 26 26

Code for radiant temperature A A A C B

Correlated Mean Vote 1,8 2,6 1,4 -0,8 -0,1

Radiant temperature [°C]

Adjustment A B C

Ceiling 40 34 26

Rear seat 35 29 26

Floor, rear 35 29 26

Floor, front 35 29 26

Foot space 35 29 26

Dashboard, front 35 29 26

Dashboard, upper side 52 52 26

Front door, left 41 35 26

Front door, right 41 35 26

Side rear-left 35 29 26

Side rear-right 35 29 26
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Table 2. Comparison of the Local Mean Vote (LMV), found with 50 subjects with the determined Equivalent
temperature (Calculations by the owner of the instrument).

Condition 1

discrete values integrated values

LMV Equivalent temperature [°C]

Body
Part

[-] Artificial
Skin

Comfort
Meter

Discomfort
Meter

Nille Heatman Aiman Eva

Head 1.8 30.8 36.3 35.0 34.2 35.4 36.7 37.7

Chest 1.8 27.3 34.2 32.2 32.8 34.3 37.2 32.1

Arm left 1.5 27.1 35.4 34.3 34.8 34.9 37.5 32.0

Arm right 1.5 41.3 39.4 - 34.1 35.5 38.4 31.6

Leg left 1.6 32.8 34.6 33.0 37.3 36.8 39.7 35.4

Leg right 1.6 32.9 34.7 31.4 38.1 37.0 40.8 32.8

Condition 2

discrete values integrated values

LMV Equivalent temperature [°C]

Body
Part

[-] Artificial
Skin

Comfort
Meter

Discomfort
Meter

Nille Heatman Aiman Eva

Head 2.6 34.2 38.1 35.6 36.4 36.4 38.6 39.3

Chest 2.3 40.1 41.0 - 37.8 38.4 45.3 43.7

Arm left 2.0 38.4 39.1 - 37.8 38.4 44.1 39.9

Arm right 2.0 54.1 45.8 - 39.5 40.3 46.6 38.1

Leg left 1.9 34.0 33.0 30.0 37.3 37.4 39.7 38.3

Leg right 1.8 32.0 32.9 29.8 38.4 37.7 40.6 36.4

Condition 3

discrete values integrated values

LMV Equivalent temperature [°C]

Body
Part

[-] Artificial
Skin

Comfort
Meter

Discomfort
Meter

Nille Heatman Aiman Eva

Head 1.4 26.4 35.9 33.5 32.8 34.3 35.7 35.5

Chest 1.2 29.9 37.6 - 33.7 34.0 39.6 34.9

Arm left 1.0 29.3 36.7 - 35.6 35.2 39.6 32.9

Arm right 1.0 50.2 42.2 - 35.0 35.9 42.9 32.8

Leg left 1.2 31.7 34.4 32.7 36.6 35.7 39.1 34.9

Leg right 1.1 31.6 34.8 31.6 37.4 36.0 40.3 33.1
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Condition 4

discrete values integrated values

LMV Equivalent temperature [°C]

Body
Part

[-] Artificial
Skin

Comfort
Meter

Discomfort
Meter

Nille Heatman Aiman Eva

Head -0.1 18.2 23.9 22.6 22.7 22.5 23.1 27.3

Chest -0.1 18.0 19.9 19.4 23.0 20.1 21.5 22.4

Arm left -0.8 16.1 18.5 16.6 20.7 19.0 24.3 22.4

Arm right -1.0 24.7 22.8 22.5 22.5 21.7 24.2 22.2

Leg left -0.4 27.2 25.9 24.6 27.6 25.2 24.4 23.8

Leg right -0.6 26.0 25.5 23.8 27.2 25.7 26.8 23.4

Condition 5

discrete values integrated values

LMV Equivalent temperature [°C]

Body
Part

[-] Artificial
Skin

Comfort
Meter

Discomfort
Meter

Nille Heatman Aiman Eva

Head 0.2 21.9 26.9 27.4 26.4 27.1 27.5 30.8

Chest 0.2 20.8 23.4 22.6 26 24.1 25.2 24.7

Arm left -0.2 18.4 20.6 18.1 24.1 22.6 26.8 24.6

Arm right -0.3 26.8 26.6 26.5 26.3 26.0 28.4 29.9

Leg left -0.2 28.3 27.5 28 30 28.0 27.5 26.2

Leg right -0.2 28.7 27.7 26.4 29.8 28.9 30.4 25.6
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Table 3. Correlation’s between LMV and teq for the different body parts and instruments with correlation coefficient
( * correlation’s with  less than 5 data points).

body part

Instruments HEAD Number of

Function Correlation coeff. measurements

Artificial Skin t eq=5.69 LMV+19.59 0.97 5

Comfort Meter t eq=5.46 LMV+25.78 0.93 5

Discomfort Meter t eq=4.72 LMV+25.25 0.89 5

Nille t eq=4.97 LMV+24.61 0.96 5

Heatman t eq=5.12 LMV+25.1 0.90 5

Aiman t eq=5.71 LMV+25.56 0.93 5

Eva t eq=4.33 LMV+29.01 0.96 5

body part

Instruments CHEST Number of

Function Correlation coeff. measurements

Artificial Skin t eq=7.79 LMV+18.81 0.85 5

Comfort Meter t eq=8.38 LMV+22.17 0.88 5

Discomfort Meter t eq=6.49 LMV+20.62 0.99 3*

Nille t eq=5.67 LMV+24.52 0.93 5

Heatman t eq=7.33 LMV+22.26 0.95 5

Aiman t eq=9.36 LMV+23.64 0.91 5

Eva t eq=7.75 LMV+23.19 0.87 5

body part

Instruments ARM LEFT Number of

Function Correlation coeff. measurements

Artificial Skin t eq=7.24 LMV+20.79 0.89 5

Comfort Meter t eq=8.00 LMV+24.46 0.93 5

Discomfort Meter t eq=8.10 LMV+21.65 0.97 3*

Nille t eq=6.36 LMV+26.14 0.95 5

Heatman t eq=7.22 LMV+24.97 0.96 5

Aiman t eq=6.10 LMV+29.38 0.90 5

Eva t eq=5.77 LMV+26.32 0.93 5
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body part

Instruments ARM RIGHT Number of

Function Correlation coeff. measurements

Artificial Skin t eq=9.77 LMV+33.17 0.84 5

Comfort Meter t eq=7.78 LMV+30.38 0.94 5

Discomfort Meter t eq=5.71 LMV+28.21 1.00 2*

Nille t eq=5.40 LMV+28.0 0.96 5

Heatman t eq=6.08 LMV+28.00 0.98 5

Aiman t eq=7.22 LMV+31.47 0.91 5

Eva t eq=4.18 LMV+28.25 0.83 5

body part

Instruments LEG LEFT Number of

Function Correlation coeff. measurements

Artificial Skin t eq=2.77 LMV+28.53 0.99 5

Comfort Meter t eq=3.92 LMV+28.22 0.84 5

Discomfort Meter t eq=2.70 LMV+27.45 0.66 5

Nille t eq=4.26 LMV+30.25 0.95 5

Heatman t eq=5.25 LMV+28.31 0.97 5

Aiman t eq=6.94 LMV+28.38 0.95 5

Eva t eq=5.95 LMV+26.84 0.90 5

body part

Instruments LEG RIGHT Number of

Function Correlation coeff. measurements

Artificial Skin t eq=2.52 LMV+28.38 0.92 5

Comfort Meter t eq=3.65 LMV+28.42 0.85 5

Discomfort Meter t eq=2.84 LMV+26.5 0.82 5

Nille t eq=4.80 LMV+30.6 0.97 5

Heatman t eq=4.95 LMV+29.39 0.98 5

Aiman t eq=6.00 LMV+31.31 0.95 5

Eva t eq=4.98 LMV+26.57 0.96 5
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Abstract

In this workpackage the instruments and thermal manikins were compared in a real car compartment.
Contrary to the measurements under well defined conditions, the interior of a passenger car has special
attributes. Typically these may be temperature stratification, air flow, sun radiation through the glazing,
seat contact and heat exchange with the environment or the car body. The instruments and the thermal
manikins were in the smallest and most complex environment in the test series in this project.

Objectives

There are two objectives of WP 4 task 4.2, namely to assess the methods for measuring teq in two real
sized passenger cars placed in a climatic wind tunnel and to validate a computer program which allows
teq in car compartment to be predicted.

Test facilities and experimental conditions

The tests were carried out in the BMW climatic wind tunnel with two cars. These were a BMW 3 series
(middleclass car, max 5 passengers  ), and a Daimler Benz S-Class ( luxury car, max 5 passengers ).

Thermal manikins: HEATMAN  -  NILLE  -  EVA all undressed;

Instruments: Comfort Meter  -  Local Discomfort Meter   -   Skin Element
Instruments were attached at flatman.

The measurements were assisted by the „ Fraunhofer Institut für Bauphysik “ Daimler Benz and FIAT.
The tests were performed in summer and winter conditions:

Summer condition was +27°C and 800 W/m² sun radiation, winter condition was -20°C without sun
radiation. The settings of the heater control and the ventilation grills were adjusted for best comfort at the
start of the experiments. All tests were made in steady state conditions.

Figure 1: BMW climatic wind
tunnel
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Technical data of the cars

BMW Daimler-Benz

type 3 - series S- series

paint film black silver metallic

interior trim fabric, black leather, black

glazing type protection glass double glazed windows ( side )

Simulation with INKA / TILL
Introduction to INKA/TILL

INKA / TILL is a software package (finite difference solver) which simulates the thermal behaviour of
components and enclosed spaces (e.g. compartments).

A special feature of this package is to calculate the effects on the thermophysiological behaviour and
comfort factors caused by thermal loads on people (e.g. passengers).

INKA / TILL calculates the necessary heat exchange
performance and assess given heat climatisation conditions.

The thermophysiological passenger model is used to assess the
thermal comfort (by Fanger, Gagge, Hsu) of the inhomogeneous
heat load and calculates the thermal passenger load.

Every deviation from the normal load, forces the body to
regulate itself. This regulation reduces the performance of the
passenger. The knowledge about this process is necessary to
find out the optimal condition.

Thermophysiological passenger model TILL

The passenger model TILL consists of 28
body parts altogether. Except for the back
and the bottom the remaining 26 body
parts are in symmetrical order (left and
right).

For each body part a “material card” can
be made in which the weight, the kind of
clothing (CLO value and AREA value) and
the number of layers of clothing (e.g.
undershirt – shirt – jumper) can be defined.
Figure 3 shows the passenger model with
the defined body parts.

Figure 3: TILL with the bodyparts

Figure 2
An INKA model with a passenger

Skull

lower arm

Face

Bottom

Back

Stomach

Thigh
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Input:

the thermophysiological passenger model calculates from:

• description of the body surface (geometric model)

• model of the materials and weights

• valuated model of the thermophysiological regulation process, developed by tests on human (Hsu S.)
and from description of the 

• clothes (CLO-factor, AREA-factor)

Output:

INKA calculates the thermal load of the passenger surface, and also the thermophysiological regulation
load of the passenger by considering:

• perspiration

• vasodilation, vasoconstriction

• shivering (cold conditions)

from that

• assessing of the thermal comfort (PMV- and PPD- index) through the models HSU and FANGER for
the thermal sensation

• indication to the inhomogenity of the comfort situation in form of deviation from the local skin
temperature, the effective heat load and the physiological load from the known ideal values.

Calculation of the equivalent temperature teq with INKA/TILL

The following calculation of the equivalent temperatures teq was taken from the work package 1 (WP 1)
and implemented in INKA/TILL.
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The above equations are empirical approximate formulas. In order to calculate the equivalent
temperature the four variables ta, tr, va and Icl must be known. In this work however, Icl can be neglected
since all the analyses were made with passengers without clothing. The average radiation temperature tr
is calculated internally in INKA/TILL for each component/body part. The two remaining variables ta and va

must be measured empirically or must be calculated with a CFD program.

INKA/TILL is not a CFD program, but it can take the results of a CFD calculation into consideration.
In the calculation the empirically evaluated air temperatures and air velocities of the passenger model
NILLE were used. In INKA/TILL it is possible to allocate explicitly environment temperatures or air
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velocities to each component or body part. Three different temperature areas were measured in the car:

- Temperature in the head area

- Temperature in the chest area

- Temperature in the shin area

These were applied as constant values to the respective region of the body. The following boundaries
had been defined for the calculation of the equivalent temperature:

Table 1: Global Boundaries for calculation

Summer BMW Winter BMW Summer DB Winter DB

Diffuse sun [W/m²] 0 0 0 0

Direct sun [W/m²] 830 830 830 830

Temp. of the global
radiation background

[°C]
26,70 -20,00 26,85 -20,20

Radiation angel in ° 90,00 90,00

Environment temp. [°C] 26,70 -20,00 26,85 -20,20

Humidity in % 37,80 9,50 34,60 13,80

Table 2: Air temperature [°C]   ( ambient temperature )

Head 21,85 26,60 21,50 26,65

Chest 26,50 27,20 21,50 28,75

Arm left 26,50 27,20 21,50 28,75

Arm right 26,50 27,20 21,50 28,75

foot left 26,50 37,80 25,40 33,40

foot right 26,50 37,80 25,40 33,40

Table 3: Air velocity [m/s]

Head 0,40 0,10 0,50 0,20

Chest 0,15 0,10 0,70 0,15

Arm left 0,15 0,10 0,60 0,15

Arm right 0,10 0,10 0,50 0,14

Foot left 0.01 0,15 0,20 0,45

Foot right 0.01 0,15 0,20 0,30

The two following pictures show the FE models on which the calculations were based.

Figure 4: INKA – Daimler Benz car ( 80 parts ) Figure 5: INKA - BMW car ( 80 parts )
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Results

In the summer test the air supply was provided only from the dashboard grills. The interior temperature
distribution in the BMW cabin was at head level 18°C to 22°C; chest level  21°C to 27°C; foot level 22°C

Indoor temperature distribution in the DB cabin was at head level 21°C to 24°C, chest level 19°C to 21°C

In the winter test the air supply was provided from the footwell and defrost outlet. The interior
temperature distribution in the BMW cabin was at head level 24°C to 27°C; chest level 24°C to 28°C;

The interior temperature distribution in the DB cabin was at head level 24°C to 29°C; chest level 27°C to

In the summer test the interior temperatures of the small BMW cabin were at head and chest level about
3 to 4 K higher, when a thermal manikin is used instead of one of the instruments.

In the Daimler cabin the indoor temperatures were about 2 K higher. In the winter condition there was no
influence in using a thermal manikin.

The following table show the basic parameters, recorded during the measurements of equivalent
temperature on flatman positions. These parameters were also the basis for the calculations with the
program INKA/TILL.

Table 4: Basic parameters flatman – positions, air velocity and sunload

Daimler BMW
winter summer winter summer

head

air velocity

5...20

air velocity   sunload

20...50               1

air velocity

0...10

air velocity   sunload

20...40              3

chest 0...15 30...70             74 0...10 0...15              83

arm left 5...15 30...60           150 0...10 0...15            163

arm right 2...14 20...50           170 0...10 0...10            164

foot left 32...45 10...20 35...45 --

foot right 15...30 10...20 15... --

cm/s cm/s            W/m² cm/s cm/s           W/m²
The following tables and graphs show the equivalent temperatures under steady state conditions for the
summer and wintertest. The results of the simulated passenger TILL are included ( TILL data are results
from a calculation program, not from an experiment )

Table 5: Equivalent temperatures summer, incl. calculation of TILL

Instrument Car Test

No.

head chest arm
left

arm
right

foot
left

foot
right

Discomfortmeter BMW 3386 16.6 27.5 24.6 33.4 24.4 23

EVA 3398 21.2 21.9 23.2 25 26 26.2

Innova 3383 19.8 24.8 23.2 25.2 24.8 23.3

RST 3386 19.5 28.3 29.9 31.7 25.8 24

Heatman 3384 no
data

no
data

no
data

no
data

no
data

no
data
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Discomfortmeter DB 3378 15.7 21.8 28.8 28.2 23.1 22.8

EVA 3377 21.6 27.6 23.7 28.4 26.5 25.6

Innova 3376 17.28 22 24 24.07 23.46 23

RST 3378 18.9 23.1 28.7 24.7 21.6 23.7

Heatman 3388 7.7 21.8 19 24.3 26.6 25.1

Nille 3387 16 23.3 23.5 24.9 27.8 27.8

TILL 24.5 24 21 22 26.5 27

Table 5: Equivalent temperatures winter, incl. calculation of TILL

Instrument Car Test

No.

head chest arm
left

arm
right

foot
left

foot
right

Discomfortmeter BMW 3393 21.2 20 19.2 18 29.6 35.8

EVA 3397 28.7 24.1 26.1 25.1 31.1 32.1

Innova 3393 21.63 21.44 22.1 20.9 29.8 37.2

RST 3393 19.2 20.8 17.2 16.5 30 31.5

Heatman 3396 18.9 22 20.9 21.7 no data no data

Nille 3395 20.5 23.4 21.4 24.4 27 31.7

TILL 17 20 19 20.5 31 32

Discomfortmeter DB 3389 20.7 23.3 20.2 19.9 29 34.8

EVA 3392 21.2 21.9 32.2 25 26 26.2

Innova 3389 22.1 22.6 23.1 23.9 30.5 35.4

RST 3389 19.1 22.6 18.8 19.8 24.8 25.7

Heatman 3391 20 25.5 25.4 27.1 28 29.6

Nille 3390 21.4 24.4 23.5 26.1 26.8 29.3

TILL 21 22 20 22 16 27
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Graph 1: Equivalent temperatures summer, incl. calculation of TILL (BMW)

Graph 2: Equivalent temperatures summer, incl. calculation of TILL (Daimler)
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Graph 3: Equivalent temperatures winter, incl. calculation of TILL (BMW)

Graph 4: Equivalent temperatures winter, incl. calculation of TILL (Daimler)

Especially in diagram 4 there are deviations between simulation and experiment (foot left). This is
caused by approximating the different temperatures in the car with only three levels, particularly since
the temperature gradient of the air is very high in winter between foot and head area.

If more temperature levels were used better results would be achieved.



79

Conclusions of the measurement

In general, the instruments and the thermal manikins are rather easy to use in a climatic wind tunnel.
equipment. One of the instruments needs a statement of posturing the sensors inside the cab because
of repeatability or comparison the results to other tests. An appropriate software solution with a
synchronised data recording is also desirable. For transport, instruments and manikin should have as
little cabling as possible and wireless data transfer.

For industrial application a system with more than one sensor is preferred.

Instruments /
Manikins

Advantages Special points for

application in small cabs

EVA

easy weight

appropriate software solution

short stability period

no thermal influence on indoor
climate

human shaped flow field

long and inflexible

suspended over the seat

postage difficult ( an improved mobility of
arms and legs would provide better postage

in small car cabins )

HEATMAN

easy weight

human shaped flow field

human like thermal behaviour

stability period short

inflexible body

suspended over the seat

thermal influence on indoor climate in small
cabins

NILLE

good posturing

good seat contact

human like thermal behaviour

heavy weight and long

long stability period

thermal influence on indoor climate in small
cabins

FLATMAN

( comfort meter )

easy handling

good posturing

no thermal influence on indoor
climate

no human sized flow field

too much cabling ( difficult to transport
when more sensors are used )

RST Meter

LOCAL
DISCOMFORT

METER

easy handling

good posturing

no thermal influence on indoor
climate

only one sensor

no human sized flow field

Figure 6 & 7 Photos of EVA posted on  passengers seat in BMW
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Figure 8: Photo of Heatman posted on passengers seat in
BMW

Figure 9: Photo of Heatman posted on passengers seat in
Daimler
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Figure 10: Photo of EVA posted on passengers seat in
Daimler

Figure 11: Photo of Flatman posted on passengers seat in
BMW

Conclusions of the simulation

The objective of these calculations was to show, that equivalent temperature can be calculated with the
simulation software INKA/TILL. The measurement results should be compared with the simulation
results. The calculations were carried out by P+Z Engineering and BMW AG.

The climate in an interior compartment of a car is very inhomogeneous. The air distribution, which
influences local temperatures and local air velocities, depends on the position of the ventilation outlets.
For the simulation of the air distribution a CFD calculation is necessary. Such a simulation takes much
time.

In this case no CFD calculations were made. Instead of CFD results, measurements were used for local
air velocities and local temperatures.

For all calculations, results of the indoor temperatures of the NILLE measurements were used.

The results from the computer program are in the same range as the measured equivalent temperatures
using the instruments and the thermal manikins.

Some values of teq are show a significant difference from the measured values. The reason is poor basic
parameters. With better basic parameters, especially the air velocity and the ambient temperature, a
better result is expected.
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Abstract

The thermal conditions in a vehicle compartment are extremely inhomogeneous. Due to cold and warm
radiation from surfaces, sun radiation and warm and cold air streams from nozzles. The thermal
conditions in the vehicle will also change over time, for example due to heat-up, cool-down and different
sun direction. This means that the equivalent temperature will be different for different part of the vehicle
occupant’s body.  Hence, it is absolutely necessary to look at local thermal comfort.

The aim of thermal comfort evaluations in the vehicle compartment is to evaluate the climate comfort for
the vehicle occupants with focus on the driver. The driver is normally the main character in a vehicle,
often is the driver the only occupant in the vehicle and also is the driver’s comfort a traffic safety issue.

Local equivalent temperature is a good but not fully sufficient value for the local climate comfort. For
instance draught in the eyes is very tiring and decreases the driver’s comfort.

The major practical consideration concerning the climate comfort measurement devices, especially the
manikins, is that it is hard to evaluate the thermal conditions at the driver’s position during road testing.

Introduction

The purpose of thermal comfort measurements in a vehicle is to evaluate the vehicle occupants and
especially the driver’s thermal comfort during driving. What kind of equipment that should be used for the
measurements is dependent on the purpose of the measurements.

Thermal conditions

Vehicles are used in various ambient conditions from –40 °C to +50 °C. It is not possible to be in the
thermal comfort zone during all ambient conditions, especially when the defrosting system must be used
to keep the windows clean.  It is still important to be able to measure and compare the climate comfort.
Therefore it is important that instrument used for road testing can measure thermal climate outside the
comfort range.

During road testing is the thermal conditions ever changing due to fluctuating ambient temperatures,
different sun directions when going up-hill, downhill or turning. A human will feel the different conditions
and have a quick response.

Therefore it is important that instruments that are used for road testing have fast response time and are
as unidirectional as possible. It is also important that the instruments don’t have to big measurement
zones. In this case the differences or changes can be averaged out and not noted.

It is important that instruments used for comfort measurements can follow transient conditions. In many
cases vehicle-driving starts with a cool down or heat up phase. In many cases the test drive may be
completed before the transient phase is over. The vehicle climate performance under this transient
phase is very important for how humans judge the vehicles climate comfort.

Therefore it is important that the instruments used for climate comfort evaluation can be used during
transient conditions. It should also be possible to start and use the instruments in a hot or cold vehicle.
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Evaluate human response

The main purpose of all climate comfort measurements is to evaluate the human response. The human
response is depending on the cab temperature but also on surface temperatures and also on how much
draught there is on different body parts.

How the comfort is judged is also depending on the position of the human subject. According to SAE J
833 the 95% male is 188 cm and the 5% female is 155 cm. This will influence where sun radiation and
air steams will hit the human. It also influences which body parts that will be in contact with the seat.

It is also important that the instruments have good enough resolution and measure the local equivalent
temperatures for different body-parts. For instance, the thermal conditions may be warm around the legs
at the same time as it is cold around the feet.

Therefore it is important that the instrument measures as close to the human response as possible
taking into account draught and contact with seats. It is also desirable that the instrument has a
representative size for the actual population that will use the vehicle.

Driver comfort a safety issue

It is important be able to evaluate the climate comfort for all occupants in a vehicle, but it is most
important and also most difficult to evaluate the climate comfort for the driver. It has been establish in
SAE 920168 “Driver Vigilance - The Effect of Compartment Temperatures” by Fredrik Norin and David
Wyon, that the heat-stress has large influence on the driver vigilance.  Hence thermal climate will
influence the traffic safety.

It is very important to be able to evaluate the driver’s comfort during road testing. This makes it hard to
use some instruments at the same time as somebody is driving the vehicle.

Requirements on the instruments
To be able to evaluate climate comfort in a good way during road testing it is important to have
instruments that:
- Reflects the human climate comfort with good resolution
- Have a quick response on transients
- Are able to be mounted in a vehicle in hot or cold ambient conditions
- Are able to give a good indication of the comfort outside the comfort zone
- Can measure the climate comfort for the driver.

Results from testing of methods to determine teq in field
Objectives

In the EQUIV-project road and rail tests were carried out. Tests were made under both summer an
winter conditions. The objectives were to study the various methods used to determine teq in order to
compare them under field conditions. During field conditions it was especially important to evaluate the
practical usability, robustness, sensitivity, etc. under active service conditions.

Equipment and experimental conditions

The first field tests were carried out in Zaragoza, Spain, in the summer of 1997. Scania AB provided two
Scania trucks, drivers and technical support during the tests. The trucks were driven on the highway
from Zaragoza to Barcelona, both before and after sunset. The road tests in winter climate has been be
carried out by Volvo Truck Corporation. They performed the tests in their own trucks at their own test
facilities outside Jokkmokk in January 1998. BeGe Industries provided ventilated seats for the road tests.
The rail tests in Paris were carried out during February and July 1998 in “Metro de Paris”. RATP
provided trains and drivers.
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The corporations provided the project with vehicles and drivers. They also collected data concerning the
weather and cabin conditions during the tests. The owners of the instruments tested were responsible for
preparing the instruments for the tests, installing them in the trucks and for collecting data. During the
tests the companies made documentation by photo and video. They also collected data concerning the
weather conditions during the tests. They supplied electrical power of 220 volt, 500 VA. Calibration of the
instruments had been made in the laboratories before delivery to the test site. Calibration control was
made in a ordinary room at the place for the tests, with a temperature close to 24°C and as low an
airspeed as possible.

Figure 1. Measurements with the Artificial Skin
inside a Scania truck in Zaragoza.

Equipment:
Zaragosa Jokkmokk Paris

Instruments Manikin NILLE
6 Comfort Meters
Artificial skin
Discomfort meter

Manikin AIMAN
6 Comfort Meters
Artificial skin
Discomfort meter

Manikin HEATMAN
Manikin EVA III
6 Comfort Meters
Artificial skin
Discomfort meter

Vehicles 2 identical Scania 144L
450 trucks with
sleeping cab

2 identical Volvo FH12
trucks with sleeping
cab

RER line A. MI 84 engine
8406 (Torcy-Chessy-Torcy),

METRO (Vincennes-La
Défense-Vincennes)

Time used 28/6-3/7 1997
1 day preparation
4 days measurement

27/1-30/1
1 day preparation
3 days measurements

16/2-20/2 1998 and
6/7-10/7 1998
4+4 days
measurements

Outside temperatures before sunset, 17 to
25°C
after sunset, 15 to
19°C

-10°C to -23°C winter 7 to 14°C
  underground 16 to
20°C
summer 16 to 20°C
  underground 22 to
27°C

Physical
measurements

Temperature Temperature
Solar radiant load

Temperature
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The HVAC-system was adjusted for best comfort at the start of the project. All instruments were tested
with the same settings of the HVAC-system. The tests were made at as steady conditions as possible.
Tests were made with and without ventilation of the seat when available.

Figure 2. The thermal manikin AIMAN
inside the Volvo truck in Jokkmokk.

Experimental plans

Measurements by the manikin and the six sensors of the comfort meter were recorded. Single
measurements, shifted in time, were performed by the skin element and local discomfort meter. Similar
to the previous tests in laboratories, the comfort meter, skin element and local discomfort meter were
positioned at six locations (head, chest, left and right lower arms as well as left and right calves). The
installation in the field was assessed and documented. A video film was produced and photos were
taken during the tests.

Figure 3. The EVA III sensors inside a RER train in Paris.



87

Results

Different vehicles have different ventilation systems and their performance is not identical. The objective
of the field tests was to gain field experience with methods for evaluation of the thermal environment in
vehicles. It means that the different methods must be able to assess the performances of various
ventilation systems in vehicles. Only evaluating the steady state condition is not enough for practical use.
In real life, some HVAC systems in vehicles do not run under steady state conditions. Fluctuations of air
temperature, air movement and radiation often exists. Methods for determination of equivalent
temperature under transient conditions need to be developed and studied.

The most important task of these field tests was to evaluate the practical usability, robustness, sensitivity
of different instruments under active service conditions. Some of the experiences from these field tests
were:

Local Discomfort Meter

The values from the Local Discomfort Meter seem to give sometimes lower, sometimes higher values
compared to the other instruments. It was a disadvantage to have only one sensor that had to be moved
between the six locations. The measured values will not be simultaneous from the different locations and
it will take one hour to measure six locations. The sensor is relatively small and it measures in two
directions perpendicular to the surface of the sensor. Hence it would be possible to use in one-man cabs
simultaneously with a driver. It takes 5 minutes for one person to position the instrument in the cabin.

Artificial Skin Element

Gives values closer to the Thermal Manikin and Comfort Meter. This instrument had the same
disadvantage as the Local discomfort Meter, there was only one sensor available. This sensor can also
be used simultaneously with a driver in a one-man cab. Since it measures in only one direction it should
be possible to attach directly on a driver if it can be made smaller. One person can position the
instrument in the cabin in less than 5 minutes.

Comfort Meter

Gives values similar to the Thermal Manikin. It took more than half an hour to get up to steady state
conditions after a cold start. Maybe the sensors can be kept running and “pre-heated” until just before
installation. The size of the sensors makes them possible to use together with a driver in a one-man cab.
However, since they measure omni-directionally, the results will be influenced by the presence of a warm
body. Time to position the instrument in the cabin is 5-10 minutes. The instrument was attached to a
reinforced Flatman.

Thermal Manikin and Hot Film Sensors on unheated manikin

Gives a lot of information whit many zones simultaneously measuring. The only instrument that detects
the seat zones that obviously affects the driver’s environmental feeling of the climate. Since the manikins
have a “body” of the same size as a driver, it can not be used simultaneously with a driver in a one-man
cab. A manikin can be installed in a cab within 20 minutes. A lot of time is saved if the thermal manikins
are kept running until just before installation.

Conclusions

Vehicle designers need evaluation systems for steady state as well as dynamic conditions.
Measurements in the field can substantially contribute to the knowledge and understanding of the
parameters that have an impact on climate comfort inside a vehicle. Some instruments are not today
designed to register dynamic measurements as in field tests. Testing on the road, with direction changes
and changes in cloudiness etc., have to be handled with care and knowledge about the different system
properties. Furthermore is durability an important factor when using the different measurement systems
in the field.
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Practical considerations

• Computer should be used to store data. When data has to be recorded by hand the operator of the
instrument will be fully occupied with writing data. There is also a risk of errors. This is not convenient
in field tests.

• Difficult to position sensors correctly when holding them by hand. Therefore 6 or more sensors
should be used and attached to some kind of rig.

• It is difficult to measure the thermal conditions on the driver side during field tests.

• In general, both Comfort Meter and the Thermal Manikins are rather easy to handle in the field. It
took between 10 to 20 minutes to install a manikin and it’s controls in the cabin. The Comfort Meter,
Local Discomfort Meter and Skin Element can be positioned in the cabin in less than 15 minutes.

• Some difficulties reading the displays was experienced during the sunny conditions.

• Instruments with only one sensor could only perform a 10-minute measurement at each position
every hour. It is better to be able to make continuos and simultaneous measurement at all positions.

• Observations about weather, temperatures and climatic situations could only be done with
instruments that could be attached to a rig in the seat and whose data were continuously recorded by
a computer. Otherwise the instrument operator is fully occupied with handling of the instruments and
recording of data.

• It is important to adjust the regulation constants for the instrument to avoid resonance. In the field
there are never steady-state conditions, there are always some kind of transients that will change the
thermal conditions. The regulation should not be too fast as the instrument then becomes unstable,
and it must not be too slow as it then can not detect the changes in the climate.

• Radio transmission could influence the instruments in the vehicle that is transmitting the radio
message. Filtering for this can be made in the same fashion as filters for net frequencies already
exists.

• Electrical fields may also have an impact on the instruments. During the rail tests one computer
screen became overheated in the electrical field created by the electrical propulsion of the train.

• The power supply in the vehicle must be sufficient. A Thermal Manikin with equipment requires
around 250 W in stable conditions during measurements. The Comfort Meter required around 125 W
in steady state. During the start-up phase the instruments could need up to double power. These
requirements are minimised with preheating of the instruments.

• If the sensors are be attached to a firm rig and the measurement and recording of data are handled
by a computer it is not necessary to have a special instrument operator, the instruments can be
started and monitored by the driver of the vehicle.
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Abstract

A consortium of research institutes and vehicle manufacturers have carried out a European research
project aiming at the evaluation of methods for vehicle climate assessment. Equivalent temperature (teq)
was recognised as the most relevant measure of thermal effects on vehicle operators. Several teq has
been defined and different types of instruments based on heated sensors, has been examined. The most
accurate and relevant method comprises a multi-segmented thermal manikin. However, manikins with
different number, size and organisation of body segments do not necessarily show the same value.
Single, heated sensors or (multiples of them) can also provide useful information but with less detail. The
teq obtained with different types of instruments cannot directly be compared. Recommendations from the
project have been worked into a draft standard for vehicle climate evaluation (NP14505 part 2).

Introduction

The aims of the EQUIV project were to identify relevant and unique measures of the thermal climate in a
vehicle compartment for the purpose of evaluating the effect on human heat exchange. It was early
agreed that the Equivalent Temperature (teq) presently is the most representative and relevant measure
for this purpose. A number of more or less complex methods were identified for measuring teq under
various climatic conditions.

In this presentation the main conclusions from the EQUIV project will be summarised and commented.
One aim of the project was to develop a proposal for a document that could serve as a guideline and
recommendation for the drafting of an international standard for vehicle climate evaluation. This proposal
has been forwarded to ISO TC159/SC5/WG1 who has the mandate for the development of such a
standard. This proposal is briefly outlined in the second part of this paper.

Main conclusions from the EQUIV-project

Seven instruments for evaluation of the thermal environment in vehicle compartments were tested under
different well-defined laboratory conditions as well as in field tests. The represented two principally
different means of measuring:

3. thermal manikin – whole body surface measurement

4. heat integrating sensors – small surface (spot) measurement.

Three thermal manikins with different size, number of body segments and regulation and four heat
integrating sensors with different design and operation principle were evaluated. The laboratory tests
were performed in climatic chambers, in a wind tunnel and in a vehicle cabin simulator in which uniform
and non-uniform thermal environments could be created. The field tests comprised road and rail
measurements performed in trucks and trains.

The most general conclusions are listed in the following:

• The equivalent temperature, teq, has proved to be a suitable measure for evaluation and assessment
of the thermal climate in operator’s cabs, because it expresses the effects of combined thermal
influences in a single figure for total or local climate, easy to interpret and explain.
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• teq, cannot be accurately determined on the basis of measurements of primary climatic parameters
such as air temperature, radiant temperature and air velocity. In principle, a heated sensor that
measures heat flux is required.

• Depending on purpose all methods can be used for thermal evaluation in cabs. The information
provided by the methods shows considerable differences in terms of temporal and spatial resolution.

• teq can be calculated if the heat-loss, Q, and the surface temperature, tsk, is measured in the real
climate, and the heat transfer coefficient in homogenous climate, hcal, has been determined, as: teq =
tsk – Q/hcal

• teq can be determined with heated sensors. There are three principally different regulation modes:
constant surface temperature, constant heat-loss and comfort equation. For all of this the heat-loss,
Q, and the surface temperature, tsk, are measured and the teq is calculated as above.

• There are significant differences between the teq determined with the different instruments. The
differences are increasing with the asymmetries in the climate. Under well defined and rather
homogenous conditions the difference between whole body teq determined with different instruments
was less than 0.5°C. In “real” vehicle cabins the differences, especially for local teq, were higher, up
to several °C.

• Relative comparisons can be done of results measured with the same type of instrument. However,
concerning absolute measurements for classification purposes, the instruments need to meet certain
specifications.

• The differences between teq determined with different instruments can be explained and the factors
causing them can be controlled in a standard.
The factors and the recommendations are given in table 1.

          Table 1. Recommendations related to type of instrument.

Manikins                                Recommendations                                                                          
Number of zones At least 16 (more is better)
Partition of zones At changes of thermal conditions (seat, zone interaction, clothes)
Dressed or nude Dressed with “tight fit” clothing (0.6-1 Clo)
Size and posture As normal human driver, equal during calibration
Regulation mode Constant temperature
Heated sensors                    Recommendations                                                                          
Number and location 6 sensors; head, trunk, arms and legs
Geometry Directional teq and omni-directional teq

Size Small (compared to manikin)

• None of the methods can exactly mimic the heat exchange of the human body and therefore cannot
determine teq according to the general definition (as defined in SAE J2234). The measured teq is
specific to each instrument. Because all of the methods can be useful for evaluation of thermal
climate in cabins, four new equivalent temperatures were defined on the basis of the SAE-definition
and the results from the project (table 2).

         Table 2. Types of teq and appropriate instruments for their determination.

Type of teq                              Suitable instrument                                       
Whole body teq Human sized thermal manikin
Segmental teq Segment of human sized thermal manikin
Omni-directional teq Small ellipsoid heated sensor
Directional teq Small flat heated sensor

• It is reasonable to assume that the best teq according to the SAE-definition will be obtained with a
sensor(s) that are influenced by the climate in the same way as a human being. The sensor(s) would
have to be of the same size and shape as a human being, with realistic clothing and with realistic
surface temperatures for normal activity level in the cab. A thermal manikin meets these requirements.
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• The comfort equation mode gives rather realistic surface temperatures and is also better from other
aspects, but it is slow. Therefore constant temperature is proposed as regulation mode.

• The smaller, individual sensors will determine a teq different from the SAE-definition. As mentioned
they can be used for technical measurements of the climate and for comparative purposes. In
situations when spatial resolution is not necessary they can be more handy and useful than thermal
manikins, e.g. in field testing, for comparative testing of technical solutions etc.

From the tests at transient conditions the following conclusions can be drawn:

• Fast response time of instrument is preferable to record the dynamics of climate change

• Constant temperature is a much faster regulation principal than constant heat-loss and comfort
equation mode. However, it is also the least stable. The stability is dependent on the choice of PID-
factors.

• Both constant heat-loss and comfort equation mode are stable, but slow.

Recommendations for standard

The evaluation of the vehicle climate may serve at least two purposes.

1. assessment of the resultant thermal effect (strain) of the driver in the vehicle

2. assessment of the performance of the HVAC-system

In both cases the criteria for assessment are related to the thermal effect on the human body. The
principal difference between the two is that the first method should assess this effect whenever needed;
i.e. under any given conditions of exposure to external climate and HVAC-settings. The result is a
measure of strain of the driver. The second method is to be applied under well-defined exposure
conditions and HVAC-settings (usually in a test chamber). It measures how well the HVAC-system can
meet defined "comfort" criteria. This method is preferably to be used for consumer information and for
comparative testing.

ISO TC159/SC5/WG1 has prepared two draft standards on the basis of results from a.o., the EQUIV-
project. The approach taken is schematically illustrated in figure 1. The first draft standard (NP14505:1)
describes methods for general evaluation of vehicle climate. It describes methods (mainly ISO-standards)
for the evaluation of vehicles under hot, cold as well as comfortable conditions. The evaluation focuses on
the thermal effects on whole body heat balance.

Figure 1. Schematic illustration of the two draft standards and their applications.

General
climate

evaluation

NP14505:1
Stress
Test

(discomfort)

Performance
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Comfort
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Tractors

Crane
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The second draft standard (NP14505:2) should be used for a more detailed evaluation of the conditions
for thermal comfort. The teq is recommended for this purpose and the assessment is made for whole
body effects as well as local effects.

For participants of the conference this kind of evaluation maybe of particular interest and a brief overview
of NP14505 part 2 is appropriate.

The draft standard defines the four types of teq and specifies requirements for the different types of
instruments to be used (see Table 2). The methods are briefly commented below. The final standard will
contain sufficient technical details on the different measuring principles and the associated requirements
on instruments.

Whole body teq

The determination of whole body teq requires measurements with a human sized thermal manikin (figure
2). In practice a segmented thermal manikin will be used for this purpose and the measure is obtained by
summing up the individual segment values (heat fluxes).

AIMAN HEATMAN NILLE

Figure 2. Examples of thermal manikins for determination of whole body and segmental teq.

Segmental teq

The determination of segmental teq requires measurements with one or more segments of a human sized
thermal manikin. To provide sufficient spatial resolution the number of zones should be 16 or more
(figure 2). Zones should be located at parts of the body most frequently exposed to disturbances in the
thermal environment. Different types of manikins are on the market and do not provide the same zone
classification. Comparative measurements, therefore, can only be made with one and the same type of
manikin. Preferably, new manikins intended for vehicle testing should follow a standard. Preferred
regulation mode is to keep a constant surface temperature (usually 34 °C). Manikin should be of
standard human size and positioned in a defined driver posture.

Omni-directional teq

The determination of omni-directional teq requires measurements with one or more small ellipsoid heated
sensors (figure 3b). The sensor has a three-dimensional measuring field and integrates the local heat
fluxes of the measuring point. A total of six points are recommended for acceptable coverage of the body
surface.
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EVA III
sensors on manikin

a

Comfort Meter

b

Artificial Skin and
Local Discomfort Meter

c

Figure 3. Examples of instruments for the determination of omni-directional and directional teq.
A special, man-shaped stand is used for the positioning of the instruments.

Directional teq

The determination of directional teq requires measurements with one or more small flat heated sensors
(figure 3a,c). The more sensors that are distributed over the body surface the better resolution is
achieved. Depending on the size of the flat sensor there will be a practical limit of number of spots that
can be simultaneously measured.

Other requirements

For a comparative testing two climatic conditions will be specified – one summer condition with solar
load and one winter condition. It is essential for the assessment of the performance of the tested HVAC-
system and cabin that these two climates are used. This will allow manufacturers and customers to
compare different vehicles.

Evaluation

At present the teq in the draft standard only indicates a theoretical heat exchange situation for a human
body. The final interpretation of teq in terms "discomfort" or not, requires extensive comparisons of teq

measured with the specified methods and collection of subjective responses, such as perception of
thermal sensation, discomfort and acceptability. Limited information is available for thermal manikin
measurements, but more research is required for the provision of accurate and reliable correlations.

It will be possible to interpret teq in terms of its deviation from optimal "thermal comfort" and the expected
number of persons (as a percentage), who will likely find the conditions unacceptable.

Comments

The draft standard describes four types of teq and different methods for their determination. The four
types of teq are not comparable but they are all useful for evaluation of vehicle climate, given the inherent
limitations each of them have. For three types of teq several instruments exist. Depending on the specific
construction of each type of instrument they do not give the same measurement results. New
instruments for this purpose need to be standardised in order to allow comparisons.
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