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Abstract

Objectives. The main objective of the present thesis was to evolve a controlled intermittent
velocity field and to examine the impact of this type of dynamic indoor climate on human’s
psychology and physiology. The prediction was that intermittent velocity variation could
provide occupants with the desired cooling without causing draught and that this intermittent
change of the indoor climate would influence peoples’ affect and cognitive performance.

Methods. All experiments were performed in a classroom-like environment where groups of
subjects were exposed to a temperature increase and step changes in air velocity. The changes
or intermittent variations in air velocity consisted of elevated speed during five minutes,
which were repeated three times. To reduce the influence of individual thermal preferences all
measures were collected twice and the statistical analyses were based on the change scores in
these measures.

Results. The obtained results showed that, intermittent velocity variation may provide
occupants with the desired cooling without causing draught. Subjects exposed to velocity
variations were significantly less affected by the temperature rise in the room, compared to
the control group. Moreover, the method reduced the expected increase of occupants who
perceived the temperature condition as uncomfortable. The findings concerning air
movements demonstrate that very few perceived the condition as draughty, after being
exposed to the three high velocity pulses. 

 The results concerning affect showed a significant effect on high activation, in the
temperature range 21 - 24°C when the velocity variations made the subjects rate the
temperature as slightly lowered over time, they kept their level of activation. In the higher
temperature interval, 25 - 27°C, unactivated unpleasantness increased and activated
pleasantness decreased significantly more in subjects in the constant velocity condition than it
did for subjects in the velocity variation condition. In sum, all results concerning affect, the
significant ones and tendencies point in the same direction. Subjects exposed to velocity
variation report changes, over time, indicating higher activation and more positive feelings.

No differences in cognitive performances were shown between the air velocity
conditions. However, a tendency to a significant result (p = 0.10) in an attention task was
shown, indicating that subjects in the velocity variation condition increased their speed in a
short-term memory search, compared to subjects in the constant velocity condition. 

In the temperature range 21- 24°C, where the perception of the room temperature was
measured at 0, 5 and 10 minutes respectively after the last high velocity period, the difference
in MTV scores between the two groups, did decrease over time. Ten minutes after the last
pulse the difference in MTV scores between the two groups was not significant. This suggests
that the high velocity period should be repeated every10 to 15 minutes to keep the expected
rise in subjects who judged the thermal conditions as uncomfortable down.

The skin temperature was not affected neither by the rise in ambient temperature (from
21 to 24°C over 80 minutes) nor the periods (3 x 5 minutes) of high velocity. A consequence
of this result is that the human temperature regulation system permitted an increased heat loss
during the high velocity pulse, and hence a reduction of the body’s internal stored heat. For
uncovered body parts the increase in heat loss was 20 % during the high velocity pulse.
Summarised over the whole exposure time the three pulses produced a total energy loss that
was only 2 % higher compared to constant low velocity.
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RESEARCH OBJECTIVES
Can intermittent increases in air velocity provide cooling without causing uncomfortable

draught, when the indoor temperature rises and the climate is considered too warm? Can such

changes influence peoples’ affect and cognitive performance? Answering these two questions

is the objective of the present thesis. 

The first part of the work investigates the possibilities of creating a controlled velocity

field in the occupation zone. The aim was to generate short pulses with high air speed that

were expected to increase the heat loss from the upper body parts of a person sitting at a table.

The second part was aimed at evaluating the psychological and physiological responses to this

dynamic indoor climate.

BACKGROUND
If the indoor climate is to be considered as thermally comfortable the critical climate

parameters should be kept within rather narrow limits. In many spaces, such as classrooms

and offices, which are occupied by several people, the thermal load is high. To avoid an

increase in room temperature and hence avoid reductions in comfort and performance, some

kind of cooling is needed. There are in principal two ways to go, either to cool the room air

mechanically or to use a high supply and extract airflow rate. Mechanical cooling is expensive

to install and its operation consumes a substantial amount of energy. A high flow rate could

lead to high air velocities, which in turn often result in discomfort due to draught (ISO 7730

1995). 

Another strategy is to let the indoor temperature increase, as a consequence of the heat

load, and use enhanced convective cooling, induced by internal generated air movement, to

cool only the occupants instead of the entire building. In the present research this strategy has

been developed with the aim of stimulating the occupants while avoiding the associated

draught problems and annoyance, which can occur after prolonged exposure to high air

velocity (Griefahn et al. 2002). The hypothesis was that this could be achieved if intermittent

air velocity changes are used instead of a constant raised velocity. Intermittent air velocity is a

flow pattern consisting of periods with alternating low and high velocity. The high velocity

period or pulse must be strong enough to offer occupants the desired cooling effect but be of a

limited duration, in order to avoid draught. Compared with traditional methods the proposed

approach has the potential to be both more cost and energy effective.
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INTRODUCTION
Thermal comfort

Human metabolism and the internal temperature regulation system strive to keep the body

core temperature close to 37oC. There is a thermal balance between the metabolism, the work

done by the body and exchange of heat with the environment (Clark and Edholm 1985;

Fanger 1970). This is usually expressed by the basic equation:

M – W = R + C + E + K + S [1]

where M is the metabolism, W is the useful mechanical work, R the heat loss by radiation, C

the heat loss by convection and E the heat loss by evaporation. The heat loss by conduction is

K and S is the rate of body heat storage or change of body heat capacity. A seated person

doing light work in a comfortable environment has the following approximate partition of

heat loss; thermal radiation 37%, convection from outer surfaces 32%, diffusion of water

through the skin 21% and finally evaporation and convection in airways 10% (Nilsson 2003). 

When there is a balance between the production and dissipation of heat a person feels

thermally neutral or comfortable. This situation is commonly defined as “the condition of

mind that expresses satisfaction with the thermal environment”(ASHRAE 55 1992). To

achieve this climate situation there must be an appropriate combination of the following six

factors that determine the human response to the thermal environment (Fanger 1970; Parsons

1993):

• Human physical activity
• Insulation of the clothing
• Air velocity
• Air temperature
• Mean radiant temperature
• Relative humidity

The physical activity is responsible for the heat production and all the other parameters have a

major influence on the heat exchange between the body and the ambient. If the heat flow from

the body is larger than the heat production the skin temperature will decrease, which is

detected by cold thermoreceptors, meaning that the person will feel cold. On the other hand, if

the heat flow from the body is less than the heat production the condition will be perceived as

warm. The warmth sensation depends initially on skin temperature, then on deep body

temperature, while warmth discomfort depends on skin wettedness (Mclntyre 1980).
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The development of “thermal comfort”

In Europe and America the development of the indoor climate and the associated thermal

comfort escalated in the beginning of the twentieth century as equipment necessary for air

conditioning began to be available. Although most people today equate air conditioning with

cooling, this was not obvious when it started. In the early days of air conditioning it often

meant control of the air humidity (Cooper 1998). Many manufacturing processes were

sensitive to changes in humidity levels and the control of humidity led to better quality and

the opportunity to work indoor independently of seasonal variations. Then the air conditioning

technique was spread to other buildings, such as offices, hotels and homes where it was used

to regulate the temperature and humidity. 

Since this new technology made it possible to control the indoor climate, engineers

claimed that they finally had achieved “man-made weather” (Cooper 1998). In some way this

was a reaction to the old situation where it was not possible to keep the temperature constant.

The new target was to produce a constant indoor temperature, and this has to a great extent

influenced today’s standards, meaning that a good indoor climate is achieved when an

occupant is exposed to a constant climate independent of seasonal variations and surrounding

climate conditions. This Predicted Mean Vote (PMV) model is codified in the ISO standard,

ISO 7730 Moderate thermal environments (ISO 7730, 1995). This heat balance model is

derived from subjects’ comfort ratings of climate chamber conditions. However, many field

studies showed that the temperature that was regarded as comfortable differed between groups

(de Dear 1998). This means that comfort conditions calculated with the heat balance models,

like PMV, did not fully agree with the comfort conditions found in the field.

Nicol and Humphreys (2001) formulated an alternative approach, which assumes that

there is a certain degree of adaptation to the thermal environment. The so-called adaptive

principle is supported by field comfort studies in different environments. They concluded that

people with more opportunities to adapt to an environment are less likely to suffer discomfort,

which means that comfort temperature may be a result of an interaction between the subjects

and the thermal environment. 

To reach a better agreement between the two models Fanger and Toftum (2001)

introduced an expectancy factor to adjust the calculated PMV with the presence of air-

conditioned buildings and different regions.
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Air movements around people

Air in contact with the hot human body is heated up and expands and therefore becomes less

dense than the air around it. The hot air rises and is replaced by cooler air. An air movement is

created. This heat transfer generates a natural or free convective flow upwards along the body,

which is formed to a convective wake or thermal plume above the head (Hyldegaard 1998;

Mierzwinski 1980). In forced convection, a fan sets up air currents, alternatively the body is

moving through the air. If there are no external air movements and the person is standing still

or sitting, the natural convection produces a boundary layer flow that starts at the feet. Since

the flow rises up over the body the air speed increases and the boundary layer gets thicker. At

head level the boundary layer is several centimetres thick and here offers its maximum

insulation (Clark and Edholm 1985). This is one reason why we don’t feel cold in our naked

faces despite rather low ambient temperature. A further point, mentioned by Clark & Edholm

(1985), is that the rising flow helps to remove expired CO2 from the breathing zone. This has

been further investigated by using a breathing thermal manikin and tracer gas measurements

(Hyldegaard 1994). He concludes that the exhalation almost always breaks through the

boundary layer. Only in the case when the person is sitting at a table keeping his head heavily

bent forward does the exhaled air become stocked in the boundary layer. 

By introducing an external airflow, that penetrates the natural boundary layer, the free

convection is replaced by forced convection. As the air temperature is below skin temperature

in most indoor conditions, forced convection results in a higher heat loss. In the present work

subjects have been exposed to intermittent increases of air velocity, which also could be

expressed as exposure to an intermittent increase of heat loss.

Velocity characteristics

Air movement in indoor spaces is categorized as a turbulent flow, particularly when higher

velocities are created with a diffuser or a fan. The mean velocity and the turbulence intensity,

defined as the standard deviation of the velocity divided with the mean velocity, describe this

fluctuating flow. If the flow consists of cyclic changes the air movement may also be

described by the frequency, the inverted time between two adjacent peaks.

Another type of flow is intermittent velocity variations, where the flow consists of

periods with different mean velocity. This type of intermittent flow has been used in the

present work (Figure 1). The flow is made up of short pulses with high air speed. Intermittent

velocity is defined by the duration and strength of the pulse and the time between the pulses.
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Figure 1. Intermittent air velocity.

If a human is exposed to an external intermittent flow, of certain properties, the

following will take place: (1) During a period of very low mean velocity the natural

convective flow will remain unaffected. (2) During the period of high mean velocity the free

convective flow is replaced with a forced convective flow producing an increase in heat loss. 

Human perception of air movement

Air movement in ventilated spaces has a significant influence on occupants’ thermal comfort

(Toftum 2004). If a person feels from neutral to cold, an air movement tends to be perceived

as draught, an unwanted local cooling of the skin. On the other hand if he/she feels warm the

air movement could generate the desired cooling, which moves his/her thermal assessment

towards neutral (Fountain et al. 1994; KUBO et al. 1997; Xia et al. 2000). Besides

temperature, draught assessment from air movement is affected by mean velocity (Fanger and

Christensen 1986), turbulence intensity (Fanger et al. 1988), equivalent frequency (Zhou

1999), flow frequency (Fanger and Pedersen 1977), airflow direction (Zhou 1999), duration of

the exposure and activity level (Griefahn et al. 2002), general thermal sensation (Toftum and

Nielsen 1996), which part of the body that is exposed (Fanger et al. 1988; Todde 2000) and

finally the degree of control by the occupants (Toftum and Melikov 2000). The results are not

in full agreement and all of them are not represented in the draught model, which is included

in the present standard (ASHRAE 55 1992; ISO 7730 1995). The draught model estimates the

percentage of people dissatisfied due to draught, the draught rating (DR), which is calculated

Velocity

High

Low Time
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according to equation 2, where ta is the local air temperature in °C, v is the local mean air

velocity in m/s and Tu is the local turbulence intensity in per cent.

( ) ( ) ( )14.3Tv37.005.0vt34DR u
62.0

a +⋅⋅⋅−⋅−= [2]

In warm conditions higher air speeds could by used to offset an increase in temperature

(Arens et al. 1998; ASHRAE 55 1992), where acceptance of the increased air movement

requires occupant control of the local air speed. However, Xia et al., (2000) reported an

annoying effect (dry eyes, tensioned skin and blocked breath) when high velocity was used to

restore the neutral state at high temperature. Further they suggested that the definition of

draught should be extended to cover both the cooling and the annoying effect.

Cyclic air movement has also been used to cool humans during hot conditions (Tanabe

and Kimura 1994; Xia et al. 2000). Tanabe and Kimura (1994) found that the air movement in

a sine wave pattern with a frequency of 0.016—0.1 Hz was perceived as cooler than a

constant one. Xia et al. (2000) showed that air motion with a frequency of 0.3—0.5 Hz is

most preferred when subjects are in the neutral-to-warm condition. This could be compared

with the findings from Fanger and Pedersen (1977) suggesting that an airflow with a

frequency of 0.3—0.5 Hz causes most uncomfortable draft feelings when subjects are in a

cool-to-neutral state. 

EXPERIMENTAL CONDITIONS
Experimental room

All experiments were performed in a well insulated room (8.4 m x 7.2 m x 2.9 m), furnished

as a neutral classroom. Two subjects were seated at each table. The tables were organised in

three rows, each with four tables. Totally 24 seats, and at the front one seat for the instructor.

The lighting system consisted of nine ceiling-mounted fixtures with two fluorescent tubes

each provided with prismatic lens refractors for glare control. The illuminance level was

constant at 500 lux, a level recommended for intellectual work and office type settings (CIE

1986). To insure low velocities in the occupation zone the room was provided with a

displacement ventilation system. The supply air entered through floor mounted low velocity

diffusers, which were placed in the front corners of the room, two meters outside the occupied

zone. The same supply airflow rate (8 liters/s and person) was used in all experiments. To be

able to produce periods of high velocities the room was also equipped with a high velocity
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system. To make it invisible to the subjects this system was placed above a false ceiling. At

places where the jet entered the occupied zone the false ceiling consisted of a grating. As the

high velocity system produced more noise than the displacement system pre-recorded

ventilation noise was generated over hidden loudspeakers to mask the change in noise during

the high velocity period. In all conditions subjects were thus exposed to a constant noise level

of 36 dBA.

Temperature conditions

The room temperature depends on the thermal load P, the airflow rate q, the temperature

difference between the supply and extract air ∆T and the air distribution system. In systems

intended for mixing ventilation the room air temperature is close to the extract air

temperature. On the other hand in systems intended for displacement ventilation the room air

temperature is somewhere between the supply and extract air temperature (Etheridge and

Sandberg 1996). Equation 3 gives the relation between P [W], q [m3/s] and ∆T [K]

P = CP · ρ · q · ∆T [3]

where CP is the specific heat capacity at constant pressure and ρ is the density. In this work

the heat load was the 25 occupants (each releasing approximately 95 W) and the lighting, in

total 2.9 kW. To keep the room temperature constant this amount of heat must be removed by

the ventilation system, if the heat transfer through the building shell is neglected. Some

simple calculations using equation 3 exemplify which flow rates and temperature differences

are required to achieve constant room temperature. Using a standard flow rate of 8 liter/s and

person results in a ∆T of 12 K, whereas allowing a ∆T of only 1 K requires a flow rate of 96

liter/s and person, which illustrates the difficulties in keeping the room temperature constant. 

All studies were performed with constant flow rate, air supply temperature and thermal load

resulting in transient temperature conditions. Two different start temperatures were used,

21oC and 25oC. The rise of temperature, at head level, in the occupied zone as a function of

exposure time is shown in Figure 2. To insure stable start conditions in the room the supply

air temperature and flow rate were kept constant whereas the heat load was zero, 24 hours in

advance. Thus, the mean radiant temperature was close to the air temperature. During the

exposure there were no radiant heat sources except the subjects and the lighting.
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Figure 2. Temperature conditions in the experimental room.

The temperatures were measured with shielded thermistors, sampled at 1 Hz, at all 24

positions in the room. During the measurements 25 person simulators (Figure 3) and lighting

acted as heat load. The measured temperatures varied very little within the occupied zone. A

person simulator is a textile-covered tube with a simplified shape of a sitting human. The

simulator releases 95 W and has a surface temperature distribution similar to man. For a more

detailed description of the person simulator see Mattsson (1999).

Figure 3. Person simulators seated at the table.
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High velocity system

The purpose of the high velocity system is to generate pulses of high velocity that affect the

velocity field around an occupant, and hence the convective heat loss. As the approach in this

work was that the subjects should not be aware of the exposure, the high velocity system had

to be masked in some way. The solution was to place the system between the ceiling and a

false ceiling. In the present project three different systems for creating controlled velocity

variations in the occupied zone have been tested. 

The first attempt was to generate an airflow that would blow at the occupants’ faces.

This was done by placing the high velocity diffusers in the false ceiling and pointing the out

coming jet towards head level of the occupants (Figure 4). At this stage it was the supply air,

which was redirected from the displacement diffusers during the high velocity period that

formed the jet. One reason for this choice of solution was that it required few extra

components to be able to create the high velocity pulses. As the supply air temperature was

lower than the room temperature, a consequence of the heat load, the development of the jet

depended on both buoyancy and momentum. Thus the airflow during the high velocity pulse

was sensitive to how large the temperature difference was between the supply and room air.

As the room temperature was transient the velocity conditions of the different pulses was not

stable enough.

Figure 4. First high velocity system.

Ventilation
system
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Further, when the need for stronger pulses occurred analyses showed that the air

temperature at head level decreased slightly (1oC) during the pulses. This was not acceptable

as it was the effects of only one parameter, the air movement, which were to be investigated.

Consequently this method was rejected.

Next, ceiling fans, which produce a downward airflow, were tested. However, this

technique resulted in an uneven distribution of mean velocities at head level.

In the latest studies (papers IV, V, VI) an internal recirculating system was used. In this

third setup the high velocity diffusers were placed straight above the occupants (Figure 5). To

produce a uniform velocity field each row had its own system where the air speeds were

adjusted by changing the fan voltage. The air that forms the jet was taken at the level of the

false ceiling, resulting in high velocity pulses with the same temperature as the ambient air.

Moreover, as the distance from diffuser to the occupied zone was shorter and the direction

was independent of buoyancy, the velocity field at head level was more uniform, compared

with the first two systems. This third system was installed in only one half of the experimental

room. In the other half, intended for subjects in the control group, only the high velocity

terminals were installed.

Figure 5. Third high velocity system.
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Velocity field

The velocity field in the occupied zone at head level should consist of periods with different

mean velocity as shown in Figure 6. The periods of low velocity correspond to the velocity

just outside the free convective flow, whereas the period of high velocity corresponds to the

velocity in the jet, at head level.

Figure 6. Intermittent velocity, principal velocity profile.

During the low velocity period the high velocity system was not running and the natural

convective flow formed into a plume above the occupant, Figure 7a. When the high velocity

was switched on the jet built up, blew the plume away and the free convective flow was

replaced by forced convection within half a minute, Figure 7b. As the high velocity system

stopped the jet disappears immediately and the natural convective flow returned and was fully

developed after 30 seconds.

Figure 7a. Low velocity, free convection. 7b. High velocity, forced convection.
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The velocity levels and the periods for low and high velocity define this intermittent

velocity. Throughout this work the same conditions of time were used (see Figure 6), only

different air speeds for the high velocity periods have been tested. All velocity measurements

in the test room were performed in the same thermal conditions as when it was filled with

subjects. The velocities were measured with omnidirectional thermistoranemometer CTA88

(Lundström et al. 1990), which was calibrated in the range between 0.05 and 1.0 m/s with an

uncertainty of +/-(5% + 0.03 m/s). The velocities were measured at one point in front of the

person simulators with a sampling frequency of 1 Hz. The speed of the high velocity pulse

was then calculated as the mean over 5 minutes. To evaluate the influence of sensor position

and human versus simulator on measured speed during the high velocity pulse the following

tests were made. Samples were taken with the sensor placed 0.2 meters in front, to the left, to

the right and above the head. Those measures were done with both a person and a person

simulator. The results showed no influence on the measured velocity of sensor position or if a

”real” human replaced the simulator.

The turbulence intensity, during the high velocity pulse, was approximately equal (44%)

for all three high velocity systems. The third system resulted in velocities within a rather

narrow interval. The interval used in the latest studies (papers IV, V, VI) was 0.40±0.05 [m/s].

This 95 % confidence interval covers the distribution of mean velocity over time, from

session to session and the three pulses within a session, and space, the 12 subjects’ positions

in the occupied zone.

Heat loss measurements

In line with the obtained significant effect of velocity variations on perceived temperature, the

question of how much the human heat loss was influenced by the velocity variations arose.

The most accurate measuring method for human dry heat loss is a thermal manikin (Nilsson

2004). However, in the present work both the ambient temperature and velocity were

transient, which required careful attention in order to perform a proper measurement. The

manikin used was set to operate in constant surface temperature mode, corresponding to a

constant human skin temperature. That the skin temperature is approximately constant is

considered to be true as long as the person rates himself to be in the comfort zone. As the

subjects in this study were exposed to an increasing air temperature and also forced

convection, during the high velocity periods, one might suspect that the skin temperature

would be influenced. Consequently measurements of surface temperature during transient

temperature and velocity conditions were made. To measure surface temperatures an infrared
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camera, which was placed in the ceiling in the front of the room pointing towards the subjects,

was used. A thermal picture was taken every 30 seconds. In the thermal picture, two areas

were identified, one covering six subjects exposed to velocity variations and the other

covering six subjects exposed to no velocity variations. In the area all temperature values

below 27 °C, representing the background were removed. The remaining values were divided

into two intervals, 27-32.5 °C corresponding to body parts covered by clothes or hair and

finally temperatures above 32.5 °C corresponding to naked skin. The result showed that the

skin temperature, at least on uncovered body parts, remained almost constant independent of

the ambient temperature rise and velocity conditions. It also demonstrated that the surface

temperature on clothed body parts was lowered during the high velocity periods (30-35, 50-

55, 65-70 minutes) due to the enhanced convective heat loss. However, there were no

reductions in skin temperature during the high velocity periods, indicating that the

thermoregulation system was working to keep it constant and hence allow a higher heat loss.

In sum, these results showed that it is possible to calculate dry heat loss using a thermal

manikin set to operate in a constant surface temperature regulation mode.

Thermal manikin

In this work the thermal manikin MANIKIN2, which measures the dry heat loss, was used.

The manikin surface was divided into independently temperature-regulated segments. Each

zone on the surface layer of the manikin was densely covered with resistance wires,

embedded in a hard plastic shell, on which surface temperature sensors were positioned.

Every zone was regulated to a constant temperature (34.0±0.1°C) and the power required is

recorded with a personal computer. During steady state this power input was equal to the

power output, i.e. the dry heat loss. The complete description of MANIKIN2 can be found in

Nilsson (2004). The manikin is unable to measure heat loss during transient conditions. It

requires about 20 minutes to reach thermal equilibrium and during this time the surrounding

conditions must be constant. Consequently, the desired dynamic heat loss was calculated from

steady state measurements using fixed temperatures and velocity levels, within the actual

temperature interval. During the measurements the manikin was sitting together with person

simulators, to generate the correct surrounding radiant temperature field, Figure 8.
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Figure 8. The thermal manikin in the experimental room.
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METHODOLOGICAL OVERVIEW 

Subjects 

The subjects were recruited from a local upper high school. Totally 250 pupils aged 16 to 18

years participated. They were recruited with help from a teacher at the school who informed

the pupils about the experiments, that their participation was voluntarily and that they would

be paid a small amount. They were told that the experiments were about intellectual

(cognitive) school-like performances and that all data would be treated confidentially. At the

end of the experiments, still sitting in the test room, they were asked to answer some

questions about their health and clothing. Subjects, who reported that they did not feel healthy

and/or who wore clothing with high insulation, were excluded from the statistical analyses.

Today all studies, performed in Sweden, involving humans have to be approved by an

ethical committee. At the time when the present studies were performed this was not

necessary.

Validity aspects

The internal validity concerns whether it can be concluded that the observed effects were

caused by the independent variable only. The external validity tells us about to which degree

the findings can be generalised to other persons and situations (Liebert and Langenbach-

Liebert 1995). 

The first threat to internal validity in this work was the uncertainty of the state in the

five physical variables (metabolism, insulation of the clothing, air temperature, mean radiant

temperature and relative humidity), which besides the local air velocity, the independent

variable, determine the thermal situation. The general arrangement to minimize this threat was

to place the subjects, both the control and exposure group, in the same room at the same time.

Thus, they were exposed to the same rise in air temperature, the same relative humidity and

mean radiant temperature. However, the mean radiant temperature varies slightly due to the

numbers of “warm neighbours” that surround a person. 

Giving all subjects the same workload controlled the metabolism. The experiment

started in the waiting room where they were given the standard information about the

experiment, visiting the toilets if necessary and taking off outdoor clothing. Then they entered

the experimental room, where their work with performing the time controlled psychological
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tasks started. The time from arrival to the first thermal assessment was approximately 25

minutes. 

As the approach in the present work was to keep the participants unaware of the

exposure it was not possible to have complete control over the clothing insulation, which

would have required all subjects to be dressed in identical clothes. This weakness was met by

informing subjects at the arrival about the environment; a normal classroom, the type of tasks,

the duration of the test and that they were not allowed to leave their seat meanwhile. After this

information they were invited to take off outdoor clothing, implying that the subjects adapted

their clothing to a well-known classroom situation. 

To further reduce the influence of individual thermal preferences the dependent

measures were collected twice and the statistical analyses were based on these measures’

change scores (second measurement minus first measurement).

Instrument decay may occur if the characteristics of the measurement procedure change

over time. In the present studies the role of the experimenter in the experimental situation was

the main threat to instrumentation decay. To avoid this risk, the same person, the author, acted

as an instructor in all studies, literally following the written instructions.

Resentful demoralization involves the situation in which individuals in an untreated or

control group learn that others are receiving special treatment and become less productive,

efficient, or motivated than they would have been because of feelings of resentment (Liebert

and Langenbach-Liebert 1995). Keeping subjects unaware of the exposure conditions

minimized this threat. All subjects were given the same information that the test was about

measuring “different school-like intellectual performances”. They were further encouraged to

do their best and answer all questions as honestly as possible, just before the experiment

started. 

The last threat to internal validity that will be discussed is selection bias, any systematic

difference between comparison groups other than experiencing the treatment of interest

(Liebert and Langenbach-Liebert 1995). Selection bias was avoided through randomisation of

subjects to the different experimental conditions. In this case constant velocity in the left half

and velocity variations in the right half of the test room. As the subjects entered the test room,

unaware of the coming exposure, they were free to choose where to be seated. In the studies

where gender was an additional independent factor there were different colour marks on the

questionnaires, indicating female respective male positions. Further, the groups were

homogenous within each study, in terms of education level and age. 
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Concerning the external validity the question is whether the results could be generalised

to other persons and places (Liebert and Langenbach-Liebert 1995). Since the subjects were

recruited from a common local upper high school one could assume that the results found in

the actual research sample could be generalized to the population of all pupils in the actual

age group. As shown by Oseland (1995) a context effect on thermal assessment may be

obtained, meaning that the judgement of the thermal conditions can be influenced by the

surrounding environment. In the present work the experiments were performed in a room

similar to a normal classroom, the conditions judged to be comfortable there would not

necessarily be acceptable in other places. However, it might be generalized to other buildings,

used for similar activities.

Human perception

Thermal comfort and air quality

The most common way to determine whether people are in a state of thermal comfort is to ask

them (Mclntyre 1980; Parsons 1993). The thermal environment is assessed through the use of

subjective scales. One of the first and widely used scales was developed by Bedford (1936),

which has been called the Bedford comfort scale . He investigated the comfort of persons

engaged in very light industrial work. The responses of the workers were classified on a

seven-point scale according to Table 1. Bedford also examined whether this scale could be

treated as an interval scale, allowing parametric tests. He found an approximate linear

relationship, at least in the comfort region, between comfort scores and equivalent

temperature, meaning that the scale can be treated as an interval scale.

Table 1. Different comfort scales with their appurtenant interpretations.

Bedford comfort scale ASHRAE / ISO
sensation scale MTV comfort scale

Much too warm 1 Hot +3 Much too warm +3
Too warm 2 Warm +2 Too warm +2
Comfortably warm 3 Slightly warm +1 Warm but comfortable +1
Comfortable 4 Neutral  0 Neutral  0
Comfortably cool 5 Slightly cool -1 Cold but comfortable -1
 Too cool 6 Cool -2  Too cold -2
 Much too cool 7 Cold -3  Much too cold -3

Another widely used scale is the ASHRAE / ISO -scale (ASHRAE 55 1992; ISO 7730

1995). This scale assesses the thermal sensation but it does not give the subjects any
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possibility to say whether they find the conditions comfortable or not, Table 1. It is assumed

that scores +1, 0, -1 are within the comfort zone.

In the present thesis the MTV (Mean Thermal Vote) comfort scale has been used. The

MTV scale is derived from the Bedford scale, which is weighted linearly with comfortable or

neutral as 0, “Much too warm” as +3 and “Much to cold” as –3, Table 1. There is a linear

relationship between mean thermal assessment using the MTV-scale and equivalent

temperature (Nilsson et al. 1997; Wyon 1989). Further, Nilsson (2004) showed that the linear

relationship also holds at the individual level, and that the MTV data were normally

distributed. These results indicate that the MTV scale could be treated as an interval scale. 

The interpretation of the different levels in a scale might vary with the semantic

uncertainties involved in language translations. One advantage with the MTV scale is that it

clearly tells whether the conditions are assessed as comfortable or not. Subjects’ scores of +/-

3 or +/- 2, i.e. outside the comfort zone, on the MTV-scale are classified as dissatisfied. PD

(Percent Dissatisfied) is the fraction of all subjects in the group who are dissatisfied.

In this work the concept of air quality is restricted to and defined by the draughtiness,

freshness and dryness of the air. The intention was to evaluate both positive and negative

effects of the velocity variations. Of special interest was of course how the subjects would

perceive the air movement since they were going to be exposed to air speeds at levels that

produce a high draft rating, during constant exposure, according to (ISO 7730 1995). As the

approach in this work was to keep subjects unaware of the exposure manipulations the

questions concerning assessment of the physical environment were formulated “indirectly”,

meaning that the questions concerning air movement were not of the type: “Have you noticed

any air movement? If yes, do you find the air movement uncomfortable? Where do you notice

the air movement?” (Fanger et al. 1988); but: ”How do you perceive the air in this room right

now?”. The ratings of the perceived air quality were made on a 5-point scale (from ”not at all”

to ”very much”) including the following adjectives: dry, draughty, unfresh, fresh, humid,

stagnant. These scales are developed from the visual analogue scales (Kildesø et al. 1999). In

order to obtain subjects’ draught perception (DP) ratings for the word “draughty” and

“stagnant” were used. DP was defined as comprising the scores 3, 4 & 5 from the “draughty”

scale. In addition, if a subject had scored 3 on the “draughty” scale and at the same time

scored 4 or 5 on the “stagnant” scale then he was considered as not perceiving the air

movement as draught. 
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Affect

According to Reber (1985), affect is a :”… general term used more-or-less interchangeably

with various others such as emotion, emotionality, feeling, mood, etc.”. Russell (1980) showed

in a series of studies that our conceptualizations of conscious emotional experience could be

represented by a circumplex affect space, comprising two bi-polar dimensions of perceived

high-low activation and pleasantness-unpleasantness. In line with the  labeling system for a

circumplex affect space (Larsen and Diener 1992), Knez and Hygge (2001) developed a

Swedish measure for the self-rated current emotional experience (see Figure 9). This measure

has been used in the present thesis.
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Figure 9. The circumplex affect space, with eight affective states represented by forty-eight
English adjectives and the corresponding Swedish adjectives: HA = High
Activation; AP = Activated Pleasant; P = Pleasant; UAP = UnActivated Pleasant;
LA = Low Activation; UAUP = UnActivated UnPleasant; UP = UnPleasant; AUP
= Activated UnPleasant. 

As can be seen in Figure 9, pleasant affect states are placed at the right side and

unpleasant affect states are placed at the left side. Consequently, high activation affect states

are placed above and low activation affect states below. In the experiments the subjects were

asked to rate their current emotional experience by rating the forty-eight adjectives

AUP

P

AP

HA

UAP

LA

UAUP

UP

aroused vaken
astonished häpen
stimulated stimulerad
surprised överraskad
active aktiv
intense skärpt

happy lycklig
delighted förtjust
glad glad
cheerful munter
warmhearted ömsint
pleased nöjd

relaxed avslappnad
content tillfreds
at rest i vila
calm lugn
serene fridfull
at ease behaglig

enthusiastic entusiastisk
elated upprymd
excited begeistrad
euphoric euforisk
lively livfull
peppy pigg

dull slö
tired trött
drowsy dåsig
sluggish lat
bored uttråkad
droopy vissen

unhappy olycklig
miserable eländig
sad sorgsen
grouchy sur
gloomy dyster
blue melankolisk

quiet fridsam
tranquil dämpad
still stilla
inactive overksam
idle sysslolös
passive passiv

distressed bekymrad
annoyed besvärad
fearful ångestfull
nervous orolig
jittery skakig
anxious ängslig
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representing the eight affect states on 5-point scales from ”little or not at all” to ”very much”,

in reply to the question: ”How do you feel right now?” This scale is of Likert type (Larsen

and Diener 1992) developed and assumed to be at the interval scale level.

Cognitive performance

When pupils read a text for, for example, an examination they are engaging their abilities of

attention, perception, comprehension, thinking and memory; that is, cognition which we in

everyday language call intellectual work. The cognitive tasks used in the present thesis

measured the type of intellectual work that pupils perform in their everyday schoolwork;

namely, the cognitive performances of memory and learning (long-term memory recall and

recognition), attention (short-term memory-load search) and problem solving (abstract

embedded figure search). The performance of these cognitive tasks has also previously been

shown to be sensitive to indoor parameters (Knez 2001; Knez and Hygge 2002; Smith and

Miles 1987; Smith and Broadbent 1980).

Basic design and Procedure

In all studies a factorial between-subject design (Kirk 1968) was employed with velocity

condition and gender as independent factors. The reason to include gender as an additional

factor, despite previous research (Fanger and Christensen 1986; Griefahn et al. 2002) showing

no significant influence of gender on perception of air movement, was that the present work

concerns intermittent changes in air movements whereas the previous findings are valid only

for constant air movements. All experiments in the present work were performed at the period

of the year when overheating occurs, from late spring to early autumn. Every session followed

the same procedure. Twenty-four subjects were run at each session. After arrival the subjects

were taken to a waiting room, where they were given information about the test room, a

normal classroom, the type of tasks and duration and that they were not allowed to leave their

seat during the experiment. Then they moved to the test room and got seated. The experiment

started and the subjects worked throughout the set of tasks. The instructor gave necessary

information on each task and checked that the given time limits were kept. The typical task

order and the match between tasks and velocity conditions, is shown in Table 2 below.
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Table 2. Typical task order.

Task Time Velocity cond.
[Minutes] V1 V2

Affect 1 0 Low Low
Attention 1 5 ↓ ↓
Temp. & air q. 1 10 ↓ ↓
Problem solving1 12 ↓ ↓
Text reading 25 ↓ ↓

30 ↓ High
Logical problem 35 35 ↓ Low
Proof-reading 45 ↓ ↓

50 ↓ High
Questions on text 55 55 ↓ Low
Problem solving2 60 ↓ ↓

65 ↓ High
Temp. & air q. 2 70 70 ↓ Low
Affect 2 71 ↓ ↓
Attention 2 75 ↓ ↓
Temp. & air q. 3 80 ↓ ↓

Psychological research, which investigates different behaviours and internal factors,

uses humans as a measuring instrument. This implies some limitations compared to other

types of measures. For instance, all variables of interest could not be sampled at the same

time, as each measure could require many minutes to be performed, and a measure of one

variable could not be repeated with too short intervals. As an example, a measure of, say,

three variables could take 20 minutes to finish. If the thermal conditions at the same time are

transient it is difficult to draw any conclusions on the connection between the variables, as

they were not measured during identical physical conditions. Consequently, in the present

research, it was difficult to perform good measures of all the variables of interest using a

single set up, the order of measurement has to be rearranged several times so that the

measures in focus are placed beside each other. Further, if measures of a variable were

repeated with short intervals they could not be treated as independent measures, human

subjects have a memory from the former assessment, which will influence the following.
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OVERVIEW OF THE PAPERS
 
This thesis comprises six papers. Papers I, III and V deal with the properties of the velocity

field and human heat losses. Papers II, IV and VI report the findings on human responses to

velocity variations.

Paper I

Velocity variations in ventilated rooms as a method for creating comfort.

The first paper deals with different techniques to create well-controlled velocity conditions in

a zone occupied by several persons, such as a classroom. The aim was to generate five minute

long pulses of high velocity at the upper part of the body for persons seated at tables. Only

standard ventilation components were used. Three different methods were tested. 

Method 1. The velocity variation was created as the supply air entered the room either

through a displacement system (low velocity) or through a mixing ventilation system (high

velocity). The flow rate was kept constant. 

Method 2. Using mixing ventilation system only and alternating between high and low

supply air flow rates to generate velocity variations. 

Method 3. Supplying air with the displacement ventilation system keeping the flow rate

constant and running the ceiling fan on / off. In this setup four ceiling fans were mounted

between the ceiling and the false ceiling, which consisted of a grating to allow the internal air

movement. 

Person simulators acted as heat loads during the velocity measurements. The classroom

was furnished as a normal classroom. Both method 1 and 2 generated an air stream, during the

high velocity period, that was directed obliquely down from the false ceiling towards the head

and upper body parts of the occupants. The third method generated an airflow that hit the

occupants from straight above. The flow rate and the speed of the ceiling fan were

respectively chosen to produce an airflow that precisely penetrated the natural boundary flow.

The air speed was low enough to make complaints of draught unlikely in the future

experiments with human subjects (Table 3). If no effects were found on perceived comfort in

these experiments the speed would be increased in following studies. All methods resulted in
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a turbulent flow at the head region with a turbulence intensity of 43 %. The resulting

velocities from the different methods are shown in Table 3.

Table 3. Velocity conditions at head level.

Method Strategy Ventilation
system

Flow rate
[liter/s and

person]

Mean velocity
at head level
<u > [cm/s]

1 Alternating between
two systems
Constant flow rate 

Displacement 
Mixing

8 <6
12

2 Same system
Varying flow rate 

Mixing 6
10

9.6
12

3 Same system 
Constant flow rate
Ceiling fan on/off

Displacement 
Ceiling fan off
Ceiling fan on

8
<6
17
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Paper II

Effects of velocity variations in ventilated rooms on comfort, affect and cognitive performance

The objective of Paper II was to assess the effects of velocity variations under realistic

classroom conditions on perceived thermal comfort and air quality, self-reported affect and

cognitive (intellectual) performance. Ninety-six subjects aged 18 years participated in the

study. Twelve females and twelve males were randomly assigned to each of the four

experimental conditions. The experimental conditions are shown in Table 4.

Table 4. Ventilation strategy.

Condition Strategy Ventilation
System

Flow rate
[liter/s and

person]

Ceiling
fan

Mean velocity
at head level
<u > [cm/s]

C1 Same system
Constant flow rate 

Displacement 8 Off <6

C2 Alternating between
two systems
Constant flow rate 

Displacement 
Mixing

8 Off <6
12

C3 Same system
Varying flow rate 

Mixing 6
10

Off 9.6
12

C4 Same system 
Constant flow rate
Ceiling fan on/off

Displacement 8 Off
On

<6
17

Condition C1 consisted of constant low velocity, which served as a control condition. C2, C3

and C4 were the three velocity variation conditions created with the methods presented in

Paper I. The exposure time was set to 80 minutes, representing a double school-lesson. Since

the temperature increased during the exposure the high velocity pulses were placed towards

the end of the exposure. The match between the tasks/measures and velocity levels are

described in Table 5. There were no significant results on thermal comfort. However, the

results indicated that the subject’s ratings of “draughty” can be considered as an appropriate

measure of the air movement perception, because an almost linear relationship between mean

velocity at head level and mean scores for “draughty” was obtained. Another interesting result

was found concerning one of the affective states, high activation. The level of high activation

increased over time in C4 compared to C1, C2 and C3 in which level of high activation

decreased over time. The result was not significant (p = 0.09), however it indicates tentatively

that the strongest high velocity pulses, C4, may have a positive influence on high activation.
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Table 5. Subject’s tasks and their match to the velocity profile.

Task Time Velocity condition
[Minutes] C1 C2, C3, C4

Affect 1 0 Low Low
Attention 1 5 ↓ ↓
Text reading 12 ↓ ↓

30 ↓ High
Problem solving 33 35 ↓ Low

50 ↓ High
Affect 2 53 ↓ ↓

55 ↓ Low
Attention 2 57 ↓ ↓
Questions on text 65 65 ↓ High

70 ↓ Low
Comfort & air q. 76 ↓ ↓

80 ↓ ↓

In sum, this study indicated that higher air speeds during the high velocity period were needed

to achieve an effect on thermal comfort and that method 1, alternating between displacement

and mixing systems, was the best way to achieve this. In addition it was concluded that the

measure of thermal comfort and air quality should be used in the beginning as well as at the

end of the exposure to reduce the influence of individual preferences.
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Paper III

Creating velocity variations in a whole room

Since the previous work showed that the method which alternated between displacement and

mixing ventilation generated the most uniform velocity field and had low scores on draught

assessments it was decided to proceed with that technique. Paper III investigated the

possibility of using this method to generate a uniform velocity field in the occupied zone with

higher air speeds.

The supply air enters through the high velocity diffuser and forms a jet, which traverses

down into the occupied zone. Since the supply air temperature was lower than the room

temperature the development of the jet depended on both buoyancy and momentum. To get

more information about the resulting air stream in the occupied zone, the velocities and

temperatures were measured during the "high velocity" period in three different ambient

temperature conditions. The measurements were performed at eight of the 24 available

positions. The results showed that the mean velocity, over the eight positions in the room,

scaled well with the supply velocity (i.e. the supply flow rate), see Figure 10. However at

some positions the relation between the velocity in the occupied zone and the supply flow rate

was far from linear, Figure 11. Further, the air temperature at head level was slightly lowered

(1oC) when high flow rates were used.

Figure 10. Mean velocity versus flow rate
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Figure 11. Recorded mean velocity at different positions.

These analyses showed clearly that the “alternating” method could not produce the

desired velocity conditions. This conclusion was based on the following. The development of

the jet in the room was too dependent on buoyancy; the transient ∆T condition affected both

the magnitude and direction of the jet. Further, the change to higher flow rates, to achieve

higher velocities, in connection with the switch to the mixing system resulted in fluctuating

air supply temperatures. 

To overcome this problem an internal recirculating system was developed, see the

section “High velocity system”. This system produced a more uniform velocity field, without

any temperature fluctuations, and the air speeds could easily be adjusted by changing the fan

voltage. In the following studies this “internal recirculating system” was used to generate the

velocity variation condition.
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Paper IV

Psychological impact of air velocity variations in a ventilated room

As a consequence of the results from the first study, Paper II, the air speed of the high

velocity pulse was increased. The aim was to find the lowest possible air speed level that had

a significant influence on perceived thermal comfort. As a first attempt the air speed was

raised to 0.30±0.05 [m/s]. With this air speed the subjects who were exposed to velocity

variations reported a lower increase in perceived room temperature over the exposure time,

but the difference was not significant (p = 0.08). In the next step the air speed was further

increased to 0.40±0.05 [m/s], which was the level used in paper IV, V and IV.

Paper IV reports the results from two experiments that investigated the psychological

impact of two velocity conditions (V1 = constant low velocity and V2 = variations of low and

high velocity) in two temperature conditions (Experiment 1: an air temperature increase from

21°C to 24°C; Experiment 2: an air temperature increase from 25°C to 27°C) in females and

males, aged 16 to 18 years, under realistic classroom conditions during an exposure period of

80 minutes. In order to focus on the exposure effects over time all tasks except for the long-

term memory tasks were administered twice, in both experiments, see Table 6 below that

shows the match between tasks and velocity conditions.

Table 6. Match between tasks and velocity conditions.

Task Time Velocity cond.
[Minutes] V1 V2

Affect 1 0 Low Low
Attention 1 5 ↓ ↓
Temp. & air q. 1 11 ↓ ↓
Text reading 15 ↓ ↓

30 ↓ High
Problem solving1 35 35 ↓ Low
Affect 2 47 ↓ ↓
Attention 2 50 50 ↓ High

55 ↓ Low
Questions on text 56 ↓ ↓
Problem solving2 67 67 ↓ High

72 ↓ Low
Temp. & air q. 2 77 ↓ ↓

End 80 ↓ ↓
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In experiment 1 there was a significant effect of velocity conditions on perceived room

temperature (p = 0.05) and on one of the affective states, high activation (p = 0.03). Subjects

exposed to velocity variations (V2) felt that the room temperature decreased (-0.08 on the

MTV-scale), while it de facto increased from 21°C to 24°C, compared to those exposed to a

constant low velocity (V1), which felt that it increased (+0.33 on the MTV-scale). Level of

high activation was shown to be almost constant for subjects in the V2 compared to subjects

in the V1 condition, in which activation decreased over time.

In order to investigate how intermittent cooling would work at higher room

temperatures Experiment 2 was set up, involving a temperature increase from 25°C to 27°C.

The significant effect of velocity conditions on perceived room temperature (p = 0.03)

was replicated in Experiment 2. Subjects who were exposed to velocity variations felt that the

room temperature increased less over time (+0.25 on the MTV-scale) than subjects in constant

condition did (+0.67 on the MTV-scale). A significant effect of velocity was indicated for the

UAUP state (p = 0.05) and a tendency to a significant result for the AP state (p = 0.09). As

can be seen in Figure 12 unactivated unpleasantness increased and activated pleasantness

decreased more in subjects in the constant velocity condition (V1) than it did for subjects in

the velocity variation condition (V2).

Figure 12. Mean change in unactivated unpleasantness (UAUP) and activated pleasantness
(AP) as a function of velocity conditions.

None of the experiments showed any significant effect involving gender, meaning that

females and males perceived as well as performed similarly in cognitive tasks in the two

velocity conditions.
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Further, no significant impact on subjects’ perceived air movements was shown,

indicating that the high velocity pulses did not cause any draught. As can be seen in Table 7,

the scores from the assessments of draughtiness were low in both experiments, independent of

velocity conditions. 

Table 7. Mean draughtiness in experiment 1 and 2.

Experiment 1 2
Temp. rise 21 to 24 °C 25 to 27 °C

Velocity cond. No variation Variation No variation Variation
Mean DraughtStart 1.4 1.4 1.2 1.4
Mean DraughtEnd 1.5 1.6 1.3 1.4

In sum, the two experiments showed that subjects’ self-reported affect was enhanced;

they felt better in the air velocity variation condition compared to the constant velocity

condition. It must also be noted that the subjects’ perceived room temperature and air quality

was measured by the question of “ How do you perceive the room temperature right now?”

and which was administered  for the second time 5 minutes after the last high velocity pulse.

At that moment, the naturally free convection flow was returned for the subjects in the V 2

condition resulting in a similar thermal environment for all subjects. Despite this, the subjects

in the V2 condition, perceived a decrease in room temperature in Experiment 1 and those in

Experiment 2 perceived less room temperature increase as opposed to those in the V1

condition. This indicates that the high velocity pulses may have resulted in a thermal loss, that

is, a reduction in V2 subjects’ stored heat which in turn might have affected these persons’

perceived room temperature. It also suggests, as shown in Experiment 2, that an even higher

mean velocity for the high velocity pulse could be used to further reduce the increase in

perceived room temperature.

The low values of draughtiness, even after an exposure to high velocity pulses, might be

explained by the duration and the direction of the air movement; as was indicated in previous

findings. Both Fanger et al. (1988) and Toftum (1994) performed experiments where mean air

velocity was increased stepwise every 15 minutes, whereas Griefahn et al. (2002) exposed the

subjects during 60 minutes with constant mean air velocity. Those studies showed that

draught annoyance increased with the exposure time and reached a steady state after 45
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minutes. In addition, Mayer and Schwab (1988) and Zhou (1999) reported that the air

movement from above generated least draughtiness. 

As the results from the present paper showed a significant effect of velocity conditions

on perceived room temperature, two major questions were raised. One concerns the influence

of velocity conditions on the actual human heat loss. The other concerns how the assessment

of thermal comfort and air quality depends on the measuring points in time in relation to the

high velocity pulses. These questions are elaborated in Paper V and VI respectively.
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Paper V

Application of a thermal manikin to evaluate heat loss rates from people caused by variations
in air velocity and air temperature.

When this study was set up there were two questions of interest. Firstly, how large is the

instantaneous increase in heat loss, for covered and uncovered body parts respectively, during

the high velocity pulse? Secondly, how much do the pulses affect the total heat loss during the

whole exposure? 

In the experiments the room temperature increased from 21 to 24°C over an exposure

period of 80 minutes. Measurements of skin temperatures, using an infrared camera, on

subjects exposed to constant low velocity as well as velocity variations, showed that the skin

temperature remained stable and close to 34°C, Figure 13. The skin temperature was not

affected by the rise in ambient temperature or the pulses of high velocity. These findings

make it possible to measure the heat loss in steady state with a thermal manikin in order to

make estimations of how the heat loss varies from subjects during intermittent velocity

variation at these velocity and temperature levels. 

Figure 13. Surface temperatures on subjects covered and uncovered body parts respectively,
versus time for velocity conditions with and without velocity variations.

In order to investigate the influence of the air speed variations the manikin measured

heat losses within the actual temperature interval at both free and forced convection. The

measured heat losses for "whole body", "clothed" as well as "unclothed" were then plotted for
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"low" and "high" air velocities at corresponding temperature levels, see Figure 14. A clear

linear relationship was found, which renders numerical estimations possible at the different

heat loss levels to which the subjects are exposed during the actual experiments.
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with high and low air speed
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Figure 14. Whole body heat loss values from MANIKIN2 as well as separated into "clothed"
and unclothed" body parts. Plotted against temperature at the two different air
velocity levels (low and high).

The calculated estimations of the heat losses, in the temperature interval used (21°C to 24°C

over 80 minutes) were plotted in Figure 15. The results obtained during the high velocity

pulse were that the whole body heat loss increased by 10 %. For uncovered body parts, face

and hands, the increase was 20 %. For the rest of the upper body the rise was 7 %. Integrating

over the whole exposure time gives the result that subjects exposed to velocity variations have

a total energy loss that is only 2 % higher compared to subjects exposed to constant low

velocity. This indicates that the enhanced heat loss as well as a change in the climate, during

the high velocity pulse, contributes more to the significant differences in MTV than the slight

increase of total energy loss. Speculatively, the perceived effect could be explained by the

abrupt change in heat loss that produces a feeling of relief, as the occupants are under mild

heat stress, and at the same time the enhanced convective cooling starts to reduce the internal

stored heat.
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Figure 15. Calculated estimations of the human heat loss variations measured with
MANIKIN2.
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Paper VI

Effects of intermittent air velocity on thermal and draught perception during transient
temperature conditions

In both experiments presented in paper IV, there was a significant effect of the high velocity

pulses on change of MTV scores over time. Since this research aims to evaluate a dynamic

course, we have to acquire subjects’ thermal and draught assessments at different points in

time in relation to the high velocity pulses. Therefore in Experiment 3 where the room

temperature raised from 21°C to 24°C, the MTV and DP assessments were performed at the

start of the exposure, immediately after the final high velocity pulse and 10 minutes after the

final velocity pulse. Paper VI reported the results from this experiment and in addition

reanalysed the results of the two experiments from Paper IV together with the Experiment 3

data.

 In experiment 3 the task order was slightly modified, see Table 8 below, as this study

contained measures of perceived comfort and air quality at three different points in time.

Table 8. Modified task order with match against velocity conditions.

Task Time Velocity cond.
[Minutes] V1 V2

Affect 1 0 Low Low
Attention 1 5 ↓ ↓
Temp. & air q. 1 10 ↓ ↓
Problem solving1 12 ↓ ↓
Text reading 25 ↓ ↓

30 ↓ High
Logical problem 35 35 ↓ Low
Proof-reading 45 ↓ ↓

50 ↓ High
Questions on text 55 55 ↓ Low
Problem solving2 60 ↓ ↓

65 ↓ High
Temp. & air q. 2 70 70 ↓ Low
Affect 2 71 ↓ ↓
Attention 2 75 ↓ ↓
Temp. & air q. 3 80 ↓ ↓

In order to reduce the influence of individual preferences the first measurement of perceived

temperature and air quality served as a baseline and consequently the units entered into the

statistical analyses were the change scores of second measurement minus first measurement
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(MTV0) and third minus first (MTV10) respectively. A main effect of velocity (p = 0.036) on

the immediate thermal assessment (MTV0) reflected that subjects exposed to velocity

variations (V2) reported no mean change in MTV scores (Table 9), whereas the group that

was exposed to constant low velocity (V1) increased their ratings (+ 0.53). Ten minutes later

(MTV10) MTV scores were raised also in the V2 group thus reducing the difference between

the groups to 0.30, (p = 0.29).

The results concerning the MTV measure from all three experiments are summarized in

Table 9 below.

Table 9. MTV values at the start of the exposure and at different points in time in proportion
to the last high velocity pulse. Changes in relation to the start level are shown in
brackets.

Experiment 1 2 3
Temperature

rise 21 to 24 °C 25 to 27 °C 21 to 24 °C

Velocity
condition

No
variation Variation No

variation Variation No variation Variation

MTVstart 0.63 0.54 1.08 1.21 0.76 0.75
MTV0 -- -- -- -- 1.29(+0.53) 0.75(0)
MTV5 0.96(+0.33) 0.46(-0.08) 1.75(+0.67) 1.46(+0.25) -- --
MTV10 -- -- -- -- 1.48(+0.70) 1.15(+0.40)

In sum, experiments 1 & 3 show that the difference in thermal assessment between the groups

decreased depending on how long after the last high velocity pulse the sample was taken. The

difference in MTV scores was 0.53 immediately after the pulse, 5 minutes later it was 0.41

and after another 5 minutes it had dropped to 0.30.

The percentage of subjects who were dissatisfied with the thermal condition (PD), from

all three experiments, is presented in Table 10. From the table it can be seen that the expected

increase in PD, due to the temperature rise, was lower when velocity variations were used, in

both temperature intervals.



38

Table10. PD values at the start of the exposure and at different points in time in proportion to
the last high velocity pulse. Changes in relation to the start level are shown in
brackets.

Experiment 1 2 3
Temperature rise 21 to 24 °C 25 to 27 °C 21 to 24 °C

Velocity
condition

No
variation Variation No variation Variation No variation Variation

PDstart 8 4 21 38 14 20
PD0 -- -- -- -- 48(+34) 30(+10)
PD5 25(+17) 12(+8) 63(+42) 54(+16) -- --
PD10 -- -- -- -- 57(+43) 45(+25)

Table 11 gives the percentage of subjects, within each group, who perceived the

conditions as draughty, i.e.. scored 3, 4 or 5 on the “draughty” scale. 

Table 11. DP values in percentage using the scale evaluations of 3, 4 & 5, at the start of the
exposure and at different points in time in proportion to the last high velocity pulse.

Experiment 1 2 3
Temperature rise 21 to 24 °C 25 to 27 °C 21 to 24 °C

Velocity
condition

No
variation Variation No variation Variation No variation Variation

DPstart 4.2 8.4 0 9.5 9.5 5
DP0 -- -- -- -- 0 10
DP5 8.4 17 4.3 0 -- --
DP10 -- -- -- -- 0 5

Experiments 1 & 3 demonstrated that the difference in MTV scores between subjects in the

two velocity conditions, measured after the last high velocity pulse, decayed during the ten

minutes following the high velocity pulse. However, the difference in MTV scores was shown

to be not significant ten minutes after the last high velocity pulse. This suggests that the time

between the high velocity pulses should not be longer than 10 to 15 minutes at those

temperature and air speed conditions.

In experiment 2, where the room temperature increased from 25°C to 27°C, the velocity

variation was shown to keep down the rise in PD (no velocity variation = + 42 % dissatisfied;

velocity variation = +16 % dissatisfied) and no draught perception was indicated. This

suggests that the method of air velocity variation also works at higher room temperatures. 
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In experiments 1 and 3 the DP scores were related to the thermal assessment. In

experiment 1 the MTV scores were slightly lower and in consequence the draught perception

was higher. However, there was no clear connection between the DP and MTV scores in

Experiments 1 and 2. For instance Tables 10 & 11 for experiment 1, show that no velocity

variation leads to an increase in both MTV and DP scores, whereas velocity variation gives a

reduction in MTV and a raised DP. The low percentage of occupants who perceived draught

could be explained by the short duration (5 minutes) of the high velocity pulses and that the

direction of the air movement was from above and down, which is the direction that generates

least draught perception (Zhou 1999). In sum, the results obtained support the prediction that

it is possible to cool humans and reduce the percentage of occupants who are dissatisfied with

the room temperature without draught problems by intermittent cooling, at moderate over

temperatures.
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GENERAL DISCUSSION
The main objective of the present thesis was to evolve a controlled intermittent velocity field

and to examine the impact of that type of dynamic indoor climate on human psychology and

physiology. The climate is considered to be dynamic, or transient, as the room temperature

increases over time, due to the thermal load and the ventilation conditions, and that there are

step changes in air velocity.

The prediction was that intermittent velocity variation could provide occupants with the

desired cooling without causing draught and that this intermittent change of the indoor climate

would influence peoples’ affect and cognitive performance. 

Human perception

The obtained results support the first prediction, intermittent velocity variation may provide

occupants with the desired cooling without causing draught. Subjects exposed to velocity

variations were significantly less affected by the temperature rise in the room, compared to

the control group. Moreover, the method reduced the expected increase of occupants who

perceived the temperature condition as uncomfortable.

The findings concerning air movements demonstrate that very few perceived the

condition as draughty, after being exposed to the three high velocity pulses. It is also worth

mentioning that none of the subjects considered the air movement as “much draughty or very

much draughty”, not even when the draught was assessed at the same time as the final high

velocity pulse (0.40 m/s during 5 minutes) ended.

 The results concerning affect showed a significant effect on high activation, in the

temperature range 21 - 24°C when the velocity variations made the subjects rate the

temperature as slightly lowered over time, they kept their level of activation. In the higher

temperature interval, 25 - 27°C, unactivated unpleasantness increased and activated

pleasantness decreased significantly more in subjects in the constant velocity condition than it

did for subjects in velocity variation condition. In sum, all results concerning affect, the

significant ones and tendencies point in the same direction. Subjects exposed to velocity

variation report changes, over time, indicating higher activation and more positive feelings.

No differences in cognitive performances were shown between the air velocity

conditions. However, a tendency to a significant result (p = 0.10) in an attention task was
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shown, indicating that subjects in the velocity variation condition increased their speed in a

short-term memory search, compared to subjects in the constant velocity condition. 

In the temperature range 21- 24°C, where the perception of the room temperature was

measured at 0, 5 and 10 minutes respectively after the last high velocity period, the difference

in MTV scores between the two groups, did decrease over time. Ten minutes after the last

pulse the difference in MTV scores between the two groups was not significant. This suggests

that the high velocity period should be repeated every10 to 15 minutes to keep the expected

rise in subjects who judged the thermal conditions as uncomfortable down.

However, to be critical, we do not know anything about how the subjects perceived the

conditions between the measures, as they were asked how they felt “right now”. They might

have felt thermal discomfort just before the pulses started or perceived the air motion as very

draughty during the pulse. Concerning the air movement there are several reasons to believe

that the air movement during the pulse was not assessed as draughty. First, the short duration

of the pulses. Griefahn et al. (1997) found that draught-induced annoyance increased with

exposure time and did not reach a steady state until after 40 to 50 minutes. Second, the mean

scores on the draughty scale collected 10 minutes after the end of the last high velocity pulse

(Paper VI) showed that subjects exposed to velocity variations scored + 0.05, compared to

their start level, whilst the group exposed to constant low velocity scored – 0.24, respectively.

The difference between the groups showed a tendency to be significant (p = 0.09), despite this

measure being performed after 10 minutes of almost identical physical conditions. This

indicates speculatively that assessments, made by subjects exposed to velocity variations, on

how they perceive the air movement “right now “might have been influenced by their

“thermal history”. Consequently, this would hold also for the assessment made just after the

end of the pulse. In this assessment none of the subjects rated the conditions as “much

draughty or very much draughty”. Third, at the end of each test, still sitting in the test room,

an open question concerning the indoor environment, “Is there any other aspect of the indoor

environment in this room that bothers You?” was answered by the subjects.  None reported

complaints about air movement. In sum, we may conclude that these short pulses with high

velocity, during the used thermal conditions, do not create feelings of draughtiness.

No effect on cognitive performances could be explained by the limited exposure dose,

where the dose is determined by the magnitude in changed heat losses and the exposure time,

and/or that the thermal conditions in the constant velocity group were not “bad enough” to

result in an impairment in the cognitive task performances.
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Physiological response

The skin temperature was not affected neither by the rise in ambient temperature (from 21 to

24°C over 80 minutes) nor the periods (3 x 5 minutes) of high velocity. A consequence of this

result is that the human temperature regulation system permitted an increased heat loss during

the high velocity pulse, and hence a reduction of the body’s internal stored heat. For

uncovered body parts the increase in heat loss was 20 % during the high velocity pulse.

Summarised over the whole exposure time the three pulses produced a total energy loss that

was only 2 % higher compared to constant low velocity. When the subjects were exposed to

the high velocity pulses their assessment of the thermal condition was in the range from

“neutral” to “too warm”. Speculatively, the abrupt change in heat loss produced a feeling of

relief, since the occupants were exposed to mild heat stress, which affected their thermal

judgements after the pulses more than the slight increase in total energy loss.

Practical implementation

In the present work the ambition was to isolate the independent variable, the air velocity, from

the other environmental variables that determine the thermal climate. This was done to make

it possible to claim that the measured effects were caused by the air movement only. To

achieve this the air that formed the high velocity pulse was taken at the upper part of the

room, hence the air in the jet had approximately the same temperature as the ambient air at

head level. This solution led to slightly decreased air quality in the breathing zone during the

high velocity pulse. However, tracer gas measurement showed that the air quality was

restored only a few minutes after the high velocity period ended. In a future implementation

the intake to the internal system could be placed close to the air supply terminal, hence

strengthen the cooling effect of the pulse and avoiding spreading contaminated air down into

the breathing zone.

The method presented in this work does not remove the excess heat that the thermal

load generates it only makes the occupants more “tolerant to a rise in room temperature ”. To

return to an acceptable start temperature the method must be combined with some kind of

cooling of the building. If the building has no traditional mechanical cooling system methods

adopting free cooling could be used. During shorter breaks the air temperature could be

lowered through window airing (Nordquist 1998) while the temperature of the whole building

could be restored through ventilation at night with cool air.
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One advantage with the internal recirculating high velocity system is that it works

independently of the traditional ventilation system. It could easily be installed in the ceiling in

existing buildings and its control equipment simply consists of a chain of time-controlled

sequences that turns the recirculation fan on and off. In an implementation the high velocity

diffusers should be mounted close to the occupied zone to keep the jet short and hence

produce a uniform velocity field and sufficient air speeds with a minimum of added fan

energy.

Further research

In the present research the same time pattern, i.e. time between the pulses, pulse length and

number of pulses, in the velocity variation condition was used. Only different strengths of the

pulse were tested. To further develop the concept of intermittent velocity variations the effects

of other time patterns must also be explored. Also evaluation of the conditions during the high

velocity period is needed. 

In the higher temperature interval, 25°C to 27°C, the velocity variation was shown to

keep down the rise in the percentage of dissatisfied and no draught perception at all was

indicated. This suggests that the method of intermittent air velocity variation also works at

higher room temperatures. More research is, however, needed to find out whether it is

possible to use pulses with higher speed and/or longer duration to further reduce the

percentage of dissatisfied without causing any annoying effects of the air movement. Also in

this temperature range subjects’ thermal and draught assessment at other points in time in

relation to the high velocity pulses is needed

The results from Paper IV indicated that when the velocity variations made the subjects

rate the temperature as slightly lowered over time, they also seemed to retain their self-rated

level of activation. However, since those measures were not sampled at the same time one

could not draw any conclusions on the connection between changes in perceived room

temperature and level of high activation. This needs to be further examined in a redesigned

study where the measures are made with higher simultaneity.

Another urgent question for future research is how much more cooling effect the pulses

could provide if the air that formed the high velocity pulse was taken close to the floor level,

where the temperature is lower. Cooler air in to the internal system would probably result in

enhanced heat loss, at least during the later part of the pulse.

Finally, to get information on long-term effects of velocity variations field studies are of

vital interest.
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