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Preface
The thermal climate in a driver’s cab is important for the driver’s comfort as well
as for his vigilance and thereby the traffic safety. To be able to improve the climate
in a driver’s cab it is necessary to be able to assess the human response to the
climate in a reliable, repeatable and objective way. JTI – the Swedish Institute of
Agricultural and Environmental Engineering and the National Institute for Working
Life (NIWL) have carried out a series of project regarding climate in driver’s cabs.

The studies have been conducted with the thermal manikin Aiman. The thermal
climate in existing modern cabs of different types of vehicles has been assessed
in several projects. It has also been used for evaluation during the development
process of new cabs and for evaluation of methods to improve the thermal comfort,
e.g. ventilated seat, heated or cooled surfaces for radiant heat-exchange, sun-shades
etc. The manikin has also been compared with other methods to measure teq in a
European project called EQUIV.

The latest project, which is presented in this report, concerns the thermal effect
of glazing in cabs with large glass areas. The effect of different kind of glass and
design of the windows have been studied and evaluated. We think that the result
may be of interest to the industry when designing new cabs.

The project was financed by the Swedish Council for Work Life Research, Kalmar
Industries, Valtra Valmet, Velsa, Volvo Truck, Volvo Wheel Loaders, Pilkington
Floatglas and GEPEX have provided the project with glass to be tested. The
project was carried out by JTI in co-operation with NIWL. The project has been
co-ordinated by Mats Bohm at JTI and Ingvar Holmér at NIWL. Mats Bohm has
also planned the project and analysed the results. Jan Bergström has carried out the
experiments. Håkan Nilsson at NIWL has been responsible for the thermal manikin.

To everyone that has in any way contributed to the completion of the project we
herewith express our gratitude.

Uppsala in September 2002

/HQQDUW�1HOVRQ
Director of JTI – Swedish Institute of Agricultural and Environmental Engineering
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Summary
The thermal climate in a vehicle cab is important not only for the comfort of the
operator but also for performance and traffic safety. Earlier studies at JTI have
shown that operators often prefer too high temperatures in the asymmetrical
climate often found in cabs. This results in too low heat loss from the operator
and also to lower degrees of awareness and to concentration difficulties. Studies
have also shown that the high power needed for heating or cooling to maintain an
optimal temperature in the cab air increases the asymmetries in the cab climate.
Earlier results show that it is essential to reduce the required heating and cooling
power in the cab in order to obtain a good thermal climate.

JTI has conducted a series projects in co-operation with The National Institute for
Working Life (NIWL) designed to develop and evaluate methods to improve the
thermal climate in operator’s cabs. The climatic studies have been conducted with
the thermal manikin AIMAN. The project presented in this report was aimed at
describing the effects of extremely large windows on cabs as well as the effects
of sun protection and insulation glazing. The climate was compared with ordinary
window design and with roof window and/or side windows to the floor.

Results from the measurements show that neither in severe winter conditions, nor
in sunny summer conditions, could acceptable climate be obtained with standard
glazing in cabs with large glass areas.

The main problem with cab climate during the winter is the low surface tempera-
tures on the inside of the windows, which lead to major heat losses from the
operator. The results show that the larger the window area is, the more severe the
climatic problems get. The most reasonable way of trying to improve cab climate
should thus be to either reduce the window area, or attempt to increase the tem-
peratures of the cold surfaces. Double paned insulating glass had a very positive
effect on cab climate. The airflow should be as low as possible in order to achieve
a good cab climate.

In sunny summer conditions the major climate problem is the direct radiant solar
load on the driver. Of course, the larger the windows are, the greater the problems
become. Also in sunny summer climate the reasonable way to improve the situation
would be either to reduce the window area or to reduce the transmission of energy
from the sun light through the windows. Different types of glazing, sun protection
films and curtain were tested. The results showed that with glazing that fulfils road
traffic regulations, the cab climate would be significantly improved but still not
satisfactory. With a sun curtain acceptable and even good climate could be
obtained. However, these curtains do not fulfil the road traffic regulations because
they are too dark. Even in situations where the are no such regulations, operators
of e.g. building cranes do not use them because they hinder eye contact with the
operator for people around the vehicle or the machine.

The best climate with acceptable visibility in to the cab was obtained with a com-
bination of the road traffic approved Siglasol and very dark curtains on windows
through which the operator and people around the machine normally not has any
eye contact.

The results have shown that it is possible to obtain great improvements of the cab
climate both in winter and summer conditions with special glazing.
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Background
The thermal climate in cabs is important not only for the comfort of the operator
but also for performance and traffic safety (Wyon & Norin, 1991). Earlier studies
at the Swedish Institute of Agricultural and Environmental Engineering (JTI) have
shown that an operator frequently prefers too high temperatures in the climatic
situation generally found in cabs (Bohm et al., 1990; Bohm et al., 1990; Bohm et
al, 1992). This results in too low heat loss from the operator and, in turn, also to
lower degrees of awareness and to concentration difficulties. Studies have also
demonstrated that the high power often needed for heating or cooling of the
ventilation air to obtain an optimal temperature in the cab air largely contributes
to increasing the asymmetries in the cab climate. Earlier results show that it is
essential to reduce the heating and cooling power required to maintain acceptable
temperature in the cab in order to obtain a good thermal climate in cabs. Thus, JTI
has conducted a project in co-operation with The National Institute for Working
Life (NIWL) designed to develop and evaluate methods for reducing of the
required power needed to achieve the correct temperature level in the operator’s
cab and thereby improve cab climate. These climate studies have been conducted
with the thermal manikin AIMAN.

Earlier studies of glazing in vehicle cabs (Bohm et al., 1996) showed that it is
possible to improve the thermal climate in vehicle or working machinery cabs
with special glazing. In winter climate double paned hermetic insulation windows
gave considerable improvements of the cab climate. Also “warm double-glazing”,
i.e. an extra windowpane attached so that the defroster air is blown between it and
the original glass, gave the same result. In both cases the improvement could be
explained by the fact that the temperature on the inner surface of the windows was
increased from about 0°C to about 20°C which greatly reduces the radiant heat-
loss from the operator.

In sunny summer conditions different glazing with reduced transmission of
sunlight was tested. Two examples are Siglasol ® and Sundym 435 ®. Siglasol
has 77% transmission of visible light, hence approved for road traffic where at
least 75% is required. However, only about 50% transmission of energy in the
light due to effective blocking of UV and IR frequencies in the light. Sundym 435
is a glass developed for buildings. It has only 35% transmission of visible light
and is therefore not allowed for road traffic. With Siglasol in the experimental cab
the climate was significantly improved, although not fully satisfactory. Sundym
435 gave very little further improvement. Combinations of Siglasol in the
windows and Sundym 435 as sun-shields gave the best, and fully acceptable,
results. This combination should also be acceptable in road traffic, as it does not
interfere with the eye contact between operator and people close to the vehicle.

These studies were carried out in the experimental cab constructed and built by
JTI (see Figure 1). The design of the glazing in the cab during these studies were
very much like in a large cab with wind screen, side and door windows above
dash-board height and a smaller window in the rear wall. The distance between
the seat and rear wall was about 30 cm. The windows were all vertical. This
configuration created almost an unrealistically good thermal situation in sunny
conditions, as the border of the shadow appeared low on the operator (manikin),
but it was still possible to evaluate the effect of the glazing. However, it was not
possible to study effects of configuration of windows or design of the cab. Many
people have their working place in cabs where there is a roof window and/or
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windows reaching all the way from ceiling to floor. Many cabs are also consider-
ably smaller than the experimental cab in its original configuration. Finally,
in most cabs the windows are not vertical but leaning backwards towards the
operator. Because of this the operator is exposed to even more radiant load as the
border of the shadow is moved upwards. The transmission of light through the
glass will also increase as the angle between the light and the window increases,
and reach a maximum when the light falls perpendicular on the glass.

To study effects of configuration of windows and proportion of window area as
well as size or distance to the window the experimental cab was redesigned and
a new project was conducted. The project and the results are presented in this
report.

Objective
The objective of this project was to study the impact of special glazing on the
thermal climate, especially in cabs with large glass areas in different configura-
tion, and also to study the effect of the size of the cab or the distance between the
operator and the window.
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Equipment
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1 – climate unit
2 – control panel
3 – duct to defroster
4 – hose to floor outlets
5 – hose to panel outlets

6 - dashboard
7 - ventilated seat
8 - climate unit
9 - duct to perf. ceiling
10 - duct to perf. walls

11 - defroster outlets
12 - floor outlets
13 -  panel outlets
14 - perf. ceiling
15 & 16 - perf. side walls
17 - upper sun screen

18 - lower sun screen
19 - heated floor
20 - Body-cooler by
       steering wheel
21 - Body-cooler on
       ceiling

Figure 1. The cab simulator in standard configuration as it was used in the first glass
studies.

Cab simulator

The cab simulator consists of a box-like steel frame (see Figure 1). The inner
measures are in accordance with the recommendations from the “ergonomic
checklist for agricultural tractors and machines”: height = 1 700 mm, width = 
1 200 mm and length = 1 650 mm. The position of the seat can be varied in three
directions. The walls can easily be dismantled and replaced with other materials,
perforated surfaces or glazing. Also the windows can easily be replaced. In
standard configurations there is windscreen from roof to dashboard, front side
and door windows at the upper half on both sides and a small rear window. The
cab was also prepared for a roof window of the same size as the windscreen, and
a lower door window on the left side. An arrangement to change the inclination
of the windscreen was also prepared. All walls have 18 mm Armaflex insulation.

The cab has a standard dashboard from a modern truck and a standard HVAC
with automatic temperature control and 3-speed fan. There are air-inlets at the
floor, at the dashboard and under the steering wheel (a “body-cooler”) and
defroster inlets on the lower end of all standard configuration windows except
the rear. In addition, there is a separate HVAC, which can be used to supply
perforated surfaces in the ceiling and the side walls with heated or cooled air. The
cab is also equipped with heated floor. All settings, except of panel inlets, can be
made from outside the cab. Sun curtains, sun screens and other devices can easily
be installed in the cab. The cab has 6 outlets, 4 in each corner of the rear wall and
2 in the lower front wall.



JTI – Institutet för jordbruks- och miljöteknik

13

+
-

1 – climate unit
2 – control panel
3 – duct to defroster
4 – hose to floor outlets
5 – hose to panel outlets

6 – dashboard
7 – ventilated seat
8 – climate unit
9 – duct to perf. ceiling
10 – duct to perf. walls

11 - defroster outlets
12 - floor outlets
13 -  panel outlets
14 - perf. ceiling
15 & 16 - perf. side walls
17 - upper sun screen

18 - lower sun screen
19 - heated floor
20 - Body-cooler by
       steering wheel
21 - Body-cooler on
       ceiling

Figure 2. The modified cab simulator as it was used in the studies presented in this report.

For this project the upper part of the rear wall was moved forward 430 mm towards
the back of the seat. The air supply system for the perforated surfaces was removed
as they were not used in this project. The lower part of the left sidewall, as well as
front part of the roof, was prepared for easy change of panes of different thickness
and material, e.g. glass. The inner floor was elevated 100 mm to simulate lower
dashboard and expose the operator/manikin to more radiant load.

The tested glass types

Pilkington insulation glass – hermetical gas-filled two paned glazing

Figure 3 shows the construction of the Pilkington insulation glass that is used
in this project. On the outer side there is a pane of ordinary 4mm clear glass and
on the inner side there is a pane of 4 mm Kappa Energy Float (KEF), which is
constructed to reflect the long-wave heat radiation back towards the driver instead
of letting it out. Between the glass panes there is a 12 mm hermetically closed space
filled with the inert gas Argon, which has a lower heat transferring ability than air.
This construction reduces the heat transfer through the glass with 70%, which in
turn leads to decreased heating requirements for the cab and to higher surface
temperature of the window.
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Higher surface temperatures, at least up to the level of the air temperature, gives
two positive effects on the cab climate, namely decreased draft because the air close
to the glass is less cooled, as well as reduced radiant heat loss from the operator to
the glass. This implies that the air temperature in the cab can be lower. Lower cab
temperature in combination with lower heat transfer coefficient of the windows
implies reduced required heating power, which in turn reduces the asymmetries in
the climate.

Pilkington insulation glass

4mm standard clear glass
12mm hermetically closed space
filled with Argon gas
4mm Kappa Energy Float (KEF)

Properties
70% lower heat loss
Decreased heating requirements
Higher surface temperature of the inner glass
KEF reflects heat to the driver

Figure 3. The principal and properties of two-paned Pilkington insulation glass.

Pilkington sun glazing

The European directive for road traffic prescribes a lowest allowed transmission
of visible light for glazing in vehicles for road traffic. Lowest allowable transmis-
sion of visible light is 75% for the windscreen and 70% for side and rear windows
in the cab. Figure 4 shows the distribution of the energy in the solar spectra and
indicates the portion of energy in visible light, infra red light (IR) and ultra violet
light (UV). In the solar spectra only half of the energy content is within the visible
spectra. As the directive does not state a lowest transmission of IR or UV, these
frequencies may be completely blocked.
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Figure 4. This figure shows the solar spectra and how the proportional energy content
of visible light, IR and UV parts of the sun light.

Therefore Pilkington has designed the glass Siglasol, which effectively blocks the
major parts of the IR and UV content of the solar spectra, while still transmitting
77% of the visible light. The transmission of energy in the solar spectra through
Siglasol is only around 50%, depending vehicle speed, or rather the cooling of the
glass. Figure 5 shows how Siglasol is build by layers of clear glass and filtering
layers.

Outer layer 2.6 mm clear

PVB-layer

PET-layer

Inner Tglass 1.5 mm clear

Metal oxide

Silver

PET-layer

Figure 5. Construction of the sunglass Siglasol.
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Because Siglasol transmits 77% of the visible light, it is not perceived as a dark
glass. Still it only transmits 50% of the heat in the light. Hence, it greatly reduces
the heat load on the operator of a cab with Siglasol glazing without interfering
with the European directives.

Another type of sun glass from Pilkington was also tested, namely Sundym 435.
Sundym has not been designed for use in vehicles, but for buildings. As it only
transmits 35% of visible light it is not allowed for use in road traffic. The direct
transmission of energy is 24% for Sundym 435.

14 %

9 %

77 %

100 %

Transmission of visible light

SIGLASOL

100 %

Te = 47 %

qi = 4 %

Re = 24 %

g = 51 %

Transmission of energy

qa = 25 %

Figure 6. This figure shows the function of Siglasol and the difference between the
transmission of visible light (77%) and transmission of the energy in the sun light (51%).

Lexan – transpararent

The Lexan sheet is extruded of polycarbonate. The Lexan sheet combines high
impact and temperature resistance with optical clarity. The solar properties are
shown in Table 2. The light transmission is about 87 %. There is UV resistance
coating on both sides.

Lexan bronze

The Lexan bronze sheet is extruded of polycarbonate with the bronze mixed in the
mass. The light transmission is 50 % as can be seen in Table 1. Also this sheet has
UV resistant coating on both sides.

Table 1. Solar properties for Lexan transparent and Lexan bronze

Product Light trans-
mission %

Solar reflec-
tion %

Solar
absorption

%

Direct solar
transmission

%

Total solar
transmission

%

Transparent
112

87 9 9 82 84

Bronze
519

50 7 38 55 65

Source: General Electric Company Product Data Sheet
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Sun-curtain, Grey/Gold RS10 g/GO

The Sun-curtain is made of two thin sheets of polyester, one of them in colour,
and in between them an aluminium sheet 0.001 mm thick, Figure 7. The light
transmission is only 6 %. The solar properties are presented in Table 2.

Polyester sheet

Al-sheet, 0.001 mm thick

Coloured polyester sheet

RS Guld

Figure 7. Design of the sun-curtain.

Table 2. Solar properties for sun-curtain RS 10 G/GO

Combined solar Visible light Shading Total solar
trans-

mittance %
reflect-
ance %

absorb-
ance %

transmittance % Coefficient rejected %

7 51 42 6 0.33 71

Solar film

The solar film used had the market name Solux and was of the type Medium
Black.

Climatic chamber

The climatic chamber can maintain temperatures between –35°C and +55°C with
a variation in time of less than ±0.3°C. The wind velocity can be continuously
varied between 1 and 5 m/s. The maximum cooling capacity is approximately
85 kW at –20°C chamber temperature.

The size of the chamber is: length 8.7 m, width 3.6 m (max) and height 3.5 m
(max). The inner walls and the ceiling can be moved to adjust the wind velocity.
The size of the main door is: width 3 m and height 3.3 m.

The chamber is equipped with a sun simulator with 11 lamps. The total capacity
is 11 kW. Depending on the distance to a surface it can give a radiant heat load up
to approximately 1 000 kW/m2. With the adjustments used in this project it could
maintain a radiant heat load in the roof and the front of the cab of 680 W/m2 at a
45° angle over the horizon.
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Instruments

The thermal manikin AIMAN

The thermal manikin AIMAN was used to assess the thermal climate in the cab.
AIMAN, which is designed and build by NIWL, consists of 33 individual zones
that are independently controlled and measured. The number of zones have been
chosen to obtain sufficient control of the average surface temperature and of the
power regulation. When the result is presented some of the zones have been added
together and the result of 18 new zones are presented. This number is found to
give sufficient information without being to detailed or confusing. Hence, results
from the 18 zones showed in Figure 8.

All the 33 zones are individually heated to at maintained at a constant surface
temperature of 34°C. The surface temperature as well as the dry heat loss from the
manikin, i.e. the electric power required to maintain the temperature at 34°C are
measured for each of the zones. The surface temperatures are measured with a
computer, which also regulates the distributed heating power. With this method
the heat loss of AIMAN is comparable to the dry heat loss of a human being. The
dry heat loss of both AIMAN and a human being are influenced by air tempera-
ture, radiant temperature and draft in the same way.

However, although the heat loss from AIMAN can describe the thermal climate,
it is not a practical measure to use if one is not familiar with the method. It is
difficult to relate to. Another disadvantage is that it varies considerably between
the different zones depending on clothing and configuration. This makes the
results difficult to show on a chart. The heat loss is also reversed proportional
to the temperature. High heat loss means that it is cold and vice versa.

To make the result easier to show and relate to, it is recalculated to equivalent
temperature, teq, which is the temperature in homogenous climate, which would
give the same heat loss as the actual measured inhomogeneous climate. The teq

does not have the disadvantages that the heat loss has. It is also easy to relate to.
It is important though, to point out that teq is not a real temperature that can be
measured with a thermometer. teq it is calculated from the surface temperature,
the heat flux coefficient and the heat flux.
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1 S calp
2 Face
3 Chest
4 Up. back
5 L. U. arm
6 R. U. arm
7 L. L. arm
8 R. L. arm
9 L. hand
10 R. hand
11 L. thigh
12 R. thigh
13 L. calf
14 R. calf
15 L. foot
16 R. foot
17 Lo. back
18 S eat

T he thermal manikin - AIMAN

Figure 8. The thermal manikin AIMAN that is used for assessment of thermal comfort. This
figure shows the 18 zones, or body parts, for which the results are presented. Physically
the manikin consist of 33 zones to optimise function and regulation etc. To make the result
easier to comprehend some zones have been added together, e.g. thighs that physically
consists of 3 zones each.

To calculate teq the heat flux equation is used: 3 N$�WVXUIDFH�WDPELHQW� where WDPELHQW� 
WHT��in homogenous  climate. The equation can be rewritten to: WHT� WVXUIDFH����3�$��N.
"tsurface" and "P/A" are measured and "k" is determined by calibration in homoge-
nous climate, where the walls, floor and ceiling have the same temperature as the
air and there is no forced convection. By definition teq is the air temperature in such
a room. The heat flux measured with the manikin is recalculated to the air tempera-
ture in a homogenous climate at which the heat flux from the manikin would be the
same. In normal indoor climate in e.g. an office the difference between the teq and
the air temperature is very small. The difference increases as the climate become
more complex with large asymmetries.

The relation between the measured teq and the thermal climate perceived by a group
of human beings has been determined experimentally (Bohm et al., 1990; Holmér
et al., 1995). Groups of ten test persons have rated the climate according to the
PMV scale for the 18 body parts as well as for the whole body. From the relations
obtained optimal climate and limits for both hot and cold acceptable climate was
determined for the different zones as well as for the whole body. The range of
temperatures in which the thermal comfort is acceptable is called comfort range.
The comfort range is presented in a chart where the body parts are on the X-axis
and the teq is on the Y-axis. The comfort range is between two lines, which
represents the limits for acceptable climate. Within the comfort range at least 80%
of a group of people are satisfied with the climate. Other limits for acceptable
climate can of course be chosen, e.g. 90%, which makes the comfort range
narrower, or 75%, which makes it wider. In the centre of the comfort range is the
Ideal Profile (IP) where the highest percentage find the climate acceptable, namely
95%. Even at the best climate for a group of people 5% will find it too hot or too
cold!
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Equipment for measurement of physical data

In addition to the climatic measurements with the thermal manikin physical
measurements were carried out both in the cab and in the climatic chamber. The
measured data was collected by a HP-logger and stored directly in a computer.
Thermo-couples were used to measure temperature at about 40 locations. Relative
humidity was measured with a psykrometer. The relative pressure of the cab was
measured, as well as the voltage of the climate system of the cab and the water
temperature of the heating system. Radiant load from the sun simulating lamp was
manually measured with a Solarimeter at 16 locations each on roof and wind-
screen. Also surface temperatures and air velocities in the cab was measured
manually at pre-defined locations.

Software for evaluation

The result file generated from the manikin control software contains the results for
all 33 zones. An Excel-template is used to configure the data for presentation, e.g.
add the number zones to the 18 presented. The excel file also calculates a mean
value over period of 20 minutes. The Excel-template also creates the result charts
presented in this report as well as the tables.

Because the manikin software generates a file with results for all 33 channels,
the results can be reconfigured to other numbers of zones afterwards or to study
results from more zones than the 18 normally used. This solution gives a great
degree of freedom since the configuration does not have to be decided before the
measurement.

Performance
Climatic conditions

Climatic chamber

The outdoor conditions in the climatic chamber was:

winter: -20°C, wind 4m/s, no sun load

summer: +30°C, wind 4 m/s, sun simulator  750 W/m2 in 45° height.

Relatively severe outdoor conditions were chosen deliberately to enhance the
asymmetries that normally appear in a cab. The relative humidity was not actively
controlled, but in the climatic chamber it still is kept fairly constant, in this case
around 40% Rh in summer conditions and marginally lower in winter conditions.

Cab

The average temperature in the cab can be set according to two different criteria:

1. to have as many zones as possible within the comfort range or as close as
possible to it,

2. to adjust after optimal total heat loss.
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During the measurements the only practical method is to try to keep as many
zones as possible within the comfort range. However, to be able to compare
results measurements it is necessary that the results compared have the same
total heat loss. In practice it is not possible to adjust this precise. Therefore the
measured profile is numerically adjusted to the correct total heat loss in the
evaluation software. The numerical method is described under the headline
“Adjustment of profile and air temperature to ideal heat loss”.

All adjustments of the cab HVAC-system, except for the panel nozzles, can be
done without open the doors of the cab. The settings can be read from a scale
at the controls.

When comparing new technical solutions, e.g. different glazing, the measure-
ments are normally carried out with exactly the same setting of the cab. This
way the impact of a new technique can easily be seen when comparing to the
old result. However, in some cases adjustments of e.g. airflow is necessary to
get the full effect of an improvement.

All important adjustments are presented in the report.

Measurement and evaluation

Collecting of data

When the climate in the cab is stabilised after a change the data is collected from
both the manikin and the physical measurements for a period of 20 minutes.
The data from this period is first used to make sure that the thermal situation
was stabile, and then to calculate the mean values for the period.

Adjustment of profile and air temperature to ideal heat-loss

To be able to make a correct comparison of results from different measurements
the total heat-loss from the manikin must be the same for all compared measure-
ments. In practice it is almost impossible to physically adjust the cab climate to
the exact level. Therefore, the measured profiles are adjusted so that they corre-
spond to the right total heat-loss level.

The ideal climate occurs when all measured values corresponds to that of the ideal
profile. For the summer profile this corresponds to a teq value for the whole body
of 24,2°C, whereas for winter climate the total teq for the IP is 24,7°C.

The total heat transfer coefficient in homogenous climate has been determined to
4.96 W/m2,°C at teq 24°C. Although the heat transfer coefficient in theory is not a
constant, it is normally regarded as a constant during practical measurement. One
reason for this is that clothing on the manikin makes the coefficients dependency
of the teq negligible. With this heat transfer coefficient the heat loss for the total teq

24.7°C is 46,2 W/m2, and for teq 24.2°C 48,6 W/m2. These values are called ideal
total teq and ideal total heat-loss.

To adjust the measured profile to the required ideal heat-loss, the difference be-
tween the ideal total teq and the measured total teq is calculated and added to all of
the individual zones measured teq. The result is that the measured values have been
moved, with maintained profile, to a level that corresponds to the ideal total teq.
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This is theoretically what happens if the operative temperature in the cab is ad-
justed with the same value. This will not happen exactly like this in reality because
the seat is so heavily insulated that the zones in contact with it are practically not
affected by the cab climate. Since the adjustments in most cases are relatively
small, this error does not have any practical impact on the results and is therefore
disregarded.

For the same reason and similar to what is described regarding the measured teq,
also the measured air temperatures are adjusted equally as the teq. The magnitude
of the adjustments is presented in the results.

However, surface temperatures and temperatures on the inlet air are not adjusted
since their dependency on the air temperature is more complex. For example a
change in air temperature in the cab with 1°C will not change the surface tempera-
ture on the wind screen as much because it is depending also on the outdoor
temperature, whereas the same change will require a larger change in inlet air
temperature.

Objective quality measures

To be able to make an objective comparison of the measured profiles some objec-
tive quality measure that summarises the profile into one figure is needed. Three
different quality measures, all based on standard deviation, have been developed
for this purpose. The first is called Sd(IP) is simply the standard deviation from
the IP expressed in °C. The second one is called Sd(rel) and shows the standard
deviation expressed as % of the distance between IP and the limit for acceptable
climate, i.e. half of the comfort range. It takes into consideration the varying of
the different sensitivity, or width of the comfort range, for the different zones. The
third is called Sd(rel, area) and is the area weighted Sd(rel). It also takes into con-
sideration the different area of the different zones, and thereby their impact on the
total heat balance.

The equations used for calculation of the quality measures are:
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In the equations are: N the number of zones (18)
teq,N measured teq for zone n(n=1, 2, 3....18)
IPN teq for the ideal profile for zone n
MAXN teq for the hot comfort limit for zone n
Atot the total body surface of AIMAN
AN  the surface for zone n.
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All of the quality measures are presented in the results since their individual
ranking may vary between different conditions depending on the measured
profile.

Conditions
This report contains the results from climatic evaluation of the impact of different
special glazing used to increase the insulation and/or to reduce the solar load on
the operator. In addition the impact of large glass areas close to the driver as well
as the inclination of the glass was also studied, e.g. roof windows or full height
side windows. In Table 3 the different test conditions in winter and summer
climate are shown. In the tables in the result part of the report, the conditions in
Table 3 is referred to by the condition number.

Table 3. Summary of conditions which have been evaluated

&RQGLWLRQ

QXPEHU

&RQGLWLRQ :LQWHU 6XPPHU

� Standard configuration, clear single glazing 2 2

� Full height side window, single glazing 1

� Roof window, single glazing 1 1

� Roof and side window, single glazing 1

� Standard configuration, double-glazing 1 1

� Full height side window, double-glazing 1

� Roof window, double-glazing 1 1

� Roof and side window, double-glazing 1

� Siglasol, standard configuration 1

�� Siglasol, roof window 1

�� Sundym, standard configuration 1

�� Sundym, roof window 1

�� Lexan Clear, standard configuration 1

�� Lexan Clear, roof window 1

�� Lexan Bronze, standard configuration 1

�� Lexan Bronze, roof window 1

�� Curtain, standard configuration 1

�� Curtain, roof window 1

�� Film, standard configuration 1

�� Film, roof window 1

�� Positive inclination, clear glass 1

�� Negative inclination, clear glass 1

�� Positive inclination, Siglasol glass 1

�� Negative inclination, Siglasol glass 1

�� Same as 2, but defroster in side windows blocked 1

�� Same as 6, but defroster in side windows blocked 1 1

7RWDO� �� ��
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Results – summer
Effects of changes of cab geometry

For this project the experimental cab used in previous studies was changed as
described earlier. In many cabs the operator is more exposed to direct sunlight
and/or draft from cold windows. Therefore the floor was raised to lower the shadow
from the dashboard. The upper half of the rear wall was moved forward to shorten
the distance between the driver neck and the rear window to a few centimetres. In
this section the results with these changes are compared with results from a previ-
ous project five years earlier, with the same window configuration and similar
conditions in the cab and in the climatic chamber.

As you can see in the table below, the conditions were not exactly the same. The
fan speed was most likely lower in the older experiment and the air was not recir-
culated. The air velocities in the cab were slightly lower in the older experiments.
The fan in the ventilated seat, which was running at the highest speed in the most
resent experiments, was not used in the older. Also the manikin was slightly dif-
ferent as another calibration was used.

6HWWLQJV

Condition No, Table 1 1 Earlier studies

New cab (Clear) Old cab (Clear)
Chamber

Temperature 24,0 21,0
Air velocity 4 4
Sun load (on-line) 381,4 694,1

Cab
HVAC Fan 2 REC 1/2?

ATC (100 coldest) 43 59
Nozzles Defroster 100% 100%

Floor 0% 0%
Panel 100% out-up 100% out-up

Glazin Front CG CG
CG=clear glass Roof N/A N/A

Side CG CG
Side low N/A N/A

Seat Fan 3 0

CG = clear glass, N/A = not applicable (metal sheet instead of glass)

5HVXOWV

Although there is some degree of uncertainty, the results show that the shorter
distance between the rear window and the seat creates more draft on the scalp
and the upper back. The perceived temperature is almost 5°C lower in the new
measurements where the distance was shorter.

It also looks like the shorter distance between the seat and the rear wall prevents
the cold ventilation air from reaching the floor, which is a positive effect. The
perceived temperature for the lower legs and feet were 3 to 5°C lower with the
rear wall closer to the seat. The air temperatures on the floor are also slightly
higher than in the rest of the cab, which was not the case with the long distance
between rear wall and seat.
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However, there is nothing in the results that shows any effect of more exposure
to the sun load because of lower shadow zone, which was expected to appear on
the thighs. This may be due to higher air velocity in the latter experiments and
also to the fact that the results imply that the cold air does not reach the floor with
the shorter distance between seat and rear wall. With the longer distance there are
two vortexes, one in front of the driver above the thighs and one following the
wind-screen, roof and rear wall down to the floor and up again. With the shorter
distance to the rear wall it looks like the vortex behind the seat does not appear,
which means the whole amount of cold air ends up in the vortex in front of the
driver. This can explain why the heat load on the thighs has not increased.

,PSDFW�RI�FKDQJHV�RI�FDE�PHDVXUHV���VXPPHU��VXQ
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Figure 9. Results from experiments carried out in two different projects. “Old cab” is the
result from a measurement with the original measures on the cab. “New cab” is the result
from a new measurement where the floor of the cab is higher and the rear wall has been
moved forward closer to the operator’s seat. The window configuration is the same.
However, the climatic conditions are only similar as there is five years between the
projects. In the old experiments the ventilated seat was not used.

0HDVXUHG�FOLPDWH���WHT 1HZ�FDE�
�&OHDU�

2OG�FDE�
�&OHDU�

Measured total teq 24,77 24,46 °C

Adjustment -0,04 1,50 °C

$GMXVWHG�WHT�
Total: 24,7 26,0 °C
High: 29,4 34,1 °C
Low: 13,5 18,3 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 3,03 3,91 °C
Sd(rel) 53% 105%
Sd(rel, area) 55% 106%

(adjusted to ideal heat-loss)
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The quality measures clearly show that the profile is more even and closer to the
ideal profile in the latter measurements. This is partly because ventilation of the
seat surfaces was used in this experiments but not in the previous experiments.

1HZ�FDE�
�&OHDU�

2OG�FDE�
�&OHDU�

Windscreen 32,7  - - - °C
Door L 26,4  - - - °C
Door R 25,9  - - - °C
Roof window  - - -  - - - °C
Rear window 25,2  - - - °C

6XUIDFH�WHPSHUDWXUHV�LQ�FDE
�QRW�DGMXVWHG�

Surface temperatures were not measured in the older experiments.

0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

1HZ�FDE�
�&OHDU�

2OG�FDE��&OHDU�

Head left 22,6 21,6 °C
right 22,4 21,5 °C

Chest left 22,8 22,3 °C
right 23,6 22,1 °C

St. wheel centre 26,0 27,4 °C
Hip left 24,2 21,5 °C

right 26,4 22,5 °C
Feet left 24,1 21,8 °C

right 23,6 21,9 °C
����� ����� �&

temp. in 15,2 5,8 °C
Mv Inlet velocity 4,4 m/s

Head 0,7 0,4 m/s
Chest 0,6 0,4 m/s
Hip 0,3 0,2 m/s
Feet 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

It is difficult to draw any definite conclusions from the air temperatures because
of the uncertainties about the conditions. However, they show that the tempera-
tures are a couple of degrees higher, especially close to the legs, in the latter
experiments with the shorter distance between rear wall and seat. The measure-
ments also show slightly higher air velocities in the cab in the latter experiment.

&RPPHQWV

Based on these results to far reaching conclusions should not be drawn due to
the possible differences regarding conditions. However, it may still be interesting
to see if there are any obvious changes in climate that can be explained by the
changes made of the cab. It is rather obvious that the shorter distance to the wall
behind the seat creates more draft for the scalp and the upper back. Another, more
unexpected, result seems to be that the cold air could not reach the floor, but
created a more powerful vortex in front of the operator when the rear wall was
close to the seat. However, to be sure of this new experiments should be carried
out to compare the differences under more controlled conditions.
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Effects of roof window

6HWWLQJV

Condition No, Table 1 � � � ��

&KDPEHU FOHDU�URRI FOHDU�IURQW VLJODVRO�IURQW VLJODVRO�URRI

Temperature 22,7 24,0 25,1 24,2
Air velocity 4 4 4 4
Sun load (on-line) 387,6 381,4 376,3 353,2

&DE

HVAC Fan 2 REC 2 REC 2 REC 2 REC
ATC (100 coldest) 56 43 35 45

Nozzles Defroster 100% 100% 100% 100%
Floor 0% 0% 0% 0%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazing Front CG CG Siglasol Siglasol
&* FOHDU�JODVV Roof CG N/A N/A Siglasol

Side CG CG CG CG
Side low N/A N/A N/A N/A

Seat Fan 3 3 3 3

5HVXOWV
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Figure 10. Comparison of results with and without roof window in sunny summer
conditions. The differences are shown both for clear glass as well as for Siglasol that
reduces energy transmission from sunlight. The roof-window has a considerable effect
for both glass types, especially for the chest and upper arms, which are to a large extent
in the shadow if there is no roof window.
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If a cab has a roof window, like a crane cab or a forestry machine, the operator is
exposed to direct sun load on a much larger portion of the body. Depending on the
inclination of, and the distance to the windscreen, the upper body is more or less
in shadow, e.g. from the waist up. This is not the case with a roof window where
all of the front side of the upper body often is exposed. This will of course to great
extent increase the asymmetries in the cab climate. In addition, more cooling
capacity from the HVAC is required to compensate for the higher average radiant
temperature, which means higher risk for draft problems. All of these problems
can be seen in Figure 10. The perceived temperature is up to 9°C (teq) higher on
the chest with the roof window with clear glass. Siglasol glazing decreases the
impact of the roof-window a couple of °C. Also the arms are affected by the
radiant load. However, the rest of the body is affected by the increased cooling
power supplied to the cab to keep the average temperature at an acceptable level.
For body-parts that are in the shadow like lower legs and feet, or that are affected
by draft like thighs and hands, the perceived temperature is about 3°C lower with
roof window. Also this impact is decreased with the Siglasol glazing.

0HDVXUHG�FOLPDWH���WHT FOHDU�URRI FOHDU�IURQW VLJODVRO�IURQW VLJODVRO�URRI

Measured total teq 25,26 24,77 24,79 24,81 °C

Adjustment -0,53 -0,04 -0,06 -0,07 °C

$GMXVWHG�WHT�
Total: 24,7 24,7 24,7 24,7 °C
High: 38,4 29,4 28,7 34,3 °C
Low: 13,7 13,5 15,7 15,3 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 5,08 3,03 2,25 3,51 °C
Sd(rel) 103% 53% 41% 67%
Sd(rel, area) 124% 55% 36% 82%

(adjusted to ideal heat-loss)

The quality measures in the table above also show that the roof window deterio-
rates the climate in the cab. The different standard deviations are about twice as
high for the situations with roof window.

The surface temperatures do not show any effect of the roof window. However,
the effect of the Siglasol glazing can be seen, as the surface temperature is higher
than for the clear glass. This is due to the higher absorption of radiant energy in
the Siglasol glass.

FOHDU�URRI FOHDU�IURQW VLJODVRO�IURQW VLJODVRO�URRI

Windscreen 32,7 32,7 34,3 34,3 °C
Door L 26,4 26,4 27,3 27,3 °C
Door R 25,9 25,9 27,5 27,5 °C
Roof window 30,8  - - -  - - - 33,9 °C
Rear window 25,2 25,2 28,3 28,3 °C

6XUIDFH�WHPSHUDWXUHV�LQ�FDE
�QRW�DGMXVWHG�
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0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

FOHDU�URRI FOHDU�IURQW VLJODVRO�IURQW VLJODVRO�URRI

Head left 21,0 22,6 24,3 23,6 °C
right 19,5 22,4 23,9 22,4 °C

Chest left 21,0 22,8 24,2 23,0 °C
right 23,1 23,6 24,9 25,2 °C

St. wheel centre 23,6 26,0 25,9 24,6 °C
Hip left 22,2 24,2 25,1 23,7 °C

right 26,0 26,4 27,1 26,9 °C
Feet left 21,9 24,1 25,4 24,3 °C

right 20,9 23,6 24,8 23,2 °C
����� ����� ����� ����� �&

temp. in 10,4 15,2 18,4 14,9 °C
Mv Inlet velocity 4,4 4,4 4,4 4,4 m/s

Head 0,7 0,7 0,7 0,7 m/s
Chest 0,6 0,6 0,6 0,6 m/s
Hip 0,3 0,3 0,3 0,3 m/s
Feet 0,2 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

The air temperatures in the cab must be lower the more sunlight there is trans-
mitted to the cab. This is because the average temperature of the cab is always
adjusted to the optimal level concerning total heat loss from the manikin. There-
fore, the lower the radiant load is, the higher the air temperature will be. The table
verifies what the climatic measurement showed, that the roof window deteriorates
the climatic situation considerably, and that Siglasol is effective.

Since the setting of the fan and the air inlets are the same during all of these
measurements the air velocities measured in the cab are the same. However, the
inlet air temperature varies significantly. It is 4-5°C lower in the conditions with
roof window. This shows the increased requirement for cooling power when the
operator is exposed to more radiant load.

&RPPHQWV

The results of the experiments presented above clearly shows the problem with
roof windows as it exposes almost the whole driver to the sunlight. The use of
Siglasol glazing improves the situation as it decreases the impact of the sun-roof,
but not sufficiently. You can of course use a darker glass, but in such a case the
vision may be unacceptable.

With clear glazing the head and the chest may be exposed to temperatures that
are much to high on the same time that other body-parts are subject to severe
draft problems. This climatic situation is not acceptable. In this situation the
required cooling capacity is extreme, which, most likely, many HVAC unit are
not dimensioned for. Then the temperature in the cab will rise to such levels the
operator’s performance may be affected.

Unnecessary exposure of the operator to sunlight should be avoided. If a roof
window must be used it should be restricted to the minimum surface required. It
should also be equipped with more efficient sun protection than what is allowed
for road traffic. This should not be a problem since there is no regulation and there
should be little or no need for eye contact with people close to the machine in that
direction. The only problem that can be foreseen is that the window may become
to dark in some situation where there is no sunlight. This can be solved by using a
foldable sunglass or sun curtain that is only used when needed.
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Effects of different glazing in cab with roof window

6HWWLQJV

Condition No, Table 1 � �� �� ��

&KDPEHU 6WG�&OHDU /H[DQ�EURQ]H 6XQG\P���� 6LJODVRO

Temperature 22,7 23,3 24,3 24,2
Air velocity 4 4 4 4
Sun load (on-line) 387,6 367,4 377,6 353,2

&DE

HVAC Fan 2 REC 2 REC 2 REC 2 REC
ATC (100 coldest) 56 50 50 45

Nozzles Defroster 100% 100% 100% 100%
Floor 0% 0% 0% 0%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazing Front CG Lexan bronze Sundym 435 Siglasol
&* FOHDU�JODVV Roof CG Lexan bronze Sundym 435 Siglasol

Side CG CG CG CG
Side low N/A N/A N/A N/A

Seat Fan 3 3 3 3

5HVXOWV
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Figure 11. This figure compares the results from climatic measurements in a cab with roof-
window with different types of glazing. Standard clear glass is compared with different type
of sun protection glazing.
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In Figure 11 the impacts of different glazing in a cab with roof-window are com-
pared. With standard clear glazing in the roof and windscreen the climate was far
from acceptable. The perceived temperature on the chest was 9°C higher than the
limit for acceptable climate. Also the face and the arms are very hot. In addition
to this the perceived temperatures on body parts in the shadow are low, sometimes
even outside the acceptance limit, especially for the scalp.

With the darker glasses the situation was improved. The Siglasol glass appears
to be the least dark and is also approved for road traffic as the transmittance of
visible light is over 75%. Siglasol lowered the average teq on the upper body with
2.3°C and raised the average teq on the lower body with 2.8°C. This improvement
of the climate was slightly better than with Lexan Bronze, which lowered the
average teq for the upper body with 1.2°C and raised the average teq on the lower
body with 1.4°C. The best improvement was obtained with Sundym 435, which is
a very dark glass with only 35% transmittance of visible light. This glass decreased
the average teq with 2.4°C for the upper body parts and increased it for the lower
with 2.7°C.

Although considerable improvement of the climate was obtained with the darker
glasses, acceptable climate was not reached with any of the glasses. The scalp was
too cold, and the chest too hot with all types.

0HDVXUHG�FOLPDWH���WHT 6WG�&OHDU /H[DQ�EURQ]H 6XQG\P���� 6LJODVRO

Measured total teq 25,26 24,99 24,78 24,81 °C

Adjustment -0,53 -0,25 -0,05 -0,07 °C

$GMXVWHG�WHT�
Total: 24,7 24,7 24,7 24,7 °C
High: 38,4 35,6 30,9 34,3 °C
Low: 13,7 14,1 15,6 15,3 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 5,08 3,97 2,69 3,51 °C
Sd(rel) 103% 77% 51% 67%
Sd(rel, area) 124% 94% 59% 82%

(adjusted to ideal heat-loss)

The quality measures in the table above verify what is said above, that Sundym
435 provided the best improvement and Siglasol the second best.

The surface temperatures on the glass, which is showed in the table below, shows
that darker glass becomes hotter because it absorbs more light than a clear glass.

6WG�&OHDU /H[DQ�FOHDU 6XQG\P���� 6LJODVRO

Windscreen 32,7 34,7  - - - 34,3 °C
Door L 26,4 27,2  - - - 27,3 °C
Door R 25,9 27,0  - - - 27,5 °C
Roof window 30,8 37,0  - - - 33,9 °C
Rear window 25,2 28,2  - - - 28,3 °C

6XUIDFH�WHPSHUDWXUHV�LQ�FDE
�QRW�DGMXVWHG�
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0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

 

6WG�&OHDU /H[DQ�EURQ]H 6XQG\P���� 6LJODVRO

Head left 21,0 21,9 23,4 23,6 °C
right 19,5 20,9 22,9 22,4 °C

Chest left 21,0 22,1 23,4 23,0 °C
right 23,1 23,7 24,4 25,2 °C

St. wheel centre 23,6 24,5 25,4 24,6 °C
Hip left 22,2 22,9 23,8 23,7 °C

right 26,0 26,2 26,5 26,9 °C
Feet left 21,9 23,1 24,5 24,3 °C

right 20,9 22,2 23,8 23,2 °C
����� ����� ����� ����� �&

temp. in 10,4 11,8 14,3 14,9 °C
Mv Inlet velocity 4,4 4,4 4,4 4,4 m/s

Head 0,7 0,7 0,7 0,7 m/s
Chest 0,6 0,6 0,6 0,6 m/s
Hip 0,3 0,3 0,3 0,3 m/s
Feet 0,2 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

Also the air temperatures in the cab show the impact of the sun glazing. The more
energy in the sunlight that is prevented from entering the cab the less cooling
power is required. In addition, the less radiant load on the operator, the higher
the temperatures can be with maintained heat balance. Thus the air temperatures
in the cab can be higher as well as the inlet temperatures when the glazing is
decreasing the transmittance of energy in the sunlight. This can be seen in the
table above where the average temperature with Lexan Bronze is 1°C higher than
with clear glass. With Siglasol and Sundym 435 the cab temperatures are similar
and the average value for both is about 2°C higher compared to clear glass. Also
the inlet temperatures are higher for Siglasol and Sundym 435. Although the
climate with Sundym 435 was better compared to Siglasol, the inlet temperature
was a little lower for Sundym 435.

&RPPHQWV

The results show, as said before, that the climate in a cab with roof-window in
addition to ordinary windows consisting of clear glass is far from acceptable.
Darker glass can improve the situation, but not sufficiently. The darkest glass with
only 35% transmission of visible light almost gave improvements to acceptable
level. However, such glazing is not allowed in road traffic and even if there were
no regulation, it would appear very dark in situations with poor light where the
sun protection is not needed.

In these experiments the windscreen was equipped with the same type of glazing
as the roof window. To only install the darkest glass in the roof window and have
glass with higher transmission in the windscreen would not give sufficient improve-
ment, and the climate would most likely still be far from acceptable.
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Effects of sun-curtain and sun-film in cab with roof window

6HWWLQJV

Condition No, Table 1 � �� �� ��

&KDPEHU 6WG�FOHDU &OHDU���FXUWDLQ &OHDU���ILOP 6LJODVRO

Temperature 22,7 25,1 23,9 24,2
Air velocity 4 4 4 4
Sun load (on-line) 387,6 478,5 484,2 353,2

&DE

HVAC Fan 2 REC 2 REC 2 REC 2 REC
ATC (100 coldest) 56 36 58 45

Nozzles Defroster 100% 100% 100% 100%
Floor 0% 0% 0% 0%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazing Front CG Curtain+CG Film+CG Siglasol
&* FOHDU�JODVV Roof CG Curtain+CG Film+CG Siglasol

Side CG CG CG CG
Side low N/A N/A N/A N/A

Seat Fan 3 3 3 3

5HVXOWV

&XUWDLQ�DQG�ILOP�LQ�FDE�ZLWK�URRI�ZLQGRZ���VXPPHU��VXQ
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Figure 12. This figure compares the results from climatic measurements in a cab with
roof-window where different types of methods to reduce radiant load on the driver has
been tested. Standard clear glass and Siglasol as references are compared with a sun-
curtain in the cab and with sun-film attached on the inside of the windscreen. The wind-
screen consisted of clear glass during all measurements.
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Figure 12 shows the impacts of other methods to reduce sun load on the driver
than special glazing. Sun-film of the type that is often attached on the inner side
of car windows and a copper coated curtain specially designed to reduce trans-
mission of sunlight was compared with clear glass and Siglasol in a cab with roof
window. Both film and curtain was used in combination with clear glass.

The sun-film attached on the inner side of the clear glass improves the climate
clearly. The teq is reduced with 2-3°C for zones in the sunlight and raised about the
same for zones in the shadow. The quality measures also show improvements, as
the standard deviations are about 30% lower. Compared to Siglasol the improve-
ment is of the same magnitude, but with Siglasol slightly better.

The sun-curtain, on the other hand, is very effective. The teq for the chest, which
is the highest measured in all conditions, is 11°C lower with the sun curtain and
5°C lower for other zones in the sunlight. For zones in the shadow the curtain
increase the teq with 3-5°C.  Also compared to Siglasol the improvements are
considerable. All zones are well within the limit for acceptable comfort except
for the scalp because of draft between the head and the rear window. The quality
measures verify this. The standard deviations from the ideal profile are reduced
to less than half compared to clear glass.

0HDVXUHG�FOLPDWH���WHT 6WG�FOHDU &OHDU���FXUWDLQ &OHDU���ILOP 6LJODVRO

Measured total teq 25,26 24,36 25,01 24,81 °C

Adjustment -0,53 0,37 -0,28 -0,07 °C

$GMXVWHG�WHT�
Total: 24,7 24,7 24,7 24,7 °C
High: 38,4 27,4 35,5 34,3 °C
Low: 13,7 13,9 8,6 15,3 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 5,08 2,51 4,64 3,51 °C
Sd(rel) 103% 43% 82% 67%
Sd(rel, area) 124% 41% 97% 82%

(adjusted to ideal heat-loss)

The surface temperatures on the glass, which is showed in the table below, show
that also the sun curtain becomes hotter because it absorbs more light than the
other glass.

6WG�FOHDU &OHDU���
FXUWDLQ

&OHDU���ILOP 6LJODVRO

Windscreen 32,7 36,3  - - - 34,3 °C
Door L 26,4 27,9  - - - 27,3 °C
Door R 25,9 28,1  - - - 27,5 °C
Roof window 30,8 35,6  - - - 33,9 °C
Rear window 25,2 28,7  - - - 28,3 °C

6XUIDFH�WHPSHUDWXUHV�LQ�FDE
�QRW�DGMXVWHG�
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0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLU�IORZV

6WG�FOHDU &OHDU���FXUWDLQ &OHDU���ILOP 6LJODVRO

Head left 21,0 24,9 22,0 23,6 °C
right 19,5 24,9 21,7 22,4 °C

Chest left 21,0 25,0 22,6 23,0 °C
right 23,1 25,2 23,0 25,2 °C

St. wheel centre 23,6 26,4 25,1 24,6 °C
Hip left 22,2 25,5 24,3 23,7 °C

right 26,0 26,3 26,8 26,9 °C
Feet left 21,9 25,3 22,7 24,3 °C

right 20,9 26,0 24,0 23,2 °C
����� ����� ����� ����� �&

temp. in 10,4 16,9 10,8 14,9 °C
Mv Inlet velocity 4,4 4,4 4,4 4,4 m/s

Head 0,7 0,7 0,7 0,7 m/s
Chest 0,6 0,6 0,6 0,6 m/s
Hip 0,3 0,3 0,3 0,3 m/s
Feet 0,2 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

Also the air temperatures in the cab show the impact of the sun reducing abilities.
The more energy in the sunlight that is prevented from entering the cab the less
cooling power is required. In addition, the less radiant load on the operator, the
higher the temperatures can be with maintained heat balance. Thus the air tem-
peratures in the cab can be higher as well as the inlet temperatures when the
glazing is decreasing the transmittance of energy in the sunlight. The temperatures
in the cab with sun-film and with Siglasol show slight improvements with lower
local variations and higher average than clear glass, which shows that the radiant
heat load on the operator is lower. With Siglasol the average cab temperature is
almost 2°C higher compared to clear glass, while the same value for clear glass
and sun-film is only 1.4°C. The result for the sun-curtain is very good with local
variations of not more than 1.5°C. The average temperature in the cab at main-
tained total heat loss from the operator is 3.4°C higher than with clear glass

&RPPHQWV

Sun-film in combination with clear glass improved the climate almost as much
as Siglasol, but not nearly to acceptable levels when the cab has roof-window.
However, one difference compared to Siglasol is that the sun-film also reduces
the transmission of visible light. Hence film is not allowed to use in road traffic,
at least not in the front windows.

The copper coated curtain improved the climate to better than acceptable levels.
The climate is almost comparable to normal indoor climate. However, the curtain
is not only effective in reducing transmission of energy in the sunlight, it also
reduces the visible light considerably. In addition the outside of it reflects a lot
of light, which gives it a mirror effect, which makes it impossible to have eye
contact with the driver. It even becomes impossible to see from the inside out in
poor light. Because of this it must be arranged, as a curtain that can be removed
when needed, e.g. in poor light or when eye contact with surrounding people is
important. Of course, it may not be used in the wind screen in road traffic.
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Effects of sun curtain with different glass

6HWWLQJV

Condition No, Table 1 � �� ������� ��

&KDPEHU 6WG�FOHDU FOHDU���FXUWDLQ VLJO����FXUWDLQ VLJODVRO

Temperature 22,7 25,1 25,8 24,2
Air velocity 4 4 4 4
Sun load (on-line) 387,6 478,5 467,9 353,2

&DE

HVAC Fan 2 REC 2 REC 2 REC 2 REC
ATC (100 coldest) 56 36 45 45

Nozzles Defroster 100% 100% 100% 100%
Floor 0% 0% 0% 0%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazing Front CG Curtain+CG Curtain+Sig. Siglasol
&* FOHDU�JODVV Roof CG Curtain+CG Curtain+Sig. Siglasol

Side CG CG CG CG
Side low N/A N/A N/A N/A

Seat Fan 3 3 3 3

Sigl. = siglasol

5HVXOWV

6XQ�FXUWDLQ�LQ�FDE�ZLWK�URRI�ZLQGRZ���VXPPHU��VXQ
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Figure 13. This figure compares the results from climatic measurements in a cab with
roof-window with sun-curtain. The sun-curtain is used with standard clear glass and
Siglasol. The results are compared in the chart.
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Because of the great improvement of the climate by curtain in combination with
clear glass, it was decided to investigate if further improvements could be reached
if it was combined with Siglasol. In Figure 13 the impact of sun curtain combined
with both clear glass and Siglasol are compared in a cab with roof-window. The
result with standard clear glazing is also shown for comparison. The results show
that a very little or no further improvement was achieved with Siglasol combined
with the curtain compared to curtain and clear glass.

0HDVXUHG�FOLPDWH���WHT 6WG�FOHDU FOHDU���FXUWDLQ VLJO����FXUWDLQ VLJODVRO

Measured total teq 25,26 24,36 24,88 24,81 °C

Adjustment -0,53 0,37 -0,15 -0,07 °C

$GMXVWHG�WHT�
Total: 24,7 24,7 24,7 24,7 °C
High: 38,4 27,4 27,2 34,3 °C
Low: 13,7 13,9 14,6 15,3 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 5,08 2,51 2,34 3,51 °C
Sd(rel) 103% 43% 41% 67%
Sd(rel, area) 124% 41% 39% 82%

(adjusted to ideal heat-loss)

The quality measures in the table above show marginal improvements for the
combination Siglasol and sun-curtain compared to clear glass and the sun-curtain.

The surface temperatures on the curtain were not measured in combination with
Siglasol.

6WG�FOHDU FOHDU���
FXUWDLQ

VLJO����
FXUWDLQ

VLJODVRO

Windscreen 32,7 36,3  - - - 34,3 °C
Door L 26,4 27,9  - - - 27,3 °C
Door R 25,9 28,1  - - - 27,5 °C
Roof window 30,8 35,6  - - - 33,9 °C
Rear window 25,2 28,7  - - - 28,3 °C

6XUIDFH�WHPSHUDWXUHV�LQ�FDE
�QRW�DGMXVWHG�

0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

6WG�FOHDU FOHDU���FXUWDLQ VLJO����FXUWDLQ VLJODVRO

Head left 21,0 24,9 25,2 23,6 °C
right 19,5 24,9 25,3 22,4 °C

Chest left 21,0 25,0 25,3 23,0 °C
right 23,1 25,2 25,3 25,2 °C

St. wheel centre 23,6 26,4 26,4 24,6 °C
Hip left 22,2 25,5 25,7 23,7 °C

right 26,0 26,3 26,1 26,9 °C
Feet left 21,9 25,3 25,8 24,3 °C

right 20,9 26,0 26,0 23,2 °C
����� ����� ����� ����� �&

temp. in 10,4 16,9 19,2 14,9 °C
Mv Inlet velocity 4,4 4,4 4,4 4,4 m/s

Head 0,7 0,7 0,7 0,7 m/s
Chest 0,6 0,6 0,6 0,6 m/s
Hip 0,3 0,3 0,3 0,3 m/s
Feet 0,2 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)
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The air temperatures in the table above also show a very little improvement
when the sun-curtain was combined with Siglasol instead of clear glass. The
most apparent difference is that the inlet air was over 2°C warmer when the
curtain was combined with Siglasol.

During the measurement with Siglasol and curtain the temperature in the cab
was a little to high, 0.15°C, while it was a little to low, 0.37°C, when the curtain
was combined with clear glass. The teq and the cab temperatures are adjusted
to the optimal level, which the inlet air temperature is not. This may be part of
the reason for the big difference.

&RPPHQWV

Apparently, the reduction of sunlight transmission is so effective with the cupper-
coated sun-curtain that combination with a glass with 50% reduction of energy
in the sunlight did not give any significant effect on the climate. However, it is
important to again point out that this curtain may not be used while driving in
traffic. It may also be difficult to use even when allowed, e.g. in poor light or
when eye contact with people in the surrounding is needed. Therefore it is impor-
tant that the curtain can be removed when necessary.
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Effects of Lexan in cab with roof window

6HWWLQJV

Condition No, Table 1 � �� �� ��

&KDPEHU 6WG�FOHDU /H[DQ�FOHDU /H[DQ�EURQ]H 6LJODVRO

Temperature 22,7 22,9 23,3 24,2
Air velocity 4 4 4 4
Sun load (on-line) 387,6 375,2 367,4 353,2

&DE

HVAC Fan 2 REC 2 REC 2 REC 2 REC
ATC (100 coldest) 56 56 50 45

Nozzles Defroster 100% 100% 100% 100%
Floor 0% 0% 0% 0%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazing Front CG Lexan clear Lexan bronze Siglasol
&* FOHDU�JODVV Roof CG Lexan clear Lexan bronze Siglasol

Side CG CG CG CG
Side low N/A N/A N/A N/A

Seat Fan 3 3 3 3

5HVXOWV

/H[DQ�LQ�FDE�ZLWK�URRI�ZLQGRZ���VXPPHU��VXQ
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Figure 14. This figure compares the results from climatic measurements in a cab with roof-
window with different types of glazing. Standard clear glass is compared with different type
of sun protection glazing.
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In Figure 14 the impacts of the polycarbonate glass Lexan and Lexan Bronze are
compared to standard clear glass and Siglasol in a cab with roof-window. The
results show that Lexan clear has almost identical result compared with ordinary
clear glass.

Lexan Bronze improves the climate considerably, however not as much as Siglasol.
With Lexan Bronze the teq at the zones in the sun are 2-3°C lower, and the teq for
zones in the shadow 2-3°C higher, than clear glass or clear Lexan. However, the
teq achieved with Lexan Bronze are in average about 1°C higher for zones in the
sunlight and about 1°C lower for zones in the shadow compared to with Siglasol.
Lexan Bronze gives considerably better climate than clear glass, but slightly worse
than Siglasol, in sunny conditions.

0HDVXUHG�FOLPDWH���WHT 6WG�FOHDU /H[DQ�FOHDU /H[DQ�EURQ]H 6LJODVRO

Measured total teq 25,26 25,83 24,99 24,81 °C

Adjustment -0,53 -1,09 -0,25 -0,07 °C

$GMXVWHG�WHT�
Total: 24,7 24,7 24,7 24,7 °C
High: 38,4 38,6 35,6 34,3 °C
Low: 13,7 13,4 14,1 15,3 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 5,08 5,18 3,97 3,51 °C
Sd(rel) 103% 105% 77% 67%
Sd(rel, area) 124% 126% 94% 82%

(adjusted to ideal heat-loss)

The quality measures in the table above shows the same as what is said above.
The standard deviations for the clear ordinary glass and the clear Lexan are almost
identical. The standard deviations for Lexan Bronze is about 25% better than for
the clear glass, but a little more than 10% worse than for Siglasol.

The surface temperatures on the clear Lexan is lower than for the clear glass on
the windscreen although the effect on the climate, and thereby the reduction of
sunlight, is almost identical. This implies that the reflection is higher in Lexan as
less heat is stored in the Lexan. The difference between the surface temperature
on Lexan Bronze and Siglasol is small.

6WG�FOHDU /H[DQ�FOHDU /H[DQ�
EURQ]H

6LJODVRO

Windscreen 32,7 29,9 34,7 34,3 °C
Door L 26,4 26,6 27,2 27,3 °C
Door R 25,9 26,4 27,0 27,5 °C
Roof window 30,8 30,5 37,0 33,9 °C
Rear window 25,2 28,4 28,2 28,3 °C

6XUIDFH�WHPSHUDWXUHV�LQ�FDE
�QRW�DGMXVWHG�
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0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

6WG�FOHDU /H[DQ�FOHDU /H[DQ�EURQ]H 6LJODVRO

Head left 21,0 20,7 21,9 23,6 °C
right 19,5 19,2 20,9 22,4 °C

Chest left 21,0 20,6 22,1 23,0 °C
right 23,1 22,9 23,7 25,2 °C

St. wheel centre 23,6 23,3 24,5 24,6 °C
Hip left 22,2 21,5 22,9 23,7 °C

right 26,0 25,7 26,2 26,9 °C
Feet left 21,9 21,6 23,1 24,3 °C

right 20,9 20,5 22,2 23,2 °C
����� ����� ����� ����� �&

temp. in 10,4 10,2 11,8 14,9 °C
Mv Inlet velocity 4,4 4,4 4,4 4,4 m/s

Head 0,7 0,7 0,7 0,7 m/s
Chest 0,6 0,6 0,6 0,6 m/s
Hip 0,3 0,3 0,3 0,3 m/s
Feet 0,2 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

Also the air temperatures in the cab show the impact of reduced sun load on the
operator. The more energy in the sunlight that is prevented heating the operator
the less cooling power is required. Thus the air temperatures in the cab can be
higher as well as the inlet temperatures when the glazing is decreasing the trans-
mittance of energy in the sunlight. This can be seen in the table above as the two
different clear glass have the lowest cab temperature, with the polycarbonate
about 0.5°C lower, which indicates a little higher transmission of radiant energy
than the ordinary clear glass. The Lexan Bronze the next lowest with about 1°C
higher average temperature than the clear glazing. Siglasol with the best sun
reduction has the highest average cab temperature about 2°C higher than the clear
glazing.

&RPPHQWV

The results show that clear polycarbonate glazing has the effect on the thermal
climate as ordinary clear glass. The darker Lexan Bronze gives significant
improvement of the cab climate compared to clear glazing.

Compared to the sun Glass Siglasol the cab climate is slightly worse with Lexan
Bronze.
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Effects of sun film and Lexan on cab with roof window

6HWWLQJV

Condition No, Table 1 � �� �� ��

&KDPEHU &OHDU /H[DQ�FOHDU /H[DQ�EURQ]H &OHDU�ILOP

Temperature 22,7 22,9 23,3 23,9
Air velocity 4 4 4 4
Sun load (on-line) 387,6 375,2 367,4 484,2

&DE

HVAC Fan 2 REC 2 REC 2 REC 2 REC
ATC (100 coldest) 56 56 50 58

Nozzles Defroster 100% 100% 100% 100%
Floor 0% 0% 0% 0%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazing Front CG Lexan clear Lexan bronze Film+CG
&* FOHDU�JODVV Roof CG Lexan clear Lexan bronze Film+CG

Side CG CG CG CG
Side low N/A N/A N/A N/A

Seat Fan 3 3 3 3

5HVXOWV

6XQ�ILOP�FRPSDUHG�WR�/H[DQ�RQ�FDE�ZLWK�URRI�ZLQGRZ�
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Figure 15. This figure compares the results from climatic measurements in a cab with
roof-window with different types of glazing. In this chart the teq from measurements in the
cab with Lexan or sun-film on clear glass compared with results for clear ordinary glass or
Lexan clear.



JTI – Institutet för jordbruks- och miljöteknik

43

In Figure 15 the impacts of Lexan Bronze and sun-film as sun protection for the
windows in a cab with roof-window are compared with each other and with clear
glazing. It has been shown earlier that with standard clear glazing or clear Lexan
in the roof and windscreen it is not possible to obtain acceptable climate. Both
sun-film and Lexan bronze improves the situation, but not sufficiently.

As can be seen in the chart, if Lexan Bronze and sun-film are compared the teq are
roughly the same for chest and for arms with less than 0.5°C difference except
for the right lower arm. However, for the body parts in the shadow, mostly on the
lower body, the teq are higher with sun-film, which implies that the film is more
efficient than Lexan Bronze. The reason that this cannot be seen in the result for
the zones in the sunlight is that some zones have unreasonably low teq during the
measurement with sun-film, namely Scalp, Upper Back and Right Lower Arm.
There is nothing in the cab climate that can explain this. The most likely explana-
tion is that the manikin has been slightly moved in a way that increased the draft
on these zones. If their values are adjusted to expected levels, the whole curve
would end up slightly lower.

0HDVXUHG�FOLPDWH���WHT &OHDU /H[DQ�FOHDU /H[DQ�EURQ]H &OHDU�ILOP

Measured total teq 25,26 25,83 24,99 25,01 °C

Adjustment -0,53 -1,09 -0,25 -0,28 °C

$GMXVWHG�WHT�
Total: 24,7 24,7 24,7 24,7 °C
High: 38,4 38,6 35,6 35,5 °C
Low: 13,7 13,4 14,1 8,6 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 5,08 5,18 3,97 4,64 °C
Sd(rel) 103% 105% 77% 82%
Sd(rel, area) 124% 126% 94% 97%

(adjusted to ideal heat-loss)

The quality measures in the table above does not support the conclusion that sun-
film is slightly more efficient than Lexan Bronze. However, the three zones with
unreasonably low teq will also have an impact on the standard deviations. Two of
the three unexpected deviations result in teq further away from the ideal profile,
hence the standard deviation increase. If the assumption that a slightly different
position of the manikin have influenced the measurements rather than some
properties of the sun-film, then the comparison of quality measures for Lexan
bronze and sun-film are miss leading.

In spite of this, the quality measures clearly show the improved climate both with
Lexan Bronze and sun-film compared with clear glazing.

The surface temperatures of the windows could not be measured without remov-
ing the thermal manikin. Because of this it was not practically possible to measure
the surface temperature on the inner side of the glass for some of the glass combi-
nation. This was the case for sun-film on clear glass. The results in the table
below have been showed in previous chapters of this report. Darker class has
higher surface temperature because of absorption of energy in the sunlight. The
polycarbonate Lexan clear seems to absorb less energy than ordinary clear glass,
since its temperature is lower.
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&OHDU /H[DQ�FOHDU /H[DQ�
EURQ]H

&OHDU�ILOP

Windscreen 32,7 29,9 34,7  - - - °C
Door L 26,4 26,6 27,2  - - - °C
Door R 25,9 26,4 27,0  - - - °C
Roof window 30,8 30,5 37,0  - - - °C
Rear window 25,2 28,4 28,2  - - - °C

6XUIDFH�WHPSHUDWXUHV�LQ�FDE
�QRW�DGMXVWHG�

0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

&OHDU /H[DQ�FOHDU /H[DQ�EURQ]H &OHDU�ILOP

Head left 21,0 20,7 21,9 22,0 °C
right 19,5 19,2 20,9 21,7 °C

Chest left 21,0 20,6 22,1 22,6 °C
right 23,1 22,9 23,7 23,0 °C

St. wheel centre 23,6 23,3 24,5 25,1 °C
Hip left 22,2 21,5 22,9 24,3 °C

right 26,0 25,7 26,2 26,8 °C
Feet left 21,9 21,6 23,1 22,7 °C

right 20,9 20,5 22,2 24,0 °C
����� ����� ����� ����� �&

temp. in 10,4 10,2 11,8 10,8 °C
Mv Inlet velocity 4,4 4,4 4,4 4,4 m/s

Head 0,7 0,7 0,7 0,7 m/s
Chest 0,6 0,6 0,6 0,6 m/s
Hip 0,3 0,3 0,3 0,3 m/s
Feet 0,2 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

The table above shows the air temperatures in the cab during the different con-
ditions. The air temperatures in the cab were higher with both Lexan Bronze and
sun-film on clear glass compared to clear ordinary glass or clear Lexan. With film
on clear glass the temperature was 0.5°C higher than with Lexan Bronze, indicat-
ing a slightly higher performance. However, the inlet temperature was lower,
which makes it difficult to draw any conclusion in the comparison between them.
The fact that the cab temperatures are higher although the inlet temperature was
lower could imply that the transmission of energy in the sunlight in fact is higher.
However, there is nothing in the climatic measurement that supports this.

However, they both have both higher cab temperatures and inlet temperature
compared to clear glazing, which shows the positive effect on the sun-load on the
operator.

&RPPHQWV

Both Lexan Bronze and sun-film on clear glass improves the thermal climate
compared to clear ordinary glass and clear Lexan. Measurement of teq as well as
air temperature in cab and inlet air and surface temperatures verify that. However,
when Lexan Bronze is compared to sun-film on clear glass the situation becomes
more complex.

The measurements of teq show most of the zones in direct sun load have lower teq

while most of the zones in the shadow have higher. This implies that the sun-film
should be more effective as sun protection glazing, provided that the unexpected
low temperatures for the scalp, upper back and right lower arm are caused by
changed position of the manikin. The standard deviations are higher for sun-film
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because of the unexpected low temperatures for these three zones and do not
support that sun-film is more effective.

The air temperatures, on the other hand, suggest that Lexan Bronze is more
effective in reducing the sun-load on the cab, as the average temperature is lower
although the inlet air temperature is higher compared to the measurement with
sun-film on clear glass.
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Effects of double-glazing in sunny summer climate

6HWWLQJV

Condition No, Table 1 1 � �

&KDPEHU &OHDU 'RXEOH 6LJODVRO

Temperature 24,0 23,8 25,1
Air velocity 4 4 4
Sun load (on-line) 381,4 468,9 376,3

&DE

HVAC Fan 2 REC 2 REC 2 REC
ATC (100 coldest) 43 56 35

Nozzles Defroster 100% 100% 100%
Floor 0% 0% 0%
Panel 100% out-up 100% out-up 100% out-up

Glazing Front CG DCG Siglasol
&* FOHDU�JODVV Roof N/A DCG N/A

Side CG DCG CG
Side low N/A N/A N/A

Seat Fan 3 3 3

5HVXOWV
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Figure 16. This figure compares the results from climatic measurements in a cab with
roof-window with different types of glazing. Standard clear glass and Siglasol are
compared with insulation double-glazing.
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In Figure 16 the impact of clear double-glazing, normally used to increase the
insulation in winter climate, are compared with clear single glass and Siglasol
in a cab with roof-window in sunny summer conditions.

Even clear glass reflects a portion of the incoming light and its energy content.
Therefore it could be expected that double-glazing would reflect more light
because of the two glass panes, hence reducing the heat load on the cab as well
as the driver. However, the measurement of teq indicates the opposite. The chest,
upper back, hands and thighs have higher teq, while upper arms and lower legs
have lower. This indicates increased radiant heat load. The highest teq is higher
and the lowest is lower compared to single pane clear glass. Also the standard
deviations are higher, which indicates worse climate.

0HDVXUHG�FOLPDWH���WHT &OHDU 'RXEOH 6LJODVRO

Measured total teq 24,77 24,84 24,79 °C

Adjustment -0,04 -0,11 -0,06 °C

$GMXVWHG�WHT�
Total: 24,7 24,7 24,7 °C
High: 29,4 30,0 28,7 °C
Low: 13,5 7,0 15,7 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 3,03 4,69 2,25 °C
Sd(rel) 53% 77% 41%
Sd(rel, area) 55% 79% 36%

(adjusted to ideal heat-loss)

Surface temperatures were not measured on the double-glazing.

0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

&OHDU 'RXEOH 6LJODVRO

Head left 22,6 22,6 24,3 °C
right 22,4 22,1 23,9 °C

Chest left 22,8 22,2 24,2 °C
right 23,6 23,5 24,9 °C

St. wheel centre 26,0 25,6 25,9 °C
Hip left 24,2 23,7 25,1 °C

right 26,4 26,4 27,1 °C
Feet left 24,1 22,9 25,4 °C

right 23,6 24,6 24,8 °C
����� ����� ����� �&

temp. in 15,2 14,7 18,4 °C
Mv Inlet velocity 4,4 4,4 4,4 m/s

Head 0,7 0,7 0,7 m/s
Chest 0,6 0,6 0,6 m/s
Hip 0,3 0,3 0,3 m/s
Feet 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

The table above shows that the air temperatures in the cab with double-glazing are
very similar to that with single glazing. The average air temperature in the cab as
well as the inlet air temperature is only slightly lower for double-glazing. The
difference is too small to imply higher transmission for the double-glazing.



JTI – Institutet för jordbruks- och miljöteknik

48

&RPPHQWV

The result from this measurement was unexpected. If any difference between
the single pane clear glass and the clear double-glazing, it was expected to show
decreased transmission of radiant energy, due to reflection in two glass sheets
compared to one. However, the measurement of teq show the opposite, the teq is
higher for most zones in the sun and lower for most zones in the shadow. This
implies higher heat load directly on the operator, which requires more cooling
power and lower temperature in the cab. However, the air temperatures in the cab
were only slightly lower and could not explain the teq profile. One explanation
could be that the thicker double-glazing made high velocity air-streams pass
closer to the operator where the distance to the window is short, e.g. behind and
on the sides of the driver. This explains the low teq for upper back and upper arms.
However, the higher teq on the thighs remains to be explained.
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Effects of inclination of window with clear glazing

6HWWLQJV

Condition No, Table 1 21 ��

Positive1) Negative1)

Chamber
Temperature 25,0 24,4
Air velocity 4 4
Sun load (on-line) 452,9 463,3

Cab
HVAC Fan 2 REC 2 REC

ATC (100 coldest) 54 54
Nozzles Defroster 0% 0%

Floor 0% 0%
Panel 100% out-up 100% out-up

Glazin Front CG pos CG neg
CG=clear glass Roof N/A N/A

Side CG CG
Side low N/A N/A

Seat Fan 0 0

1)  See Figure 2
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Figure 17. This figure compares the results from climatic measurements in a cab where
the inclination of the windscreen can be changed. This was done to study the impact of
the inclination on transmission of sunlight, which was coming from the front. The cab had
no roof window during these tests. The figure shows the result for standard clear glass.
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The inclination of the glass was anticipated to have impact on the transmission
of radiant energy. Positive inclination, i.e. when more projected area is exposed
to the sun, is compared with negative. The measurements were carried out with
exactly the same adjustments made in the cab. The only thing changed was the
inclination of the window. It must also be pointed out that these measurements
cannot be compared to any other in this report since it was not possible to use the
defroster with this arrangement for the windscreen.

Figure 17 shows the impacts of different inclination of the windscreen on the
transmission of sunlight. The results from these measurements have not been
adjusted to a specific heat loss level. The impact of the inclination is clearly seen.
With negative inclination, i.e. when the lower part of the windscreen is moved
closer to the operator while the upper part was in the original position, the radiant
load on the operator is considerably reduced. The average teq for the zones directly
in the radiant load are 3.3°C lower with negative inclination. This most likely
mechanism behind this is that more light is reflected from the surface when it falls
on the glass with a smaller angle.

Positive1) Negative1)

0HDVXUHG�FOLPDWH�±�WHT
Measured total teq 27,38 25,06 °C
Adjustment 0,00 0,00 °C
$GMXVWHG�WHT (adjusted to ideal heat-loss)
Total: 27,4 25,1 °C
High: 34,5 31,8 °C
Low: 13,9 6,2 °C
'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 4,96 5,15 °C
Sd(rel) 101% 89%
Sd(rel, area) 113% 94%

1)  See Figure 2

The quality measures in the table above verify the effect of inclination of the
glass. The Sd(IP) is higher for negative inclination because two zones have very
low teq. However, this does not contradict the effect of inclination. It can also be
seen that the total teq, including also zones that are not in direct sunlight, is 2.3°C
lower with negative inclination. Surface temperatures were not measured during
these experiments.
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0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

Positive1) Negative1)

7HPSHUDWXUHV�LQ�FDE (adjusted)
Head left 23,3 22,2 °C

right 23,1 22,7 °C
Chest left 26,1 25,7 °C

right 23,2 23,2 °C
St. wheel centre 28,6 25,0 °C
Hip left 28,1 27,3 °C

right 25,3 25,9 °C
Feet left 23,9 24,2 °C

right 23,6 23,8 °C
0HDQ�YDOXH� ����� ����� �&
9HQWLODWLRQ�DLU (not adjusted)

Temp. in 7,1 8,1 °C
Mv Inlet velocity 4,4 4,4 m/s

Head 0,7 0,7 m/s
Chest 0,6 0,6 m/s
Hip 0,3 0,3 m/s
Feet 0,2 0,2 m/s

1)  See Figure 2

The set point for the temperature was not changed between the experiments. The
table shows that the cab temperature was lower with negative inclination of the
windscreen, when the radiant load in the cab is lower. The temperature control
system should have compensated for this difference, but for some reason it did
not. However, the lower cab temperature with negative inclination cannot explain
the whole effect it had on teq. The difference in average cab temperature was only
0.6°C while the difference in total teq was 2.3°C.

&RPPHQWV

A summary of the comments regarding inclination is given later.
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Effects of inclination of window with Siglasol

6HWWLQJV

Condition No, Table 1 23 ��

Positive Negative
Chamber

Temperature 24,4 24,0
Air velocity 4 4
Sun load (on-line) 466,0 510,5

Cab
HVAC Fan 2 REC 2 REC

ATC (100 coldest) 54 54
Nozzles Defroster 0% 0%

Floor 0% 0%
Panel 100% out-up 100% out-up

Glazin Front Sigl. pos Sigl. neg
CG=clear glass Roof N/A N/A

Side CG CG
Side low N/A N/A

Seat Fan 0 0
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Figure 18. This figure compares the results from climatic measurements in a cab with roof-
window with different types of glazing. Standard clear glass is compared with different type
of sun protection glazing.
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The experiments presented in this chapter were carried out to study the impact
of inclination on sun protection glass, in this case Siglasol.

Figure 18 shows the impacts of different inclination of the windscreen on the
transmission of sunlight. The results from these measurements have not been
adjusted to a specific heat loss level. The impact of the inclination is clearly seen.
With negative inclination, i.e. when the lower part of the windscreen is moved
closer to the operator while the upper part was in the original position, the radiant
load on the operator is considerably reduced. Especially the lower arms and the
hands have lower teq. As the teq for the upper arms, chest and face were reduced,
but not nearly as much, there is very likely some additional effect. Most likely
the strong reduction of teq on the hands and lower arms is caused by reflection
of cold air from the windscreen, as its lower edge is much closer to the operator
with negative inclination.

The average teq for the zones directly in the radiant load are 2.4°C lower with
negative inclination. For the chest the reduction is 2°C, while it for the hands
is over 4°C.

Positive Negative
0HDVXUHG�FOLPDWH�±�WHT
Measured total teq 24,82 23,06 °C
Adjustment 0,00 0,00 °C
$GMXVWHG�WHT (adjusted to ideal heat-loss)
Total: 24,8 23,1 °C
High: 29,5 27,4 °C
Low: 11,4 4,7 °C
'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 3,53 5,16 °C
Sd(rel) 63% 80%
Sd(rel, area) 68% 75%

The quality measures in the table above verify the effect of inclination of the
glass. The Sd(IP) is higher for negative inclination because two zones have very
low teq. However, this does not contradict the effect of inclination. It can also be
seen that the total teq, including also zones that are not in direct sunlight, is 1.7°C
lower with negative inclination.

The surface temperatures were not measured during the inclination experiments.
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0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

Positive Negative
7HPSHUDWXUHV�LQ�FDE (adjusted)
Head left 22,7 22,2 °C

right 22,8 22,6 °C
Chest left 25,5 25,3 °C

right 22,9 23,0 °C
St. wheel centre 25,5 23,9 °C
Hip left 27,2 26,5 °C

right 24,9 25,2 °C
Feet left 24,2 24,1 °C

right 23,7 23,8 °C
0HDQ�YDOXH� ����� ����� �&
9HQWLODWLRQ�DLU (not adjusted)

Temp. in 8,3 8,4 °C
Mv Inlet velocity 4,4 4,4 m/s

Head 0,7 0,7 m/s
Chest 0,6 0,6 m/s
Hip 0,3 0,3 m/s
Feet 0,2 0,2 m/s

The set point for the temperature was not changed between any of the inclination
experiments. The table shows that the cab temperature was lower with negative
inclination of the windscreen, when the radiant load in the cab is lower. The
difference in average cab temperature was lower with Siglasol, only 0.3°C while
the difference in total teq was 1.7°C.

&RPPHQWV

Siglasol reduced the impact of the inclination. A summary of the comments
regarding inclinations will be given after the next passage.
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Effects of clear glass compared to Siglasol on inclination

6HWWLQJV

Condition No, Table 1 21 22 23 ��

&KDPEHU &OHDU�� &OHDU�� 6LJODVRO�� 6LJODVRO��

Temperature 25,0 24,4 24,4 24,0
Air velocity 4 4 4 4
Sun load (on-line) 452,9 463,3 466,0 510,5

&DE

HVAC Fan 2 REC 2 REC   2 REC
ATC (100 coldest) 54 54  [SIPLUS]:  54

Nozzles Defroster 0% 0% ATC: 54  Fan: 2 0%
Floor 0% 0% 2 REC 0%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazing Front CG pos CG neg Sig pos Sig neg
&* FOHDU�JODVV Roof N/A N/A N/A N/A

Side CG CG CG CG
Side low N/A N/A N/A N/A

Seat Fan 0 0 0 0
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Figure 19. This figure compares the results from climatic measurements in a cab with roof-
window with different types of glazing. Standard clear glass is compared with different type
of sun protection glazing.
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In this chapter the impact of inclination on clear glass and on sun protection
glass, in this case Siglasol, are compared. Figure 19 shows the impacts of different
inclination of the windscreen on the transmission of sunlight for both clear glass
and Siglasol. The inclination has impact on the sun transmission on both types of
glass, but the impact of Siglasol compared to clear glass is greater. Siglasol with
positive inclination give lower teq than clear glass with negative. The difference
between positive and negative inclination is reduced with Siglasol, but the level
of radiant load is already lower compared to clear glass.

0HDVXUHG�FOLPDWH���WHT &OHDU�� &OHDU�� 6LJODVRO�� 6LJODVRO��

Measured total teq 27,38 25,06 24,82 23,06 °C

Adjustment 0,00 0,00 0,00 0,00 °C

$GMXVWHG�WHT�
Total: 27,4 25,1 24,8 23,1 °C
High: 34,5 31,8 29,5 27,4 °C
Low: 13,9 6,2 11,4 4,7 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 4,96 5,15 3,53 5,16 °C
Sd(rel) 101% 89% 63% 80%
Sd(rel, area) 113% 94% 68% 75%

(adjusted to ideal heat-loss)

The figures in the table above verify the effect of inclination of the glass. The
Sd(IP) is higher for negative inclination because two zones have very low teq.
However, this does not contradict the effect of inclination. The magnitude of the
reduction of sunlight transmission can be seen on the total teq, which includes also
zones that are not in direct sunlight.

0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

&OHDU�� &OHDU�� 6LJODVRO�� 6LJODVRO��

Head left 23,3 22,2 22,7 22,2 °C
right 23,1 22,7 22,8 22,6 °C

Chest left 26,1 25,7 25,5 25,3 °C
right 23,2 23,2 22,9 23,0 °C

St. wheel centre 28,6 25,0 25,5 23,9 °C
Hip left 28,1 27,3 27,2 26,5 °C

right 25,3 25,9 24,9 25,2 °C
Feet left 23,9 24,2 24,2 24,1 °C

right 23,6 23,8 23,7 23,8 °C
����� ����� ����� ����� �&

temp. in 7,1 8,1 8,3 8,4 °C
Mv Inlet velocity 4,4 4,4 4,4 4,4 m/s

Head 0,7 0,7 0,7 0,7 m/s
Chest 0,6 0,6 0,6 0,6 m/s
Hip 0,3 0,3 0,3 0,3 m/s
Feet 0,2 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

The table shows that the average cab air temperature is reduced when the radiant
load in the cab is reduced, although the temperature control should adjust for that.
However, this difference is small compared to the change of teq between the
different experiments.
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&RPPHQWV

The results from the experiments with different inclination clearly show the impact
of the inclination of the windscreen. More effective reduction of transmission of
sunlight will be achieved with windows that are leaning out from the operator in
their upper end. This can be seen e.g. in air traffic control towers, boats, combine
harvesters etc. However, reduction of sun-load has most likely not been the reason
for this design. Modern design of vehicles tends to lean the windows in the “wrong”
direction, which, in combination with extremely large windscreens on for instance
long distance buses, exposes the operators to unacceptable climatic conditions when
it is sunny. This may lead to deteriorating driver performance, which is dangerous
in high-speed traffic driving heavy vehicles, often with passengers on board.

The results also show that sun protection glass compared to clear glass has greater
impact on the cab climate than the inclination, and that they can reduce the effect
of inclination. However, negative inclination still gives better cab climate than
positive.
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Results – winter
Impact of changes of cab geometry

6HWWLQJV

Condition No, Table 1 1 (DUOLHU�VWXGLHV

Short cab Long cab
Chamber

Temperature 26,5 25,3
Air velocity 4 4
Sun load (on-line) 0,0 0,0

Cab
HVAC Fan 2 1

ATC (100 coldest) 44 59
Nozzles Defroster 100% 100%

Floor 50% 0%
Panel 100% out-up 100% out-up

Glazin Front CG CG
CG=clear glass Roof N/A N/A

Side and rear CG CG
Side low N/A N/A

Seat Fan 0 0
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Figure 20. This figure compares the results from earlier climatic measurements in the cab
with the old configuration with the same cab with higher floor and the rear wall moved
closer to the seat. In both cases the cab windows have clear single glazing.
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Figure 20 compares the results from climatic measurements in the old cab con-
figuration with the new. The difference is that the floor has been raised about
100 mm to expose more of the operator or manikin body to the glazing. The
measurements are carried out with several years between them and slightly
different conditions in the cab. The fan speed in the short cab was higher.

The results show rather small difference, in most cases 2°C or less. Considering
the time between the measurements and the differences in adjustment of the cab,
besides the changes of measures, the differences between the measurements are
rather small and can hardly be the basis for definite conclusions. However, the
lower teq for the scalp when the wall is closer to the seat was expected.

Short cab Long cab
0HDVXUHG�FOLPDWH�±�WHT
Measured total teq 24,77 23,89 °C
Adjustment –0,52 0,07 °C
$GMXVWHG�WHT (adjusted to ideal heat-loss)
Total: 24,2 24,0 °C
High: 31,3 33,1 °C
Low: 16,8 18,6 °C
'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 3,17 3,38 °C
Sd(rel) 75% 85%
Sd(rel, area) 67% 78%

0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

Short cab Long cab
7HPSHUDWXUHV�LQ�FDE (adjusted)
Head left 28,3 26,4 °C

right 27,3 26,5 °C
Chest left 27,1 25,5 °C

right 25,1 26,1 °C
St. wheel centre 28,5 23,4 °C
Hip left 25,4 26,5 °C

right 23,9 25,3 °C
Feet left 23,4 25,3 °C

right 25,3 23,7 °C
0HDQ�YDOXH� ����� ����� �&
9HQWLODWLRQ�DLU (not adjusted)

Temp. in 55,4 51,5 °C
Mv Inlet velocity 4,4 m/s

Head 0,7 --- m/s
Chest 0,6 --- m/s
Hip 0,3 --- m/s
Feet 0,2 --- m/s

Surface temperatures were not measured in the earlier experiments. It can be seen
in the results in the table above that the air temperature was slightly higher in the
“short cab”. Although no air velocity measurements were carried out in the earlier
measurements, it is documented that the fan speed was lower. This may be the
reason both for the difference between the air temperatures as well as for the
difference between the inlet temperatures.
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&RPPHQWV

The experiments were carried out several years apart. The manikin was used with
different clothing earlier and the cab had some different adjustments besides the
higher floor and moved rear wall. Therefore, the differences noticed can be
explained by the fact that the conditions were not the same at the two occasions
when the measurements were done.

This comparison was done to see if any major differences occurring from the
changed geometry of the cab could be shown. This was not the case. Only one
thing in the results deserves to be pointed out, the teq for the scalp is 2°C lower
with the rear wall close to the seat, which could be expected.
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Impact of roof and low side windows with single glazing

6HWWLQJV

Condition No, Table 1 1 � �

Single Single R Single R+S
Chamber

Temperature 26,5 26,3 26,0
Air velocity 4 4 4
Sun load (on-line) 0,0 0,0 0,0

Cab
HVAC Fan 2 2 2

ATC (100 coldest) 44 35 34
Nozzles Defroster 100% 100% 100%

Floor 50% 50% 50%
Panel 100% out-up 100% out-up 100% out-up

Glazin Front CG CG CG
CG=clear glass Roof N/A CG CG

Side and rear CG CG CG
Side low N/A N/A CG

Seat Fan 0 0 0

5HVXOWV
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Figure 21. This figure shows the impact of increased glass area in winter climate.
The dotted line (Single) shows the result for normal glazing on the upper half of the cab.
The line (Single R) shows the result with a roof window added to the normal glazing.
The drawn/dotted (Single R+S) line shows the result with both roof window and the left
side window from ceiling to floor. The results show that the area of the glazing has an
impact even in winter climate without sun load.
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Figure 21 shows the results from measurement with different glass area in a cab in
winter climate, –20°C, without sun load on the cab. The dotted line called 6LQJOH
is the reference result from the cab with only ordinary windows above the dash-
board. The drawn line called VLQJOH�5 is the result when the cab also has a roof
window. Finally the drawn/dotted line called 6LQJOH�5�6 shows the result when
the cab has both roof window and a window from ceiling to floor in the left side
in addition to the ordinary windows.

The differences from the reference with ordinary windows and the cabs with
increased window surface are clear. The upper part of the body, except for zones
insulated by the seat, are about 2°C colder with increased glass area. The scalp is
over 4°C colder with increased window area. On the other hand, on the floor the
teq are around 4°C higher with the increased glass area.

However, there was very little difference when the low side window was intro-
duced in addition to ordinary windows and roof window. Only for the lower legs
and feet an increased difference, about 1°C, between the left and right side could
be detected. The teq left side got colder because of the window on that side.

Single Single R Single R+S
0HDVXUHG�FOLPDWH�±�WHT
Measured total teq 24,77 24,33 23,40 °C
Adjustment –0,52 –0,08 –0,20 °C
$GMXVWHG�WHT (adjusted to ideal heat-loss)
Total: 24,2 24,2 24,2 °C
High: 31,3 31,9 32,0 °C
Low: 16,8 12,5 13,6 °C
'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 3,17 4,10 3,97 °C
Sd(rel) 75% 97% 93%
Sd(rel, area) 67% 87% 84%

The quality measures also show increased deviation from the ideal profile with
increased glass area. The impact of adding the low side window is small also
in the quality measures.

The surface temperatures are the same during all these conditions.

Single Single R Single R+S
6XUIDFH�WHPSHUDWXUHV�LQ�FDE
(not adjusted)
Windscreen 0,8 0,8 0,8 °C
Door L 8,1 8,1 8,1 °C
Door R 10,7 10,7 10,7 °C
Roof window --- 2,6 2,6 °C
Rear window 10,1 10,1 10,1 °C
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0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

Single Single R Single R+S
7HPSHUDWXUHV�LQ�FDE (adjusted)
Head left 28,3 27,1 26,9 °C

right 27,3 25,9 25,8 °C
Chest left 27,1 27,1 26,6 °C

right 25,1 24,0 23,6 °C
St. wheel centre 28,5 27,2 27,3 °C
Hip left 25,4 25,8 25,2 °C

right 23,9 22,8 22,6 °C
Feet left 23,4 28,2 26,3 °C

right 25,3 27,5 28,2 °C
0HDQ�YDOXH� ����� ����� ����� �&
9HQWLODWLRQ�DLU (not adjusted)

Temp. in 55,4 53,8 54,8 °C
Mv Inlet velocity 4,4 4,4 m/s

Head 0,7 0,7 m/s
Chest 0,6 0,6 m/s
Hip 0,3 0,3 m/s
Feet 0,2 0,2 m/s

The average air temperatures showed no large difference between the conditions.
However, the local variations in fact became smaller with the roof window. Also
the inlet temperatures were similar.

The air velocities measured in the cab was not influenced by the window arrange-
ments.

&RPPHQWV

As expected, to introduce a large glass area directly above the operator will cause
the climate to get colder in winter conditions. The teq became about 4°C lower for
the head because of the roof window. Especially the scalp got colder, most likely
because the roof window cooled down the defroster air that passes over the head
of the operator and down close to the rear wall.

It is more difficult to explain why the teq on the floor became higher with the
roof window. The temperature at heat balance for the manikin was not higher,
so higher air temperatures are not the explanation. Maybe the colder air flowing
behind the back of the seat had higher momentum because of increased thermal
driving force, which in turn caused a better mixing of the air in the cab. The
temperature measurement shows less deviation from the mean value with the
larger glass areas.

The introduction of the lower side window on the left side of the cab had very
little effect on the climate. The only effects are a small increase of teq for the scalp
and a similar decrease of teq for the lower arms, and finally, that the difference
between left and right sides of lower legs and feet increased with 1°C, with the
left side colder.
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Impact of roof and low side windows with double-glazing

6HWWLQJV

Condition No, Table 1 1 � � �

Single Double Double R Double R+S
Chamber

Temperature 26,5 26,2 25,9 26,1
Air velocity 4 4 4 4
Sun load (on-line) 0,0 0,0 0,0 0,0

Cab
HVAC Fan 2 2 2 2

ATC (100 coldest) 44 35 35 35
Nozzles Defroster 100% 100% 100% 100%

Floor 50% 50% 50% 50%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazin Front CG Double Double Double
CG=clear glass Roof N/A N/A Double Double

Side and rear CG Double Double Double
Side low N/A N/A N/A Double

Seat Fan 0 0 0 0

5HVXOWV
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Figure 22. This figure shows the impact of double-glazing and increased window area in
winter climate. The dotted line (Single) shows the result for normal glazing on the upper
half of the cab. The line (Double) shows the result with normal windows on the upper half
of the cab with double-glazing. The dashed/dotted line (Double R) shows the result with
normal and roof window with double-glazing. The dashed (Double R+S) line shows the
result with both roof window and the left side window from ceiling to floor with double-
glazing. The results show that the area of the glazing has little impact in winter climate
if double-glazing is used.
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Figure 22 shows the result for double-glazing used in different window con-
figuration; normal, normal + roof window and normal + roof + low side window.
The dotted line shows the result for the reference, single glazing in ordinary
window configuration.

The results show that double-glazing has only limited impact on the climate.
Although the double-glazing is intended to increase the surface temperature on the
inner side of the glass and thereby improve the climate, the results show decreased
equivalent temperatures for head, chest, lower arms and hands. The teq increased
for the left lower leg and left foot. Any explanation for these results has not been
found.

The impacts of introduction of roof window or the combination of roof window
and side window are nearly negligible. The differences compared to ordinary
window configuration with double-glazing are at most 0.6°C and in most cases
close to 0°C. The only explanation to this is that the double-glazing has equally
efficient insulation as the walls.

0HDVXUHG�FOLPDWH���WHT 6LQJOH 'RXEOH 'RXEOH�5 'RXEOH�5�6

Measured total teq 24,77 24,67 24,47 24,68 °C

Adjustment -0,52 -0,47 -0,22 -0,43 °C

$GMXVWHG�WHT�
Total: 24,2 24,2 24,2 24,2 °C
High: 31,3 31,8 32,1 32,1 °C
Low: 16,8 14,4 14,5 15,0 °C

'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 3,17 3,47 3,64 3,56 °C
Sd(rel) 75% 81% 84% 82%
Sd(rel, area) 67% 74% 77% 75%

(adjusted to ideal heat-loss)

In the table above it can be seen that the adjustments of the profiles to the correct
total level were small and similar, thus it cannot explain that the results were not
the expected. The quality measures show that the results in fact deteriorated with
double-glazing compared to the single glazing. However, the differences are small
and the comfort pist for winter conditions is adjusted to heavier clothing. In a more
even climate, which is obtained by double-glazing, the clothing can be higher.

Single Double Double R Double R+S
6XUIDFH�WHPSHUDWXUHV�LQ�FDE
(not adjusted)
Windscreen 0,8 16,0 16,0 16,0 °C
Door L 8,1 22,5 22,5 22,5 °C
Door R 10,7 23,0 23,0 23,0 °C
Roof window --- --- 16,7 16,7 °C
Rear window 10,1 22,6 22,6 22,6 °C

The manually measured surface temperatures on the other hand, clearly show the
effect of double-glazing. The increased insulation raises the surface temperature
on the inner side of the glass. This should, in turn make the climate more even and
comfortable.



JTI – Institutet för jordbruks- och miljöteknik

66

0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

The air temperatures also show the effect of double-glazing. The air temperatures
in the cab can be lower compared to single glazing with maintained thermal com-
fort. The difference between the different conditions with double-glazing with
different window configuration is negligible.

Also the inlet air temperatures show the effect of double-glazing. The inlet
temperature decreased from about 55°C with single glazing to about 40°C with
double-glazing. This is partly because the average air temperature is lower at the
same thermal comfort, and partly because the increased insulation reduces the
required heating capacity supplied by the ventilation air.

The air velocities are the same as the same fan speed was used in all conditions.

6LQJOH 'RXEOH 'RXEOH�5 'RXEOH�5�6

Head left 28,3 26,2 26,2 26,4 °C
right 27,3 25,5 25,8 26,0 °C

Chest left 27,1 26,3 26,6 26,3 °C
right 25,1 24,3 23,8 24,0 °C

St. wheel centre 28,5 26,4 26,3 26,3 °C
Hip left 25,4 25,3 25,5 25,2 °C

right 23,9 23,4 23,3 23,6 °C
Feet left 23,4 27,1 27,0 26,3 °C

right 25,3 26,5 26,6 27,1 °C
����� ����� ����� ����� �&

temp. in 55,4 39,4 41,1 41,6 °C
Mv Inlet velocity 4,4 4,4 4,4 m/s

Head 0,0 0,7 0,7 0,7 m/s
Chest 0,0 0,6 0,6 0,6 m/s
Hip 0,0 0,3 0,3 0,3 m/s
Feet 0,0 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

&RPPHQWV

It was expected to be great improvements in the cab climate in winter conditions
with double-glazing, since this has been shown in earlier experiments with a
slightly different cab. However, this was not the case in these experiments when
the results were compared with single glazing.

Other results, on the other hand, show that double-glazing should have a positive
effect on the cab climate. To begin with, there was no effect of increased glazing
area. The differences between teq measured with ordinary window configuration
were negligible compared to that with additional roof and side windows. Then
the surface temperatures were considerably higher with double-glazing. Finally,
the air temperatures in the cab as well as the inlet temperatures were lower with
double-glazing. All of this support that double-glazing has effect on the cab climate.

One difference compared to earlier experiments was that higher fan speed was
used in these experiments. However, the higher fan speed was not necessary, since
it was not needed to support the cab with sufficient heating capacity. Lower fan
speed probably had given better results from a climatic point of view. With single
glazing it may have improved the cab climate, as it was necessary to increase the
airflow to maintain the correct temperature.

If possible, these experiments should be repeated, maybe with reduced fan speed.
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Impact of low side window with single glazing

6HWWLQJV

Condition No, Table 1 1 � � ��

Std Side Side roof Side, no def
Chamber

Temperature 26,5 27,2 26,0 27,2
Air velocity 4 4 4 4
Sun load (on-line) 0,0 38,8 91,0 215,0

Cab
HVAC Fan 2 2 2 2

ATC (100 coldest) 44 42 34 38
Nozzles Defroster 100% 100% 100% 100%

Floor 50% 50% 50% 50%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazin Front CG CG CG CG
CG=clear glass Roof N/A N/A CG N/A

Side and rear CG CG CG CG
Side low N/A CG CG CG

Seat Fan 0 0 0 0

5HVXOWV
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Figure 23. This figure shows the effect of only addition the low side window with
(line, Side) and without door defroster (dashed, Side no def). The results are compared
with standard configuration (dotted, Std) and roof and lower side window in addition to
standard configuration. All windows have clear single glass.
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In the previous sections lower side window in combination with roof window was
studied. The impact of the low side window on the results was very little. There-
fore experiments with lower side window in addition to standard configuration
without roof window was carried out. The first experiments were carried out with
clear single glass. In Figure 23 the results are compared to standard configuration
as well as roof and lower side window in combination with standard configuration.

The results show that the impact of only lower side window with clear glass is not
very large. The dotted line marked 6WG is the result for standard configuration and
line marked 6LGH is the result for lower side window in combination with standard
configuration. The difference compared to standard configuration is less than 2°C
for all zones. The low side window was located at the left side of the cab.
Strangely enough the equivalent temperatures decreased on the lower right side of
the body and increased on the left. The opposite was expected. It is possible that
the cold surface of the window creates a cold draft down towards the floor. The
thickness of the layer of cold air is not enough to reach the body, but it pulls down
warmer air to the lower left side of the body. There is no such draft from the upper
window because of the defroster nozzles.

Because of the effects described above, experiments were also carried out with
plugged side defroster nozzles. These results are represented by the dashed line
marked 6LGH��QR�GHI. The results show that the difference compared to standard
configuration now has increased. Apparently the cold draft caused by the cold
side windows has increased, which also thickens the layer of cold air, causing the
lower left side of the body to become colder. The largest effect can be found for
the scalp were the teq increased more than 3°C because the draft behind the seat
was decreased when the defroster was turned of.

It can also be seen that the results with only side window is more similar to the
results with standard configuration than the results with roof window. The roof
window has a much greater impact on the climate than the lower side window.

Std Side Side roof Side, no def
0HDVXUHG�FOLPDWH�±�WHT
Measured total teq 24,77 24,99 24,40 24,53 °C
Adjustment –0,52 –0,74 –0,20 –0,28 °C
$GMXVWHG�WHT (adjusted to ideal heat-loss)
Total: 24,2 24,2 24,2 24,2 °C
High: 31,3 31,2 32,0 30,6 °C
Low: 16,8 16,4 13,6 19,7 °C
'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 3,17 3,12 3,97 2,83 °C
Sd(rel) 75% 74% 93% 63%
Sd(rel, area) 67% 68% 84% 57%

The quality measures show that the climate is better when the cab has no roof
window. The best result was obtained when the defroster on the upper side windows
was turned of, as it reduced the draft, especially behind the head.
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Std Side Side roof Side, no def
6XUIDFH�WHPSHUDWXUHV�LQ�FDE
(not adjusted)
Windscreen 0,8 0,8 0,8 --- °C
Door L 8,1 8,1 8,1 --- °C
Door R 10,7 10,7 10,7 --- °C
Roof window --- --- 2,6 --- °C
Rear window 10,1 10,1 10,1 --- °C

Surface temperatures were not measured with the defroster for the upper side
windows blocked. The surface temperatures for the other conditions were the same.
The surface temperatures were very low for the windscreen and the roof window.
However, notice that the surface temperatures on the side windows were not so
low. This may be one reason for the rather small effect of the side windows. If
the surface temperature is as high as around 10°C, increased surface does not
seem to have any major impact.

0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

6WG 6LGH 6LGH�URRI 6LGH��QR�GHI

Head left 28,3 27,9 26,9 29,9 °C
right 27,3 26,3 25,8 29,6 °C

Chest left 27,1 28,2 26,6 26,5 °C
right 25,1 25,4 23,6 27,4 °C

St. wheel centre 28,5 28,7 27,3 28,9 °C
Hip left 25,4 26,7 25,2 24,4 °C

right 23,9 24,1 22,6 24,5 °C
Feet left 23,4 25,7 26,3 22,9 °C

right 25,3 25,0 28,2 28,0 °C
����� ����� ����� ����� �&

temp. in 55,4 56,6 54,8 59,5 °C
Mv Inlet velocity 4,4 4,4 4,4 m/s

Head 0,0 0,7 0,7 0,7 m/s
Chest 0,0 0,6 0,6 0,6 m/s
Hip 0,0 0,3 0,3 0,3 m/s
Feet 0,0 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

The average air temperature in the cab did not vary so much from that of the
standard configuration, except for the low side window configuration without side
defroster, which was 1°C higher. The reason for this is most likely that the blocked
defroster nozzles caused the surface temperature to decrease considerably. To
compensate for the increased radiant heat loss to the side windows it was necessary
to increase the air temperature to obtain the same thermal comfort level.

&RPPHQWV

The results showed that increased side window area, in this case having window
from floor too ceiling, had a small impact on the thermal climate for to operator in
comparison to the impact of the roof window. The impact increased when the side
defroster was blocked, most likely because of lower surface temperatures on the
window.
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The experimental cab is rather wide. It fulfils the demands stated in the checklist
for working environment in agricultural tractors. Most cabs in reality are smaller
and do not meet these requirements. It is very likely that the increased area of the
side window would have a greater impact on a smaller cab where the distance
between the operator and the window is smaller, as it would increase the risk for
the driver to be affected by the layer of cold air that is created at a cold vertical
surface.
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Impact of low side window with double-glazing

6HWWLQJV

Condition No, Table 1 5 � � ��

&KDPEHU 6WG 6LGH 6LGH�URRI 6LGH��QR�GHI

Temperature 26,2 25,8 26,1 25,9
Air velocity 4 4 4 4
Sun load (on-line) 117,0 0,7 304,9 0,6

&DE

HVAC Fan 2 2 2 2
ATC (100 coldest) 35 35 35 35

Nozzles Defroster 100% 100% 100% 100%**
Floor 50% 50% 50% 50%
Panel 100% out-up 100% out-up 100% out-up 100% out-up

Glazing Front Double Double Double Double
&* FOHDU�JODVV Roof N/A N/A Double N/A

Side and rear Double Double Double Double
Side low N/A Double Double Double

Seat Fan 0 0 0 0

5HVXOWV
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Figure 24. This figure shows the effect of only addition the low side window with
(line, Side) and without door defroster (dashed, Side no def). The results are compared
with standard configuration (dotted, Std) and roof and lower side window in addition to
standard configuration. All windows have clear double glass.
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In the previous sections lower side window in combination with roof window was
studied both for single and double-glazing. The impact of the low side window on
the results was very little with single glazing. Therefore experiments with lower
side window in addition to standard configuration without roof window was
carried out. The first experiments were carried out with clear single glass. With
double-glazing the impact of increased window area was smaller than with single
glazing. The experiments carried out with single glazing to study the impact of
low side window were also done with double-glazing. Figure 24 shows the results
compared to standard configuration as well as roof and lower side window in
combination with standard configuration.

The results show that the impact of only lower side window with clear glass is
not very large, although there is a little more impact when double-glazing is
used. The dotted line marked 6WG is the result for standard configuration and line
marked 6LGH is the result for lower side window in combination with standard
configuration. The difference compared to standard configuration is less than 2°C
for most zones, with a few up to 2.7°C. The teq on the upper body was slightly
higher while it was slightly lower for the lower legs and feet.

Because of this, experiments were also carried out with plugged side defroster
nozzles. These results are represented by the dashed line marked 6LGH��QR�GHI.
The results show that the difference with and without defroster is very little.

With double-glazing the introduction of roof window caused smaller changes to
the climate than introduction of lower side window regardless if the side defroster
was used. The impact of side and roof window is different compared to with
single glazing.

Std Side Side roof Side, no def
0HDVXUHG�FOLPDWH�±�WHT
Measured total teq 24,67 24,64 24,68 24,48 °C
Adjustment –0,47 –0,39 –0,43 –0,23 °C
$GMXVWHG�WHT (adjusted to ideal heat-loss)
Total: 24,2 24,2 24,2 24,2 °C
High: 31,8 31,7 32,1 31,8 °C
Low: 14,4 17,1 15,0 17,9 °C
'HYLDWLRQ�IURP�LGHDO�SURILOH
Sd(IP) 3,47 3,45 3,56 3,32 °C
Sd(rel) 81% 84% 82% 81%
Sd(rel, area) 74% 78% 75% 75%

The quality measures also show that increase of window area has little impact on
the climate if the cab has double-glazing.

Std Side Side roof Side, no def
6XUIDFH�WHPSHUDWXUHV�LQ�FDE
(not adjusted)
Windscreen 16,0 16,0 16,0 --- °C
Door L 22,5 22,5 22,5 --- °C
Door R 23,0 23,0 23,0 --- °C
Roof window --- --- 16,7 --- °C
Rear window 22,6 22,6 22,6 --- °C
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The table above shows the manually measured surface temperatures of the
windows. These were not measured with blocked defroster. Note that the surface
temperatures of the windows are much higher compared to with single glazing
and that the difference compared to the air temperature (see table below) is much
smaller, only 2-3°C compared to 25°C difference for the windscreen and 16°C for
the side windows when single glazing was used. This should reduce the radiant
heat-loss to the windows with more than 50% for bare skin and even more for
clothed body parts.

0HDVXUHG�DLU�WHPSHUDWXUHV�DQG�DLUIORZV

6WG 6LGH 6LGH�URRI 6LGH��QR�GHI

Head left 26,2 26,8 26,4 27,4 °C
right 25,5 26,4 26,0 27,0 °C

Chest left 26,3 26,8 26,3 24,4 °C
right 24,3 24,4 24,0 26,8 °C

St. wheel centre 26,4 27,3 26,3 27,6 °C
Hip left 25,3 25,5 25,2 22,9 °C

right 23,4 22,8 23,6 24,3 °C
Feet left 27,1 24,2 26,3 23,5 °C

right 26,5 24,5 27,1 26,8 °C
����� ����� ����� ����� �&

temp. in 39,4 42,3 41,6 43,5 °C
Mv Inlet velocity 4,4 4,4 4,4 4,4 m/s

Head 0,7 0,7 0,7 0,7 m/s
Chest 0,6 0,6 0,6 0,6 m/s
Hip 0,3 0,3 0,3 0,3 m/s
Feet 0,2 0,2 0,2 0,2 m/s

0HDQ�YDOXH�

9HQWLODWLRQ�DLU (not adjusted)

7HPSHUDWXUHV�LQ�FDE
(adjusted)

When double-glazing is used the average air temperature in the cab is about 1°C
lower with maintained thermal comfort compared to single glazing. In addition,
the differences between the different window configurations are much smaller.

&RPPHQWV

The conclusions of these results are a little different compared to those of the
single glazing. The roof window caused smaller impact on the climate than the
low side window, and the difference with or without side defroster was small.

Generally, the impact of the relative window area is smaller with double-glazing.
This is most likely because the surface temperatures of the windows are much
higher than when single glazing is used. In fact, difference between the surface
temperature and the air temperature is very little when double-glazing is used.
The radiant heat loss to the windows is reduced with more than 50% from bare
skin and even more for clothed parts.
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Discussion and conclusions
Causes/solutions for climate problems in summer climate

The main cause for climate problems in vehicle cabs in sunny summer conditions
are the windows. The problems are greater when the occupants of the cab are
exposed to radiant load directly from the sun. Therefore the problems may be
worse, e.g. in Scandinavian countries than in warmer countries further south,
because at lower altitude the sun exposes the occupants of the cab to direct load.

In a cab without air-conditioning the average thermal load during summer con-
ditions may be too high and the total heat-loss from the body too low. However,
in a cab with air-conditioning with sufficient capacity to create the optimal
average temperature, the fact that body parts become warm or too warm because
of the sun is only part of the problem. The air-conditioning in itself often creates
problems. The cooling capacity can only be supplied to the cab via the ventilation
air. This requires a certain volume of air with lower temperature supplied to the
cab. A thumb-rule for indoor climate says that in best case, with air inlet through
perforated surfaces in the ceiling, 700 W/m2 ceiling surface can be supplied with-
out draft problems. In a normal cab between 2 and 4 kW cooling effect can be
supplied under normal summer conditions. The cooling capacity supplied is often
much higher than the 700 W/m2 required as maximum for draft-free environment.
In addition the air inlets are normally high impulse nozzles that blows the air in
with a velocity of several meters per second. The recommended highest velocity
on the cab is 0.2 m/s.

In conclusion, the thermal situation in a vehicle cab in sunny summer condition
is very complex. Some body-parts in direct sun load are warm or too warm, while
several parts of the body are cold or too cold because of draft. The more direct
sun-load on the body of the operator, the bigger difference between the cold and
hot body-parts will be and the more complex the situation will become.

It is not possible to create an acceptable thermal situation with air-conditioning
only. Other measures are necessary. Since the source of the thermal problems is
the sun load directly on the driver, the most reasonable solution must be to reduce
the sun-load. This can be done in two ways; either the transmission through the
glass must be reduced or the windows must be arranged to expose the operator
to as little sun light as possible. The latter can be done by decreasing the window
area or by placing the upper edge on the glass as far away from the driver as
possible, either by building a large cab or by leaning the upper part of the window
away from the operator. However, there are cab types in which this is not a solu-
tion. For example, on some vehicles there is space restriction that makes it impos-
sible to use anything else than extremely small cabs, which makes it difficult to
shield the operator. Another example is cabs with a roof window, e.g. on fork-
lifters, forestry harvesters or mobile cranes, where it will not have any effect at all
to make the cab or the roof bigger, since the roof itself is transparent. In such cabs
the only way to improve the climate is to reduce the transmission of the sun load
through the windows. In the following the results from climatic evaluation of such
measures are discussed. Also the impact of the size of the cab and roof window
are discussed.



JTI – Institutet för jordbruks- och miljöteknik

75

6L]H�RI�FDE

The measures were carried out in a cab mock-up. This cab had been used in other
experiments before. However, some changes were made before the new studies.
The cab was smaller in the new studies. A comparison was made between results
obtained before and after the changes of the cab.

The changed measures of the cab certainly influenced the cab climate. As was
expected, extremely short distance to the rear wall increased the draft sensation
for the neck. With longer distance there is sufficient space for the cold air from
the AC to pass between the rear wall and the seat without directly affecting the
neck or scalp. When this distance is decreased, finally this cold air will hit the
scalp and the neck causing climatic problems.

Another effect of the shorter distance was that it hindered the cold ventilation air
to reach the floor. In this aspect the shorter distance in fact improved the climate.

Regardless of this, the conclusion must be that short distance to the walls or
windows increase the risk for poor cab climate and that a large cab generally is
positive from a climatic point of view. Another positive effect of a large cab is
that it creates better shading of the operator, hence improving the climate.

Regarding the elevated floor it was not easy to see any concrete evidence in the
results. However, it is quite obvious that if higher floor, or lower dashboard, or
window edge, means that the operator will be exposed to more sun radiation it
will deteriorate the cab climate.

5RRI�ZLQGRZ

It is obvious that a roof window creates a very difficult situation for the operator
in sunny conditions. In this case, with the sun from the front a 45° angle above the
horizon, the head, the whole front side of the upper body as well as the front side
of the arms and the thighs are in direct sun light, causing the equivalent tempera-
tures to become unacceptably high. This means that the required cooling capacity
to create an acceptable overall equivalent temperature is very high, as the high
local teq must be compensated. This causes parts of the body to be exposed to draft
and unacceptably low temperatures.

A roof-window is sometimes unavoidable because it is necessary for the operator
to see in that direction, e.g. on a crane with the cab positioned low, in forestry
harvesters or fork lift trucks which all handle goods or tools high above the cab.
Therefore it is necessary to create measures to reduce the sun-load on the operator
with the visibility maintained at acceptable level. This can be achieved with sun
reducing glazing or with sun-curtain that can be used when needed. Sun glazing
is often dark, which may restrict the use to vehicles only used in daytime. Curtains
have the disadvantage that they must be actively used by the driver, they must be
pulled before the window when needed and removed when they restrict the visibi-
lity. There is a risk that the operators may not use the curtains because of the extra
work, although it may seem neglectible.

Most important regarding roof windows, they should only be installed in a vehicle
when absolutely needed, and when needed, as small as possible.
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/H[DQ�&OHDU

The experiments show that the clear polycarbonate Lexan Clear has an impact
on the cab climate that is identical with ordinary clear glazing. Both the measure-
ments of the equivalent temperature with the thermal manikin and measurements
of air temperatures in the cab and in the inlet air verify this conclusion. The differ-
ences in the measured results are less than a few 1/10 °C.

6LJODVRO

Siglasol is a glass with a special layer between two sheets of glass designed to
reduce the non-visible frequencies of the sunlight while still transmitting enough
visible light to be allowed for use in windscreens of vehicles for road traffic. The
transmission of visible light is 77% while the reduction of transmission of radiant
heat is about 50% depending on the ratio of cooling on the different sides of the
glass, i.e. the speed of the vehicle.

The results show considerable improvement compared to clear glazing. The
equivalent temperatures of body-parts in sunlight are considerably reduced, while
they are increased for other body-parts due to reduced requirement for cooling
power. The average air temperature can be 2°C higher with Siglasol compared
to clear glass.

However, in cabs with a roof-window or extremely large windows the results
show that although the improvement of the climate is considerable, it is not
sufficient. The equivalent temperature for the body-parts that are most exposed
to the sunlight is far from acceptable.

The impact of Siglasol on the cab climate is about twice the impact with Lexan
Bronze, but about 30% lower than the impact of Sundym 435. The impact is
clearly better than with sun-film on clear glazing, but much lower compared
to the copper laminated sun-curtain.

/H[DQ�EURQ]H

The impact of the bronze coloured polycarbonate Lexan Bronze on the cab
climate is significant. It reduces the radiant load on body-parts in the sunlight and
reduces the requirement for cooling capacity, hence making it possible to allow
higher temperatures in the cab with improved thermal comfort. However, the
impact is not as great as with Siglasol, although it is a little better than sun film
on clear glass.

6XQG\P����

Sundym is the darkest glass tested in this project, the transmission of visible light
is only 35%. Sundym 435 is therefore too dark for road traffic use. The ability to
reduce radiant transmission is greater compared to Siglasol, Lexan Bronze and
sun-film on clear glass, hence making greater improvement on the thermal cab
climate in sunny conditions. However, its ability to reduce transmission of radiant
load is lower compared to the copper coated sun-curtain.

In these experiments only the body-part mostly exposed to the sunlight became
unacceptably warm when Sundym 435 was used. It is an efficient glass that can
be used where there are no regulations or other restrictions regarding transmission
of visible light.
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6XQ�FXUWDLQ�ZLWK�FOHDU�JODVV

The copper-coated sun-curtain was the most efficient device for reduction of sun
transmission tested in these experiments. In combination with clear glass it man-
aged to reduce the radiant load on the operator to levels well within acceptable,
even with roof-window. This, in turn, implies that the cooling capacity required
is considerably reduced. Furthermore, the air temperatures in the cab were higher
at the most comfortable climate, hence reducing draft and risk for unacceptably
low temperatures for body-parts not exposed to radiant load. The average air tem-
perature of the cab was more than 3°C higher with the curtain compared to clear
glass at best possible cab climate.

The disadvantage with the sun-curtain is that it is very dark and only useful during
sunny conditions. However, it is possible to remove whenever not needed.

6XQ�FXUWDLQ�ZLWK�6LJODVRO

When the sun-curtain was used in combination with Siglasol, very little further
improvement was achieved compared to the sun-curtain used with clear glazing.
Some improvement can be seen for the parts mostly exposed to the sunlight.

The air temperatures were marginally affected by the sun-curtain combined with
Siglasol compared to its use with clear glass.

The conclusion is that if sun curtain is, or can, be used, Siglasol or other sun
reducing glazing is not necessary.

6XQ�ILOP

The results from these experiments show that the sun-film of the type that can
be attached to the inner surface of car windows reduces sun transmission and has
a positive effect on the cab climate, although not as positive as Lexan Bronze,
Siglasol, Sundym 435 or sun-curtain. It is not possible to improve the climate to
acceptable levels with sun-film in severe sunny conditions.

'RXEOH�JOD]LQJ

In these experiments no reduction of radiant heat transmission could be shown
with double-glazing in sunny summer conditions. However, the thermal situation
is rather complex. Some differences could be seen, e.g. increased draft problems
which may be caused by the thicker double-glazing. Increased draft may hide
effects of double-glazing on radiant heat transmission when studied in a cab.
Therefore small effects on the transmission of radiant sun load can not be ruled
out, although any significant impact seems unlikely.

,QFOLQDWLRQ�RI�FOHDU�JODVV

In these experiments with clear glass the inclination of the glass was altered by
moving the lower edge of the glass outwards from the cab (positive inclination)
as well as moved inwards (negative inclination). The border of the shadow on
the operator/ manikin was maintained in the same position. The results from the
climatic measurements clearly show that the climate deteriorates with positive
inclination. The transmission of sunlight increase as the angle between the glass
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and the sunlight is getting closer to perpendicular. The average equivalent tem-
perature in this case is more than 2°C higher and the air temperature more than
0.5°C higher with positive inclination. The mechanism behind this is most likely
that the more narrow the angle between the glass and the sunbeam becomes
(negative inclination) the more light is reflected from the glass, hence not entering
the cab. The conclusion is that the negative inclination of the windows is better
from a climatic point of view than positive inclination. Positive inclination will
increase the risk for climatic problems.

,QFOLQDWLRQ�RI�6LJODVRO

The inclination experiments was also carried out with Siglasol sun glazing.
Besides the facts that the levels of equivalent temperatures are lower at exactly the
same conditions, also the difference between positive and negative inclination was
a little smaller. The conclusion about inclination of windows in vehicles is sup-
ported also by these experiments.

7UHQGV�UHJDUGLQJ�LQFOLQDWLRQ�DQG�VL]H�RI�JODVV�LQ�PRGHUQ�YHKLFOHV

It is quite logical and should not come as a surprise for a vehicle or HVAC
engineer that positive inclination creates climatic problems. Still the trend in
modern vehicles, e.g. cars, trucks, buses, trains and even tractors, is to lean the
windscreen backwards for design reasons. In combination with this it is also
common to install windscreen that are extremely and unnecessary large, which
expose almost the whole driver for radiant load.

The results in this and previous studies have shown that this creates climatic
problems with too hot body-parts in the sun and too cold in the shadow. In addi-
tion to this, studies with human subjects have shown that a human being tend to
chose to high average temperature rather than being exposed to draft. The result of
this is that in e.g. a bus, the driver may be exposed to tiresome and annoying sun-
load over the whole upper body, arms and head, and in addition having chosen to
high temperature. Studies have also shoved that human beings in such conditions
tend to be more aggressive and have deteriorated performance, which in traffic
implies a traffic hazard! A more reasonable approach, from a traffic safety as well
as from an occupational safety and health point-of-view, would be to try to protect
the driver from sun-load and other thermal asymmetries.

One way to achieve this is to use windows that are not unnecessary large, position
the driver as far as possible from the window, avoid positive inclination and use
glass that reduces sun transmission as well as, of course, air-conditioning.

Causes/solutions for climate problems in winter climate

The problem with the cab climate in wintertime is, similar to summer climate,
caused by deviating radiant temperatures. However, in winter climate it is sur-
faces with low temperatures that create the problem. The low radiant temperature
must be compensated with higher air temperatures, hence increasing the heating
capacity requirement. Since the heating power can only be supplied via the venti-
lation air, this may also increase the airflow rate through the system and the cab.
This, in turn, may also increase the draft and eventually increase the heating
power requirements even more.
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Generally, poor insulation is the cause for low inner surface temperatures. The
element with lowest insulation is most often the single layer windows. Therefore
the windows are the main problem also in winter conditions from a thermal
comfort perspective.

Another problem that often occur during autumn, winter and spring is solar
radiation from a low angel.

&KDQJHG�UHDU�ZDOO�DQG�IORRU�ZLWK�VLQJOH�JODVV

The results compared in this study were from different projects carried out several
years apart. The differences were too small to draw too far-reaching conclusion
from. However, the draft problem for the scalp and the neck was expected as the
shorter distance between the seat and the rear wall should increase the risk for
draft. This may need more investigation under more controlled conditions.

,PSDFW�RI�VLQJOH�JODVV��QR�URRI�RU�ORZ�VLGH�ZLQGRZ

The use of single glazing in cabs in winter conditions create large asymmetries
in the climate. The surface temperature will be very low, in this case close to 0°C
at ambient conditions -20°C. This may lead to climatic problems, especially if
the distance to the glass is short and there is risk for cold draft. But also at longer
distance if the ratio of window area is high there is a risk for climatic problems
due to radiant heat exchange.

,PSDFW�RI�GRXEOH�JODVV��QR�URRI�RU�ORZ�VLGH�ZLQGRZ

The double-glazing has much lower heat transfer coefficient than single glazing.
Therefore the inner surface temperature will be much higher compared to single
glazing. This will, in turn, reduce the risk for climatic problems substantially,
which the results have shown. The inner surface temperature is in the same level
as the air temperature, only a few degrees lower. In addition, the need of heating
capacity will also be reduced and thereby also the ventilation rate may be lower.
This may reduce draft problems.

In fact, there is also one further advantage, not studied in this project. Drivers
often put the arm up against the door window on the closest door. The cooling in
the contact with the cold single glass may be severe. On the other hand, if double-
glazing is used the temperature is close to that of the air and the contact cooling
will not be a problem to the same extent.

,PSDFW�RI�JODVV�URRI�ZLWK�VLQJOH�JODVV

It was expected that an increase of the ratio of window area consisting on single
layer glass in the cab would increase the climatic problems. The expectations
were meet regarding the upper part of the body when the roof window was intro-
duced. The equivalent temperature dropped for the upper part of the body and
raised for the lower. When the impact of roof window is compared to that of the
lower side window, it is obvious that the roof window have much higher impact
on the cab climate.
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,PSDFW�RI�ORZ�VLGH�ZLQGRZ�ZLWK�VLQJOH�JODVV

The results from these studies compared to the results with roof window, either
with or without low side window, show that the impact of the low side window
is rather small in comparison.

,PSDFW�RI�JODVV�URRI�DQG�ORZ�VLGH�ZLQGRZ�ZLWK�VLQJOH�JODVV

The introduction of a lower side window was expected to decrease the tempera-
ture at the floor level because of the cold draft. However, the result was the oppo-
site. Compared to only standard window configuration the temperature increased
at floor level. Compared to the condition with roof window the difference was
very little. It could also be expected that the equivalent temperatures on the left
side where the lower side window was positioned should decrease. No such effect
could be seen.

,PSDFW�RI�JODVV�URRI�ZLWK�GRXEOH�JODVV

As said above about the double-glazing, the insulation capability is much higher
compared to single glazing, which to a great extent reduce the risk for climatic
problems. The results from these experiments show that there is virtually no
difference in the cab climate when the window surface is increased with a roof
window.

,PSDFW�RI�JODVV�URRI�DQG�ORZ�VLGH�ZLQGRZ�ZLWK�GRXEOH�JODVV

As said above about the double-glazing, the insulation capability is much higher
compared to single glazing, which to a great extent reduce the risk for climatic
problems. The results from these experiments show that there is virtually no
difference in the cab climate when the window surface is increased with both a
roof window and a lower side window when it is double glass.

More comments

&RPSOHPHQWDU\�PHDVXUHPHQWV�QHHGHG�WR�LPSURYH�WKH�FRQFOXVLRQV

The analyses of the results from these experiments have raised some new questions.
For example the measurements in winter climate gave some unexpected results
that should be investigated more. Especially the experiments with side window
from floor to ceiling and also the result that the temperatures at the floor were
higher with roof window compared to without. These experiments should maybe
be repeated with more control of the cab conditions. Maybe analysis of the airflow
could explain the results.

The conclusions drawn from results with the experiments with different glazing
for reduction of transmission of sunlight were quite clear. However, all of these
experiments were carried out with artificial sunlight. The impact on the cab
climate should be investigated also in real sunlight.

The comparison of results from another series of experiments with another cab
size should be repeated under more similar conditions. The adjustments of the cab
were not identical during the two series of experiments, e.g. regarding distribution
of airflow.
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Other types of studies concerning glazing would also be valuable. Before intro-
ducing these glass types in real vehicles or machines it is important to study the
operators perception of the darker glass and compare the magnitude of the impact
of deteriorated vision with impact of improved climate on the overall comfort.
Other important questions are e.g.; Is there a risk that the operators may not use
a sun curtain because it requires extra work, although the sun-curtain have a very
positive impact on the thermal comfort? What is most important for the operator,
modern design or good climate? How is small windows perceived?

)XWXUH�UHVHDUFK�WR�LPSURYH�FOLPDWH

For future research concerning thermal climate in vehicles it is believed to be very
important to show that there is a relationship between thermal comfort and heat
balance on one hand, and operator performance and risk of mistakes or accidents.
Studies have been carried out in this field, but the relationship is still questioned.

Another interesting question is; What is the thermal climate worth for the opera-
tors? What are the operators willing to pay for improvements? On the other hand,
if it is true that poor climate means poor operator performance and increased risk
for accidents, what is the cost of poor climate for the society?
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