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1.0 Introduction

A vehicle heater requires about 20 times the amount of energy to heat up a car cabin
when compared to heating up an identically sized room in a house (Matsunaga et al,
2010). In electric vehicles (EV’s), when the heater system is operating the cruising
range is reduced to around only a third (Nakane et al, 2010) or half (Bauml et al, 2014)
of that without heating. This is a major reduction in driving range and highlights the
need to develop a more energy efficient way to heat a car. By introducing an alternative
heating method, and therefore decreasing the energy requirement of the heater in the
car, improvements in fuel economy could be made that would enable an increased
distance per unit volume of fuel. This would reduce the fossil fuel emissions per vehicle

and so would increase the marketability of electric and hybrid vehicles.

Currently conventional vehicles use Heating, Ventilation and Air Conditioning Systems
(HVAC) to heat occupants, via convective means, by circulating hot air throughout the
cabin. The air acts as a mediator between the heater and the occupant. This results in
energy losses as this hot air dissipates and escapes from the car cabin. Also the car
cabin interior, including the seats, central console and the door panels act as heat
sinks (Karimi et al, 2002). In conventional vehicles, excess heat which is created by the
internal combustion engine (ICE) is used to fuel the heating system. Some of this heat
is transferred to the car cabin and dispersed via an electric fan. As this heat is going to
waste and the battery is charged when the ICE is running, this approach to cabin

heating has no impact on the driving range of ICE vehicles.

However, in an EV the battery which powers the car and the associated electronic
machinery only creates a relatively small amount of waste heat and, would be
inadequate to heat the car cabin. Therefore EV'’s require a further source of heat for the
vehicle cabin. A method of heating EV’s is a bioethanol heater (Kohle et al, 2012).

However, the efficiency of this method is questionable as it requires an extra tank to



hold the fuel, adding weight to the car that will thus affect the driving range. An
approach to directly heat vehicle occupants rather than the entire vehicle cabin and its
contents via air could potentially save energy and also improve the time required for
occupants to reach thermal comfort (TC) when entering a cold or cool vehicle. In
accord, infra-red (IR) or radiant heating, which bypasses air and warms the surface to
which it is incident, could be used to directly deliver heat energy to vehicle cabin
occupants. This approach is currently under research for use in vehicles and is yet to
be adopted by the automobile industry. Research from the built environment
demonstrates that within an office space IR heating, directed to the hands, maintains
TC at a lower air temperature and results in a 17% energy saving (Zeiler et al, 2013).
Furthermore, using a combination of simulation and experimental work Bauml and
colleagues (2014) recently proposed that in an EV IR heaters could result in an energy
saving of up to 50%. The potential for IR heating, used in conjunction with delivering
heat energy via air, to deliver occupant thermal comfort in road vehicles forms the
basis of the present study. Considering the sensitivity of the hands and feet to the cold
(Arens et al, 2006), regional comparisons of IR heating directed at the lower and upper

body areas will be explored.

Thermal comfort (TC) responses in transient conditions differ to those in steady state
conditions. Local heating/cooling in the opposite direction to whole body
heating/cooling can provide very high TC scores (Zhang et al, 2004). The local Thermal
Sensation (TS) scores, at which the highest TC scores are achieved, shift towards cool
or warm based on human thermal state. This response could be important to consider

when investigating the use of IR heating in transient conditions.

The literature review will cover the following areas: Thermal comfort (TC), thermal
sensation (TS), Infra-Red (IR) heating, modes of heat transfer, human

thermoregulation; the thermo neutral zone and responses to heating and cooling.
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2.0 Literature Review

2.1 Thermal Comfort

Thermal comfort (TC) is defined with the ASHRAE standard 55 (1992) as:

“that condition of mind which expresses satisfaction with the thermal environment”

This definition suggests that TC is a state of mind. This condition would, of course, be
influenced by both physiological and psychological factors. Physiological responses
provide insight into whether a person is comfortable, for example shivering or sweating
suggests discomfort, however the satisfaction of the mind is paramount. TC is therefore
achieved when the individual is content and wishes to be neither warmer nor cooler
than they are and is therefore likely to be linked with an individual’s thermal desirability.
There is a comfort zone for each individual, but this varies from person to person with
no set temperature able to satisfy everyone (Olesen, 1982). As individual thermal
perceptual and physiological responses vary even at a specific environmental
temperature (Djongyang et al, 2010), the only way to establish TC is by gaining

subjective data from the individual.

Factors known to influence TC include age (Oeffelen, 2007), gender (Karjalainen,
2007), body fat percentage (Zhang et al, 2001), metabolism (Havenith et al, 2002) and
clothing resistance (De Carli et al, 2007). Due to such differences it is not possible to
create a thermal environment which will satisfy everyone. The level of acceptability
outlined in International Standard Organisation ISO 7730 (2005) is a 90% thermal
satisfaction rating within a defined thermal environment. Values between -0.5 and 0.5
on the ASHRAE TS scale equates to 90 % of people feeling satisfied with the thermal

environment (Heidari & Sharples, 2002).
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2.2 Heat Transfer Mechanisms

The main methods of heat transfer used by the body’s thermoregulatory response to
the environment are conduction, convection, radiation and evaporation (Hanna &

Brown 1983).

2.2.1 Heat Balance Equation

The amount of heat exchange between the body and the environment is shown in the

following equation (Kerslake, 1972).

Mp+M,+S=E+R+K+C

My is basal heat production which is the amount of heat produced by the body at rest.
M. is any heat produced by exercise or physical activity. S is total amount of heat
storage. R is radiation, K is conduction, C is convection and E is evaporation. It is
important to remember evaporation will only ever have a negative effect on heat

retention within the body.

This equation describes that heat stored in the body is the direct result of the 4
methods of heat exchange (E, R, K and C), along with heat metabolism. There are
obviously environment variables which can affect heat exchange such as ambient
temperature (convection), thermal conductivity of the ground (conduction), wind
velocity (convection), air humidity (convection) as well as the factors affecting radiative
heat transfer (radiation) (Incropera, 2011). Therefore it is extremely important to have a
thermal preconditioning period prior to trials so heat storage in participants is the same
before each condition. Thermal steady state is when metabolic heat production is equal
with heat loss to the environment (Sessler et al 1987). Differences such as sex, body
fat, body shape and proportion, the thickness and composition of tissue in the body and

age all affect heat exchange within the human body (Hanna & Brown 1983).

12



2.2.2 Conduction

Conduction is the term given to heat transfer which occurs via diffusion between a solid
or stationary fluid (Bejan & Kraus, 2003). It also can be viewed as a transfer of energy
from the more energetic to the less energetic particles of a substance due to
interactions between the particles (Incropera, 2011). The occurrence of this type of
heat transfer involves surfaces being in contact with each other. Thermal conduction
relies on the differences in temperature between the surfaces, the area of the contact
between the surfaces and the thermal conductivity of the surfaces (Gates, 1980).
Conduction plays the major role of heat transfer from an organism’s core to its surface

via tissue (Precht et al, 1973).

2.2.3 Convection

Convection of air occurs when heat transfer is assisted by motion of a fluid from a
wetted surface (Bejan & Kraus 2003). There are two main types of convective heat
transfer, natural and forced. Natural convective heat transfer occurs when there is
calm, non-moving gas or liquid which is in contact with an object whereas forced
convection involves an outside force that causes the fluid to move (Hanna & Brown,
1983). When forced convection occurs, the prevalence of natural convection becomes
somewhat irrelevant. So basically in environments with high air flow such as wind,
natural convection does not really have an effect. Convection within the human body

helps to transport heat from the core to the skin via the blood (Precht et al, 1973).

2.2.4 Radiation

Thermal heat radiation is the transfer of heat between surfaces, or between a surface
and a liquid by long-wavelength electromagnetic radiation (Bejan & Kraus, 2003).

Unlike the other two forms of heat transfer, radiation does not require the presence of a

13



material mediator and actually performs most efficiently in a vacuum (Incropera, 2011).
The main factors affecting radiation are: the temperature and reflectance of an object,
the temperature and reflectance of objects around it, the surface area of the object and

surface area of objects visible to it (Incropera & Dewhitt, 1981).

2.2.5 Environmental monitoring

In terms of monitoring different potential heat sources, air temperature, relative
humidity, air velocities, mean radiant temperature and light have to be considered.
Mean radiant temperature eliminates the effect air flow may elicit on ambient air
temperature. It has been found that when exposed to different air velocities from 0 to 3
m s, participants have proportionally increased the radiant heat load voluntarily to the

front of their body at both exercise and rest (Gueritee & Tipton, 2015).

2.2.6 Evaporation

Evaporation is the transfer of heat which occurs when a liquid turns into a gas (Hanna
& Brown 1983). This happens when sweat is produced by an individual to try and
remove heat from the body. This sweat evaporates off of the skin which causes heat to
be transferred from the body to the environment. There’'s a “latent heat of
vapourisation” state change in which a water molecule is vapourised and becomes an
air molecule. This method of heat exchange assists in increasing heat loss and plays a

role in the cooling process.

2.2.7 Seat Heating

Comfort is a very important factor of an automobile seat (Ebe & Giriffin, 2001).
Temperature is an important environmental factor which affects the perception of

comfort when seated in an automobile (Fazlollohtabar, 2010).
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In terms of warming up, heated seat studies have shown that they can have a
beneficial effect on TC at a given ambient temperature. Brookes and Parsons (1999)
found that heated seats improved TS at 5, 10 and 15°C air temperature and TC at 5
and 10°C air temperature. Oi et al (2012) found that heated seats improve occupant
comfort during a dynamic warm up phase when the air temperature is lower than 15° C.
Another interesting finding of this study was that mean toe skin temperature either
increased or did not decrease in each trial, as well as foot TS improving in the 15° C
and 20°C groups. However no heat was directed toward the foot region and so this
must have occurred due a thermoregulatory response. Peripheral areas were affected
by local heat transfer from elsewhere within the body. Zhang et al (2007) found that
participants achieved whole body thermal equilibrium in 11 minutes with heated seats
in all conditions, much quicker than with an air conditioning system. These conditions
included being in summer conditions when warmed up from neutral to hot (25-42 °C)
and winter conditions when being warmed from cool (15-22 °C). As there is a large
surface area of the body in contact with the car seat, seat heating works by direct
conductive heating between the mass of seat and the person. This result provides an
incentive to investigate different types of heating devices within automobiles as it's
possible to achieve TC faster using an alternative heating method to air conditioning

alone.

One issue with the individuals who participated in Oi et al's (2012) study is that they
were very similar in terms of age (22 £ 1.1years), height (175 + 1.3 cm), mass (57.2 +
3.2 kg) and body fat percentage (14.3 + 0.3 %).. The participants were very similar in
all the variables stated above. The findings are valid and can be applied to the specific
group investigated i.e. healthy young males. Due to a decrease thermal sensitivity with
age, but cold sensitivity becoming more predominant than warm sensitivity (Guergova

& Dufour, 2011), this result may not be as applicable to an older population.

15



2.3 Human Thermoregulation

2.3.1 Core Temperature

To keep the body fully functioning, the maintenance of a core temperature between
36.5 and 38.5 °C is required (Moran & Mendel, 2002). Extreme core temperatures less
than 33.5 °C and more than 41.5 °C can result in injury and death (Hensel, 1981).
However these are extreme values and the thermoregulatory system tries to maintain a

core temperature around 37 °C.

The human body can maintain a core temperature of approximately 36.2 to 37.7 °C in
normothermic environments (Dovjak, 2013). However in extreme environments core
temperature cannot be maintained in this range as the behavioural thermoregulation
system is overloaded. The magnitude of changes in core temperature which initiates a
thermoregulatory response is very small. An upper critical limit of 40 °C for core
temperature has been suggested but this temperature is not high enough to cause any

cellular damage (Hales et al, 1996).

2.3.2 Circadian Rhythms

Skin temperature and blood flow are at the lowest level in the morning and a peak in
late evening (Waterhouse et al, 2005). This results in an individual gaining heat in the
morning (sharpest rise in core temperature) and then losing heat at night (biggest fall in
core temperature). Due to this pattern in core temperature it is important that
participants in the present study are tested at the same time of day to ensure that
baseline core temperature measures will be the same on each occasion. If tested at
different times in the day, an individual's thermoregulatory response could differ just
because they are at a different stage in the circadian rhythm. At rest, in terms of
maintenance of circadian rhythms, metabolic heat production is more involved than

heat loss mechanisms (Aschoff & Heise, 1972).
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2.3.3 Thermo-neutral Zone

The thermo-neutral zone is currently defined by the International Union of Physiological
Sciences (IUPS) as “the range of ambient temperature at which temperature regulation
is achieved only by control of sensible heat loss, i.e. without regulatory changes in
metabolic heat production or evaporative heat loss” (2006). Which essentially relates to
the absence of shivering or sweating. This sensible heat loss can refer to conduction,
convection, radiation or evaporation. The upper and lower ambient air temperature
limits of the human thermo-neutral zone are called the Upper Critical Temperature
(UCT) and Lower Critical Temperature (LCT) respectively. If temperatures rise above
the UCT then fall outside of the zones then the hypothalamus initiates thermoregulatory
responses such as sweating and vasodilation (section 2.7). If temperatures fall below
the LCT then shivering, non-shivering thermogenesis and vasoconstriction are initiated
(Kingma et al, 2011). Hardy & Dubois (1937) found the lower LCT for ambient air
temperature for nude humans was 28.5°C, with a skin temperature of 33.5°C. They
didn’t define an upper limit but stated that evaporation was markedly increased at
32°C. The LCT has since been found to be lower, at 26.4°C (Kingma et al, 2014). The
TNZ for a person in a business suit doing light office work is shown in figure 5. The
TNZ is shown to be from 14-24°C, equating to a skin temperature 28-34°C (Kingma et
al, 2014). Between these two skin temperatures the body can maintain thermal balance
without requiring either sweating or shivering. The onset of these physiological
responses to the cold directly correlated to the reduction in skin temperature as well as

core temperature.

17
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Figure 1. The TCZ for a person dressed in a business suit with resting metabolic rate
(Kingma et al, 2014). Showing both ambient air temperatures and corresponding
mean skin temperatures. Both TCZ reported by Gagge et al (1967) and Weiwei et al
(2014) are shown. The TNZ is also labelled and responses outside this zone such as
sweat, Non-shivering thermogenesis (NST) and shivering (SH).

The thermal comfort zone (TCZ) (figure 1), the range of temperatures in which TC is
achieved, is not directly related to the TNZ but physiologically share the same input
factors, skin temperature and core temperature (ASHRAE, 2004). The range of skin
temperatures in the TCZ is narrower than the TNZ (figure 1), which results in a
narrower ambient air temperature range (Kingma et al, 2014). The TCZ ambient air
temperature range for a person in a business suit doing light office work is 17-24°C,
with skin temperatures 32-35.5°C (Gagge et al, 1967).In steady state conditions,
humans can only be in the thermo-neutral zone if heat loss and heat production are
balanced. However the TCZ outlined by Gagge et al (1967) is quite large (17-24°C),
which questions whether this is really a “comfort zone”. People who feel comfort at
24°C are unlikely to feel comfort at 17°C, the range of temperatures is too large to be

classed as a TCZ and may not be applicable to provide comfort to a person.
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2.3.4 Cooling Physiology

When exposed to cold conditions, humans elicit a thermoregulatory response in the
form of cutaneous vasoconstriction in order to retain heat (Lindblad et al 1990).
Thermoregulatory vasoconstriction has been found to significantly decrease cutaneous
heat loss (Sessler et al 1990). This is where blood vessels constrict to reduce blood
flow to certain limbs to keep the body warm. Hence this reduces the convective transfer
of heat from the core to the periphery as blood flow is reduced. There is also a reduced
skin blood flow in response to cooling which results in less heat being transferred from
the skin to the environment (Charkoudian, 2003). Vasoconstriction is the most
important thermoregulatory response during mild cool exposure, which can be

identified noticeably in the upper extremity region (Zeiler et al, 2013).

An initial response to try to retain heat is horripilation. This is where the hairs on the
skin retain a layer of warm air which acts as a barrier between the skin and the ambient
air (Mannino & Kaufman 1986). Both the magnitude of shivering and vasoconstriction
have been shown to have a linear relationship with reductions in core temperature
(Cheng et al, 1995). Shivering has also been associated with a decrease in skin
temperature. Peripheral vasoconstriction assists in limiting heat loss in response to a
cold stimulus, whereas shivering increases metabolic heat production (Castellani et al,
2000). Muscular contractions caused by shivering increases metabolic heat production,
which, alongside reduced heat dissipation allows core temperatures to be maintained
even in cold environments (Charkoudian, 2003). The coldest temperature used in the
current protocol is 5°C, which participants are only exposed to for 3 minutes before the
temperature increases. Therefore shivering is unlikely to be a major thermoregulatory

response in the study.
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There have been contradicting views in the literature about the role of skin in
thermoregulation. A recent review stated that some studies have suggested that skin
temperature serves as a feedback system whereas others propose that it serves as a
feed forward system (Nakamura, 2011). A feed forward system considers that the skin
detects changes in the environmental temperature and sends feed forward signals to
the brain about the ambient temperature in order to regulate body temperature before
the skin has actually got cold. A feedback system involves the skin becoming cold and
then sending a signal to the brain to initiate a thermoregulatory response. The review
goes on to clarify that autonomic thermoregulation uses thermal feedback signals
whilst other areas for example non-hairy skin can produce feed forward signals which
result in behaviours which may have thermoregulatory responses. In terms of heating
up, the skin would then elicit feedback signals to the brain stating the temperature is
warm, which would then lead to physiological responses such as vasodilation to try and
spread heat through the body. Werner (1981) states that peripheral skin temperatures
decrease in a variable way when the body is cooled but in warm conditions

temperatures become more stable.

At 0°C the human thermoregulatory response in terms of heat generation achieves its
maximum potential, which is typically 3 to 5 times the complete amount of heat
generated at basal rate (Dovjak, 2013). Heart rate and metabolic rate have been
shown to increase during short bouts of exposure to cold temperatures (Marino et al
1998). In the present study the coolest temperature participants are exposed to is 5°C,
and this is not a repeated bout protocol and so these responses may not occur. This

pattern may only occur when the participant is being repeatedly cooled and heated.

20



2.3.5 Heating Physiology

In a car cabin, the HVAC system helps warm up occupants by increasing ambient air
temperature. On a simple level one physiological change which occurs when the body
is heated up is an increased skin blood flow without an increase in muscle blood flow

(Edholm, Fox & Macpherson, 1956).

In response to heat, elevated skin and core temperatures cause cutaneous
vasodilation which is activated by neural mechanisms and also local mechanisms
(Kellogg, 2006). These local mechanisms occur due to the effect of the higher
temperature on skin vessels. Vasodilation increases the transfer of convective heat
from the core to the periphery (Charkoudian, 2003). This vasodilation requires an
increased blood flow which is achieved by an increased cardiac output and
redistribution of blood flow from other areas of the body. This is achieved without

compromising oxygen delivery to the vital organs (Johnson & Proppe, 1996).

During normothermic conditions, skin blood flow amounts to around 5% of cardiac
output but this figure can increase dramatically to as much as 60% during maximal
vasodilation (Rowell 1974). This shows just how prominent and substantial vasodilation

is as a thermoregulatory response in humans.

There are two main mechanisms by which temperature is regulated within the body,
chemical (cell metabolism) and physical (heat dissipation) (Cheng et al, 1995). When
the whole body is warmed there is an increase in the rate of chemical reactions in the
body which results in an increased heat production (Havenith et al, 2002). The increase
in cell metabolism is achieved via an increase in cutaneous blood flow causing an
increase in the permeability of cellular and capillary vessels, which in turn increases
reactions within a cell (Baker et al, 2001). Generally, the more heat which is being

produced within the body means that more heat needs to be dissipated around the
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body. However this is dependent on other aspects of the environment and the level of

metabolism.

Thermoregulatory reflex responses to heat stress include an increase in skin blood flow
and sweat production in order to try and maintain thermal homeostasis (Rowell, 1977).
Depending on how much heat will be applied to the body dictates whether a sweat
response would occur. The sweating response from heat stress has been shown to
occur before the response of vasodilation within the forearm (Love & Shanks, 1962).
Heat production, sweating and heat loss are proportional to core temperature
(Cabanac & Massonnet, 1977). Therefore both skin and core temperatures play an

important role in thermoregulatory responses

When body parts are locally warmed or cooled core temperature initially responded in
the opposite direction to skin temperature (Huizenga et al, 2004). This could be due to
counter current heat exchange when warm blood is being pumped around the body.
Mitchell & Myers (1968) outlined this process and states that it can occur between the
arteries and veins as well as between blood vessels and the tissues which they come
in contact with. Blood flows to the tissue at the artery temperature and returns through
the veins at the tissue temperature from which it has just come from. So when warm
blood flows around cold tissue because of vasodilation, it can lead to the blood
temperature becoming cooler. Even though the body is being heated up this cooler
blood flow can actually reduce core temperature initially during vasodilation. So
potentially if rapid heat stress in applied to a human, they may experience a drop in
core temperature initially which may cause them to elicit shivering in response. This
counter current flow is interesting to note and important to consider in the dynamic

warm up phase in the proposed study (section 3.3.4).
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2.3.6 Regional Body Warming

In terms of applying heat regionally, there have been different findings to whole body
studies. Hirata et al (1988) found that submerging one hand in water at a temperature
of 35°C, then increasing this temperature to 43 °C caused a decrease in skin blood
flow levels to the hand. This vasoconstriction response was not present in the control
hand. In a study with a similar protocol Nagasaka et al (1986) found a vasoconstriction
response in the finger when heated regionally. They suggested that this could be a
method to reduce heat gain in the hand when exposed to temperatures which are
above core levels. As the rest of the body wasn’t being warmed then this warm blood

)

could flow around the rest of the body where this heat could be dissipated. It's
interesting to note this response is different to that employed in response to whole body
warming. Other studies have found that immersing one arm in warm water (43-45°C)
caused vasodilation to occur in the other arm (Gibbon & Landis 1932). The authors
have also found that by immersing forearms in warm water vasodilation responses
occur in the lower limbs. This response was attributed the rise in temperature of the
blood being returned from the heated limb. This response is worthy of note as

thermoregulatory responses can occur during the warm up phase in areas of the body

which aren’t even being directly heated.

Water perfusion suit studies have shown that the hands act as heat radiators and the
feet resisted heat loss when locally heated (Caldwell et al, 2013). The local skin
temperature changes were controlled by variations in vasoconstrictor and
venoconstrictor tone. This could be relevant to conduction via steering wheel heating

although this will not be investigated in this study.

The face has been found to be the most sensitive body area to temperature sensation,

due to a high concentration of thermoreceptors which makes it receptive to cold and
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warm conditions (Stevens & Choo, 1998). Suggesting that directly heating or cooling
the face can elicit an effect on thermoregulatory responses. Whilst local skin warming
and whole body warming both cause cutaneous vasodilation. It has been established
that the mechanisms behind the responses under these two conditions are

independent (Kellogg et al, 1995).

There is a high density of thermoreceptors in the face, lips, nose, abdomen, chest,
back and finger (Hensel, 1982). There is around 10 times the amount of cold receptors
compared to warm receptors (Guyton & Hall, 2000). The depth of cold thermoreceptors
is around 0.15-0.17mm deep in the dermis with the depth of warm receptors around
0.3-0.6mm (Hensel, 1982). The increased number of cold thermoreceptors and the
shallower depth of these to the skin surface suggest that humans are more receptive to

the cold than the heat.

2.4 Hypothalamus

The hypothalamus is the main organ involved in thermoregulation, which processes
information gained from internal and external thermoreceptors and initiates a

thermoregulatory response leading to changes in temperature (McAllen et al, 2006).

The anterior hypothalamus is responsible for initiating thermoregulatory responses,
vasodilation and sweating, when the body heats up over a set temperature usually
around 37 °C (Benzinger, Pratt & Kitzinger, 1961). The posterior hypothalamus is
responsible for eliciting a response in the form of vasoconstriction and shivering when

the body’s core temperature drops below a certain level.

2.5 Skin temperature

There have been contradicting views in the literature about the role of skin in

thermoregulation. Some studies have suggested that skin temperature serves as a
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feedback system whereas others propose that it serves as a feed forward system
(Nakamura, 2011). A feedback system proposes that when skin temperature becomes
hot or cold, it feedbacks this information to the brain which can then elicit a
thermoregulatory response. A feed forward system considers that the skin detects
changes in the environmental temperature and sends feed forward signals to the brain
in order to regulate body temperature before the skin has actually got cold. This paper
goes on to state that autonomic thermoregulation uses thermal feedback signals whilst
other areas for example non-hairy skin can produce feed forward signals which result
in behaviours which may have thermoregulatory responses. Most metabolic heat is
lost through the skin (Sessler et al 1990). This shows the importance of skin to

regulating body temperature, especially in terms of heat dissipation.

2.5.1 Heat Flux

Skin temperatures alone cannot be used to calculate heat loss, as temperature alone
doesn’t give a measure of heat transfer to the environment. So heat flux measures will
be made in the current study. Heat flux sensors measure the temperature gradient
between two temperature sensing discs. The sensor then divides this value by the
resistance separating the discs and calculated net heat flux through the instrument
(Priestley & Taylor, 1972). Also transfer of heat cannot be established from changes in
central body temperature alone as this is dictated by thermoregulatory responses and
redistribution of heat in the body (Sessler & Moayeri, 1990). Cutaneous heat flux, along
with central temperature and tissue heat content do not determine TC (Sessler &
Ponte, 1990). The poor correlation between TC and heat flux is probably due to flux
only being determined by skin temperature and the environment, with TC being

dictated by many other factors.
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2.5.2 Contribution of skin temperature & core temperature

The contribution ratio of core temperature to skin temperature towards initiating
autonomic and metabolic responses is from 2:1 to 4:1 (Frank et al, 1999), with
contributions to the shivering response being 4:1 (Cheng et al, 1995). Showing core
temperature has a bigger effect than skin temperature in thermoregulatory
response.Skin temperature and core temperature are both equally responsible for TC
(Frank et al, 1999). So as previously stated, skin temperature isn’'t as important in

initiating autonomic and metabolic response, but it plays a big part in subjective TC.

2.6 Clothing Insulation

A “clo” is an objective value used for the insulation of clothing. In the current study one
“clo” is going to be worn by the participants. For studies investigating the rate of heat
transfer it is important to control the clothing insulation value. In this study one “clo” is
proposed as it equates to a business suit, an outfit worn by much of the population to
work every day. One “clo” requires a rate of transfer of 5.55 Kcal per square meter skin
surface area per hour for a one degree centigrade difference between skin temperature
and ambient air temperature (Fukazawa et al, 2007). An objective value for clothing is
important to quantify insulation properties of a piece of clothing independently. Wearing
one clo of insulation will have an effect on heat production and preservation as clothing
is a mediator for convective as well as radiative heat exchange (Havenith et al, 2002).
It is therefore important to ensure consistency of posture as well as clothing during the

trials.

2.7 Thermal Comfort Models

There are two main approaches to TC, the rational approach and the adaptive

approach. The rational approach, also known as the heat balance approach, is based
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on data obtained from environmental chambers or laboratory based studies. The two
main models used in this approach are the PMV model (Fanger, 1970) and the two-
node model (Gagge et al, 1986). The adaptive approach involves work which has been

carried out in the “real world” via field based studies (e.g. buildings, offices).

2.7.1 Rational Approach (Heat Balance Approach)

This approach was developed by Fanger (1970) in his PMV (Predicted Mean Vote)
model. This approach is applicable to steady state conditions within a room and so will
not work in a dynamic situation. The PMV value is a predictor of TC based on the
ASHRAE (American Society of Heating, Refrigerating and Air Conditioning Engineers),
TS scale (ASHRAE, 2005). Fanger's approach to TS accounts for 6 main variables
involved with TS, 4 physical (environmental) and 2 personal. The environmental
conditions key for this are air temperature, mean radiant temperature, air velocity and
relative humidity. It also assumes these are uniform. With clothing insulation and
metabolic rate (activity level), accounting for the personal variables. This model yields a
“Predicted Mean Vote” (PMV) index and “Predicted Percentage of Dissatisfied” (PPD)
index. The PMV is the predicted mean thermal response in a large group of people
and the PPD is the predicted percentage of people who are not satisfied with the
thermal environment. Both the PMV and PPD are based on scores from the ASHRAE 7
point thermal sensation scale (Figure D1). There are issues with this method though as
comfort is predicted from TS. However individual differences dictate that people will
report TC and different TS’s. Whilst a score of “neutral” on the sensation scale might be

comfortable for some, for others comfort may only be achieved at “warm”.

2.7.1.1 Predicted Mean Vote (PMV)

The PMV is obtained through asking a group of participants for their perception of the

thermal environment via the ASHRAE 7 point thermal sensation scale (ASHRAE,
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2005). The model was developed by exposing participants to a range of steady state
temperatures and the mean sensation from the group at each temperature became the
MV (mean vote). From this data Fanger developed an equation for PMV which is as

follows:

PMV= [0.303exp(-0.036M)+(0.028)L]

M= Metabolic Rate

L= Thermal Load

The PMV establishes the average response from a large population and takes into
account heat flow from an individual and required heat flow in order to maintain

optimum comfort.

2.7.1.2 Predicted Percentage of Dissatisfied (PPD)

Fanger (1970) found that in a population of 1300, the minimum percentage of people
dissatisfied with the thermal environment was 5%. Anyone who replied with a score of
“2” (warm) or above, or “-2” (cool) and below on the ASHRAE 7 point thermal sensation
scale was classed as being “dissatisfied”. For 95% of the population, any participant
who feels “neutral”, “slightly warm” or “slightly cool’ is classed as satisfied. The

relationship between PMV and PPD is outlined below.
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Figure 2. Relationship between PMV and PPD adapted from Fanger
(1970).

Figure 2 shows the symmetrical nature of the relationship between PMV and PPD with
the lowest PPD occurring when PMV is zero. When “neutral” sensation is reported for
the predicted mean vote, only 5% of the population will be dissatisfied with the

environment.

2.7.1.3 Two Node Model

The other main model to assess TC in buildings is the Pierce two-node model which
was developed from Stolwijk general model (Stolwijk & Hardy, 1966) by Gagge et al
(1971). It includes measures of both TS and thermal discomfort, acquired from
effective skin temperature and skin wetness. This concept of skin wetness is important
and it can provide a source of discomfort regardless of the temperature. It is
recommended that skin wetness should be below 25% (Gagge et al, 1969). This model
considers the human body to be in two parts or two cylinders. The inner cylinder
represent the body’s core temperature (37.1°C) whilst the outer cylinder represents the

body’s skin temperature (33.1 °C).
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Both the PMV model (Fanger, 1970) and the two-node model (Gagge et al, 1986) have
been found to be accurate for humans in steady state conditions whilst sedentary but
accuracy of the PMV model decreases as exercise intensity increases (Doherty &

Arens, 1988).

Both the PMV model (Fanger, 1970) and the two-node model (Gagge et al, 1986) are
effective for evaluating thermally stable environments and have been extensively used
in that setting. However they do not attempt to model TC in transient dynamic
situations. They could be applicable at any one point in a dynamic protocol but were

not designed to predict TC in an asymmetrical dynamic environment.

2.7.2 Adaptive Approach

The adaptive approach is derived from the study of TC in more realistic environments.
Using data from field based studies rather than lab based studies (Humphreys, 1978).
An advantage of this is participants are more comfortable to provide feedback in their
own environment, wearing normal amounts of clothing and without any other
restrictions (Cena & De Dear, 2001). This approach involves the researchers
intervening as little as possible to enable thermal response within everyday life to be
evaluated. Different TC models have been developed that include this approach, such
as the adaptive predicted mean vote (aPMV) model (Yao, Li & Liu, 2009). They
developed the aPMV after finding that the predicted mean vote (PMV) is greater than
the actual mean vote (AMV) in summer, but less than the AMV in winter. The PMV
considers the human body a passive component of the thermal surroundings and not
an active part which interacts with the thermal environment via multiple feedback loops
(Brager & de Dear, 1998). The aPMV considers local climate, lifestyle, cultural
background and behaviour. It was found that in cool conditions aPMV was greater than

PMV and in warm conditions aPMV was less than PMV. However Yao & Li & Liu
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(2009) conducted the study in China, which has a different climate to the western

world. Further studies using aPMV in different climates would be warranted.

The adaptive approach differs from the rational approach as it doesn’t assume that a
“‘neutral” TS score equates to optimal TC. Instead it takes into account participants’
preference about the thermal environment which explains the differences between
aPMV and PMV in the different seasons as discussed above. In summer, when the
environment is warmer, participants prefer to be cooler than “neutral” on the TS scale.
In winter, when the environment is cooler, participants prefer to be warmer than

“neutral” on the TS scale.

Adaptive work could potentially be used to investigate IR panels in vehicles but there
are issues with this. In order to ensure constant temperature conditions outside,
adaptive work must be carried out in a climate with consistent weather conditions. With
multiple trials being used this would be difficult to conduct within the UK and another
country such as Spain which has more consistent warm weather would be more
appropriate. However ideally a location which has consistently cool conditions would be

used to investigate IR heating and it has a greater effect at lower temperatures.

These models are predominantly for use in static environments and the current study
uses a dynamic pull up in air temperature. So the models wouldn’t be suited for this
protocol and highlights the need for studies such as these to be carried out rather than

simulated using one of these models.

2.7.3 Vehicular comfort models

There have been a few models to predict TC specifically within vehicles. Han et al
(2001) developed a physiological model consisting of 16 segmental body parts and

incorporated solar load, solar incident angles, glass properties, air velocity, surrounding
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radiant heat and air temperature on occupant thermal comfort. A different approach
using a psychological model called the Virtual Thermal Comfort Engineering Model
(VTCE) has also been used (Han & Huang, 2005). However this is based on a Sports
Utility Vehicle (SUV) environment and may not be appropriate for all types of vehicles.
Thermal manikin based models have also been used within vehicles which involve a
manikin which can elicit basic processes such as breathing, heating and sweating
(Rugh & Bharathan, 2005). These models appear to be in good agreement with models
using human subjects, apart from the head and the feet (Alahmer et al, 2011). IR
thermography has been proposed as a promising tool to predict TC in vehicle cabins
and has been used to measure surface temperature in transient conditions (Qian,
Ishida & Saito, 1994). However, to date there are only a limited number of studies
which discuss the use of IR thermography to evaluate thermal conditions in a car. In
conclusion there are some models used to predict TC within a vehicle environment,
however there is disagreement over the best way to assess TC and to the authors
knowledge none of the models have been used to incorporate the use of IR heat

panels in a vehicle.

2.8 Thermal Sensation

Thermal sensation is the apparent feeling about the thermal environment that people
have. TS has strong links with TC (figure 3) as at a certain thermal environment,
dictated by people’s sensation, TC is achieved (Fanger, 1970). Many researchers
consider that sensation scores between “-1” (slightly cool) and “+1” (slightly warm) as
“‘comfortable” (Zhang, 2003). The main models to predict TS are the PMV and PPD
developed by Fanger (1970), the same models used for TC. This is because in steady
state conditions comfort and sensation are fairly similar and it's only in dynamic
situations, when the body is out the thermo neutral zone that comfort and sensation

vary more (Zhang & Zhao, 2009).
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Figure 3. The relationship between thermal comfort and sensation with
regards to autonomic and behavioural human temperature regulation
(Hensen, 1991).

It has been suggested that very few studies have examined TS of local body parts,
especially identifying TS and comfort separately (Zhang, 2003). This is interesting to
note as participants may score TS as “warm” and be “comfortable” or score TS as
“cool” and be “comfortable” or other combinations of the scales. The two factors are not
necessarily aligned, with neutral on one scale not necessarily matching up with neutral

on the other scale.

It has been suggested that individuals may not prefer to feel neutral on this ASHRAE
scale, as people in warmer environments may prefer to feel cooler and people in cooler
environments may prefer to feel warmer (Humphreys, 1976). This is supported by
Humphreys & Hancock (2007) who found that in 57% of the cases, the assumption that
neutral was the desired TS on the ASHRAE scale was incorrect. They go on to advise
that as well as taking TS measures, a measure of desired TS should be taken. The

current study will seek desirability scores for the seat, face, lower leg and overall air to
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help identify the different areas of the body, as well as the magnitude of
heating/cooling, the participants desire. It will be of use to inform the design and
engineering of vehicle comfort systemsas to whether IR heating has direct local effects
dependant on panel position, as well as any effect on a person’s optimal TC, TS,

desirability or magnitude of desirability.

Experimental studies still need to evaluate specific local inputs (IR) and potentially
provide data to incorporate into a model which could calculate how the local body

areas affected by IR relate to overall TC and TS.

2.8.1 Transient Thermal Sensation

Under steady state conditions, it is generally considered that TS scores further away
from neutral are perceived as being uncomfortable. In transient conditions there is a
different response. Participants who have been exposed to the heat (hyperthermia) or
cold (hypothermia), perceive an additional heat or cooling source (in the opposite
direction to the overall environment) aimed towards the hand, forehead and neck as
being pleasant (Cabanac 1972; Attia & Engel, 1981). Also Zhang et al (2004) found
that locally TC votes of “very comfortable” for the foot were only achieved when the
whole body was either warm or cold and heating or cooling was applied to the foot in
the opposite direction which helped relieve discomfort. Local comfort was shifted on the
TS scale to either cooler or warmer than neutral depending on the body’s thermal state.
Locally high levels of comfort can be achieved in transient conditions even if the whole

body is being heated/cooled. Using a ramp protocol

2.8.2 Desirability

As well as obtaining information about current TS, a need to find out about desired TS

has led to a 3 point thermal preference scale being developed (Mcintyre, 1980). It is
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therefore important in the present study to utilise a scale of thermal desirability. Oi et al
(2012) used a similar 3 point scale to Mclintyre (1980) to identify whether participants
desired a “warmer” or “cooler” temperature. However, an expanded version of this
scale, informed by consistent participant feedback during previous automotive thermal

based work in our laboratory, is used in the current investigation (Appendix D3).

2.8.3 Acceptability

Another consideration is thermal acceptability i.e. how acceptable is the total thermal
environment to an individual. Thermal acceptability has been found to be closely
correlated to TC with scores of “comfortable” and “slightly uncomfortable” on the
comfort scale falling into the “acceptable” range on the thermal acceptability scale
(Zhang & Zhao, 2008).Acceptability of the thermal environment was reported prior to
TC being reported for both uniform and non-uniform environments. TC is not

necessarily required for an environment to be considered thermally “acceptable”.

2.9 Infra-Red (IR) Heating

Using infrared as a heat source to improve human TC has not been widely reported in
literature to date. In the built environment, Zeiler Vissers & Boxem (2013) conducted a
study which investigated the use of infra-red heating systems on comfort to try and
improve energy efficiency within a building environment. The Infra-red heat source was
directed at the hands in an office style environment. The study found that local radiant
heating at an power output of 98 W could maintain TC whilst the air temperature was
dropped from 22 to 19.5°C, resulting in a potential energy saving of 17%. In this study
perceptual TC improved with a “human-in-the-loop” comfort strategy in place. This
control strategy included a feedback loop which meant the radiant heat source was
turned on when fingertip temperature dropped below 29 °C and was turned off when

skin temperature exceeded 31.5 °C. Between these values it was hypothesised that TS
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would remain neutral or higher due to the participant remaining in the “thermo-neutral

zone”. This demonstrates the potential for IR heating to be used within a vehicle.

The main gender differences in Zeiler et al's (2013) study were that for some of the trial
the female participants’ sensation dropped below neutral and also a warmer
environment was preferred. The IR heating was activated for longer periods of time for
the female compared to the male due to the finger skin temperature dropping below 29
°C for much of the trial. A limitation of this study is that the protocol was only conducted
using one male and one female participant. This means the data being collected for
each gender is only from one person and so even an average across participants is not
possible. There wasn’t a clothing insulation value (clo) reported for the participants in
the study which could have affected thermal perceptions. These results cannot be said
to be applicable across a certain population, office workers, as the sample size is too

small to be an accurate representation of this population.

Zeiler's study (2013) is one of the first studies to investigate IR heating on participant
TC shows the proof of concept that IR has a positive influence on maintain TC with
potential for energy savings in an office environment. The current study is trying to
build on these findings and establish whether IR works in vehicles. One participant of
each sex may have been used as there are known gender differences with cold
extremities with women having higher thermal discomfort with cold extremities (TDCE)
scores compared to men (Mozaffarieh et al, 2010). This variation is controlled for in the
current study as only male participants were recruited. However the validity of Zeiler's

study may be compromised due to the small sample size.

IR heating within vehicles has only been shown to effectively warm up an occupant
from a cold environment (-7 °C) when used alongside convective heaters (Bauml et al,

2014). When IR heaters were used in isolation, the areas of the body these were aimed
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at warmed up to comfortable levels quickly, with air temperature only rising to a
maximum of 2 °C. Other areas of the body, such as the feet, felt cold as IR panels only
focused on the thigh and knee. TC was not achieved with IR heaters being used in
isolation. Even with the convective heaters on, the feet still took nearly 30 minutes to
be regarded as comfortable. This agrees with Arens et al (2006) who found foot
temperature to be the coolest body part of the body in different conditions and to cause
the main source of discomfort under cool conditions. However these tests were
completed in an environmental chamber and not in a vehicle simulation. In relation to
the PMV model mentioned earlier, until a point where the foot gets too hot, if foot TS
increases this will increase foot TC. The feet are the main cause of overall discomfort

in the cool so by eliminating this cold sensation overall TC can be improved.

This i
unabridged version of the thesis can be viewed in the
Lanchester Library Coventry University.
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Figure 4. The position of the IR panels used in Bauml et al’s
(2014) stud . Int i image the ‘dummy is b ing exposed to IR
heating in isolation.

When IR heating in isolation was tested on a dummy, skin temperature did not reach
comfortable levels. Although these results were validated on real people, the number of
participants was not reported and so the reliability and validity of these findings is

limited. In the Bauml (2014) study, combination of IR and convective heating (section
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2.5) was suggested to be the most efficient way to heat the car air cabin and achieve
holistic TC (Figure 4). This was because skin temperatures were higher and feet
became less cold. Although there was an IR panel toward the lower leg region, it
highlights the potential for an IR heat source in the footwell area to be directed at the
feet. Simulation results show the addition of IR potentially reduced the energy

consumption of the vehicles heating system by 50%.

Figure 5 shows how TC can be maintained at lower ambient air temperatures with the
use of IR heating. Less convective heating is potentially required which could result in a
substantial energy saving. However they go on to state that only a combination of
convective and radiant heating is effective for TC to be attained. It has to be stated that
comfort is multi-factorial and factors such as conduction from the seat must also be
considered.

This i
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Lanchester Library Coventry University.

Figure 5. Diagram representing the relationship between
radiation/convective heating and thermal comfort (Bauml et
al, 2014)
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2.10 Aims

The aim of the study is to evaluate the potential contribution of an infrared (IR) heat
source to a car cabin occupant’s thermal comfort during a dynamic warm up. In
addition the impact of positioning the IR panel towards the upper compared to the

lower body will be evaluated.

2.11 Hypothesis

It is hypothesised that during a dynamic car cabin warm up scenario (5-25°C) that IR
heating, aimed towards the upper or lower body, compared to no IR heating will warm
occupants quicker with TS values increasing at a greater rate. Accordingly it is
hypothesised that IR heating will improve occupant TC compared to no IR heating.
Likewise the occupant’s desirability to change their thermal environment will be lower in
the IR conditions compared to no IR. Finally it is hypothesised that local skin
temperatures, incident to the IR heating, will be greater throughout the trial compared
to NolR. Therefore IR panel position dependent differences in local thermal sensation

and comfort are hypothesised.
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3.0 Methods

3.1 Experimental Design

8 healthy male participants (mean * sd; age, 27+8 years; height, 176.0£0.05 meters;
mass, 76.5+11.2kg; body mass index, 24.6+3.5 kg-m?) volunteered to take part in the
study. Each participant signed an informed consent form for the study. Ethical approval
for this study was granted by Coventry University Ethics Committee. They were
deemed healthy via a health questionnaire (Coventry University Sport Science and
Physiology health screen questionnaire), on arrival prior to participation at each
laboratory visit. In preparation for each visit participants were required to avoid alcohol
for 24 hours before each trial and abstain from caffeine, avoid strenuous exercise and
not smoke for 2 hours before the trial. None of the participants were smokers.
Participants clothing was standardised to one “clo” of insulation, equivalent to a person
wearing a business suit (Oi et al, 2012). In general the outfit people wore consisted of
an undershirt, a long sleeved shirt, a jacket or sweat shirt, underpants, trousers, socks
and training shoes. Participants wore exactly the same clothing on each occasion to

ensure they were exposed to the same level of insulation across the three trials.

On arrival at the laboratory participants were instrumented according to sections 2.5.3,
254 and 2.5.5. Participants were required to make 3 separate visits to the
environmental chamber. Each consisted of instrumentation, a 15 minute
preconditioning period followed by a 40 minute experimental trial. The three conditions

are listed below.

¢ NolR- No Infra-red heating.
¢ |RV-IR heating in a panel situated in the visor position of a vehicle

¢ |IRF- IR heating in a panel situated in the foot well position of a vehicle
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Participants visited the chamber at the same time of day for each trial; either 9am,

12pm or 4pm.

The NolIR and IRV trials took place in a balanced cross-over design in Nov/Dec 2015.
A ‘single blind’ approach was applied to the trials (Figure 6A). The IRF trial was

conducted in Jan 2015 using the same participants (Figure 6B).
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Figure 6. Instrumented environmental chamber, A) IRV (Infra-Red Visor) trial
photo, A1) IRV trial schematic, B) IRF (Infra-Red Footwell) trial photo and B1) IRF
trial schematic. IR (Infra-Red) panel position and dimensions are indicated for

each trial.
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3.2 Physiological Measures

3.2.1 Heart Rate

Heart rate was monitored with a chest strap and recorded via telemetry on a wrist
watch (Polar FT1, Sweden). HR was taken at 5 minute intervals during preconditioning
(section 3.3) and at 2 minute intervals during the 40 minute experimental trials (section

3.3.1).

3.2.2 Core temperature

Core temperature was measured by a rectal thermistor and an aural thermistor. On
arrival to the chamber participants were instructed to privately insert the medical grade
rectal thermistor (FF, Edale, Instruments Ltd, Cambridge, UK) 10cm past the rectal
sphincter. Each participant used the same rectal thermistor on each visit after it had
been cleaned with disinfectant (Virkon). The aural thermistor(FF, Edale, Instruments
Ltd, Cambridge, UK) was cited in the participants’ ear canal and again was kept
consistent throughout the trials. Both thermistors were attached a to an Eltek Gen Il
wireless data logging system (Eltek Ltd, Cambridge, UK). Data were logged at 10

second intervals.

3.2.3 Skin Thermistors

Skin thermistors were sited on 20 sites around the body (figure 7) and fixed on with
medical grade breathable tape (MED5560, PolarSeal, Saxmundham, UK). The cites
used were as follows; Nose, forehead, chest, forearm (right), upper arm (right), hand
(right), 2" finger (right), upper back (right and left), lower back (right and left), buttocks
(right and left), posterior thigh (right and left), anterior thigh (right), lower leg (medial

and lateral), foot (right) andtoe (right). The thermistors were connected to a Squirrel
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data logger (2020 Series, Grant Instruments Ltd, Shepreth, UK). Data were logged at

10 second intervals.

Two methods of calculation mean skin temperature were used (Ramanathan, 1964; Oi

et al, 2012). Ramanathan’s calculation was as follows:

msk = 0.3 (chest + arm) + 0.2 (thigh + lower leg)

Oi et al's (2012) calculation, as shown below, uses 15 different body parts including

areas which were in contact with the seat.

To = {7(T1) + 17.5(T2) + 14(T3) + 5(T4) + 9.5(T5) + 13(T6) + 7(T7)

+3.375(T8) + 3.375(T9) + 3.375(T10) + 3.375(T11) + 3.375(T12)

+3.375(T13) + 3.375(T14) + 3.375(T15)}/100

Where component temperatures are: T1, forehead; T2, chest; T3, forearm (left); T4,
hand (left); T5, anterior thigh (left); T6, leg (left); T7, foot (left); T8, upper back (right);
T9, upper back (left); T10, lower back (right); T11, lower back (left); T12, buttocks

(right); T13, buttocks (left); T14, posterior thigh (right); and T15, posterior thigh (left).

3.2.4 Heat Flux

Four heat flux sensors (gSKIN —XB 26 9C, greenTEG, AG, Zurich, Switzerland) were
attached to the participants using microporous tape (figure 8) . They were cited on the
forehead, nose and lower leg (medial and lateral). The sensors were connected to a
Squirrel data logger (2020 Series, Grant Instruments Ltd, Shepreth, UK). Data were
logged at 10 second intervals. They were sited so that they would give a positive value
indicating heat transferred from the body to the environment as opposed to a negative
value which would indicate net heat gain to the body from the environment. Each heat

flux value was multiplied by a specific calibration factor supplied by the manufacturer to
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obtain a precise value.

@ - Skin
thermistor
@ =tHeat flux

BENS0T

Figure 7. Skin thermistors and the heat flux sensors on the participant.

Figure 8. A paFticipant instrumented with skin
thermistors and heat flux sensors.
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3.3 Subjective Measures

Subjective measures were collected at -15 -10 and -5 minutes in preconditioning and at
2 minute intervals throughout the 40 minute experimental trial. Desirability and
acceptability measures were only collected during the 40 minute “pull up’

protocol(section 3.3.4) and not during preconditioning (section 3.3.2).

3.3.1 Thermal Comfort

TC measures were verbally reported on a 7 point scale (ASHRAE, 2004). The scale
was as follows; -3, very uncomfortable; -2, uncomfortable; -1, slightly uncomfortable; O,
neutral; +1, slightly comfortable; +2, comfortable; and +3, very comfortable (appendix
D1). TC was sought for head, face, nose, chest and arms, hands, area of the body in
contact with the seat back, area of the body in contact with the cushion, lower leg, feet,

toes and overall.

3.3.2 Thermal Sensation

TS measures were sought immediately after all the TC questions. An adapted 9 point
version of the ASHRAE scale was used which included measures of very cold and very
hot. The scale was as follows: -4 very cold; -3, cold; -2, cool; -1, slightly cool; 0, neutral;
+1, slightly warm; +2, warm; +3, hot; +4 very hot (appendix D2). TS was sought for the
head, face, nose, chest and arms, hands, area of the body in contact with the seat
back, area of the body in contact with the cushion, lower leg, feet, toes and overall. An

average TS was also calculated from the different body parts.

3.3.3 Thermal Desirability

Thermal desirability was taken on a 7 point desirability scale for the face, lower leg, the

seat and the ambient air (appendix D3).The face and lower leg were selected as these
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areas were considered to potentially be effected by the IRV and IRF trials.The scale
was as follows; -3, “a significantly higher temperature would be better”; -2, a “higher
temperature would be better”; -1, “a slightly higher temperature would be better’; 0, “the
current temperature is fine”; and +1, “a slightly lower temperature would be better”; +2,
“a lower temperature would be better’; +3 “a significantly lower temperature would be
better”. The scale was expanded from Oi’s (2012) 3 point desirability scale which only
included a warmer, cooler or temperature is fine options. The 7 point scale used

indicates the magnitude of heating/cooling participants feel they require

3.3.4 Acceptability

Thermal acceptability was noted on a visual analogue scale (used by Zhang et al,
2007). The scale runs from; -1 ‘Clearly unacceptable’ to 0 ‘Just unacceptable’ and 0
‘Just acceptable’ to +1 ‘Clearly acceptable’ (appendix D4). The participants noted how
acceptable the total thermal environment was on the scale with a pen. The same scale
was used within each trial and enabled participants to track their change in perception

over time.

3.4 Equipment

3.4.1 Environmental Chamber

The trials were conducted in an environmental chamber (figure 9 ; dimensions; 2.5m
wide by 3m long by 2.1m high), located within the Engineering and Computing Building
at Coventry University. The chamber consisted of 2 separate rooms, chamber 1 and 2.
Chamber 1 (used for preconditioning) was around twice the size of chamber 2
(experimental trial). To negate and possible radiant heat from the lights, 4 temporary
LED lights were fixed to the walls. This helped to illuminate the chamber and enabled

participants to clearly have sight of the subjective scales used.
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Chamber 1
(Preconditioning)

Chamber 2
(Experimental
Trial)

Figure 9. The environmental chamber used in the study.
Chamber 1 and chamber 2 are clearly indicated on the figure.

3.5 Procedure

3.5.1 Preconditioning

Participant instrumentation, as outlined in 3.5, took place in chamber 1 prior to
preconditioning. Chamber 1 was also used for the 15 minute preconditioning period
(environmental conditions; temperature 22°C and relative humidity (RH) 35%).
Participants were seated on a cushioned office chair throughout this period. The total

time participants spent at 22°C was approximately 30-45minutes.

3.5.2 Experimental Protocol

After the 15 min preconditioning period participants were escorted to chamber 2
(temperature 5°C and RH 35%), to stand for 3 minutes in order to simulate the
transition period from moving from a building to a vehicle (Oi et al, 2012). After this 3
minute period participants were seated on an ‘XVS’ seat fixed to plywood ‘buck’. Prior

to the trials each participant moved the seat into a comfortable position and this was
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then noted on the buck with a pencil and kept the same across the 3 trials. The
dimensions of the pedals were aligned to those in a Range Rover Evoque. The buck
incorporated a seat with a battery power supply to enable it to be moved to the
participants preferred position (figure 10). Participants were instructed to rest their feet
on the pedals. The plywood buck enabled the IR panel to be placed in the visor
position for the IRV trial (figure 6A) and suspended near the foot well position for the

IRF trial (figure 6B), according to the geometry of the Range Rover Evoque.

Figure 10. The buck with the car seat used in the study (supplied
by Jaguar Land Rover).

3.5.3 Pull Up

Immediately after the 3 minutes standing exposure, participants were seated and
exposed to a dynamic “pull up” protocol where the ambient air temperature rose from

5°C to 25°C over a 40 minute period. This equated to a rise of 1°C every 2 minutes.
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The participant was seated throughout the 40 min period and watched a driving
simulation video to maintain a forward gaze throughout. This was to ensure the IR
panels would have an equal effect on both sides of the body to ensure a consistent

symmetric exposure.

A dynamic protocol was used in order to simulate how a vehicle currently heats up and
to help identify a precise temperature TC was achieved. Static temperatures could also
have been used to test this device, but this isn’'t as realistic within a car cabin situation

in cold conditions in a warm up phase.

3.5.4 Environmental conditions

Environmental conditions within the chamber were recorded by temperature data
loggers (EL-USB-2-LCD, Lascar electronics, UK). Two of these loggers were placed in
chamber 1 to measure the temperature which was set at 22°C. Three loggers were
placed in chamber 2 (Head height, chest height, foot level) to record the temperature
rise from 5°C to 25°C over a 40 minute period. To establish globe temperature, a
thermistor (EUL, Edale, Instruments Ltd, Cambridge, UK), cited within a black plastic
casing, was attached to an Eltek Gen Il wireless data logging system (Eltek Ltd,
Cambridge, UK). All this environmental data was logged at 10 second intervals. During
preliminary work, numerous different chamber heating programs were run to enable a

reliable “pull-up” protocol to be established.

3.5.5 IR Panel Instrumentation

The IR panel had a surface area of approximately 0.55m? and was positioned within a
sun visor (Qpunkt, Germany). The visor was fitted with three thermistors (EUL, Edale,
Instruments Ltd, Cambridge, UK) attached to an Eltek Gen Il wireless data logging

system (Eltek Ltd, Cambridge, UK). One thermistor was cited in the centre of the visor
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with the other two being positioned 10cm either side (figure 11). A heat flux sensor
(gSKIN —XB 26 9C, greenTEG, AG, Zurich, Switzerland) was also attached to the
centre of the visor. This was also sewn on and connected to a data logger (Squirrel
2020 Series, Grant Instruments Ltd, Shepreth, UK). It was positioned so it would
produce a positive heat flux value when measuring the heat being transferred from the
panel to the environment. The IR panel was powered via a 12V regulated DC power
supply and controlled via DSPACE control hardware according to the ‘IR Heater Setup
User Guide’ supplied by Jaguar Land Rover (JLR). The IR panel drew 4 amps at 12V
and thus had a power usage of 48 Watts. The temperature of the IR panel within the
visor was controlled to reach a maximum temperature of 90°C. However during
Instrumentation the surface visor temperature heated up to a maximum temperature of
60°C. Participants were informed to not touch the visor at any point during the trial. At
60°C the panel was hot to touch but if accidental contact did occur, no serious harm
would be caused. No such events occurred. The IR panel was a prototype and was not
an optimised system in regards to heating up. There was approximately a 15 minute
lag to reach optimum temperature. Therefore, in the IR trials, the panel was turned on
15 minutes prior to participants sitting down on the chair. If the panel had only been
turned on once participants were seated then the potential benefit of the IR heating

would have been lost at the lower temperatures of the dynamic “pull up” protocol.

Figure 11. The IR panel used in the study with three thermistors and a
heat flux sensor attached.
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3.5.6 Seat Instrumentation

Four thermistors (EUL, Edale, Instruments Ltd, Cambridge, UK) were fixed to the seat
and attached to an Eltek Gen Il wireless data logging system (Eltek Ltd, Cambridge,
UK). Two thermistors were placed on the seat cushion, to correspond with the left and
right buttock when sitting, and two on the seat back to correspond with the left and right

lower back when seated.

3.6 Data Management and Statistical Analysis

3.6.1 Temperature data

After downloading all the logged data files (skin temperatures, core temperatures, heat
flux, seat temperatures, air temperatures and visor temperatures), relevant data were
manually selected and moved to Microsoft excel (Microsoft Office 2010). A
preconditioning master file and an experimental trial master file were created. Both
incorporated columns where mean skin temperatures and heat flux values were
calculated. Mean values and standard deviations for temperature data at each time
point to correspond with the timing of subjective data were calculated and graphs were

plotted.

3.6.2 Subjective Data

The subjective data (thermal comfort, sensation, acceptability and desirability) was
typed into Microsoft Excel from the raw data sheets. Only one master file was created,
with different tabs for preconditioning and experimental trials. Mean and SD were

calculated and graphs for the subjective data were created.
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3.6.3 Statistical Analysis

The data were imported to Minitab version 17. Initially normal probability plots were
created to check the data for normality. One factor repeated measures of variance
(ANOVA) was used on the data from the last minute of preconditioning in order to
ensure participants started the experimental trials at the same physiological state each

time.

Experimental trial data were analysed using a two factor repeated measures ANOVA.

Effect sizes (partial eta-squared, n?) were calculated from the ANOVA table sum of
squares (n2= SS effect/(SS effect + SS error). This attributes the proportion of the

variance in the dependant variable to the factor in question. This approach helps give
context to any significant differences resulting from collecting data at multiple time
points where differences are actually very small. Effect sizes greater than 0.50 were
interpreted as large, effect size of 0.50-0.30 as medium, effect size of 0.30-0.10 as
small, and those < 0.10 as ftrivial. It is however noted that effect sizes should be

interpreted dynamically (Fréhlich et al, 2009).

Regression equations were calculated to estimate the average time taken for a “0”
score (neutrality) to be reported. The data used for this were determined by visual
inspection. A regression equation for the whole 40 minute trial would not have provided
an accurate estimation of the time a “0” score was reported. For overall comfort, overall
sensation and total acceptability, data indicated a linear response over the first 24 min
period in all trials. For thermal desirability a linear response was present throughout the
40 minute period and so regression was calculated for the full trial for this response.
Linear regression was undertaken on average subjective data (Overall thermal comfort,
sensation, air desirability and total acceptability) in excel.Graphs with lines of best fit in

excel were created for all the variables mentioned with regression equations and r?
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values noted on the graphs. The data was then imported into Minitab where it was

statistically analysed using a general linear model via a univariate ANOVA.

54



4.0 Results

Preconditioning data are shown at 5-minute intervals (table A1- A3) with data from the

experimental trial for 2-minute intervals (table B1-B9).
4.1 Participant Preconditioning

Air temperature (21.8+0.4°C) and relative humidity (36.2+7.1%) at chest level (whilst
seated) were consistent throughout the 15 minute preconditioning period of each

experimental trial (Table A1).

TC scores throughout the preconditioning period are shown in table A2 with end values
shown in table 1. Mean values for all areas of the body were generally between “1” and
“2” (slightly comfortable and comfortable).Values for the lower leg, feet and toes were
slightly less comfortable with end values between “neutral” and “slightly comfortable”.

End point TC scores varied between individuals for all areas of the body (P</= 0.001).

TS scores for the preconditioning period are outlined in table A3 along with the SD’s
with the end values highlighted in table 1. TS scores did not vary between trials
(P>0.05). Generally scores fell between 0 (“neutral”) and 2 (‘warm”). End point TS
scores as also varied between participants across all body areas except the hands
(P<0.01 to P<0.05). Mean heart rate at the end of the 15 minutes preconditioning for all

trials (73+9 b-min"') was consistent but varied between participants (P<0.05).

Core temperature, mean skin temperature and heat storage data for the end of
preconditioning are shown in Table 2 (table A4). Rectal temperature was significantly
different between trials (mean end points: NolIR, 37.3°C; IRV, 37.2°C; IRF 37.1°C) with
post hoc tests revealing a difference between NolR (n=8) and IRF (n=6; P<0.05).

There was a medium effect size (n3=0.43). In absolute terms the mean differences in

rectal temperature were <0.2°C across all conditions. Across the entire data set it was
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considered that any differences were of no biological significance differences and

within normal variation.

These data indicate that participants were consistently preconditioned by the end of the

15 minute period.
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4.2 Experimental Trial

4.2.1 Environmental conditions

Temperature and humidity data throughout the experimental trial are shown in table B1.
There was a significant difference (P<0.001) between trials during the dynamic pull up for
globe temperature (mean: NolR, 4.0°C to 23.6°C; IRV, 4.5°C to 23.4°C; IRF, 4.1°C to
23.9°C). Although on visual inspection the globe temperatures (figure 12) appear similar,
statistically there were significant differences between conditions (table B1). There were
vertical air temperature differences of around 1.5-2°C, with the hottest temperatures being
recorded at head level and the coolest temperatures at foot level. Relative humidity was
about 60% at the beginning of the trial and 40% at the end of the 40 minutes. However it
peaked about 80% with the highest scores falling between 8°C and 20°C. However humidity
did follow the same trend throughout the different trials. The effect sizes for all environmental
data were all <0.2 which is considered to be a small effect. This analysis confirms the

reproducibility of the environmental conditions between trials.
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Figure 12. Mean globe temperature throughout the experimental trials (3 min standing at
=5°C followed by 40 min “pull up”); No Infra-Red (NolIR), Infra-Red Visor (IRV) & Infra-Red
Footwell (IRF). Error bars are omitted for clarity. For values + SD’s see table B1.
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4.2.1.1 Water Vapour Pressure
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Figure 13. Mean vapour pressure throughout the experimental trials (3

in stan ing at =5°C followed by 40 in “pull up” - Infra-Red (NoIR),
Infra-Red Visor (IRV) & Infra-Red Footwell (IRF). Error bars are omitted
for clarity.

Vapour pressure increased as the temperature increased and followed the same pattern for
all conditions. However between 15-35min vapour pressure tended to be lower in IRF but
was only =2mmHg difference.

4.2.2 IR Panel Visor Temperatures

IR panel temperatures varied for all sites across the panel (left, middle and right) between
the trials but generally followed the same trend (P<0.001; refer to table B2 for values + SD).
Values for the middle of the panel tended to be greater than those closer to the extremity of
the panel and are shown in figure 14. In the NolIR trial the temperature rose in line with the
ambient air temperature. In both IR trials the panel temperature was clearly greater than in
the NolR trial (P<0.001). Panel temperatures in the IR ftrials also increased with air
temperature to around 68°C, with slightly higher values recorded in IRV compared to IRF

(P<0.001) and also reflects the vertical air temperature difference noted above.
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Figure 14. Middle of the visor temperatures (mean) throughout the
experimental trials; No Infra-Red (NoIR), Infra-Red Visor (IRV) & Infra-Red
Footwell (IRF itted for cla it . lues £ SD’s see
table B2.

4.2.3 IR Panel Heat Flux

IR panel heat flux (HF) values are given in table B2 and are shown in figure 15. Due to
instrument error/malfunction there was no usable data for the IRF trial. Heat flux from the
visor declined within the exposure with the highest heat flux levels in the IRV trial (=1100
W-m?) occurring at 6 minutes and gradually declining in the final 20 minutes of the trial with
the final value =870 W-m2. However, due to the slightly lower visor temperature scores in
IRF (due to vertical air temperature differences), along with the presumption that heat
production was the same for both IR trials, it can be assumed that heat flux for IRF would be

slightly higher to IRV.
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Figure 15. Mean middle of the visor heat flux values throughout the
experimental trials; No Infra-Red (NolR) & Infra-Red Visor (IRV) & Infra-Red
Footwell (IRF). IRF values are not useable and so are omitted for clarity.
Error bars are o itted for cla it . lues £ SD’s see table B .

4.2.4 Car Seat

Car seat temperatures initially matched that of the air temperature (=5°C) for the initial 3
minute period for which the participants were standing (table B2). Once the participants were
seated, as expected the seat temperatures rose rapidly in the first 10 minutes and continued
to rise throughout the trial, peaking at 40 minutes (=27-31°C) for all trials. The hottest area of
the seat was the area in contact with the left buttock and the coolest part of the seat was the
area in contact with the left lower back. There were IR dependant panel differences with
slightly higher values for the seat left lower back in the IRV condition. There were significant
differences for car seat temperature between all trials (P<0.001). For seat left buttock, seat

right buttock and seat right lower back there were small/trivial effect sizes (r]fj = 0.04,n§

=0.19 and n§ =0.10 respectively) with a large effect size for seat left lower back (n§ =0.51).
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4.3 Rectal, Aural & Mean Skin Temperatures

Rectal temperature decreased from =37.1-37.2°C to =36.9°C throughout all trials (figure 16;
table B6). The greatest reduction occurred in the final 20 minutes of the trial. There was a

significant difference between IRV and IRF for rectal temperature (P<0.05) however the

effect size (ns =0.01) confirmed this to be trivial. Rectal temperature for NoIR and IRV were

higher for the first 20 minutes of the trial compared to IRF with temperatures converging
towards the end. Aural temperature was more variable with a decrease of =0.3-0.5°C in the
first 20 minutes of the trial and an increase in line with ambient air temperature in the second
half of the trial with all trials finishing 0.3°C higher compared to the first two minutes of the

trial (table B6). Although aural temperatures in NoIR and IRV were slightly higher than IRF

these differences were confirmed to be trivial (ng =0.03).

Both calculations of mean skin temperature, 4 site method and 15 site method, showed an
initial decrease in temperature to =30°C after around 10 minutes in all trials (figure 17). This
was followed by a steady increase in temperature for the final 30 minutes of the trial with the
40 minute temperature around 1-2°C warmer compared to initial values at the start of the

trial. Mean skin temperature was higher in NoIR compared to both IR trials for each method

(P<0.001). However the effect size (n; =0.24) was small. Significant differences were noted

between all trials for both methods (P<0.001) apart from between the two IR trials in Oi's 15

site method (P>0.05).
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Figure 16. Mean rectal temperature throughout the experimental trial; NoIR- No
Infra-Red; IRV- Infra-Red Visor & IRF -Infra-Red Footwell. Error bars are omitted for
clait . lues + SD’s see table B .
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Figure 17. Mean s in temperature calculated u ing i's 15 ite method
throughout the experimental trial; NoIR- No Infra-Red; IRV- Infra-Red
Visor & IRF -Infra-Red Footwell. Error bars are omitted for clarity. For
values + SD’s see table B .

4.4 Body Area Temperatures

Upper body skin temperatures are reported in table B7 and lower body skin temperatures in
table B8. Skin temperatures decreased in the initial phase of the trial and then after 40

minutes had increased either back to initial values or higher. All skin temperatures were
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significantly different between trials (P<0.05) apart from the hands (P>0.05). Post hoc tests
revealed that inner lower leg temperature was warmer in the IRF trial compared to IRV and
NolR (IRF vs IRV, P<0.001; NolR vs IRF, P<0.001) However the outer lower leg
temperature was warmer in NolR, and similar in IRV, compared to IRF. In the IRF condition
inner lower leg temperature was higher than outer lower leg temperature whereas for NoIR
outer lower leg temperature was higher than inner lower leg. For IRV the inner and outer
lower leg temperatures were similar. Toe temperature was consistently the coolest lower
body temperature throughout the trials. Anterior thigh values followed the same pattern with
an initial decrease in the first =5-10 min and then an increase for the rest of the trial. Again
there were differences between trials (P<0.001) with post hoc tests revealing highest values

for IRV (P<0.001) and lowest values for IRF (P<0.001).

In terms of upper body temperature, the hands, finger and nose were the coldest, although
these temperatures improved and ended up a lot warmer than the lower body extremities
(e.g.=5-9°C warmer compared to toe temperature). Finger temperature initially decreased
from =27-28°C to =20-23°C in all trials and then increased to =30-34°C by the end of the trial
for all conditions. Highest finger temperature values were in IRV (P<0.001) with end values
=6°C higher than initial temperatures. Areas of the body in contact with the seat back
declined during the initial 5-10minutes of the protocol and then increased, often reaching
initial values by the end of the 40 minute trial. Lower back (left & right) temperatures were
significantly warmer in the IRF condition compared to NoIR and IRV (P<0.01 to P<0.001)
Initial lower back values were around 1°C warmer in the IRF condition but by the end on the

trial temperatures were similar across all conditions.

4.5 Heat Flux

Heat flux data are reported in table B9. Heat flux for all body areas (forehead, nose, inner
lower leg and outer lower leg) decreased throughout the trial as ambient air temperature

increased. Forehead and inner lower leg heat flux were both higher in NoIR compared to the
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other conditions. Forehead heat flux was also significantly different between all combinations
of trials (Figure 19: P<0.001). NoIR had the highest heat flux values and IRF the lowest.
Outer Lower Leg Heat flux was significantly higher in IRF compared to IRV and NolIR (IRF vs
IRV, P<0.001; NoIR vs IRF, P<0.001). Nose heat flux declined at the greatest rate in the first
10 minutes of the trial (=600 to =200 W-m?) before steadying out around 150 to 200 W-m?
across all conditions. There were significant differences between all conditions for inner
lower leg heat flux (P<0.001 to <0.05) with NoIR consistently higher than both IR trials

(Figure 18).
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Figure 18. Mean Inner lower leg heat flux throughout the experimental trial; NoIR- No
Infra-Red; IRV- Infra-Red Visor & IRF -Infra-Red Footwell. Error bars are omitted for
clait . lues + SD’s see table B .
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Figure 19. Mean forehead heat flux throughout the experimental trial for the

three conditions NolR- No Infra-Red; IRV- Infra-Red Visor & IRF -Infra-Red
Footwell itted for cla it . lues + SD’s see table B .

4.6 Subjective Data

Individual responses for TC, TS, overall air desirability and total acceptability did vary for

each variable throughout the conditions (Table B4: P<0.001).

4.6.1 Thermal Sensation

The initial mean sensation values, taken at two minutes seated after the 3 minutes of
standing at 5°C, were generally “slightly cool” or “cool” for all body areas (head, face, nose,
chest & arms, hands, seat back, seat cushion, lower leg, feet, toes and overall) . Visually,
the trend of TS was fairly similar to TC with a steady linear increase from 0-24 minutes
(figure 20). The IR trials initially showed a sharper rise compared with NolR. This is
confirmed using linear regression to the linear component of the response (neutrality

reported =3-4 min earlier in IR trials).
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Figure 20. Mean overall thermal sensation scores throughout the
experimental trial; NoIR- No Infra-Red; IRV- Infra-Red Visor & IRF -Infra-

Red Footwell itted for cla it . lues + SD’s see
table B4.

Overall TS was significantly different between trials (P<0.001) with post hoc tests revealing

higher scores in the IR trials (NoIR vs IRV, P<0.01 and NoIR vs IRF, P<0.001: n=0.05). TS

scores were not significantly different between groups for the head, face and nose (P>0.05).
However for all other body areas (chest & arms, hands, seat back, seat cushion, lower leg,
feet and toes) there was variation in TS scores between trials (P<0.05 to P<0.001). Post hoc
results revealed IR panel position dependant differences for sensation, similar to the comfort

findings.

In summary IRV improved TS for the chest & arms, hands and seat back compared to NoIR
(Figure 25: P<0.05 to P<0.001). IRF improved TS for the hands, seat back, seat cushion,
lower leg, feet and toes (Figure 26: P<0.01 to P<0.001). IRF improved lower leg, feet and
toe sensation compared to NolR (Figure 26: P<0.05 to P<0.001). These improvements are
aligned to the direction of the IR heating provided by the panel in the different trials. The

hands were the coldest body area (i.e. lowest mean TS) throughout all the conditions.
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4.6.1.2 Sensation Linear Regression

For the first 24 minutes of the trial, linear regression analysis was carried out for TS (Figure
21). There were still significant differences in TS between trials (P<0.001) over this time
period with an improvement in both IR trials compared with NoIR, but no difference between
the two IR trials for the first 24 min (NoIR vs IRV, P<0.01, NoIR vs IRF, P<0.001, IRV vs IRF,
P>0.05). TS followed the same trend as comfort with a “0” score (neutral) occurring earlier
and at lower air temperatures (Table 1) in both IR trials compared to NolR (NoIR 11.0°C,

IRV 9.3°C and IRF 9.2°C).

1.5 - y =0.1139x - 2.0114
Slicht] R? =0.9486
| ]
ghtly1o £0.1145x - 1.6136
g Warm R2=0.9796
9 0.5 -
n
8 Neutral 0.0 . .
‘g’ ) 22 24
g '0.5 n
D,
= Slightly 19 - ¢ NolR
£ Cool = RV
) 15 - IRF
I-E ——Linear (No IR)
20 - ——Linear (IRV)
Time (Min) Linear (IRF)

Figure 21. Mean overall thermal sensation scores for the first 24 minutes of the
trial; NolR- No Infra-Red; IRV- Infra-Red Visor & IRF -Infra-Red Footwell. Lines of
best fit for each condition have been added.
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4.6.2 Thermal Comfort

For all conditions TC values for all areas of the body initially declined from preconditioning
levels of “slightly comfortable” and “comfortable” (table B2) to “slightly uncomfortable” and
“‘uncomfortable” after 3 minutes of standing at 5°C (table B3; figure 22). Responses for all
areas varied between participants (P<0.001). The TC scores generally increased throughout
trials (P<0.001, main effect for time for all body areas). The trend of overall TC, as seen in
figure 2, was an increase until =24-28 minutes and then a plateau. This generally represents
the response for all body areas sought. This decline in the rate of increase in comfort occurs

concurrently to high TS scores i.e. the participant was getting too warm (section 4.6.1; figure

20).
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o Comfortable 2 -
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£ -1 - IRF

BUncomfortabIe
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= Uncomfortable_2 i

Very 3
Uncomfortable Time (Min)

Figure 22. Mean overall thermal comfort scores throughout the experimental trials;
NolIR- No Infra-Red; IRV- Infra-Red Visor & IRF -Infra-Red Footwell. Error bars are
o ittedforclait . lues + SD’s see table B .

Comfort scores for the head, chest and nose did not vary between trials (P>0.05). For all
other body areas there were significant differences between trials (P<0.05 to P<0.001) in TC

with post hoc tests (Table C1) indicating higher overall comfort scores in IR trials compared
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to NoIR (NoIR vs. IRV, P=0.001 and vs. IRF, P<0.05). The effect size was trivial (ni = 0.04).

There was no significant difference between the IR trials (P>0.05). The IRV trial provided
higher comfort scores for the chest & arms, hands and lower leg compared to NolR (Figure
25: P<0.05 to P<0.001). With the IRF trial improving comfort in the lower leg (compared to
NoIR and IRV), foot and toe region, compared to NolR (Figure 26: P<0.05 to P<0.001). Post
hoc tests revealed that body areas in contact with the seat back and seat cushion were both

higher in the IR trials (P<0.01 to P<0.001) compared with NoIR.

6.2.2 Comfort Linear Regression

Linear regression analysis conducted on the first 24 minutes of the trial after visual
inspection of the graph showed the linear portion of the data were from 0-24 minutes before
a plateau was observed (Figure 23). The regression equation for each condition was used to
calculate the mean time at which a “0” score was reported (Table 3). A TC score of “0” was
reached sooner in the IR trials compared to NolR. For the first 24 minutes, TC was
significantly different between conditions (P<0.01) with post hoc tests revealing a difference
between NoIR and IRV (P=0.001). The differences between the other trials (NoIR and IRF &
IRV and IRF) were close to significance (P=0.11 to P=0.12). A neutral score was reported
earlier (NoIR 15.2 min, IRV 11.4 min, IRF, 13.2 min) and at lower air temperatures (globe
temperature) in both IR trials compared to NoIR (NoIR 9.4°C, IRV 8.0°C and IRF 8.7°C). The
linear regression equations are also reported on figure 3 and the response in IRF was clearly
steeper i.e. Thermal comfort improved at a quicker rate, compared to IRV and NolR. NolR
and IRV tend to follow a similar pattern to each other but with IRV comfort values being

consistently higher throughout the 24 minute period.
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Figure 23. Mean overall thermal comfort scores for the first 24 minutes of the trial;
NolR- No Infra-Red; IRV- Infra-Red Visor & IRF -Infra-Red Footwell. Lines of best fit for
each condition have been added.
Overall TC in the IRV condition was higher than NoIR due to improvements in chest & arms
and hands TC and TS scores during the trial (figure 25). The sharp improvement in TC

regression was due to an improvement in lower leg, foot and toe TC and TS seen throughout

the trials (figure 26).

Correlations between mean TC and mean TS scores for each body area in each condition
are shown in table C3. There was a strong positive correlation (r=0.96) between mean
overall TC and mean overall TS in all trials (Figure 24). With these values for the three trials
very similar (NoIR, r=0.94, IRV, r=0.99 and IRF, r=0.97). The hand and areas in contact with
the seat back had the highest correlation between comfort and sensation (r=0.98). Only one
body area for one trial had a correlation of less than 0.9 (Chest & arms, NoIR, 0.89). Using

the overall regression equation, TS was calculated as -0.1 when TC was 0.
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Figure 24. Mean overall thermal comfort scores correlated against mean overall

thermal sensation scores for all conditions (r=0.96). An overall line of best fit has also
been added.
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4.6.3 Thermal Desirability

Overall thermal desirability scores are reported in table B5. Face and overall air temperature
desirability scores exceeded “0” at around 28 minutes (figure 29) in all trials and by 40
minutes, participants were reporting scores of “1” (a slightly cooler temperature is desired).
Throughout the 40 minute trial seat and lower leg desirability increased to a score around “0”
which translates to “the current temperature is fine” (Figure 29). There were significant
differences in thermal desirability between trials for the seat, lower leg and air temperature

(P<0.01 to P<0.001: n>=0.03, 0.20 and 0.05 respectively) but not the face (P>0.05: n?2

=0.01).

In summary post hoc tests revealed that the IR trials improved desirability compared to
NolR. IRV improved seat desirability and overall air desirability compared to NoIR (P<0.01).
IRF improved seat and overall air desirability compared to NolR (P<0.05 to P<0.001) and

lower leg desirability to both NoIR (P<0.001) and IRV trials (P<0.001).

Linear regression was calculated for overall air desirability to help calculate when a score of
“0” (“the current air temperature is fine”) was reached as well as helping compare the
responses across the trials (Figure 27). Linear regression was calculated for the full 40
minute trial as there was a linear response in desirability throughout this period. Participants
in the IR trials reported “0” values earlier than in the NoIR condition (table 3). This equated to
a lower air temperature in both IR trials compared to NoIR (NoIR, 17.8°C, IRV 15.9°C, IRF

16.4°C).
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Figure 27. Mean overall air desirability scores for the first 40 minutes of the
trial; NolR- No Infra-Red; IRV- Infra-Red Visor & IRF -Infra-Red Footwell. Lines
of best fit for each condition have been added.

There was a strong positive correlation (r=0.92) between mean overall TC and mean overall
air desirability in all trials (Figure 28). With these values for the three trials very similar (NoIR,
r=0.88, IRV, r=0.96 and IRF, r=0.95). Using the overall regression equation, overall air

desirability was calculated as -1.1 when TC was 0.

2 1 y = 0.7763x + 0.8599
’ R?=0.8442
15 140 & &
S0 ¢
L J
5 ®. L X 4
E . ¢ ’0“0.5 . ¢
g o” ¢ Comfort
= r T ’. © I I '
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Overall Thermal Comfort

Figure 28. Mean overall thermal comfort scores correlated against mean
overall air desirability scores for all conditions (r=0.92). An overall line of best
fit has also been added.
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4.6.4 Acceptability of the total thermal environment

Acceptability of the total thermal environment increased with the rise in air temperature until
around =28 min (figure 30, table B5) and then levelled off which was temporally aligned to
TS scores rising from “slightly warm” to “warm”. Overall acceptability scores varied between

trials (P<0.001: n§ =0.05) with post hoc analysis revealing higher acceptability scores in IR

trials compared to NoIR (NolIR vs IRV, P<0.001, NoIR vs IRF, P<0.05).

100

(o]
o
T TN S N IS T Sy |

Acceptability Score
o

20 0 =% 8712 16 20 24 28 32 36 40

40 | 7 —+—NoIR
-60 - —8—|RV
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Figure 30. Mean acceptability of the total thermal environment scores
throughout the experimental trial; NoIR- No Infra-Red; IRV- Infra-Red Visor

& IRF -Infra-Red Footwell. Error bars are omitted for clarity. For values *
SD’s see table B .

Linear regression over the first 24 minutes is shown in figure 31. There were differences
between the trial (P<0.001). The rate of increase in acceptability scores was higher in IRF
compared to NolR and IRV as shown by the gradients of the lines of best fit. A “0” score
reported when participants felt the total thermal environment was “just acceptable” occurred
around =3-5minutes earlier in the IR trials compared to NolR. This equated to a globe

temperature difference of 1-2°C (NolR; 9.4°C, IRV; 7.6°C & IRF; 8.2°C).
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Figure 31. Mean acceptability of the total thermal environment scores for the first
24 minutes of the trial; NoIR- No Infra-Red; IRV- Infra-Red Visor & IRF -Infra-Red
Footwell. Lines of best fit for each condition have been added.

Table 3. Trial times and corresponding air temperatures at which “0” was reported for TC,
sensation, overall air desirability and total thermal acceptability; NoIR- No Infra-Red; IRV-
Infra-Red Visor & IRF -Infra-Red Footwell. Temporal data are calculated linear regression,
for example refer to figure 3.

Time
Subjective Response Condition (Mins) Temperature (°C)
Overall Thermal Comfort NolR 15.2 9.4
IRV 11.4 8.0
IRF 13.2 8.7
Overall Thermal Sensation NolIR 17.7 11.0
IRV 141 9.3
IRF 13.8 9.2
Overall Air Desirability NolR 28.7 17.8
IRV 26.1 15.9
IRF 26.1 16.4
Total Thermal Acceptability NoIR 14.6 9.4
IRV 10.2 7.6
IRF 11.8 8.2
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4.7 Summary

The main difference between trials was an improvement in TC in IRV and IRF compared to
NolR. Neutrality was reported for TC and TS earlier and at lower ambient air temperatures in
both IR trials compared to the control trial. These changes were apparent despite limited

differences in physiological measures between conditions.
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5.0 Discussion

The main finding of the current study was that IR heating (surface area 0.55m? consuming
48W of power), independent of panel position, improved TC in a car cabin environment
during a 40 min dynamic pull up (ambient air temperature from 5°C-25°C). The potential for
a relatively small IR panel to deliver occupant TC at lower air temperatures was also evident.
Therefore radiant heating has the potential to provide major energy savings and a

consequent improvement in fuel economy and driving range in electric vehicles.

5.1 Subjective Responses

5.1.1 Overall Thermal Sensation

The first subjective measures were taken after 2 minutes and it is assumed that at 0
minutes, participants were at the same state on each occasion due to the environment being
kept consistent between trials. TS improved in the IR trials for the first 24 minutes (ambient
air =17°C) and then scores for all trials converged. This is in agreement with Oi et al (2012)
who found an improvement in TC with heated seats during a dynamic warm up phase up to
15°C, but then no benefit above this temperature. Therefore it is apparent that both IR
(radiant) and seat heating (conduction) follow the same trend in that they are mostly
beneficial to TS at low ambient air temperatures during a warm up phase. There is the same
qualitative trend with seat heating (Oi et al, 2012) and IR heating(present study), however
energy consumption and output are not comparable due to lack of data, although it is likely

that the IR panel consumed less than the seat heating.

Previous IR heating research in vehicles has found that occupants still had cold feet due to
the direction of the IR panel (Bauml et al, 2014). To address this issue it was suggested that
only a combination of IR and convective heating could deliver comfort. The present study
found a significant improvement in foot TC and sensation in the IRF trial, with participants
reporting foot comfort around 7 minutes earlier compared with the other trials. Showing IR

heating panels can be effectively positioned toward the feet in a vehicle. This is an important
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finding as the feet are the main cause of discomfort in cold conditions (Arens, 2006).
Eliminating foot discomfort with IR heating may have been a big factor in the improvement in
overall TC and TS. However the suggestion that a combination of heating systems may still
be valid as in the current study there was no improvement in foot temperature with IR
heating directed towards the feet. There are also issues with the distance and intensity of the
IR. The use of heated seats has been shown to improve ore prevent a decrease in toe
temperature, whilst significantly increasing foot TS (Oi et al, 2012). This is interesting as
there is no heat directed towards this region. This has also been found by Gibbon & Landis
(1932) and could be due to a vasodilation response in the indirectly heated region (section
2.6.6). A combination of seat heating and IR may increase this thermal response in the foot

region.

5.1.2 Overall Thermal Comfort

Overall TC followed a similar trend to TS, with an increase in all trials in a linear fashion for

the first 24 minutes, with a clear improvement in both IR trials.

In a dynamic thermal environment, IR heating improved TC compared to NolR for
approximately the first 24 minutes of the trial or, until an air temperature of 17°C was
reached. The fact that overall TC (“0” score) was achieved at relatively low air temperatures
(NoIR; 9.4°C, IRV; 8.0°C and IRF; 8.7°C), and around 1°C-2°C lower in IR trials compared to
NoIR, suggests that IR heating is most effective during cool temperatures. Zeiler et al (2013)
found that comfort with IR heating could be maintained at an air temperature of 19.5°C
(2.5°C lower than without IR). However, this is a much higher temperature compared to the
current study, it was in an office environment with the air temperature was reduced from
22°C to 19.5°C. This will elicit a different response of comfort compared to a warming
protocol due to a “hysteresis” effect in the TC response discussed below. Also the Zeiler
(2013) study a direct subjective measure of TC was not recorded; instead comfort was

calculated using Fanger's model (Fanger, 1970) using TS values. The IR heater was

83



controlled by finger temperature being in a certain temperature range (29-31.5°C), so
included a feedback system not used in the present study. Participants in the Zeiler (2013)

study were in a relatively ‘stable’ environment compared to the current study.

The temperature at which TC was achieved for each condition (8-9.4°C) may not have been
the same if a cooling protocol with IR heating had been used. This is due to a phenomenon
known as “hysteresis”. This is where a comfortable ambient air temperature when being
heated up from the cold may be different to a comfortable temperature when being cooled
from a hot condition. This has been attributed to an “anticipatory” sensation and comfort
response by participants (Gagge, 1967). This hysteresis effect is more prominent in the cold
when being warmed, where the rate of heat transfer to the body predominates over the low
skin temperatures which cause discomfort itself. The sensation of being warmed therefore
leads participants to report comfort due to the sensation of “warming” rather than actually
when they are at a comfortable level. This must be taken into consideration in the current
study as the low ambient air temperatures where participants reported comfort may not be
the same temperatures at which comfort is reported when being cooled. Also overall TC (a
mean score of 0) was achieved =1-2 minutes earlier than TS in all trials. This could be due to
this “anticipatory” effect where participants can feel the environment improving (especially
with the added IR heat source) and therefore report that they are “comfortable” whilst they
are still reporting that they are slightly cool on the TS scale. TC was reported at “neutral”
when TS was between “slightly cool” and neutral for all trials. For IRV and NolR this score
was -0.3 and for IRF this was achieved at -0.1 sensation score. Comfort was still achieved
before sensation was neutral, although the difference is very small. Comfort was asked prior
to sensation, resulting in a difference of around 30 seconds between the two subjective
responses. Had both TC and TS been collected at exactly the same point this finding may
have been slightly greater but potentially still trivial. Also it has been found that comfort can
be perceived by humans when they are being released from thermal stress (Kuno, 1995).

This occurs when subjectively a participant can evaluate comfort without a recovery in
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physiological condition. This was again attributed to this “anticipation” response reported by
Gagge (1967). Kuno (1995) has argued that “anticipation” is just a description, and that
actually a situation where an uncomfortable stimulus is removed creates a pleasant

psychological state even when a physiological state is just returned to neutral.

This poses the question of whether the participants were actually feeling “neutral” comfort
when they reported it, or if because the environment was improving and warming up they
perceived an improved comfort. It is unlikely that the ambient air temperatures at which
comfort was reported would also be the same if a cooling or steady state protocol was used,
as mentioned above. Brooke & Parsons (1999) investigated the effect of seat heating on
comfort at steady state conditions. Their main finding was that overall comfort was improved
at 5°C and 10°C but not 15°C or 20°C. Although the method of heating is different, the
improvement in comfort at lower ambient air temperatures suggests that alternative heating
systems to HVAC may play a role in improving comfort during very cold conditions
immediately after occupants have entered the vehicle. This agrees with the current finding in
the study even though a static and not dynamic protocol was used. The main mode of heat
transfer from seat heating is conduction, which might potentially provide a larger energy
transfer compared with IR. However this mode of heat transfer can only affect areas of the

body in contact with the seat but does not directly heat exposed areas, as IR does.

As it took =11-13 minutes for TC to be achieved in both IR trials, IR heating in isolation may
not be sufficient to provide TC in vehicles. This agrees with (Bauml et al, 2014) who found
that only a combination of IR and convective heating was sufficient to provide TC as IR
alone did not heat up the air temperature in the car cabin. The only thing heating the cabin
would be the occupant as IR heating is a mode of heat transfer which does not require a
material mediator such as air (Incropera, 2011). However the ambient temperature used in
the Bauml et al (2014) study was -7°C, significantly cooler than the initial temperature in the
current study (5°C). The rate of heat transfer would have been greater in theBauml et al

(2014) study due to a greater temperature gradient between the IR heat source and the cool
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occupant. Also due to the current study involving a rise in ambient air temperature alongside
IR heating, it can only be speculated on that IR heating alone cannot provide comfort. In the
present study, if TC was reported straight away at ambient air temperatures of 5°C, then IR
heating alone may be sufficient but this was not the case. However there may be a greater
potential for IR heating to provide TC in isolation if; multiple IR panels were combined
creating a larger surface area (than =0.55m?), a higher intensity of radiant heating (than

48W) per panel was used and if the panels were located closer to the occupant.

5.1.3 Local improvements in TC and TS

It is interesting to note that locally, there were greater improvements in the IRF trial
compared with IRV. For IRV there were local improvements for the chest & arms and hands
TC and TS. For IRF these improvements in TC and TS were recorded in the lower leg, feet
and toes. With local effects greater in the IRF condition. This could be due to the positioning
of the IR panel, in IRF it was located a lot closer to the body compared to when it was in the
visor position. Other studies which are not car based have found a preference for the head
to be cool in hot environements, and comfortable in cool environments (Arens et al, 2006). In
the current study this may be applicable as the participants prefer heating toward the lower
leg region compared to the upper body. The improvement in lower leg comfort and sensation
in the IRF condition could be attributed to the increase in inner lower leg temperature.
However it is interesting that IRF had a reduced outer lower leg temperature compared to

NolR.

Overall TC tends to align to the most uncomfortable body parts (Arens et al, 2006) and so it
is important that all body areas are heated and made as comfortable as possible rather than
focusing just on one body area (e.g. hands). There is no benefit of making one body area
“very comfortable” if others area are still “uncomfortable” as overall TC would be considered

“‘uncomfortable”. This suggests that people are least comfortable when the range of TS
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scores are greatest across the body and find either a warm or cold condition more

comfortable than a combination of different TS scores at different body areas.

Head, face and nose TC and TS were not significantly different between conditions showing
that when the IR panel is in the visor position, there is no heat directed to this region of the
body. The heat in IRV mainly fell onto the chest, hands and thigh. An IR panel directed
toward the head region may improve TC although in cold conditions the head is perceived as
warmer and more comfortable compared to the rest of the body (Arens et al, 2006). So the
head will probably not benefit from IR heating as much as other body parts. Hand TC and
sensation was significantly improved in the IRV ftrial but interestingly there was no difference
in hand skin temperature between trials. This could be due to counter current heat exchange

taking place (section 2.6.5)

5.1.4 Thermal Desirability

To evaluate TC the ASHRAE definition was applied. However if TC is considered to be
achieved when participants are feeling ‘just right’ then it may be more logical to focus on the
desirability scores rather than comfort per se. It's not been identified clearly whether a
“neutral” score on the ASHRAE scale is classed as TC or whether a score of “comfortable” is
when TC is achieved. A score of “0” on the desirability score equates to “neither a warmer
nor cooler environment would be desired”. TC may be reported prior to comfort being
achieved due to the sensation of “warming” felt by participants (section 5.1). Using the
average data from all conditions, a “0” score on the TC scale was achieved when overall air
desirability was -1.1, or “a slightly warmer temperature would be desired”. This would
support th idea that TC can be reported prior to a comfortable environment being provided,
due to this “warming” sensation and the fact the environment is improving. According to the
overall air desirability scales, a comfortable environment was achieved =1-2°C earlier in the
IR trials compared to NolR. However the ambient air temperatures are all a lot higher

compared to analysing when “0” was achieved on the TC scale, around 16-18°C. These
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temperatures closer to the air temperature comfort could be maintained with IR heating in
Zeiler et al's (2013) study. It also suggests that reporting “neutral” on the ASHRAE scale
may not be when TC is achieved and a higher value on this scale is more representative of

comfort.

For lower leg desirability IRF was the only condition where participants actually wanted a
“slightly lower temperature”. For the other trials participants did not report that the current
temperature was fine. This shows the benefit of IR heating towards the lower leg and the

effectiveness of the panel toward this region.

It has been found that with seat heating, optimal TS for areas in contact with a car seat are
higher at lower air temperatures (Oi et al, 2012). These authors combined when participants
reported “the current temperature is fine” on the desirability scale with the TS scores at that
point. At 10°C and lower TS scores were between “slightly warm” and “warm” when
desirability was neutral and at 20°C TS scores were around “neutral’. In the present study, a
score of “the current temperature is fine” for overall air desirability was achieved earlier and
at lower ambient air temperatures in the IR trials (IRV & IRF=16°C, NolR =18°C). For all
conditions this neutral desirability score occurred when TS was reported between around
“slightly warm” and “warm” for all trials. The addition of IR heating did not seem to reduce the
TS score when the current air temperature was reported as “fine”, it did however appear to
increase the rate at which a “fine” air temperature was reported. This suggests that IR
increases the rate of warming in the current protocol as desirability was reported earlier in IR
trials. But there was no apparent difference with IR heating on the TS score at which

desirability was reported.

5.1.5 Acceptability

A “just acceptable” score of thermal acceptability was reported at =1-2 minutes earlier than
“neutral” on the TC scales. This finding agrees with that of Zhang & Zhao (2008) who also

found acceptability was reported at TC scores of “slightly uncomfortable. These author report
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that the range of TS at which acceptability was reported is from “0” (neutral) to “1.5” (slightly
warm to warm). However in the current study acceptability was reported prior to a neutral TS
being reported. So participants were cold but still reported the environment as acceptable. A
potential explanation for this difference being Zhang & Zhao's (2008) finding applies to
sedentary participants being exposed to uniform environments for 30 minute exposures
(28°C, 32°C and 35°C) and not a dynamic pull up in ambient air temperature used in the

present study.

5.2 Environmental Conditions

5.2.1 Chamber Temperatures

The slight variation in ambient air temperature between conditions may be attributed to the
investigator being in the vicinity of the lascar temperature sensors. Although the investigator
as situated in a similar place for all trials if there was slight variation in positioning this could
have affected the temperature loggers. As confirmed by the small effect size, the observed
differences were of no ‘real’ significance. The temperature gradient difference between head
and foot level (=1.5-2°C) was consistent throughout so would not have affected the results.
The differences in mean globe temperature between conditions were so small (<=0.5°C)

they were considered negligible.

The lascar temperature sensors logged data every 10 seconds. The loggers were observed
as reacting instantaneous to the change in environment. However even if there was a small
difference with the real temperature due to lag time, in absolute terms the same protocol was

used on each occasion and the rise in temperature was consistent.

The RAMP increase in temperature (5-25°C) resulted in a lack of control the RH. However
when vapour pressure was calculated although it increased over time, it was a lot more

stable than RH. Vapour pressure was slightly lower in IRF compared to the other two trials,
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but this difference was never more than =2mmHg and so was not considered to be of any

practical difference.

5.2.2 Car Seat Temps

Car seat temperatures were higher prior and for the first 2 minutes of both IR panels due to
the panel being turned on for 15 minutes and radiant heat from the panel being incident to
the seat. The IR panels were turned on prior to the trial starting so they could heat up to their
maximum potential (section 3.4.1). For the first couple of minutes both seat cushion
temperatures (seat | buttock and seat r buttock) were higher in IRV compared to IRF with the
seat back temperatures similar between IR trials. This is due to heat from the IR panel in IRV
falling directly onto the seat cushion. Some of the differences between participants in car
seat temperature could have been due to postural differences when seated. Participants
were instructed to sit comfortably and adjust the seat to how they would have it within a car

in relation to where the pedals were on the buck.

Areas in contact with the seat back were warmer in the IR trials (especially IRV). This is
probably not a thermoregulatory response and due to the IR panels being turned on prior to
the trial and heating the seat. This is supported by the higher car seat temperatures

recorded in the IR trials compared to NolR.

5.2.3 IR Panel

Improvements in TC and TS were evident in both IR trials even though the IR panel used in
the present study had a relatively small surface area (0.55m?) and a power usage of 48 W.
The visor surface temperature, in which the IR panel was stored, was slightly higher in the
IRV trial compared to the IRF trial. This was due to the vertical air temperature difference in

the environmental chamber with the temperature at head level 1.5°C warmer than foot level.
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5.3 Physiological Response

When participants entered the cold chamber they were normothermic and only were briefly
exposed to a cold temperature in order to simulate transfer from a building to a vehicle (3
mins at 5°C). This may have elicited some regional cooling (hands and face), shown with the
initial low TC and TS scores when in the seat. The forehead heat flux data also decreases
as soon as participants enter the chamber, indicating vasoconstriction to the forehead. If
participants were not normothermic (e.g. elevated/ reduced core and skin temperatures),
then thermal perceptions would be altered. However participants were confirmed to be
normothermic for each trial when entering the cold, as indicated by consistent

preconditioning data.

Whilst there were clear differences between conditions for the subjective data, differences in

the physiological data were not as clear.

5.3.1 Core Temperature

Rectal temperature decreased by around 0.2°C -0.3°C by the end of 40 minute trial even
though ambient air temperature was increasing. This is likely to be due to convection and
counter current heat exchange as discussed previously (section 2.6.5). When vasodilation
occurs in response to warming, the cold tissue at the periphery (hands and feet) cooled the
blood which was returned to the core. For the first 15 minutes rectal temperature was stable
so it is speculated that at this time point vasodilation starts. Rectal temperature was
decreasing whilst mean skin temperature was increasing, showing a regional variation
response to the temperature between the core and periphery as the body warms. This was
due to cool blood returning to the core from the cold periphery after vasodilation occurs. So
the skin temperatures are increasing as the environment gets warmer whilst core

temperature is still decreasing.
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Aural temperature followed the same trend as rectal temperature but was a lot more
variable. Initially it decreased by =0.3-0.5°C in the first 20 minutes of the trial (for all
conditions) and then increased to initial values or above by the end of the 40 minute trial.
When tympanic temperature is measured accurately, it has been shown to be a good
indicator of core temperature and reflect changes in brain temperature (Brinnel & Cabanac,
1989). However external cooling, especially to the face, has been shown to affect aural
temperature to a greater extent than core temperature (Cabanac, Germain & Brinnel, 1987).
Thus this bigger variation in aural temperature compared to rectal temperature would be

expected.

5.3.2 Skin Temperatures

IR heating directed towards the face has been shown to increase skin surface temperature
of the hand (Tannam, 2012). This response has also been recorded when IR heating was
directed towards the alternate hand. A proposed mechanism is that the heat must have
caused a vasodilator response within the hand, increasing blood flow to the skin to help
assist heat dissipation to the environment. In the current study both hands were exposed
and positioned symmetrically in relation to the IR panel. Hand temperature initially
decreased and plateaued in the current study, before rising in the last 10 minutes of the trial.
However interestingly there was no difference between conditions for hand temperature. The
intensity of the IR heating in the current study may not have been sufficient to elicit a
thermoregulatory response. However there was an increase in finger temperature in the IRV
condition which is probably a result of the direct radiant heating to this area. If a
thermoregulatory response had occurred in the IRV condition it would be expected that hand
temperature would have also increased. Anterior thigh temperature was highest in the IRV

group as this is predominantly where the IR heat is being directed.

When convective heating was used alongside IR, body parts exposed directly to the IR

panels warmed up quickly and other body parts warmed up slower with feet taking 30
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minutes to warm up (Bauml et al, 2014). In the current study foot temperature decreased for
the first 30 minutes of the trial and then started to warm up slightly. However for all
conditions foot temperature at the end of the trial was =1°C lower than the initial value. Thus
even the positioning of the visor in the IRF trial, may not have been optimum to warm the
feet. The increase inner lower leg temperature in the IRF condition suggests that more of the
radiant heat fell on this area and less directly towards the foot. This response is similar to

that observed by Bauml and colleagues (2014) study.

5.3.3 Heat Flux

Heat flux values for the forehead were highest in the NolR group and lowest in IRV. More
heat is being transferred from the occupant to the environment without any IR heating. As
there is no IR heating directed toward the face region there should be very little difference
between the groups. This was due to measurement variability and the sensitivity of the heat

flux sensors.

For the inner lower leg there is a similar trend with NolR heat flux being the highest
throughout the trial and lower values in both IR conditions with IRV the lowest for most of the
trial. This shows that with the addition of IR heating directed toward the lower leg, less heat
is lost to the environment locally compared with the control trial. Heat flux has been shown to
be directly related to temperature, when hand temperature increases so does hand HF
(Tannam, 2012). However this isn’t the case as in the IRF condition, participants had the
highest inner lower leg temperature, but the lowest inner lower leg heat flux values

throughout.

5.3.4 Thermal Comfort Zone

Mean skin temperature was initially around 31.5°C for all conditions. It then decreased
during the 3 minute transition period and around the first 5 minutes of the trial for the three

trials. Skin temperature did not reach 31.5°C again until around 30 minutes into the trial. This
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is interesting as around 31.5°C is the lower limit of the TCZ for a person in a business suit at
a resting metabolic rate suggested by Gagge et al (1967). Theoretically when mean skin was
outside this temperature participants should not feel comfortable. However comfort was
reported a lot earlier in all conditions at mean skin temperatures =30-30.5°C. The ambient air
temperature range for the TCZ suggested by Gagge (1967) is =18-24°C. TC was reported at
air temperatures a lot lower than this (8-9.5°C) for all trials. These zones are used in steady
state conditions and may not be applicable for the dynamic protocol used in the current
study. Also the TCZ was not developed to incorporate external heat sources (IR) into the
model, and so is only applicable for the NolR condition. Suggesting that they dynamic “pull

up” protocol used does not fit the model.

It is difficult to evaluate the effect of IR on the TCZ or the TNZ due to the dynamic increase
in ambient air temperature used in this investigation instead of a steady state protocol being

used.

5.4 Limitations

One potential limitation of the study was that only young male participants were recruited. It
is likely that an older population would be the main market for purchasing luxury vehicles. It
is predicted that in an older population, as thermal sensitivity decreases with age (Guergova
& Dufour, 2011), IR would elicit a positive perceptual response and may only improve TC to
a lesser extent. Also body fatness of the participants was not accounted for, which is a

limitation as body fat percentage influences TC (Zhang et al, 2001).

Static globe temperature measurements were not taken in the seat where the participant
was sat. As environmental measures show that the conditions were consistent throughout
trials, it is assumed that the radiant load on the participant would have been higher in the two

IR trials as the IR panel was the only variable changed between trials.

Another limitation is that air velocity was not assessed during trials. Air velocity within the

environmental chamber was measured during the ramp protocol during instrumentation and
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was less than 0.1m.sec™. Air velocity was therefore considered minimal and consistent
throughout and between trials. No participants or experimenters noticed any air flow within
the chamber and the same protocol was used for all trials ensuring consistency between

conditions

Due to equipment failures (second IR panel breaking) it was not possible to include a
combined IRV and IRF trial. It would have been of benefit to see the combined effect of
these panels on participants’ TC. The controlled rise in ambient air temperature (5-25°C)
may not have been representative of the rate of rise in a vehicle. The dynamic protocol was
the most controlled rise in air temperature which could be accurately reproduced using the
environmental chamber. In different conditions vehicles will warm up at different rates. The
use of IR in steady state conditions has not been addressed which is another limitation of the

study.

5.5 Conclusion

In conclusion the present study has demonstrated that a relatively small IR panel can
improve TC and TS in a dynamic “pull up” protocol. The added radiant heat meant that TC
was achieved at lower ambient air temperatures which could reduce the energy requirement
of the heating system in an electric vehicle, leading to a potential improvement in fuel
economy. The hypothesis that IR would improve TC is therefore accepted due to higher
values in the IR conditions and a “neutral” score being reported earlier and at lower ambient

air temperature in IR trials compared to NolIR.

As TS and desirability scores improved quicker and a “neutral” score was reported earlier in
the IR conditions, it is accepted that IR heating improves perceptual response in a warm up
protocol. There were local subjective differences between the two IR trials, with IRV
improving TC and TS in the chest & arms and hands, and IRF improving TC and TS in the
lower leg, feet and toe. Also IR heating improved the acceptability of the total thermal

environment.
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The hypothesis that IR heating would warm up occupants’ skin temperature is accepted on a
local level. Anterior thigh temperatures were significantly warmer in the IRV trial and inner

lower leg temperature was significantly warmer in the IRF trial.

Practical applications based on the current findings indicate that IR heating, targeted at the
lower extremities or towards the hands and chest & arms, can improve TC within a vehicle.
However there may be a safety issue with the temperature of the IR heat source. The visor
which encased the IR panel reached temperatures over 60 which could be dangerous when

directed towards humans..

5.6 Further Work

The current study is one of the first to investigate IR heating in vehicles. The initial finding of
a positive effect of a single IR panel on TC and TS provides justification to further develop
work in this area. Firstly it would be beneficial to investigate whether a combination of IR
panels aimed at various body areas would result in a greater perceptual response due to a
‘cumulative’ effect. Using a steady state protocol would help detect if IR heating improves TC
at certain ambient air temperatures. From this it would be of benefit to try and identify which
optimal body areas IR heating can affect. This could be achieved by having a steady state
protocol (ambient air =15°C) with participants entering a vehicle which is fitted with individual
IR panels directed at different body areas. One of the panels will then be turned on and time
to TS measured, with participants also reporting the regions they can feel ‘warmth’ from the

panel.

In order to include a feedback system, occupant feedback should be used to tailor which IR
panels to use to achieve TC. This could be achieved by using a variety of steady state
temperatures (10°C, 15°C, 18°C and 22°C) with the participant seated in a vehicle with all 5
IR panels switched on. Over the course of a 30 min protocol participants will inform the

investigator which panels they want warmer and which they want cooler. This will indicate
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how TC is affected over the temperature range and which IR panels they report as being

more effective.

Due to the positive effect seat heating can have on TC, using a combination of this and IR to
improve TC could be examined. With a view to developing a heating system to provide TC
compromised of radiant, conductive and air based (convective) heating. It is hypothesised
that increasing the surface area of the IR panel would increase the perceptual and thermal
responses. Further work using a combination of IR and convective heating methods is also
warranted as this may be the only way to achieve comfort with a radiant heat source (Bauml

et al, 2014).

97



6.0 References

Arens, E., Zhang, H., and Huizenga, C. (2006) 'Partial-and Whole-Body Thermal Sensation
and comfort—Part I: Uniform Environmental Conditions'. Journal of Thermal Biology 31 (1),
53-59

Aschoff, J. and Heise, A. (1972) "Thermal Conductance in Man: Its Dependence on Time of
Day and on Ambient Temperature'. Advances in Climatic Physiology, 334-348

Alahmer, A., Mayyas, A., Mayyas, A. A., Omar, M., and Shan, D. (2011) 'Vehicular Thermal
Comfort Models; a Comprehensive Review'. Applied Thermal Engineering 31 (6), 995-1002

Baker, K. G., Robertson, V. J., and Duck, F. A. (2001) 'A Review of Therapeutic Ultrasound:
Biophysical Effects'. Physical Therapy 81 (7), 1351-1358

Bauml, T., Dvorak, D., Frohner, A., and Simic, D. 'Simulation and Measurement of an
Energy Efficient Infrared Radiation Heating of a Full Electric Vehicle'

Bejan, A. and Kraus, A. D. (2003) Heat Transfer Handbook.: John Wiley & Sons

Benzinger, T. H., Pratt, A. W., and Kitzinger, C. (1961) 'The Thermostatic Control of Human
Metabolic Heat Production'. Proceedings of the National Academy of Sciences of the United
States of America 47 (5), 730-739

Brager, G. S. and de Dear, R. J. (1998) 'Thermal Adaptation in the Built Environment: A
Literature Review'. Energy and Buildings 27 (1), 83-96

Brinnel, H. and Cabanac, M. (1989) 'Tympanic Temperature is a Core Temperature in
Humans'. Journal of Thermal Biology 14 (1), 47-53

Brooks, J. and Parsons, K. (1999) 'An Ergonomics Investigation into Human Thermal
Comfort using an Automobile Seat Heated with Encapsulated Carbonized Fabric (ECF)'.
Ergonomics 42 (5), 661-673

Cabanac, M. and Massonnet, B. (1977) 'Thermoregulatory Responses as a Function of Core
Temperature in Humans'. The Journal of Physiology 265 (3), 587-596

Cabanac, M., Germain, M., and Brinnel, H. (1987) 'Tympanic Temperatures during Hemiface
Cooling'. European Journal of Applied Physiology and Occupational Physiology 56 (5), 534-
539

Caldwell, J. N., Matsuda-Nakamura, M., and Taylor, N. A. (2014) 'Three-Dimensional
Interactions of Mean Body and Local Skin Temperatures in the Control of Hand and Foot
Blood Flows'. European Journal of Applied Physiology 114 (8), 1679-1689

Castellani, J. W., Young, A. J., Sawka, M. N., Shek, P. N., and Brenner, I. K. (2000).
Thermoregulatory and Immune Responses during Cold Exposure: Effects of Repeated Cold
Exposure and Acute Exercise

Cena, K. and de Dear, R. (2001) 'Thermal Comfort and Behavioural Strategies in Office
Buildings Located in a Hot-Arid Climate'. Journal of Thermal Biology 26 (4), 409-414

98



Charkoudian, N. (ed.) (2003) Mayo Clinic Proceedings. 'Skin Blood Flow in Adult Human
Thermoregulation: How it Works, when it does Not, and Why': Elsevier

Cheng, C., Matsukawa, T., Sessler, D. I., Makoto, O., Kurz, A., Merrifield, B., Lin, H., and
Olofsson, P. (1995) 'Increasing Mean Skin Temperature Linearly Reduces the
Core-temperature Thresholds for Vasoconstriction and Shivering in  Humans'.
Anesthesiology 82 (5), 1160-1168

De Carli, M., Olesen, B. W., Zarrella, A., & Zecchin, R. (2007). People's clothing behaviour
according to external weather and indoor environment.Building and Environment, 42(12),
3965-3973.

Doherty, T. and Arens, E. A. (1988) 'Evaluation of the Physiological Bases of Thermal
Comfort Models'

Dovjak, M., Shukuya, M., and Krainer, A. 'Physiology of Thermoregulation: Human Body
Exergy Balance in Different Climate Types'. Exergy & Sustainability, 931

Ebe, K. and Griffin, M. J. (2001) 'Factors Affecting Static Seat Cushion Comfort'
Ergonomics 44 (10), 901-921

Edholm, O. G, Fox, R. H., and Macpherson, R. K. (1956) 'The Effect of Body Heating on the
Circulation in Skin and Muscle'. The Journal of Physiology 134 (3), 612-619

Fanger, P. O. (1970) 'Thermal Comfort. Analysis and Applications in Environmental
Engineering.'. Thermal Comfort.Analysis and Applications in Environmental Engineering.

Fanger, P. O. (1973). Assessment of man's thermal comfort in practice. British journal of
industrial medicine, 30(4), 313-324.

Fazlollahtabar, H. (2010). A subjective framework for seat comfort based on a heuristic multi
criteria decision making technique and anthropometry. Applied ergonomics, 42(1), 16-28.

Frank, S. M., Raja, S. N., Bulcao, C. F., and Goldstein, D. S. (1999) 'Relative Contribution of
Core and Cutaneous Temperatures to Thermal Comfort and Autonomic Responses in
Humans'. Journal of Applied Physiology (Bethesda, Md.: 1985) 86 (5), 1588-1593

Fukazawa, T., den Hartog, E. A., Tochihara, Y., and Havenith, G. 'Heat and Water Vapour
Transfer from Wet Underwear in the Protective Clothing System Under Solar Radiation'.
Environmental Ergonomics Xii, 223

Gagge, A. P., Stolwijk, J., and Hardy, J. (1967) 'Comfort and Thermal Sensations and
Associated Physiological Responses at various Ambient Temperatures'. Environmental
Research 1 (1), 1-20

Gagge, A. P., Fobelets, A., and Berglund, L. (1986) 'A Standard Predictive Index of Human
Response to the Thermal Environment'. ASHRAE Trans.;(United States) 92 (CONF-
8606125-)

Gagge, A., Stolwijk, J., and Nishi, Y. (1969) 'The Prediction of Thermal Comfort when
Thermal Equilibrium is Maintained by Sweating'. ASHRAE Trans 75 (2), 108-125

99



Gagge, A. (1971) 'An Effective Temperature Scale Based on a Simple Model of Human
Physiological Regulatory Response'. Ashrae Trans. 77, 247-262

Gates, D. 'Biophysical Ecology, 1980’

Gibbon, J. H. and Landis, E. M. (1932) 'Vasodilatation in the Lower Extremities in Response
to Immersing the Forearms in Warm Water'. The Journal of Clinical Investigation 11 (5),
1019-1036

Gueritee, J. and Tipton, M. J. (2015) 'The Relationship between Radiant Heat, Air
Temperature and Thermal Comfort at Rest and Exercise'. Physiology & Behavior 139, 378-
385

Guergova, S. and Dufour, A. (2011) 'Thermal Sensitivity in the Elderly: A Review'. Ageing
Research Reviews 10 (1), 80-92

Guyton, A. C. and Hall, J. E. (2000) 'Hall, Textbook of Medical Physiology'. Elsevier 1600,
19103-12899

Hales, J., Hubbard, R., and Gaffin, S. (1996) 'Limitation of Heat Tolerance'. Comprehensive
Physiology

Han, T. and Huang, L. (2005) . A Sensitivity Study of Occupant Thermal Comfort in a Cabin
using Virtual Thermal Comfort Engineering

Han, T., Huang, L., Kelly, S., Huizenga, C., and Zhang, H. (2001) 'Virtual Thermal Comfort
Engineering’

Hanna, J. M. and Brown, D. E. (1983) 'Human Heat Tolerance: An Anthropological
Perspective'. Annual Review of Anthropology, 259-284

Havenith, G., Holmér, |, & Parsons, K. (2002). Personal factors in thermal comfort
assessment: clothing properties and metabolic heat production. Energy and Buildings, 34(6),
581-591.

Havenith, G., Holmér, I., and Parsons, K. (2002) 'Personal Factors in Thermal Comfort
Assessment: Clothing Properties and Metabolic Heat Production'. Energy and Buildings 34
(6), 581-591

Heidari, S. and Sharples, S. (2002) 'A Comparative Analysis of Short-Term and Long-Term
Thermal Comfort Surveys in Iran'. Energy and Buildings 34 (6), 607-614

Hensel, H. (1981) 'Thermal Comfort in Man'. Thermoreception and Temperature
Regulation.Academic Press, London

Hensel, H. (1982) Thermal Sensations and Thermoreceptors in Man.: Charles C. Thomas

Hirata, K., Nagasaka, T., Nunomura, T., and Cabanac, M. (1988) 'Local Thermal Sensation
and Finger Vasoconstriction in the Locally Heated Hand'. European Journal of Applied
Physiology and Occupational Physiology 58 (1-2), 92-96

Humphreys, M. (1978) 'Outdoor Temperatures and Comfort Indoors'. Batiment International,
Building Research and Practice 6 (2), 92-92

100



Humphreys, M. A. and Hancock, M. (2007) 'Do People Like to Feel ‘neutral’?: Exploring the
Variation of the Desired Thermal Sensation on the ASHRAE Scale'. Energy and Buildings 39
(7), 867-874

Huizenga, C., Zhang, H., Arens, E., and Wang, D. (2004) 'Skin and Core Temperature
Response to Partial-and Whole-Body Heating and Cooling'. Journal of Thermal Biology 29
(7), 549-558

Incropera, F. P. (2011) Fundamentals of Heat and Mass Transfer.: John Wiley & Sons

Incropera, F. P. and Dewitt, D. P. (1981) Solutions Manual to Accompany Fundamentals of
Heat Transfer.: Wiley

Johnson, J. and Proppe, D. (1996) 'Handbook of Physiology. Environmental Physiology'

Karjalainen, S. (2007). Gender differences in thermal comfort and use of thermostats in
everyday thermal environments. Building and environment,42(4), 1594-1603.

Karimi, G., Chan, E. C., Culham, J. R., Linjacki, I., and Brennan, L. (2002) . Thermal Comfort
Analysis of an Automobile Driver with Heated and Ventilated Seat

Kellogg, D. L.Jr (2006) 'In Vivo Mechanisms of Cutaneous Vasodilation and
Vasoconstriction in Humans during Thermoregulatory Challenges'. Journal of Applied
Physiology (Bethesda, Md.: 1985) 100 (5), 1709-1718

Kellogg, D. L.,Jr, Pergola, P. E., Piest, K. L., Kosiba, W. A., Crandall, C. G., Grossmann, M.,
and Johnson, J. M. (1995) 'Cutaneous Active Vasodilation in Humans is Mediated by
Cholinergic Nerve Cotransmission'. Circulation Research 77 (6), 1222-1228

Kellogg, D. L.,Jr, Zhao, J. L., Friel, C., and Roman, L. J. (2003) 'Nitric Oxide Concentration
Increases in the Cutaneous Interstitial Space during Heat Stress in Humans'. Journal of
Applied Physiology (Bethesda, Md.: 1985) 94 (5), 1971-1977

Kerslake, D. M. (1972) The Stress of Hot Environments.: CUP Archive

Kingma, B., Frijns, A., and van Marken Lichtenbelt, W. (2012) 'The Thermoneutral Zone:
Implications for Metabolic Studies'. Frontiers in Bioscience (Elite Edition) 4, 1975-1985

Kingma, B. R., Frijns, A. J., Schellen, L., and van Marken Lichtenbelt, Wouter D (2014)
'Beyond the Classic Thermoneutral Zone: Including Thermal Comfort'. Temperature 1 (2),
142-149

Kingma, B., Frijns, A., Saris, W., Van Steenhoven, A., and van Marken Lichtenbelt, W.
(2011) 'Increased Systolic Blood Pressure After Mild Cold and Rewarming: Relation to
cold-induced Thermogenesis and Age'. Acta Physiologica 203 (4), 419-427

Kohle, D. F. U., Pfister, D. W., and Apfelbeck, D. F. R. (2012) 'Bioethanol Heater for the
Passenger Compartments of Electric Cars'. ATZ Worldwide eMagazine 114 (1), 36-41

Kuno, S. (2002) 'Comfort and Pleasantness'. Cib Report, 37-46

101



Lindblad, L. E., Ekenvall, L., and Klingstedt, C. (1990) 'Neural Regulation of Vascular Tone
and Cold Induced Vasoconstriction in Human Finger Skin'. Journal of the Autonomic
Nervous System 30 (2), 169-173

Love, A. H. and Shanks, R. G. (1962) 'The Relationship between the Onset of Sweating and
Vasodilatation in the Forearm during Body Heating'. The Journal of Physiology 162, 121-128

Mannino, J. A. and Kaufman, W. C. (1986) 'Comparative Cold Responses of Men and
Women to External and Internal Cold Stimuli'. Aviation, Space, and Environmental
Medicine 57 (1), 27-30

Marino, F., Sockler, J., and Fry, J. (1998) 'Thermoregulatory, Metabolic and
Sympathoadrenal Responses to Repeated Brief Exposure to Cold'. Scandinavian Journal of
Clinical & Laboratory Investigation 58 (7), 537-546

Matsunaga, K., Kohri, I., Ozeki, Y., and Takabayashi, T. (2010) 'International Standard
Concerning the Evaluation of a Vehicle Cabin Thermal Environment'. J.Jsae 64 (4), 16-20

McAllen, R. M., Farrell, M., Johnson, J. M., Trevaks, D., Cole, L., McKinley, M. J., Jackson,
G., Denton, D. A., and Egan, G. F. (2006) 'Human Medullary Responses to Cooling and
Rewarming the Skin: A Functional MRI Study'. Proceedings of the National Academy of
Sciences of the United States of America 103 (3), 809-813

Mclntyre, D. (1980) Indoor Climate.: Elsevier

Minson, C. T., Berry, L. T., and Joyner, M. J. (2001) 'Nitric Oxide and Neurally Mediated
Regulation of Skin Blood Flow during Local Heating'. Journal of Applied Physiology
(Bethesda, Md.: 1985) 91 (4), 1619-1626

Mitchell, J. W. and Myers, G. E. (1968) 'An Analytical Model of the Counter-Current Heat
Exchange Phenomena'. Biophysical Journal 8 (8), 897-911

Moran, D. S. and Mendal, L. (2002) 'Core Temperature Measurement'. Sports Medicine 32
(14), 879-885

Mozaffarieh, M., Gasio, P. F., Schétzau, A., Orgul, S., Flammer, J., and Krauchi, K. (2010)
'Research Thermal Discomfort with Cold Extremities in Relation to Age, Gender, and Body
Mass Index in a Random Sample of a Swiss Urban Population'

Nagasaka, T., Cabanac, M., Hirata, K., and Nunomura, T. (1986) 'Heat-Induced
Vasoconstriction in the Fingers: A Mechanism for Reducing Heat Gain through the Hand
Heated Locally'. Pfiiigers Archiv 407 (1), 71-75

Nakamura, K. (2011) 'Central Circuitries for Body Temperature Regulation and Fever'.
American Journal of Physiology.Regulatory, Integrative and Comparative Physiology 301
(5), R1207-28

Nakane, S., Kadoi, M., Seto, H., & Umezu, K. (2010). Air conditioning system for electric
vehicle. J. JSAE, 64(4), 35-40.

Oeffelen, E. V., Van, Z. K., & Jacobs, P. (2010). Persoonlike verwarming in
kantoorgebouwen. TVVL magazine, 1, 6-11.

102



Oi, H., Tabata, K., Naka, Y., Takeda, A., and Tochihara, Y. (2012) 'Effects of Heated Seats
in Vehicles on Thermal Comfort during the Initial Warm-Up Period'. Applied Ergonomics 43
(2), 360-367

Olesen, B. W. (1982) 'Thermal Comfort'. Technical Review 2, 3-37

Parsons, K. C., Havenith, G., Holmer, I., Nilsson, H., and Malchaire, J. (1999) 'The Effects of
Wind and Human Movement on the Heat and Vapour Transfer Properties of Clothing'. The
Annals of Occupational Hygiene 43 (5), 347-352

Pasut, W., Zhang, H., Arens, E., Kaam, S., and Zhai, Y. (2013) 'Effect of a Heated and
Cooled Office Chair on Thermal Comfort'. HVAC&R Research 19 (5), 574-583

Precht, H., Christophersen, J., Hensel, H., and Larcher, W. (1973) 'Heat Exchange with the
Environment'. in Temperature and Life. ed. by Anon: Springer, 545-564

Priestley, C. and Taylor, R. (1972) 'On the Assessment of Surface Heat Flux and
Evaporation using Large-Scale Parameters'. Monthly Weather Review 100 (2), 81-92

Qian, C., Ishida, H., and Saito, K. (1994) 'Upward Flame Spread Along PMMA Vertical

Corner Walls Part li: Mechanism of “m” Shape Pyrolysis Front Formation'. Combustion and
Flame 99 (2), 331-338

Rowell, L. B. (1974) 'Human Cardiovascular Adjustments to Exercise and Thermal Stress'".
Physiol Rev 54 (1), 75-159

Rowell, L. B. (1977) 'Reflex Control of the Cutaneous Vasculature'. Journal of Investigative
Dermatology 69 (1), 154-166

Rugh, J. P. and Bharathan, D. (2005) . Predicting Human Thermal Comfort in Automobiles
Savage, M. V. and Brengelmann, G. L. (1996) 'Control of Skin Blood Flow in the Neutral
Zone of Human Body Temperature Regulation'. Journal of Applied Physiology (Bethesda,
Md.: 1985) 80 (4), 1249-1257

Sessler, D. I., Rubinstein, E. H., and Eger, E. I.,2nd (1987) 'Core Temperature Changes
during N20O Fentanyl and halothane/O2 Anesthesia'. Anesthesiology 67 (1), 137-139

Sessler, D., Stgen, R., and Glosten, B. (1990) 'Thermoregulatory Vasoconstriction
significantly Decreases Heat Loss to the Environment.'. Anesthesia & Analgesia 70 (2),
S362

Sessler, D. |. and Ponte, J. (1990) 'Shivering during Epidural Anesthesia'. Anesthesiology 72
(5), 816-821

Sessler, D. I. and Moayeri, A. (1990) 'Skin-Surface Warming: Heat Flux and Central
Temperature'. Anesthesiology 73 (2), 218-224

Standard, A. (1992) 'Standard 55-1992'. Thermal Environmental Conditions for Human
OccupancyAmerican Society of Heating, Refrigerating and Air-conditioning Engineers Inc.

103



Standard, A. S. H. R. A. E. (2004). Standard 55-2004. Thermal environmental conditions for
human occupancy.

Stevens, C and Choo, J.K. (1998) 'Temperature Sensitivity of the Body Surface Over the Life
Span'. Somatosensory & Motor Research 15 (1), 13-28

Stolwijk, J. and Hardy, J. (1966) 'Temperature Regulation in man—a Theoretical Study'.
Pfliiger's Archiv Fiir Die Gesamte Physiologie Des Menschen Und Der Tiere 291 (2), 129-
162

Tannam, M 2012, Human Thermoregulatory Response to Infrared Radiant Heating, Ph.D
thesis, Trinity College Dublin.

T. C. IUPS: Glossary of terms for thermal physiology. Third edition. Revised by Thee
Commssion for Thermal Physiology of the International Union of Physiological Sciences
(IUPS Thermal Commission). The Japanese Journal of Physiology, 51(2), 245-80 (2001)

Waterhouse, J., Drust, B., Weinert, D., Edwards, B., Gregson, W., Atkinson, G., Kao, S.,
Aizawa, S., and Reilly, T. (2005) 'The Circadian Rhythm of Core Temperature: Origin and
some Implications for Exercise Performance’. Chronobiology International 22 (2), 207-225

Weinert, D. and Waterhouse, J. (2007) 'The Circadian Rhythm of Core Temperature: Effects
of Physical Activity and Aging'. Physiology & Behavior 90 (2), 246-256

Weiwei, L., Zhiwei, L., and Qihong, D. (2014) 'Use of Mean Skin Temperature in Evaluation
of Individual Thermal Comfort for a Person in a Sleeping Posture Under Steady Thermal
Environment'. Indoor Built Environ, 1-11

Werner, J. (1981) 'Control Aspects of Human Temperature Regulation'. Automatica 17 (2),
351-362

Werner, J. (2010). System properties, feedback control and effector coordination of human
temperature regulation. European journal of applied physiology, 109(1), 13-25.

Yao, R., Li, B., and Liu, J. (2009) 'A Theoretical Adaptive Model of Thermal comfort—
Adaptive Predicted Mean Vote (aPMV)'. Building and Environment 44 (10), 2089-2096

Zeiler, W., Vissers, D., and Boxem, G. (2013) 'A New Smart Micro Grid Process Control
Strategy: The Human Leading the Thermal Comfort Control.'. ASHRAE Transactions 119 (2)

Zhang, H., Huizenga, C., Arens, E., & Yu, T. (2001). Considering individual physiological
differences in a human thermal model. Journal of thermal biology,26(4), 401-408.

Zhang, Y. F., Wyon, D. P., Fang, L., and Melikov, A. K. (2007) 'The Influence of Heated Or
Cooled Seats on the Acceptable Ambient Temperature Range'. Ergonomics 50 (4), 586-600

Zhang, Y. and Zhao, R. (2008) 'Overall Thermal Sensation, Acceptability and Comfort'.
Building and Environment 43 (1), 44-50

Zhang, H. (2003) 'Human Thermal Sensation and Comfort in Transient and Non-Uniform
Thermal Environments'. Center for the Built Environment

104



7.0 Appendix

APPENDIX A



901

0'LFF'ee 7'0FL°12 9'1F12¢ €0FL'12 ES[
£'8¥0'9¢ G'0%S'LC CLLF0°LE 9'0%8'L2C HYI 0
9'8¥8°/¢ ¥'0%9'LC 2'6%6'/¢ G'0¥8'L2 HION
6'079°¢E 7'0FL°1L2 G'LFLEE 7'0FL°12 EIS[
1'8%G°0¢ G'0%S'1C 8'01%5°/€ 9'0%8'12 HAl G-
6',¥€'8¢ v'0FL°1L2 G'8¥y'8¢ 7'0%8'LC HION
G'0FL Ve 7'0FL°1L2 0'179°¢e 7'0F.°12 EIS[
8'/%C /€ G'0%S'LC €0L¥L'8¢ 9'0%8'LC HAl 0lL-
L'/¥€'8¢ v'0FL'12 2'8%¢'8¢ v'0¥8'LC HION
9'0%7Zv¢ 7'0FL'12 G'0FFee €0F.L12 44l
1'8¥9°/€ G'0%5'L2 G'0L¥9'8¢ ¥'0%70'22 HAl Gl-
8'/%5°8¢ 7'0FL'12 | "8¥1 '8¢ 7’07612 HION
(%) (20) (%) (2.) (urw)
|9A9T] |9A9T] |9A9T] |[9A®T] el awli |
}sayo 1sayo pesH peaH
Kyipiwuny Iy Kyipiwuny I\

‘Buiuonipuooald Buunp (S F uesw) Sa|gelIBA [BIUSWIUOIIAUT [ LY 9|ge



L0T

LLFLL L'L¥0°L GL¥8°0 S'LF¥L0  €1¥80 80F¢L 0'LFCl L'L¥0°L  8'0%¢’lL L'L¥0°L  O'L¥¢ L 0'LFEL 44l
8'0¥€’L  6'0%€’L 6'0%0°L 6°0%0°L 80F¥L'L 6°0%¢’L  6°0%¢’L  6°0%¢’L VIFP'L  6°0%¥¢'L 6'0¥S'L  6°0%S'L Hdl 0
oLFrL  TLFFL PLFELL PLFELL Z2LF0L 6°079°L 6°0%9°L VIF¥'L  6°0F79'L C'LFEL LLFp'L 60791 dION
6'0¥C’L L'L¥0°L €1¥8°0 €'1¥8'0 €1¥80 90¥SL S90¥SL 0LFCL  S0%SL L'L¥0°'L  O0'L¥¢L  0'LFCl Esll
0'L¥¥'L VIFv'L CLF¥€L CLFEL CLFEL LIFPL LIF7L V'L 2 LFEL VIF¥'L  6°0%9'L 6'0¥S°| Hdl G-
oL*xe’L  ZLFL vILF0L YLF0L ZLF0L 60791 LLFGL VIF'L 6°0F79'L C'LFEL LLFL VIFyL dION
6'0¥C’| L0 €1F0°L €1¥8'0  €1¥8'0 S0¥SL 90¥SL 80¥CL S0FSL L0’ O'LFCL 0'LFCl Jdl
LLFEL VIFr'L 2LF€L 2LFEL 2TLFEL LLFL LLFL VIFr'L 2 LFEL LLFYL LLF7L LLF7L HYl olL-
0'L¥¥'L LVIFS'L vLF0L VLFOL O'LFEL 6°0F9'L 6'0F9°L V'L 6°0F9°L VIFr'L 6°0%9°L VIFYL dION
6'0%C’L 80%¢L €LF0L  GLF¥L0  LLFOL G0¥SL G0¥9L  80F€ L  80F¢l LLF0'L O'LFCL 0'LFCL Jdl
0'L¥¥'L VIRl CVFLL CLFLL 6°0%SL 6'0FS7L LVIF7L VIFrL LVILFL S LVLFL 6°0%SL 6°0FS7L Hdl Gl-
LLFEL LLFSL VLFLL VLFLL OLFLL S TUFYL LLFS7L LLFLL LLFS'L  TLFEL VIFP' L LLFPL dION
ba jJorJUOD  }OBJUOY suwy (urw)
abeiany  ||esdAQ s$90] }994 JamoT  uolysn)y yoeg spueqH ®131sayn 9SON 9oe4 peaH ey awi]
jeag jeag

‘(syun Asesyigle) Buiuonipuooald Buunp sasuodsal (QS F UBSW) HOJWOD [ewldy] gV dl9el



80T

L0¥.'0 80¥.0 VI¥FG0 CLFC0- CLFEO 90F0°L VvOFCL 80FG0 80F¥80 80F¥.0 80¥30 80¥30 44|
6'0f9°0 60¥90 <Z'l¥¢0 Z'LF¥E0 L'L¥¥0 60¥0'L 80¥60 60¥80 0'L¥6°0 L'L¥G'0 6090 L'LFG0 HYl 0
60¥0'L O'LFLL  €1FG0 VILF90 L'L¥F9°0 6°0¥¢’L 60¥¢L TL¥0L 6°0¥¢CL 60¥0L 80FL'L 60%0) HION
L'0¥.°0 80¥.0 VIFEO0 CILF¥C0- <CLFEO0 VvOFCL 90F¥0°L GO0¥L0 VY0¥l 80¥.L0 80¥30 80%80 44|
6'0¥90 60¥80 <C'L¥€0 <CL¥€0 6'0f9°0 Q80¥6'0 80¥6'0 60¥90 60¥80 <CL¥90 O0LF¥60 <CLF90 HYI G-
6°0¥6°0 L'LF0'L €LF0 ¥'LFSO0 L'L¥F9°0 6°0¥€'L  60¥¢’L L'L¥0'L 60¥¢L 0'l¥6°0 O'LFL'L 60F0°L HION
L’0¥.'0 80¥.0 ¥IL¥G0 €1LF¥00 <2LF¥€0 VOoFCL VvOFCL GOFL0 VvOFCL 80FL0 80F¥80 80F380 4l
60¥9°0 60¥80 <CL¥L'0 <CILF¥L'0 60¥S0 80¥60 QO0F¥F60 60¥90 O0Il¥60 <CLF¥90 O0l¥60 <C'1¥90 HYl 0lL-
60¥6°0 L'LF0'L €1FS0  ¥'LF9°0 L'LF9°0  6°0¥€L  O0'LFL°L LLFL'L 60¥¢L  0'L¥6°0 L'L¥0'L  6°0%0°L dION
8'0¥.0 80¥.0 ¥IL¥¢0 G9GLF¥C0 <CLF¥€0 ¥O0¥C’L 90F0°L GOF¥L0 90¥0°L 80¥L0 80¥80 0'l*L0 4l
6090 O0'L¥60 <CLF€0 <ZLF¥€0 6'0¥90 Q0F60 60¥F80 60¥90 <CZLF0°L L'L¥FG'0 0'L¥6°0 T'LF9°0 HYI Gl-
60¥8°0 O0'L¥60 €1LF¥0 ¥1L¥90 L'L¥G°0 80+L'L O0l¥60 O0L¥80 O'L¥lL'L 60¥80 O01¥60 80%60 dION
6a joeJUOD  }oBJUOY swy (urw)
abelany  [|BJBAQ s90] }994 Jamo  uolysn) yoeg spuey ®13IS9yn 9SON ooe4 peaH leuy awi]
jess jess

‘(syun Asesyque) Buiuonipuodald Buunp sasuodsal (S F uesw) uoiesuss [ewlay] €Y d|qel



60T

‘AjoAioadsal ‘|eine pue [ejoal Buisn ,.¢'|e 18 10 ‘dwa) |eine pue [ejoal Buisn ueyjeuewey ;- 86e10)s JeaH "|e 18 10 ; ‘Ueyjeuewey ,dwa) ups Ues|y

€'07€0 €0%20 ¥'0%72°0 ¥'0F1°0 9'0%1L'2€ 9'0%8'LE L'079°SE  Z'0FL°LE M
€'07€0 Z0FL0 G'0F70 ¥'0%2°0 ¥'0%6°LE 1'0%2'2E G'0F0'9E €0F2LE M 0
02¥C| Z0FL0 02¥C| Z0FL0 €'0FL'ZE G'0%2'ZE G'0FL'9E Z0FELE MION
€07€0 €0%20 G'0F€0 ¥'0¥20 9'0F1L°Z¢ 9'0%6'LE 8'0FL'GE Z0F¢LE  4dl
€0¥20 Z0FL0 ¥'0%€°0 €0%20 ¥'0%6°LE 9'0F1L°ZE 7'0F0°9E €0FECLE  AM G-
G'LF0°} Z0FL0 G'1¥6°0 Z0FL0 ¥'0F1L'ZE G'0FL'ZE €'0F2’9E ZT0FECLE WMION
Z0%€0 ¥'0%2°0 ¥'0F€0 v'0%20 9'0F1L'ZE 9'0%6'LE L'0FL'SE 20’ L€ Ml
Z0FL0 Z0%10 Z0FL0 L'0FL0 v’ 078’ LE G'0%6'LE G'0¥6'SE Z0FELE  AMl  OL-
8'0¥9°0 8'0FL°0 8'0¥9°0 L'0FL0 ¥'070°2€ G'0FL'ZE €'0FL'9E Z0FELE WMION
L'0FL0 Z0%10 €0FL0 €0FL0 L'0%6° L€ L0781 L'0%9'GE  Z'0%¥Z’ L€ M
1'0F0°0 1'0%0°0 1'0F0°0 1'0F0°0 v'0FLLE 9'078'LE G'0¥6'SE Z0FeLE  AMl  SL-
1'0F0°0 00700 1'0F0°0 00700 9'078'L€ G'0%6°LE €'070'9€ €0Fr.E MION
(,-6-r) (,-B-r) (,-6-r) (,-B-r) (90) (90) (9) (90) (urw)

,obelo)s jeay .obeio)s jeay ,obelolsjesy ,abeiojsiesH ,dwa)unis uespy dwa) uys uesp |einy |ejody |edl awi]

‘Buiuonipuodsald Buunp (S F uesw) abelo)s Jeay pue ainjesadwa) Ulys uesw ‘ainjeladws) 8lo) Y 8|qel



d XIUNdaaV



111

€EFP 99 6°0¥€°C €vF1°9G 09¥€’L | '¥¥0'6S 0'L¥6°€ 90F.LY 4
0'GF¥'¥9 L'0¥0°¢ 8 V¥ LG 80Fr'V €'v¥0'9G 6'0¥8' ¥ 9'0FL'G Ad 14
€' v¥6'79 G'0¥8'¢ 0'G¥E'6S €'0F6'Y G'GFL'8S 9'0¥0'G €0FSY dIoN
€'€¥9°29 L0FLC 0'vFL'€S 1'9%2'L Z'v¥6°95 z'1¥6°¢ 9'0%EY BN
L'9F0°29 9'0+¥0°¢ ¢'9¥8°99 8'0F¢’V ¢'9¥¢°99 608’V L'0*L'V Ndl 4
8'G¥8'29 7'0¥8'¢ 2'9%.°8S v’ 0F6'Y 6°9%8°85 9'0%6'Y €0FL'Y dIoN
0ZF€'19 0'l¥0C z'€¥8'Cs L'9FL L 6'€¥6°GS €LFLE LOFL'Y BN
¥'9%9°09 G'0¥6'C |',F1°9G 8'0FL'Y €'8¥8'GS 8'0%S'¥ L'0FS'¥ Ad ed
€.%6°29 ¥'0¥8'¢ |'/F0'6G G0F8Y L'1%6°8S 8'0FL Y v'0F0'V dIoN
G'Z¥8°09 0'l¥0C €'€¥6°CS 1'9F70°L 9'v¥8'GS €1¥G¢ LOFLY BN
G'9%0°09 v'0¥6°C L' 9F¥'GS LOFL'Y T'LF1'SS 8'0FV'v LOFrY Ad Zd
6'9%6°C9 €0¥8'¢ 2'1%6°8S 9'0F9'¥ 9'/%G°8S 6079V G'0¥6°€ HIoN
v'EF0°L9 6'078°) 0'vFE'€S 29¥6'9 €'G¥895 GLFeE 8070V 4
G'9F.°6S ¥'0¥8°C €' 9F¥'GS 8'0F0'V 1'9%0°95 8'0FCV 8'0Fr'v A4 ld
8'9¥L°€9 7'0¥9°¢ 0°,¥V'6S L0+ € /¥9°6S 6'0¥S'V 9'0¥8'¢ dION

(%) (D) (%) (Do) (%) (Do) (D) (uw)

|12A87 |2A97 3004 |oAa7 |12A97 3s9Y)H |9Aa7 |2A97 pedH ainjesadwa | e  awil

jo04 ay }seyo ay pesH ay aqo|9
Aypruny Aypiuny Aypiuny

"(4x '« 4 O} [ENDA SI 4 SO)EOIPUI |}d1I0SIadNS (00" 0>dyx 1 0'0>d« ‘G0 0>dy 1994 Ulew YAONY)

‘Bumis o} Joud pouad Buipue)s Ui € 8Y) 0] S81Bjal 4 "UoNIpUod yoes 1noybnoiy) (gS F uesw) Sa|gelieA [elJuswuoliaug g 8jge]



(4%’

G'/¥0'€.  €0¥€'8 00LF8¥9 CVvFOLL L'9¥F¥' L9 v'0Fv'6 Z'0%720l T
6'LLFLZ8 90F€8  00LF8S.L L'078'8 L'6F79'v. 9'0%¥'6 £'07€ 0l Adl 9l
L'ELF8 L8  ¥'0¥26  60LF79.L v0¥96  SGO0L¥FS9.  €0F96 ¥'0¥6'6 HION
8'9¥9'8,  €0¥¢. TLL¥T89  9VvFCOL L'9FL'TL ¥'0¥2'8 €0¥2'6 EpS|
V'6FEG8 Q0FEL 6 LFVLL L'0%6°L 8'/%/°9/ 9'0%'8 €076 Adl vl
VOLFYE8  €0FL'8  G8FYLL €0¥9'8 G'8¥6° L. £079'8 ¥'0¥6'8 HION
P'GFE'E8 €0FL'9  9LLFLOL 6 VFr'6 G'GF0'9. G0%Z'. ¥'0%2'8 Ebs|
0/¥9'/8  L0¥69  09¥/'8. L0FL'. 8'G¥Z'8. 9'0¥9°Z V0¥’ Adl zL
08¥8¥8  €0FL’L  Z9F08L €0FL L L'9%1'6. ¥'079° L ¥'0%6°L HION
TYFLL8  CO0FLS  9LLFLLL £'G¥8'8 Lv¥G8. 9'0%2'9 G0F€eL Ebs|
L'GFE'68  L'0FSS  P¥Fe8L 8'0F'9 9V¥G 6. L'0¥.9 v'079°L Adl oL
L'G¥T98  €0FL'9  6EFE8L ¥'0¥8'9 CY¥T 6L v'0F.L'9 v'070°L HION
8'¢¥0'88  G0F0F  O'LLFOLL 9'G¥L'8 v'GFL 8L L0¥2'G G'0¥€'9 EbS|
L'€¥G'88  L'0FSY  TEF69L 6'0¥G'G RZIN:Y] 8'0¥8'G G'0¥G'9 Adl 8
GE¥6P8  ¥0F0S  6'1LF09L ¥'0¥6'G 9'LF9. G'0¥6'G ¥'0¥6'G HION
8Z¥9'L8  L0¥6C  Z'8¥9G9 6'G¥G L LYF8 L. 0LFY 9'0FY'G EbS|
9¢€¥908  80FF'E  P'EFL'69 6'0FL'Y 6'€¥.'89 6'0FL'G G'0¥9'G Adl 9
G'e¥L L. SOFLY  vTFLS9 €076 2TFL19 9'0¥2'G €'070'G HION

EY. X |oA97 JoO+ |oA9T |2A®7 3s9Yy) |oA9T [9A9 peaH aJdnjesadwa] el (uiw)

joo4 Ay ¥sayod vy peaH Ay aqo|9 awil
Ayprwny Ayprwny Ayprwny




€Tt

9ZF¥E9r  GOFL9L  €TFVY  VIFVLL 9L¥6'LY  9°0F¢'8L €0FL L) EbS|
€YL¥6LG  L0FSSL  9TLFEGS  60¥6GL  O0ECLFEES  L0F89L 9'0%Z'L) Adl 8¢
TYLFPF09  LLFS9L  6°TLFECLS  LO0FLLL LELFE8S 80FKLL 9'0¥Z'ZL  YION
ZeF88y  vOF8YL  0TFLLY  SLFLOL TTFLYY  9°0FL91 €0Fr 9l EpS|
€GLFYL9  L0FEVL  TELFOB6S  60F9VL  TELFOLS  LOFKGL G'0¥6'S) Adl 9z
8VLFG'E9 60FGSL  TELFE09  90FZ9L  LELFOZ9  L0F6GL G'0¥6'GL  YION
6'C¥6'LG  €£0FSEL GTFE6Y  £TFEVL 6CFL'8y  9'0FLGl €'0FL'Gl Eps|
8'GLFE'G9  90F0CL GELFST9  8O0FEEL  LELFE09  90FL VL v'0FL Pl Adl ve
€GLF0L9  L0FCVL  LELFOV9  GOF8YL  OPLFESY  L0FSVL G'0¥9¥L  YION
L'GF8'GG  €0¥ZZL OVYFOES  8TF6EL 8'¢¥0ZS  G0¥FSEl Z0%8°¢cl EbS|
L'GL¥00L  90FLLL  VELFE99  LO0FLZL  TELFLYY  90F8TL 7' 079°€l Ad r4
9GL¥L 0. 90F0CL 6€LFZ89  VOFYEL  OPLFIO89 S O0FCEL y'0¥e'el  YION
€9¥6'09 €0¥60L 6GF89G  £¢€F8TL 9¥¥9'96  ¥'0%0°CL Z'0%G°Z) EbS|
L'GLFOV.  9°0FG0L  O0'C€LFL'0L  L0¥60L  vZL¥8/9 S O0F9LL v 0FrCl Adl 0z
8GLFL'G.  ¥OFLLL  9CLFSLL  €O0FLZL  VELFSLL  ¥0F6LL v'0¥FL'ZL  YION
Z/¥6'99  £0%56 L'8¥8°09  L'€F6°LL G'G¥6'L9  ¥'0FL0L Z0%LL EbS|
8CL¥06L 90F¢6  SLLFFEL  L0¥86  TLLFILL  GOFSOL v'0FeLL Adl 8l
LYL¥L8L  ¥0FP 0L  8TLFSY.  €0¥80L  vZLF¥L  $0FLOL ¥'0¥0'LL  YION

EY. X |oA97 JoO+ |oA9T |2A®7 3s9Yy) |oA9T [9A9 peaH aJdnjesadwa] el (uiw)

joo4 Ay ¥sayod vy peaH Ay aqo|9 awil
Ayprwny Ayprwny Ayprwny




Vit

02F9Cy  90¥62C 9ECF LY |'ZFG'EC  9'1F9'8¢ 9'0¥8'G2C 9'0¥6'cz  dYl
L'SFLLY  OLFLLZ 9VFO VY 6°0¥0°€Z z6¥8Cy  L'L¥F8ee 8'0Fb'€T Ad ov
0/¥28y 61¥22C LV¥¥SCy 0'L¥6'¥2C GGFEY  0'LFLVC 8'079'€Z  MION
2C7F9Sy  90FL'ZZ €E€FICH 6'LFLET 8'LF00F  L'0F€'SC 9'0Fb'€Z 44l
L'/¥S'6Y  6°0¥60C  9'G¥6'SP 6°0¥¢°2Z 09FLvr  TLFL'EC 6°0¥8°2Z Ad 8¢
GIFTLS  8LFCNT  TSF VY R4 7 09FF'SY  L'LFOVC 8'0F0'cc  HIoN
9CFLy  L0%T1C  0CFOPY 8'1¥7'22 L'ZFE LY 80FS¥C 9'0¥79'22 44l
G'8¥9'LS  6°0F00C 99FLLb 6'0F' L2 L'/FEOY T LFCTT 6°0¥0°2Z Ad 9e
V'8¥EYS  8LF00C  29F99F L LFP'EC VIFL Ly TLFLEC 8'0¥2'2C¢  YIoN
GZFE'8y  L0F00C  9TFSVY vIFYLE v'Z¥6'Ly  6°0F€€C G'0¥9'1LZ 44l
ZOLFL'ES 60768l  £'8FV6Y 6°0¥¢°0Z 6'8¥6LF  L'LFL'LC 8'0%¥0°LZ Ad e
V67295  9LF06L L /FO6Y 0'1%¢22 9’87205  Z'l¥6'LC 8'0¥Z’Llz  MIoN
L'VF0°Ly  90FL8L  OCF/ ¥ 0'LFL°02 SIFLLY  80FL1C ¥'0%7€°02 ES[
L'LL¥8'ES  8'0F6°LL  €O0LFOLS  60¥8'8L  60LF¥FE6YF O LFL6L 8'0%.'61 Ad 4
6'0LF99S ¥ LFZ8L  L'6F9LG 60780  L'0L¥82S L LF0C 1'0%6'61 HION
VCFLSY  GOFLL  LVEFVEY 0’1798l GZF60r L0766l €'070'6l 44l
L'ELFG'SS  8'0FL9L  SLLFL'ES  60FKLL  L'TLFELS  6°0%C8L L0781 Ad 0¢
L'ELF8LS  TLFLL 0CLFLES 80FC6L  8TLFOSS 60768l 10758l HION
EY. N |9A97 JoOA EYCn] |aA97 31sdYyH EYCn] |oAd] peaH aJnjesadwa] jeu] (ulw)
joo4 Iy }sayo ay peaH ay aqo|9 awin]
Kyipiwny Aypiwny Ayiprwny




STt

. L'¢Fl'vy 8¢C¥C¢S 0¢FLCS 0€¥89L L'€¥G 9L 07¢C*€lec L'LFE'IC 44l
6CV¥E86 0'C*¥9'Sy 6'€¥l'cs 9IFCLS CE€FGGL  9CF9L L'EFL6L  €CFELC Nl 14
Lg+€ G'0¥C’S 8'0¥.'G L'0¥8°G  6¢CFl'vl  6¢¥6°'GL  9¢CF¥L'0C 60¥8Lc dION
- Gc¥cvy L'CFL'LS 6L¥G¢S L' ¢F 0L €1¥C6 L¢r0vlL  9¢C¥evl 44l
6CG+9498 L'GFL'GY  CV¥6'CS L'¢¥CLS G CF66 L'¢¥G6  GE€F¥CL GEFCEL Ndl c
e+l V'0¥9'v 9'0¥L'S 9'0FL'S 9'1¥9'8 6'L¥l'6 €CFLLL  0¢FLCh HION
V'e¥ecvy 0€¥L05 0¢*¥€¢S v 0¥6'G ¥'0¥G'S G'0¥8°G V'0¥G°G 44l
99¥6 vy EPFL'ES €¢F¥0°LS  L0¥8'G G'0¥8'S L'0%¥G9 L'0¥L9 Ndl €d

VOFL'v 9'0¥9Y LOFLY L'0¥0'S 8'0¥6'Y 0'L¥¥'S 6'0FL'S HION

9CFL'vyr  6C¥90S <C'¢c¥C’¢S  VOFLS V'0¥¥'S 9'0%.L°G V' O0¥v'G 44l
09¥9 vy 8€EF6'CS 6°LFL9G  L0+L'G G'0¥L'S L'0¥¥'9 L'0¥0'9 Ndl ¢d
GO¥lL¥Y 8'0F.LV 8'0F.LV 8'0¥6'V 8'0¥6'Y 0'1¥€'S 0'LFL'S dION

L'€F6’EY  L'€FG09 €¢¥6'lS G 0+9'G ¥'0¥€'S 9'0%¥9°G G'0¥e’g 44l
L'S¥Cvy  9€FLCS L'¢¥€9S  L0¥G°G 9'0%G'S 8'0¥¢9 8'0¥6'G Ndl ld
L0¥0¥ 6'0¥G'v 6'0¥G ¥ 8'0¥8'v 6'0¥8'v YA 0'L*0°S dION

»<(zW-M) #£(D0) #£(Do0) #£(D0) #£(D0) #+(D0) #£(D0) +£(D0) ey (uiw)
XN} yeay 10SIA 10SIA I10SIA 10SIA yoeq yoeq }o03nq }o0o)nq awij
Yo 3IPPIN by Jamoj Jamoj Wbujeag Yo jeag

yo|jeag bl jeag

"(xx 'x ‘# O} |lENDS SI 4 s8)eoIpul |3duosIadns |00 0>dxx ‘L 0'0>d« ‘G0°0>d# 0848 ulew YAQONY)Bumis o} Joud pouad
Buipuels uiw ¢ 8y} 0} sajejal d (S F ueaw) xnyjj leay pue ainjesadwa) (JOSIA) |sued paledjul pue ainjesadws) jess Je) :zg a|qel



911

- 0CFGLG ¢CcF.8G 02FC6S 61F9GZ 6¢F¢9¢ 01F28C 0 LFr'se 2
O¥FS.0L 90FL'YS 6'€FLB6S T LFSEY LEFOET  9TFLOC  VITFLLZ  9LFTST Al 9l
VLFLY- 9'0FF'Zl 80¥8ZL 90F€CL VEFEEZ GLFEOZ G LFZ8Z  90788Z  HION
- VZE0S  LTFLLS  LLFZ8S  6'LFOSZ  6CFISC  0LFRLZ 0 LFOST N
8778801 8'0F9CS O0VF98S €1F9Z9 QEFL'EZ 8TFHSZ GTFLIZ 9LFYLL Al vl
1F8E- 90F€’LL  8O0FLLL  90FELL GEFLTZ  OLFLSZ 9LFLLZ  90FS8Z  HION
- €CFC6y 9TFLOS 0TFTLS LTIEVZ OEFLYZ  LIFELZ  OLFG LT N
LGF6.01 60FSLS  L'VFOLS E€LFLL9  6E€FCZ  OCFLYC  9TFLOZ  9LFELT AYI 4
GLFLE- SOFF0L  90F80L 90FS0L 9€F6LZ  LLF8VYZ LLFCLZ  90F8LZ  HION
- €CFC8y 8TFOOS CTFGIS €TIEZ LEFYEC TLFIOZ  LLFROC 4l
¥GT8601 0'L¥80S OVF89S VY ILFL'LO OVFSLZ  ZEFOEC  8TFST LILFLOT AYI ol
8LF.¢- G'0¥G6  L0F00L 90F96 L€FQ0Z 6'LFLEC 6 LFOZ  90FCLZ  MION
- €TFC LY LEFESS TTFSS 9TF0CC  VEFELZ  VIFLST  LLFST |
9S00 1 VLFY6y  L€FL'SS  €LFL09 OVFE0Z GEFL'ZC  6TFVC  8LFLGT AYI 8
VZF6L- L'0TC8 60788  80FG8 OEFE6L LTFL'ZZ LTFSZ 90FE9Z  MION
- V'ZFLSY  8TFOES  TTFLYS O0EFO0Z ECEFS6L  9LFZYZ T LFEWT B
ZOLFEOLL  CTFOLY L€FQES VLFO8S QEFG8L  LEF66L LEFLTZ  0TFIWEC Al 9
LZFEL- L0FY'9  60F0L 80789 PEFCLL VTFL6L VTFIEZ 90F8YZ  MION
3oeq
xnp IOSIA JOSIA JOSIA yoeq FEYYC]| yooung
jeay JosIA ey 3IPPIN b6y 1amoj 6L Wb yo0pNnq (uiw)
Boljeas  jeag jeas  Po|Jeds ML iy




LTT

- L'CFSPS  0CFL09 L'LFIL9  L'L¥ELC €CFC8C 6'0FL6C 0O'LFC0E 44l
LGFEV6 S'L¥2'8S <C'€¥6'C9 LLFG99 L'€FLSC 6'LFE8C LLF¥F06C PV LF6°6C Adl 8¢
01%88- 6'0¥S'6L L'L¥S'6L L'0¥8'8L 6C¥8SC 9LF¥G8C E€L¥L6C 80F0C dION
- L'¢¥6'¥S  G0FC'L9  VLF6'L9  L'LF0LC  €CF6'LC 6'0F¥S'6C < LFL6C 44l
09+..6 8'L¥0'8S 8'C¥9C9 <C'L¥C99 <TEeFESC 0CFL'8C 8L¥L'8C PV LFL6C Adl 9C
¥1¥08- 8'0¥€'8L  O'L¥r'8L L'0FLLL 6C¥GSC 9'L¥E'8C <'L¥96C L'0FC0€ dION
- G'C¥6'ES <C'CF¥I96S CLFL09 61¥89C G'C¥l'lc 6°0%¥€6C CLFG6C 44l
€.¥566 SLFLLS  L'EFGC9  L0F¥C99 €eFl'eC  L'Z¥8LC 6°LF¥9'8C G LFG6C Adl 144
CL¥G.- L'0¥0°LL  6°0FL'LL  L'0%¥G9L 0€¥C'SC V'LF0'8C <C'L¥¥'6C  L'0F0°0€ HION
- 2'C¥6'eS 9LFL09 VILFCL9 6LFG9C 9'¢CF9LC 0'LF06C ' LFE6C 44l
09+5201L €1¥8°96 8'¢¥/L'l9 01F¥999 VvEeFLv¥C <TCFSLC 07CF¥'8C G LFC6C Al 44
01%99- 9'0¥8'SL  6'0¥09L 9 0¥%r'SL L'E¥BVC ¢€'L¥8LC < LFL'6C L'0F86C dION
- 9C¥9CS 9'C¥969 GLFL09 6lF€9C 9C¥Clc 60¥8'8C LLFL6C J4dl
08+0S01L CLFL'SS  VEFSL9  0LF¥9'G9 VvEFVC V' CF0'LC <C'C¥6'LC  SLF6'8C Adl 0¢
€LF1L9- 9'0FL¥L 80¥6VvL 90¥€VL ZEeFVC VIFVLZ €1¥6'8C L 0FG6C HION
- L'¢¥€C¢S  €LF6S  GLF009 8LF09C  L'CFL9C 0'LFSG'8C  L'L¥8'8C 44l
cv+.801 L'0FL'eG  9'€¥6'09 LLFLP9 GEFOVC G9CF¥99C €7CFSLe  GLF98C Ndl 8l
PLFES- 9'0¥G'€lL  80¥6'CL 90¥¢c’ClL €EFEC GLFEIC V'LFG8C 90FC'6C dION
yoeq
)oeq 1amoj yoonng ()
xnj} IOSIA JOSIA JOSIA JaMmoj Wybu ybu }oounq awi |
jeay JosIA Ho1 SIPPIN Wby }9| Jess jeas jeag }9| Jess feuy )




81T

- 2C7¥8GS  CLFLL9  L0F9C9 LLFL8Z  GLFL0E 60790 LLFLLE 44l
G9¥6.8 LLFL8S  CEFE9  O0LF99  vgFOLZ  LLF66C 0 LFE0E  VIFCLE NI oY
0L¥18- 80¥C¥Z 01F¥9€Z 90F€€Z V' ¢F9/LZ L'LFZO0E €LFL0E  €1FCLE  HION

- 0CFr9S L'LF0C9 60FL'€9 TLFO8Z 9LFO0E 60FS0E  LLFE0E 44l
8€¥2/8 9'LF06S 8'CF9E9 80F899 Vv IFLZ 8ILFI6Z LLFZO0E  VLFOLE NI 8¢
6F.8- 0'L¥6'€C L LFr'EZ  90F0€Z GCFELZT TLFE6C  VLFG0E  €LFLLE  HION

- 8'1FG'9S 1'CTFZC9 80FSE9 TIFF8Z 9ILF86Z 60FS0E  LLFE0E BN
9G¥€98 G'l¥8'8S 6'CFOC9 L'LFG99 GCFLLZ 89LFE6C  LLFO0E P LFE0E NI 9e
LLF.8- 0'LFL'€C 0L¥e'€C 90FL2C GTFL'/Z TLFL62 €LF0E  L'LFOLE  HION

- 2TFC9S GLF0C9 G0FCE9 €1FC8C LLFG6C 6°0FC0E  LLFLOE EN]
8G¥106 8'1F98G €TFL'E9 G099 9CF89Z 6'LFL'6Z L LFE6Z P LFLOE Ad ve
0L¥¥6- 6'0F€'€C 6'0FL'€C G0¥FZ2CZ 97F89C ¢€LFr6C CLFE0E 80F0°LE HIoN

- 1'ZF09S  L'LF9C9 LLFTE9 ¥ LFELC  L'LFC6Z 60FL0E 0 LF90E BNl
SYFYL6 0CFreS QLFYE9 O LFL9 8TF9C 6'1¥6'8C CLFI6C P LFG0E Ad ze
CLFLOL- 0'l¥22C 6'0FL'2Cc 90%ClZ L2¥FS9C V¥ILFL'6C €LFL0E 60F80¢€ HIoN

- 1'Z¥8'GS  6'0FGC9 L0F0€9 9LF9LZ 07TFL8C 60F66C O LFFOEC 44l
69¥126 LVFY8S  L'TFE9  TLFEL9 0€F09C 6'LF98C VLFE6C P LFCOE NdI 0¢
01796~ 0'L¥8'0Z 0'L¥80Z L0F00Z 8CFL'9Z G'L¥8'8C < L¥66C 80F90¢ dIoN

xnjp} JOSIA JOSIA JOSIA yoeq yoeq }o03Inq }o03Inq ledL (u1w)
Jeay JOSIA yo 3IPPIN Wby Jamo| Jamo| Wb }a| Jeas sunL
Y| Jeag Wb Jeag

jeog




6TT

0'LF0°'L-  60%¥0°L- ¥ LF0°L- €LFCL- 6°0F0°L- O0'LF¥L0- C<Z'LFL0- 80%SL- 0LFG0- <Z'L¥E'L- CZ'LFEL-  €LF8°0 ddl
€L¥L0-  9ILF80- VIFE0- GLFOL- LLF6'0- PvLFI0- 9LFO- ZLFEL- 9LFO00 VL8O VLFI0-  GLF60- Ndl 14
2'L¥6°0-  9L¥6°0- GLFOL- 9LFLL- ZLFEL- LLF60- ¥LFE0- 6°0FVL- ZLFP0- PLF60- VLF80-  VLF80- dION
L'LF0'L-  80F€’L-  €LF0L- €LF2L- 6°0%0°L- CLFL0- CLFL0- 80%L'L- CZ'VFL0- CLFE€L- GLF0L-  €1%8°0- ddl
LFP'0-  €1FG0- P00~ €1F9°0- V'LF90- V'LFE0- CLFL'0- CLF6°0- VLFS0 LLF9°0- €LFG0-  €LFS0- N4l 4
0°'L¥8°0- ZL¥0°L- Z'LFOL- ZLFLL- LLFLL- O0°LF80- €°LF8°0- ZLFLL- L0F¥€0- €LFG0- €LF9°0- CLFS0- dION
ddl
N4l €d
dION
ddl
N4l Zd
dION
ddl
Ndl ld
dION
4oPeIOAY | . ||eJaAQ 145901 A994 P91 »JOBJUOD . JoejJuU0)  ,.pueH LSuy 9SON aoe4 peaH reur  (uiwy)
Jamo uoiysny yoeq R 1sayo awi]
jeag jeas

“(+x « 4 O) [ENDB SI 4 S8)EOIpUl |1dL0SIadNS (00 0>d« ‘L00>dx ‘GO 0>dy 1091 Ulew YAONY -pajess
Buieq 0} Joud puejs uiw ¢ Bulinp pajos||0d jou) |el} 8y} Buunp sasuodsal (gS F ueaw ‘sjun Asedjigie) PoJWOD |ewsay] :€g oa|gel



0t

L0¥¢€0 8'0¥G0 GL¥00 €1¥¢0 O01¥80 G0¥.0 ©Q0fL0 80¥C0- O0OLFL0 80%¥C0- 80*cO0 G'0¥€0 ddl
L'LFE0 €L¥G0 VILFE0- CZLFG0- €LF¥€0- Z'LFP0  0LF60 VILFL0O  Z2L¥90 Z'LF0 C'LF90 0'L¥8°0 Ndl 9l
L'LF0°0 9'LFL'0- 8LFG0- 8L¥80- €1¥90- <Z'L¥€0 €1F¥€0 L0¥80- VIFFO0 VIFFO0 CLFSO 0'L¥8°0 dION
9'0¥2°0 8'0¥€°0 L'L¥00 O0'L¥2°0- 80¥L0 GO0FfL0 Q0¥S0 80¥20- O01L¥90 GO0Fe'0- 80¥CO 8°0%C°0 ddl
L'LFL0 €L¥e0  VILFP0- €1¥80- VILFSO0- <C'LFS0 60F90 €LF00 <ZLF90 VvLFE0 PLFE0 g L¥0 NdlI 14"
VIFP0-  SGLF¥0- VvLF6°0- Z'LF0°L- L'L¥6°0- ¥LFE€0- VLFO00 60¥8°0- ¢vL¥00 ¥LF¥00 <C'LFLO ¥'1¥0°0 dION
G0¥L'0- 80¥C0- <CLF€0- O0OLFC0- CLF€0 GO0F€0 8O0F€'0 GO0¥S0- O0LF¥€'0 G0+¥G0- VO0¥C0- 80%CO- ddl
2'L¥0°0 G'L¥0°0 GLFG0- €1¥80- ¥ L¥90- LLFL'O 60F9°0 LLFLO- LIFGO0  GLFLO GLFLO €1¥€0 Ndl Zl
LLFE€0-  C2'VF¥0- ¥LF6°0- C'L¥6°0- 6°0%0°L- €1¥00 ¥LF00 LLFOL- SLFLO0  €LF00 €LFE0 GLFL0 dION
90¥¥'0- O0'L¥G°0- 80¥€0- 80F¥G0- O0OL¥C0 O0L*¥20 L'LF¥00 GO0FL0- O0L¥C0- 80¥80- G0*¥L0- GO0FsO0- ddl
C'L¥C0-  GLFLO- GLFSO0- GLFG0- VIFI0- LIFLO- CLFE0 €LFSG0- ZLFL0 ¥LFO0  C'LF00 VIFL0 Ndl ol
0'LF¥°0-  €1¥9°0- P¥L¥6°0- L'LF6'0- 60F¢L- €1L¥€0- <Z'LF¥00 L'LF0'L- VLF¥00 Z'LFL'0- ¥'LF0°0 ¥'1¥0°0 dION
60¥L0- CLFL0- OLFL0- 0OLF8°0- CL¥S0- O0LFG°0- GL¥€0- 80¥80- <C'L*¥€0- O0'L*¥CL- L'LF0'L-  80%L0- ddl
LFP0- ¥LFS0- PLFGO0- GLFOL- GLF80- Z'LFE0- O'LFL'0O OL¥80- CLFL0 VILFO- CLFVO- E€LFVO- Ndl 8
VLFL0- PLFG0- ¥ LF6°0- P'LF¥6°0- O'LFLL- €1¥80- €LF00- OLFL'L- VLFLO- LLF90- €1F90- €LFS0- dION
0'LF0°L-  €1LF0°L- ¥ LFOL- €LFCL- CLF80- O0'LF¥L0- C<Z'LFL0- OLF€'L- CL*€0- <Z'L¥E'L- C'LF¥EL-  O'L*CL- ddl
€1LF9°0- 81L¥9°0- 9'L¥8°0- LLF0'L- VvIFOL- €LFO0- €LF0- O0LF60- LLFLO- €LFS0- VLFYO- €LF90- Ndl 9
L'LF6°0-  9'LF6°0- VLFL'L- PLFEL- LLFPL- LLF6°0- CLF80- O0'LFE'L- Z'LFE0-  €LF80- €LF90-  PvLF90- dION
joBJUODH  }OBJUOY)
abelany TLEIEYYe) sa0] 1994 Ba uoiysny yoegq spueH swy 9SON aoe4 peaH jeur  (ww)
Jamon jeag jeag 9 }sayo awi]




Tt

0'L¥C’L g'L¥’L L'1¥8°0 9LFL0 OL¥e’L  80¥LL Z'LFSL  CLF¥€0  Cl¥Fel L'L¥0'L  8'0%¢’L 8°0FG°L 44l
L0¥L°L 0'L*F¢’L L'LF9°0 L'LFP'0 6°0¥9°0 L0¥€L G0F9'L 60%¥¢'L S0¥9°L L'L¥6°0 L 0¥¥'L L0F9°L Ndl 8¢
O'LFL'L VIFLL G'LF¥G°0 GLF¥G0 €LF0L  GLF0L €LFYL 0LF80  ZLF9L PLFLL L'LF9°L 6°0%G°L dION
0O'LFL’L L'LF0'L L'1¥8°0 9L¥L0 <ZL¥2L  80%¢L a'L¥e’l 2'L¥€0  <Z'LFE€L 0'L¥8°0 80*¢’L 8°0F¢’L 44l
L0%¥6°0 O'LFL'L LLFP'0  €LF€°0 CZ'LF0 80+l S0+¥L 60¥80 60%7'L L'L¥6°'0  L0FV'L L0+ Ndl 9
L'LF0°L VIFL'L 9LFY0  9LF0  L'L¥80 GLF0L  €LFVL L'LF9°0  €LFG'L €1LF0°L L'LFGL 6°0F'L dION
0'L¥0°L L'LF0°L L1¥8°0 9L¥L0 €1¥0'L 80%CL a'L¥e’l 2'L¥e0  C'L¥C’l 0'L¥8°0 90%0°L 8°0%C’|L ddl
8'0¥6°0 L'LF0'L CL¥L'0 C'LF0  €1F¥€0  80F¥L'L 80%SL 0'L¥6'0 L0¥V'l L'LF9°'0  6°0%€’L 0'LFL'L Ndl 14
0°'L¥6°0 9'L¥6°0 9LFY0 9LlF0 9LF0 P¥LF6O0 L'L¥6'0 60¥S°0 <Z'L¥7L 2'L¥0’L 2 L¥L 6°0%G°L dION
0'LF0°L L'1¥0°L L1¥8°0  9L¥L0 €L¥0'L  80¥¢’L a'L¥e’l 2'L¥e0  C'L¥Cl 0'L¥8°0 90%0°L 8'0¥C’L ddl
8'0+.0 L'L¥6°0 L'LF0°0 L'LF0°0 L'L¥L'0  80%0°L 8'0FL°L 0L¥8°0  L'0%¢’| L'L¥F9°0  6°0%0°L 6'0F0°L Ndl 44
L'LFL0 GL¥9°0 GL¥0 GLF00 GLF00 GLFS0 GLFB0 6°0¥€0 LLFLL AR N AR " 6'0F1°L dION
0'L¥80 Z'L¥80 9L¥L0 GLFS0 €LF0L 8'0¥C’L L'LF0'L AL A VA & A 0'L¥G'0 90%0°L 8'0¥C’| ddl
6°0¥9°0 0'L¥6°0 L'LF00  Z'LFLO0- LLFL'0O  0L¥8°0 6°0%¥0°) 2'L¥°0  0'L¥6°0 L'1¥9°'0  6°0%0°L 6°'0¥0°L Ndl 0c
0'L*€0 PL¥G0 CLFLO- CLFEO0- VILFPO- €LFE0  €LF80 O0'LF¢0- O0L¥80 €1LF¥F90 O0'L¥60 0'L¥6°0 dION
L'0%¥G0 0L*.0 €L¥C0 CZ'L¥€0 O0L¥80 80¥80 O0L¥80 80FC0- L'LF0'L 9'0¥f0'0 S0%.0 G'0¥.0 ddl
0'L¥¥°0 2'L¥9°0 C'LFL0- ¢LlF¥e0- O0'LFL'0- Z'L¥G0  6°0%0°L 2’'L¥€0 L'1¥60 Z'L¥P°0 0'LF6°0 0°'L¥6°0 Ndl 8l
0'L¥C0 VIFP0  €1LFE0- CLFP0- C€LFS0- €LFE0 CLFP0 6'0¥G0- €LFS0  €LFS0  0'L¥80 0'L¥8°0 dION
joBJUODH  }OBJUOY)
abelany TLEIEYYe) sa0] 1994 Ba uoiysny yoegq spueH swy 9SON aoe4 peaH jeur  (ww)
Jamon jeag jeag 9 }sayo awi]




(44"

9'0F1°L 9'L¥C’L 9'L¥80 V1¥.0 9'L¥C’| 8'0¥¢’| AR G0¥G'L 7'0¥8°L 7'0¥8°L 7'0¥8°L 7'0¥8°L ddl
6'0¥C’L 6'0¥7°L L'LF6°0 L'LF9°0 L'LF6°0 0'L¥e’L A% g'0F9’L 8'0%G’L 'L¥el LLFv'L LLFvL Ndl (017
L'L¥8°0 L'L¥6°0 G'1¥9°0 L'1¥€0 GL¥L0 G'L¥6°0 L'LF0°L 0'L¥e’l L'1¥0°1 9'L¥9°0 8 L¥e’| LLFL7L dION
L0¥9°L 8'L¥E’L 9'LFL°0 9'1¥8°0 9'LFCL O'LFL'L VIFGL 8'0¥8°L 9'0F0°¢ 7081 7’081 7'0¥8°L 44l
G0¥C’| L'0¥9°L Z'L¥6°0 Z'L¥9°0 L'LF9°0 G0¥¢’l G0+8’lL G0+8’lL 60+9°| L'LF0°L VIFvL LLFvL Ndl 8¢
0°'L¥8°0 8°'1¥9°0 9'LF¥°0 g'LFL0 71LFE0 g’'1¥8°0 OLFL'L L0FV'L €LF0’l 0°'L¥8°0 eLF0'l 9'L¥6°0 dION
L'0F¥'L 2'L¥e’l 9'LFL°0 9'1¥8°0 g'LF0°L 8051 a'L¥e’l G'0FG’L 9°0%0°¢ 7'0¥8°L 7'0¥8°L 708’1 44l
8'0FL°L 8'0%G’L Z'L¥8°0 Z'L¥S°0 L'LFS°0 L0¥¢’| LIFvL G0¥G'| L0¥8°1 LLFLL LLFvL VIFel Ndl 9¢
0°'L¥6°0 9°'L¥6°0 8'1FG°0 9'LF€0 9'LF¥°0 9'1¥6°0 o'L*e’L 6°0F'L LLFvL 7'1¥9°0 v L¥EL v LFeL dION
9'0¥G°L 2'L¥e’l 9'LFL0 V1¥L0 AR TN G0FL'L VL¥SL 8°0F¢’L 9°0%0°¢ 7'0¥8°L 7'0¥8°L 7'0¥8°L ddl
L'0¥C’| 8'0%G’L Z'1¥9°0 Z'1¥9°0 L'LF9°0 G0¥¢’| G'0+8’lL G0+9°1L G0¥9°1L 8'0%L°1 L0+ 8'0%G’| NdlI ve
L'LF0°L 9'L¥0°L L'1¥6°0 9'LF0 G'L¥S0 SL¥0°L LLFLL 6°0%G’|L LLFLL L'L¥6°0 VLFE’L VLFE’L dION
L'0¥C’| AR 9'L¥.0 V'L¥G0 g'L¥’L 8'0%¢’|L AR 8'0¥¢C’| G0¥L'1 G0¥S'1L G0¥G'1 G0¥G’1 ddl
9'0%C’L G'0¥s’L 0'L¥8°0 L'LF9°0 6'0¥8°0 8'0FL°L G0F9'L G0+l G0F9'L L0071 G0FG'L L0071 Ndl A%
L'L¥6°0 9'L¥6°0 8'L¥80 L'LFL0 SL¥0 €1¥80 LLFLL clLFe’l L'0¥9°L Z'L¥6°0 SLFLL SLFLL dION
8'0+¢’| ARl S1¥.0 G1¥.0 G0¥L1 8'0¥G’L AR N Z'V¥L0 8'0F.L'L 8'0¥G°L G0¥L1 G0+L'L ddl
9'0%C’L G'0FG’L L'1F9°0 2’'L¥e0 0°'L¥6°0 8'0FL°L G'0F9'L L0071 9'0%6°L 6°0¥¢’L g'0¥9°L G'0¥8’L Ndl (01
g'LF0'L VLFLL 6'1¥9°0 6'L¥70 V'1iF0'L G'L¥6°0 cLFel G'L¥0°L LLFSTL LLFLTL VIiFel ' LFel dION
joBjJUOD  JOBJUO)

Ba1 uolysn) yoeg suy (urw)

abeiany lledanQ s90] j994 1amon jeas jeag spueH 9 1s9y) 9soN aoe4 peaH leul 8wl




et

€LFEL-  0LFEL- 9OLFEL- 9LFEL- ZLFCL- €LF0L- GLF80-  CLF8L- 9LFL0- GLFLL- GLFGL- CLFEL- 44|
VIFLL- 6TLFEL- LLFLL- 8TLF9L- 8TLFGTL- 9'LFLL- L1LF6°0- €LFP L. €LFG0- CLFEL- €LF0L- GLFOL- Ndl 14
VLFG'L- O'LFGL- 8LF8L- L'LF6TL- ZLF9L- GLFEL- 8LFEL- vLFPS- LLF0TL- vLFEL- LLFEL- LLF9L- dION

VixCLl- V¥ 9LFCL- 9LFCL- VFCL- VILFO0L- 9LFCL- GLFLL- GLFG0- 9'LFGL- 8LFEL- OLFGL- 44l
€1¥8°0- 0C¢Fl'L- 9LF0L-  L'LFEL- 9LFLL- GLF0L- 9'LF9°0- CLFL- GLF00 VLF90- L'LF90- LLF9°0- Ndl [4
VG- OLFGL- LLFGTL- LLF8L- GULF8L- LLFE- LUFE- GLFLC- GLF6°0- GLFOL- 9'LFL- O'LFGL- dION

ddl
N4l €d
dION
ddl
N4l Zd
dION
ddl
Ndl ld
dION
«ODBIBAY  ,leJOAQ  |,,S90L »}994 D97 JoBjuU0)  ,Joejuon . SpueH JSuIY 9SON aoe pesaH ey (urwi)
J19MoT uoiysny yoeq Q 1sayo awil

jeas jeag

"(xx « 4 O} |eND® S| 4 sajeolpul |3duosiadns 100 0>dx« 1 0°0>dx ‘G0'0>dy 0848 ulew YAONY) Bunis o} Joud
poliad Buipuels uiw ¢ ayj 0} sajejal 4 “Buluonipuooald Bulnp sasuodsal (QS F ueaw ‘spun Aleajigle) uonesuss |ewlsy] g a|gel



144"

L0¥€0 8'0¥¢°0 G'L¥00 €1L¥¢0 O0L¥80 GO0¥L0 O0L¥80 80¥C0- O0LF¥L0 O0OLFC0- 80¥c0 80Fc0 ddl
0L¥L°0 V1I¥Fr0 G LF90- VLF60- €L¥80- CLFY0 9060 LIFLO- ZLF90 C'LFL0- SLFSG0 €LF90 Ndl 9l
€L¥E0- L'LFG0- 0¢Fl'L- 6'1LF¢L- 9LF¥6°0- GLFO00 GILFL0 Z'LFLL- 6°LFE0 8LFL0 LLFS0 vLF90 dION
9'0¥L°0 8'0¥¢0 ¢l¥C¢0- L'L¥00 O0'L¥G0 GO0¥S0 QO0F¥L0 80¥€0- O0L¥90 ©80¥S0- 00¥00 80¥CO ddl
OL¥L'0- CZLF00 Z'L¥80- VLF¥0L- €1¥80- <Z'L¥0 6°0¥8°0 LLFL'0- LILFS0 CZLFL0O- CLFL0 €1LFS0 N4l 141
G'L¥9°0- L'L¥8°0- 6LFYL- 6°LF¥9L- GLFLL- 8LFY0- 8LFE0- 9LFLL- L'ZF00  8LF0- 8LF00  8'LF00 dION
L'0¥¢°0- OL¥¢'0- GLFL0- Z'L¥€0- 0'L¥€0 80¥¢0 ¢€L¥00 80¥80- <Z'L¥€0 Q0FL0- GO0¥c0- 80%C0- ddl
LLFE0-  VLFE0- L'LF6°0- 9LF€'L- CZLF6°0- CZ'LF€0- O0'LF€0 €LF0- LLFS0 VLFSG0- €1LF00  0'L*F€0 N4l cl
G LFLO-  LLF8°0- QLFYL- LLFL- PILFETL- LLFG0- 8LFE0- GLFLL- L2000 9'LF90- 9LFL0- 8'LFE0- dION
8'0¥9°0- O'LFL0- CLFL0- O0L*¥L0 O0LF¥20- O0LFC0- €1¥20- 90+¥0°L- 0'LF¥C0- <c'L¥¢'L- 01¥80- 0'L¥80- ddl
€L¥G0- GLFG0- 9LF60- 9LFL- GLFOL- VLFLO- CLFLO  €LFI0-  €LFO0  9LFGO0- GLFO- L'LFO- N4l ]
VL¥8°0- 9LF¥6°0- SQLFCL- LLFL- VLFSGL- VLFS0- GLFE0-  €LFEL- 8LFE0- 9UF90-  L'LFE0-  8LFE0- dION
L'L¥6°0- C'L¥8°0- €LF0°L- O0L+8°0- O0'LFS0- O0'LF¥S0- VILFS0- C<C'LF¥L- VILFS0- VLFEL- CLFEL- CLF80- ddl
VLFL0-  9LF8°0- QLF0L-  L'LFEL- LLFEL- GLF60- €LFG0- LL¥60- GLFLO- GLF80-  LLFE0-  8'LFG0- Ndl 8
V1¥6°0- G'LF0L- QLFCL- QLFGL- CLF8L- L'LF6°0- QLFS0- VLFSL- 8LFY0- 9LF90-  L'LFS0- L'LFSGO- dION
VIFCL-  GLF80- 9LFG - 9LFEL- VLFOL- €1F¥8°0- VIFO'L- VILIFLL- GLFG0- GLFGL- GLFE - GLF80- Jdl
GL¥6°0- QLFLL- LLFEL- 8LF9L- LLFPL- LLF80- LLF9°0- Z'LF0°L- 9LFLO- L'LF6°0- L'L¥80-  L'L¥8°0- Ndl 9
CLF - VILFG L LLFGL- GLF8L- CLF6L- STLFSL- GLFEL- CLF0C- vLFS0- vLFV L 9LFLL- LLFLL- dION
joBJUODH  }OBJUOYD

abelany lle1dnQ so0] jo94 (LR ] uoiysny yoegq spueH swy 9SON 9ok peaH leug (urwi)

J19MoT jeag jeag Q1sayo awil




14"

L'0¥C’L LLFO'L GLFL0 S LFL0  80*¢’L 8'0¥¢’L C'l¥€L  0OLF¥L0 80%SGL 8'0¥¢'L G0F¥9'L G0F5'L ddl
L0FL°L L0071 gL¥e0  C'L¥0 60¥90 80FL'L  GO0F9'L L'1¥0°L L0¥9°L ViFL'L 9'0%¥6'L 6'0¥8°L Ndl 8¢
0°'L¥6°0 J'LFLL L'1¥L°'0 GLF00 9LF90 P¥L¥60 <ZLFEL  OLFLL JL¥L 2’'L¥0°L 6'0¥G°'L 6°0%5°L dION
6°0F0°L LIF0'L GLFL0 S LFL0  6°0F0°L LLF0'L 2'L¥€'L 2'L¥E€0 C'LFCL 0'L¥8°0 O'L¥C'L 80*¢’L ddl
L0%0°1 L0¥7’L L'LFO0  ¥LFLO- ZLFE0 80¥LL  80¥SL  6°0%0°1 L'0¥9°L 2'L¥0°L G'0¥9°L L'LFS'L Ndl 9
0'L¥6°0 G'L¥6°0 L'LFL'0 GILFL0 GL¥90 VIFe0 Cl¥eL 60¥90 <Z'L¥PL Z'LF0L  6°0¥GL  6°0%GL dION
6°0¥6°0 L'L¥0'L ¥LFG°0  VLFG0  6°0¥0°L 80%CL V¥l Z'Ll¥C0  CL¥€L  0L¥8'0 8'0¥€’L  80¥CL 44l
L'0%6°0 VIFL'L CLF0°0 L'LF00 C'LFL0 L'L¥6'0 8'0¥S'L 60f0°L GO0¥S'L O0'L¥80 LO0¥L 60%1 Ndl e
L'LFL0 9'L¥60 QLFL'0 9ILF00 G'LF¥L'0 9GLF0 VLFOL VIFv'0  Z2'V¥'L $L¥6'0 6°0%S°L 'L+l dION
6°0¥8°0 LVIFO'L $L¥G°0  ¥L¥G°0 60¥0°L 80%CL gL¥e’L Z'Ll¥¢0  Cl¥¢L  0L¥L0 80¥80 6°0¥0°L ddl
L'0%.°0 0L¥6°0 OLFL'0- <CLF¥€0- LLFL'0- CLF90 GOF¥'L 6°0¥8°0 LOF¥'L L'L¥6'0 6°0F€'L  O'L*FL'L NdlI 44
Z'1¥9°0 GL¥O°0  L'LFL'0O- L'LF0- SLF00 GLF90 VvILF60 <CLFE0  GLFLL GLF90 VL'l 2 l#PL dION
6°0%.°0 ¢'L¥80 PVIL¥FS0 VILFS0 0L¥80 <C'L¥80 L'LF0'L CL¥C¢0 CL¥C’'L  0L¥€’0 80¥8°0 60+0°L ddl
8'0¥5°0 2'L¥8°0 ClF0- €1L¥G0-  LLF00 €LF¥S0  90FLL  O0L¥L0 60¥0°L  C'LF90 LLF0'L O'LFLL Ndl 0c
0'L¥€0 VI¥r0 GLFE0- GLF90- GLFE0- CLFP0  €LF90  LLFS0- VILFE0  VLFSO L'LF0°L L'LF0'L dION
L'0¥G°0 g'Ll¥¢0  GLF00 <C'LF€0  0'L¥8°0 90%0°L 0'L¥8'0 6000 L'L¥0'L  90f0°0 G0¥S°0 80+L0 ddl
6°'0¥€0 LFP0 VvLFG0- ¥LF90- 2'LFG0-  €LF¥G0  80¥6°0 L'LF0°0 L'L¥6'0  ¥L¥L0  ¥'1L¥8°0 L'LF0'L Ndl 8l
L'LF0°0 CLFL'0 €¢%¥80- 91L¥60- GLF¥90- VIFFO0 CLFO0 80FS0- LLFS0 LLFE0  vILF90  vLF80 dION
joBJUODH  }OBJUOYD

abelany lle1dnQ so0] jo94 (LR ] uoiysny yoegq spueH swy 9SON 9ok peaH leug (urwi)

J19MoT jeag jeag Q1sayo awil




91

9'0¥6°L 0'L¥8°L 8'L¥C’L 8'L¥C’L ¥'0¥2¢ L'L¥0C¢  G'L¥8'L  $0¥8'L G0¥€¢ 00F¥0¢ 00¥0¢C¢ +VvO0+¥C¢ ddl
€0¥9°| G0¥0Cc <C'LFS0 €LF0 L'L¥9'0  SG0¥F'L  G0¥0C v O¥6°L VOo¥L'¢ <CL¥6°L 60¥r'¢ L0¥¥¢ Ndl oy
8'0FG°L GLF8’L 2'¢¥s0 L'¢¥€'0 8L¥€0 ¢ClFL  ZLF¥9L  80%6) 60¥7'¢ V' L¥8°L L'L¥P'C  60%P°¢ dION
g'0¥8’L 0'L¥8°L L'1¥8°0 L'LF0°L 9'0%0°¢ L'L¥F0C G'L¥8L  $'0¥8°L ¥’0¥¢¢ 00¥0¢ O00¥0¢ ¢tVo+c¢ 44l
7051 6°'0¥9°L L¥F0  €LFe0  CLF0 L0FP'L 00F0C Vv O0F6L 9'0¥L°¢C L'L¥6°L 60¥¢’c L0¥v'¢C Ndl 8¢
6°0F1'L G'L¥6°L 0°¢¥9°0 L'C¥1'0  8LF0 VLFEL 2'L¥G'L  6°0¥8°L  O'LFl'¢ <Cl¥el 60%¥€<C L'LFv'¢ dION
90FL'L 0'L¥8°'L  6LF0°L L'L¥0'L  90¥0C OL*LL VvIFLL  GO0¥LL  90¥0C¢ 00¥0C¢ O00+¥0¢C¢ 00+0¢ 44l
14 A L0¥9°'L  C'LF0  €LFE0 L'L¥G'0 L0¥¥'L  00+¥0¢ VvO0¥6'L POFl'¢C VIFP'L  6'0¥€°C  6°0¥€'¢C Ndl 9€
o'L*€’L G'L¥8'L QLF¥80 0¢F¥l'0 L'L¥0 GLF0L 2'L¥G'L  6°0%9°'L  O'LFl'¢ <L+l 60¥€C 0'1L¥€¢ dION
90FL'L 0'L¥8°'L  6°LF0°L  L'L¥0'L 90¥0C O'L+8'l 2L¥SL G0¥LL  vOo¥8L  vO0¥8L  00¥0C 00¥0¢ ddl
S0+l L'0¥8°L L'LF9'0  Z2'V¥0 6090  L0*€E'L y0¥6'L  G0¥9L VvOF6'L 60F¥cL 90¥6'L 60¥€C Ndl 143
6'0¥C’|L 0'L¥8°L L'¢¥€’0 QLF00 9L¥S0 G'LF0L CL¥L  OLFLL  CLFLC L'L¥G'L  80Fl'¢ 80+L¢C dION
L0%9°L 0L¥8'L  L'L¥80 L'1¥8°0 90¥0¢C O0L*8’L L¥G'L  80F¢’L 80%LL S0¥SL ¥O0¥8L  V0¥8l ddl
9'0¥¢’L g'0¥8’L VIFv'0  Z2'Ll¥'0 60¥9°0 6°0F0°L 8°0%S'L  L'0¥¥'L Vv 0F6°L ViFv'L 90¥L'¢  0'L¥6°L Ndl A
0'LFL'L VL'l 0¢CFL'0 0¢CFL'0- ZL'LF9°0 VL*FLL cL¥e’l  ZLF0L 0'L¥8L  <CLFL 80¥l'Cc 80Fl¢C dION
8'0F¢’L ¢L¥SL L'L¥80  9'L¥L0 Q0% 8'0F.L'L CL¥SL  C'LFL0  80%LL 80¥CL  S0¥LL  G0¥SL bl
9'0¥¢’L L0FV'L L'LFG0 L'L¥G'0  0'1¥6'0 6°0¥0°L G0¥9'L  L0¥¥'L Vv O0F6°L 2'L¥¢L 6°0¥8°'L  6°0¥8°L Ndl o¢
6'0¥0°L Vi¥e’l  8L¥0 0¢FL0- VIFPO0 VvIF60 ZLFEL  vLF60 6°0F¥SL  O'LFLL  90%¥6L 6'0%¥8°L dION
joBJUODH  }OBJUOYD

abelany lle1dnQ so0] jo94 (LR ] uoiysny yoegq spueH swy 9SON 9ok peaH leug (urwi)

J19MoT jeag jeag Q1sayo awil




Thermal Comfort Score Thermal Comfort Score

Thermal Comfort Score

Thermal Comfort Score

3

Figure B5 — Individual Overall
Thermal Comfort Responses
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Appendix — Individual Overall

Thermal Sensation Responses

Thermal Sensation Score
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Figure D1: ASHRAE thermal comfort scale
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Figure D2: ASHRAE thermal sensation scale
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Figure D3: 7 point thermal desirability scale
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Figure D4: Acceptability of environment scale outlined by Zhang et al (2007)
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Figure D5: Certificate of ethical approval
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