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Abstract: In the case of public buildings with ceiling heating and mechanical ventilation, radiant
temperature asymmetry caused by the warm ceiling and draught occur simultaneously. The currently
available literature does not offer an exhaustive description of the comfort conditions resulting from
such a thermal environment. This research focuses on complementing the available knowledge, using
instrumental measurements, as well as subject measurements carried out on 20 individuals. Relying
on these measurements, the purpose of the research is to support the understanding of the combined
mechanisms of action of the two local discomfort parameters. The main result of this research is that,
if the predicted percentage dissatified is less than 6%, the radiant temperature asymmetry is in an
interval of 5–15 ◦C, and the draught rate is 15% or 25%, the actual mean vote and the predicted mean
vote values differ significantly, and the actual mean vote is always lower, with a few exceptions. In
addition, the research highlights the changes of the actual mean vote caused by raising the draught
rate from 15% to 25%, in the presence of radiant temperature asymmetry caused by warm ceilings.

Keywords: thermal comfort; human subject measurement; actual mean vote; draught; radiant
thermal asymmetry; local discomfort parameter; combined effect

1. Introduction

The energy-building-comfort system is a tightly connected unit which must be con-
tinuously and dynamically reassessed. Nowadays, rationalisation of the energy use is
receiving more and more attention, a fact also proved by directives of great impact, such as
the Energy performance of buildings directive [1]. The thermal conditions of the delimit-
ing structures of the buildings are improving due to stricter energy regulations, thereby
reducing the heating demand of buildings.

Due to the decreasing heating demands, low temperature space heating systems are
becoming more and more popular [2]. In Germany, Austria and Denmark, 30% to 50% of
the new buildings have surface heating, in Korea, a vast majority of residential buildings
are heated by surface heating [3]. The radiant heating and cooling systems are gaining
much popularity also due to high comfort, reduced energy consumption, a more quiet
operation and space saving [4]. Many heat sources function more efficiently with surface
tempering systems, this is also a reason why surface heating and cooling technologies are
gaining more and more ground. [5]

When using surface tempering, the extent of the discomfort effect caused by the ceiling
heating must be clarified. This is important because buildings are meant to provide first of
all optimal comfort to human activity [6]. This makes it increasingly important to ensure
ideal thermal comfort in closed spaces, apartments, offices and other public buildings [6,7].

On the other hand, it is crucial to provide fresh air in order to improve indoor air
quality and health [7]. Furthermore, in spaces with mechanical ventilation it is highly
important to deal with the draught rate caused by the ventilation system. The draught
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appears due to the movement of the air and causes local cooling of the body. The draught
rate decreases with the increase of the air temperature [8] and the intensity of the turbulence
also has an impact on the perception of the draught [9]. The importance of the draught is
also underlined by Toftum [10].

Setting the ideal thermal comfort parameters for a public building is a statistical
challenge, since in a given space, many people who have divergent preferences and
perceive different thermal environments as ideal may work together.

The main challenge in establishing the optimal thermal environment is that the ther-
mal comfort is a state which can be quantified by the measurement of other parameters
and by applying a mathematical model to interpret the obtained results, or by using
comfort surveys.

The discipline dealing with thermal comfort models is relatively new, one of the
first articles in this filed was published in 1936 [11]. A further considerable result was
MacPherson’s [12] article in which he stated that the thermal comfort depends on six
parameters: the temperature of the air, the velocity of the air, the relative humidity of the
air, the mean radiant temperature, the metabolic rate and the insulation of the clothing.

The biggest milestones of the thermal comfort research field are the results published
by Fanger in 1970 [13], whereby he introduced a comfort index based on the so-called
MacPherson parameters. This comfort model is known as the predicted mean vote (PMV)
index and is still the most widely used thermal comfort index. It is complemented by the
local discomfort factors [14]. This theory can be identified in many related standards as
ISO 7730, ASHRAE 55. [15,16]

The state of the art regarding the local discomfort parameters is that the separate
effect of these parameters is known, but in real life situation, the local discomfort factors
occur together. A joint study of the cold wall and draught [17], as well as the cold wall
and cold window [18] has already been carried out, and the effect of draught at different
temperature parameters has also been studied [19].

However, the combined effect of the warm ceiling resulting from ceiling heating and
the draught caused by ventilation is still a topic with incomplete literature. This is the main
gap in the state of the art and it has high potential for further studies.

In order to eliminate the shortcomings in the literature concerning the combined effect
of radiant temperature asymmetry and draught, we carried out instrumental measurements
and human subject measurements, in an attempt to answer the following questions:

- If PPD < 6%, radiant temperature asymmetry varies in an interval of 5–15 ◦C and
draught rate is DR = 15% or DR = 25%, then are AMV and PMV values the same or
are they significantly different?

- If the value of the AMV is different, is it lower or higher than the PMV?
- If the PMV value is constant, does the change in radiant temperature asymmetry

relevantly influence the AMV value?
- If the AMV changes with the radiant temperature asymmetry, to what extent does it

change?
- By increasing the draught rate from DR = 15% to DR = 25%: is the AMV value effected

significantly?

Our goal was to provide an estimation of the the overall thermal sensation in buildings
with ceiling heating and mechanical ventilation.

2. Methods

The purpose and the novelty of the research is the assessment of the comfort environ-
ments where the draught rate and radiant thermal asymmetry values are different, while
the PMV value is constant and ideal.

In order to make sure that the desired radiant thermal asymmetry and the draught rate
values were met while the PMV value was kept constant, we made instrumental measurements.

The AMV votes presented in this paper were given by the human subjects who
were asked to assess the comfort environments. The provided votes were evaluated
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using two different mathematical methods to make sure that the conclusions drawn are
mathematically correct.

The instrumental and human subject tests were carried out in the Macskásy Comfort
Laboratory of the Budapest University of Technology and Economics.

The comfort chamber where the measurements took place has two heat sources, and
the walls, floor and ceiling of the chamber can be separetly heated and cooled with a
hydronic heating and cooling system, so the desired radiant thermal asymmetry and mean
radiant temperature can be achieved. The temperature, relative humidity and flow rate of
the inlet air is also controllable.

The specific dimensions of the comfort chamber are 4 m × 4 m × 3 m, so that the floor
area of the chamber is 16 m2 and the height is 3 m. The comfort chamber has a hydronic
system, the pipes run in a drywall system. The heating and cooling energy was provided
by two heat pumps, the walls, ceiling and floor had different piping systems and pumps,
so that the temperatures of different surfaces can be controlled separately. The fresh air
supply of the comfort chamber is provided by a central air handling unit.

Figures 1 and 2 show the comfort chamber and the heating and cooling hydronic system.
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The measuring set up has a central data acquisition system, where every measured
parameter is visualised and registered.

2.1. Methodology

Throughout the process of jointly measuring the local discomfort parameters, we
studied the effect of the warm ceiling and draught parameter pairs on thermal comfort.
The thermal environment was kept neutral according to the PMV model for the entire
duration of the measurements. Thus, PPD was always below 6% at the center point of the
measuring chamber.

It is highly important to set up and maintain stationary thermal conditions that remain
unchanged over time. During the measurements, the value pairs of radiant temperature
asymmetry and draught rate must be provided in such a manner as to keep the temperature
and PPD constant throughout the entire experiment (a time span of 3 h). In order to keep
the conditions thermally stationary, we also needed to consider the heat transfer of the
lighting, of the warm ceiling and that of the participants. Furthermore, the heat dissipation
of any walls which are colder than the indoor air must also be taken into account. The
equilibrium equation (Equation (1)) is as follows:

Qceiling + Qhuman + Qlighting −Qwalls −Q f loor −Qair = 0 (1)

As mentioned before, in order to guarantee the relevance of the human subject mea-
surements, it was crucial to keep the heat environment ideal throughout the measurements.
The radiant temperature asymmetry and the draught were also kept at the desired value.
To do so, the following steps were required:

- Determining the surface temperature of the delimiting surfaces—this step allows the
desired radiant temperature asymmetry to be set;

- Specifying the temperature of the inlet air—the temperature and the volume of the
inlet air ensure the thermally stationary state of the measuring chamber; at the same
time, both of them influence the forecast draught rate;

- Fine-tuning of the the air flow in the measuring chamber, with the aim of identifying
and maintaining the desired draught rate.

During the measurement process, the factors affecting thermal comfort were examined
at four planes: ankle level (0.1 m), knee level (0.6 m), head height level of a sitting person
(1.1 m) and head height level of a standing person (1.7 m).

Figure 3 shows a spatial representation of the energy fluxes and measuring points listed
in Equation (1). Figures 4 and 5 show a side-view and a top-view of the measurement points.
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Table 1. Measured and calculated parameters; measurement errors.

Parameter Measured/Calculated Measurement Errors

Air and mean radiant temperature Measured 0.1 ◦C

Air velocity Measured 0.03 m/s + 0.04
Measured value

Relative humidity Measured 1.8%+ 0.007 Measured value
Thermal insulation of the clothing Calculated -
Metabolic rate Calculated -
Turbulence intensity Calculated -
DR Calculated -
PMV Calculated -
PPD Calculated -

2.2. Human Subject Measurements

The human subject measurements were performed in the comfort chamber of the
Budapest University of Technology and Economics, taking into account the methodology
curently used in similar measurements.

When designing the measurement of general thermal comfort, we relied on the mea-
surement methods of Arens et al. [20] and Huizenga et al. [21], who performed local and
overall thermal sensation and comfort measurements in a comfort chamber. In deter-
mining the research method of temperature asymmetry, we made use of the methods of
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Wang et al. [22] and Fang et al. [23]. In researching gender differences, we considered the
measurement methods and results of Schellen et al. [24] and Kalmar et al. [25].

In determining the precise length of the measurement occasions, we relied on the
descriptive article of Boestra et al. [26] and on the research of Wyon [27]. The latter
contains a complete description of the framework to be considered in human subject tests.
For the evaluation of work performance we also used the methodology described by
Zhang et al. [28] and Wim et al. [29], in addition to the previously mentioned literature.

The human subject measurements were preceded by instrumental measurements,
during which some relevant parameters were measured and recorded at the spatial points
described above. These were the spatial distribution of the following factors: air velocity,
air temperature and air humidity, the mean radiant temperature, PMV, PPD, Tu and DR.
10 cases were examined, characterised by five radiant temperature asymmetries and two
draught rates, as follows:

- radiant temperature asymmetry: 5 ◦C, 7 ◦C, 10 ◦C 12 ◦C, 15 ◦C;
- draught rate: 15% and 25%.

For each asymmetry and draught parameter pair, the following conditions were met:
first of all, the PPD value remained below 6%; second of all, the radiant temperature
asymmetry and the DR value showing the draught rate could be kept at the required value.

A total of 20 subjects participated in the human subject measurements, 10 men and 10
women, all of them healthy. They evaluated the 10 thermal comfort environments defined
above. During the measurements, a thermal environment was constantly stable, due to the
thermally stationary state of the measuring chamber.

Every measurement lasted for three hours; throughout their duration, the participants
were exposed to only one thermal environment defined by one asymmetry and one draught
rate at a time. These thermal settings followed in random order so that no upward and
downward trends could be inferred.

The rate of the supply air was 290 m3/h, which is an air exchange rate high enough
to ensure a good indoor air quality for the participants, since only one subject at a time
was present in the comfort chamber and the air exchange rate was 6 1/h. Close attention
was paid to the elimination of acoustic discomfort and to the provision of adequate visual
comfort. Thus, the visual, acoustic and indoor air comfort environment of the subjects was
not compromised during the measurements. The subjects did not leave the measuring
chamber throughout the duration of a measurement. If this was nevertheless necessary, the
data collected half an hour after returning to the chamber was not used in the subsequent
statistical analysis.

One measurement session consisted of six repetitive measurement blocks. Each
measurement block lasted for thirty minutes and consisted of free activity, measurement
of work efficiency, and thermal comfort voting. The participants provided paper-based
information, which was then analyzed through mathematical methods.

The human subject measurements lasted for 3 h and consisted of six repeated mod-
ules of 30 min each. Table 2 presents the boundary conditions of the human subject
measurements.

2.3. Methodology of Evaluation

In evaluating the results, we examined the correlations between the thermal comfort
votes given under different conditions. Throughout the study, we always compared two
sets using two different mathematical approaches. On the one hand, we used the Welch
test and, on the other hand, the Mann-Whitney exact test to evaluate the results. Due to the
significant differences in the nature of these two methods, we considered it safe to accept a
relation of dependency or independence between two sets of votes, if both methods led to
the same result.
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Table 2. Boundaries of the human subject measurements.

Boundaries

1 Number of healthy subjects: 20—10 women and 10 men

2 Length of exposure: 180 min + acclimatisation prior to the
measurements

3 Number of parameter groups: 10 (5 radiant thermal asyymetries
and 2 draught rates)

4 During one measurement session, the subjects were exposed to
only 1 thermal comfort environment

5 Only one subject at a time participates in the experiment
6 The occurrence of parameter groups is random

7 The thermal comfort chamber was thermally stationary during
the entire measurement

8 Acoustic and visual disturbances were ruled out
9 Due to the high volume of air flow, the indoor air quality is ideal
10 The thermal insulation capacity of the clothing is 1 clo

11 Breakfast is mandatory, meals are adapted to the individual’s
daily routine

12 Using the lavatory before starting the experiment is ideal

13 Water can be brought into the measuring chamber, all other food
is forbidden

The Welch test is one of the parametric tests among the statistical hypothesis tests.
The test examines whether the means of probability variables in two separate samples
differ significantly from each other. The information obtained during the studies of human
subjects was defined as probability variables, according to which the null hypothesis of
the test is that the expected values of two probability variables are the same. During
the test, the significance level was determined to be 0.05. The test statistics of the Welch
test are shown in Equation (2) and the definition of the degree of freedom is shown in
Equation (3) [30]:

t =
x− y√
s2

x
n +

s2
y

m

. (2)

1
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=

1
n− 1

·
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s2

x
n +
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2

+
1
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 s2
y

m
s2

x
n +

s2
y

m

2

(3)

The null hypothesis and alternative hypothesis in the case of the Welch test are
the following:

H0: sub>0: The expected values of X and Y random variable are equal;
H1: The expected values of X and Y random variable are not equal [30].

Belonging to the nonparametric tests, the Mann-Whitney test operates with rankings
of values. The null hypothesis of this test is that there is an equal probability (i.e., of 50%)
that one randomly selected element of one of two populations will be larger than any
element of another population. The Mann-Whitney test’s confidence interval was defined
as 95%. The null hypothesis and alternative hypothesis in the case of the Mann-Whitney
test is the following:

H0: sub>0: F1 = F2;
H1: F1 6=F2. [31].

3. Results

The subjects participating in the measurements evaluated their thermal environment,
therefore the AMV values were available. The results show the average of these AMV
values for a given radiant temperature asymmetry and draught rate as follows:

- AMV as a function of radiant temperature asymmetry, in women, DR = 15% draught rate;
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- AMV as a function of radiant temperature asymmetry, in men, with DR = 15%
draught rate;

- AMV as a function of radiant temperature asymmetry, for women and men, with
DR = 15% draught rate;

- AMV as a function of radiant temperature asymmetry, in women, DR = 25% draught rate;
- AMV as a function of radiant temperature asymmetry, in men, DR = 25% draught rate;
- AMV as a function of radiant temperature asymmetry, for women and men, with

DR = 25% draught rate;

For a better illustration of the results, the thermal enviroment parameters and the
votes gained from the human subject measurements were organized into figures. The
figures also display the 0.95 confidence intervals, as well as the mean AMV values; these
are defined in function of the radiant temperature asymmetry (presented as dots in the
figures). Each dot on Figures 6 and 7 represents the expected value of 60 measurements
each (in case of women or men). The points on Figure 8 represent the predicted value of
120 cumulative measurements. The points on Figures 9 and 10 also represent the expected
value of 60 measurements, while points on Figure 11 represent the predicted value of 120
measurements. These also show the votes given by each subject at six different moments
during the measurement sessions (at 30, 60, 90, 120, 150 and at 180 min). These votes are
represented in the figures below.

Energies 2021, 14, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 6. AMV as function of radiant thermal asymmetry, Women, DR = 15%. 

Instead of an initial increase in AMV, as seen in the case of women, the AMV value 
for men is constant at a draught rate of 15%. In this case, a significant increase can be 
noticed in the range of 10–15 °C, the value of AMV reaches its maximum at a radiation 
temperature asymmetry of 15 °C. This is shown on Figure 7. 

 
Figure 7. AMV as function of radiant thermal asymmetry, Men, DR = 15%. 

The characteristic experienced by men and women is superimposed—thus it can be 
stated that, at a draught of 15%, taking into account the votes of all subjects, the increase 
of the radiant thermal asymmetry causes a significant increase of the AMV. This phenom-
enon is shown in Figure 8. 

-1.1
-0.9
-0.7
-0.5
-0.3
-0.1
0.1
0.3
0.5
0.7
0.9
1.1

4 6 8 10 12 14 16

A
M

V
, (

−)

Radiant thermal asymmetry, (oC)
AMV, DR=15%, Women AMV, DR=15%, Women, 95% Upper
AMV, DR=15%, Women,  95% Lower

-1.1
-0.9
-0.7
-0.5
-0.3
-0.1
0.1
0.3
0.5
0.7
0.9
1.1

4 6 8 10 12 14 16

A
M

V
, (

−)

Radiant thermal asymmetry, (oC)
AMV, DR=15%, Men AMV, DR=15%, Men, 95% Upper AMV, DR=15%, Men, Lower

Figure 6. AMV as function of radiant thermal asymmetry, Women, DR = 15%.

Energies 2021, 14, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 6. AMV as function of radiant thermal asymmetry, Women, DR = 15%. 

Instead of an initial increase in AMV, as seen in the case of women, the AMV value 
for men is constant at a draught rate of 15%. In this case, a significant increase can be 
noticed in the range of 10–15 °C, the value of AMV reaches its maximum at a radiation 
temperature asymmetry of 15 °C. This is shown on Figure 7. 

 
Figure 7. AMV as function of radiant thermal asymmetry, Men, DR = 15%. 

The characteristic experienced by men and women is superimposed—thus it can be 
stated that, at a draught of 15%, taking into account the votes of all subjects, the increase 
of the radiant thermal asymmetry causes a significant increase of the AMV. This phenom-
enon is shown in Figure 8. 

-1.1
-0.9
-0.7
-0.5
-0.3
-0.1
0.1
0.3
0.5
0.7
0.9
1.1

4 6 8 10 12 14 16

A
M

V
, (

−)

Radiant thermal asymmetry, (oC)
AMV, DR=15%, Women AMV, DR=15%, Women, 95% Upper
AMV, DR=15%, Women,  95% Lower

-1.1
-0.9
-0.7
-0.5
-0.3
-0.1
0.1
0.3
0.5
0.7
0.9
1.1

4 6 8 10 12 14 16

A
M

V
, (

−)

Radiant thermal asymmetry, (oC)
AMV, DR=15%, Men AMV, DR=15%, Men, 95% Upper AMV, DR=15%, Men, Lower

Figure 7. AMV as function of radiant thermal asymmetry, Men, DR = 15%.



Energies 2021, 14, 3712 9 of 15

Energies 2021, 14, x FOR PEER REVIEW 10 of 17 
 

 

 
Figure 8. AMV as function of radiant thermal asymmetry, Women and Men, DR = 15%. 

Figures 9–11 show the AMV votes for women, men and all subjects at a 25% draught 
effect. Figure 9 shows that the trend observed at 15% draught also exists at 25% draught: 
in both cases, the AMV increases in the first part of the interval and then gets stabilized. 
In this case, however, the maximum value occurs with a higher radiation asymmetry and 
it results in a smaller absolute value. 

 
Figure 9. AMV as function of radiant thermal asymmetry, Women, DR = 25%. 

For a draught rate of 25% the nature of the AMV votes of men is similar to the one 
seen at the draught rate of 15%: in both cases, there is an initial stagnation and then an 
increase in the range of 10–12 °C. Also in the case of men, there is a difference in the abso-
lute value of AMV, as a lower AMV value is associated with a draught sensation of 25%. 
The phenomenon is shown in Figure 10. 

-1.1
-0.9
-0.7
-0.5
-0.3
-0.1
0.1
0.3
0.5
0.7
0.9
1.1

4 6 8 10 12 14 16

A
M

V
, (

−)

Radiant thermal asymmetry, (oC)
AMV, DR=15%, Women and Men AMV, DR=15%, Women and Men, 95% Upper
AMV, DR=15%, Women and Men, 95% Lower

-1.1
-0.9
-0.7
-0.5
-0.3
-0.1
0.1
0.3
0.5
0.7
0.9
1.1

4 6 8 10 12 14 16

A
M

V
, (

−)

Radiant thermal asymmetry, (oC)
AMV, DR=25%, Women AMV, DR=25%, Women, 95% Upper
AMV, DR=25%, Women, 95% Lower

Figure 8. AMV as function of radiant thermal asymmetry, Women and Men, DR = 15%.
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Figure 10. AMV as function of radiant thermal asymmetry, Men, DR = 25%.
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Figure 11. AMV as function of radiant thermal asymmetry, Women and Men, DR = 25%.

Figure 6 shows the AMV in function of radiant thermal asymmetry taking into account
only women’s votes at a draught rate of 15%. In the interval of 5–10 ◦C radiant thermal
asymmetry the increase of the asymmetry caused an increase in AMV. In the interval of
10–15 ◦C the increase of the radiant thermal asymmetry does not affect the AMV values, as
it remains constant.

Instead of an initial increase in AMV, as seen in the case of women, the AMV value for
men is constant at a draught rate of 15%. In this case, a significant increase can be noticed
in the range of 10–15 ◦C, the value of AMV reaches its maximum at a radiation temperature
asymmetry of 15 ◦C. This is shown on Figure 7.

The characteristic experienced by men and women is superimposed—thus it can be
stated that, at a draught of 15%, taking into account the votes of all subjects, the increase of
the radiant thermal asymmetry causes a significant increase of the AMV. This phenomenon
is shown in Figure 8.

Figures 9–11 show the AMV votes for women, men and all subjects at a 25% draught
effect. Figure 9 shows that the trend observed at 15% draught also exists at 25% draught:
in both cases, the AMV increases in the first part of the interval and then gets stabilized. In
this case, however, the maximum value occurs with a higher radiation asymmetry and it
results in a smaller absolute value.

For a draught rate of 25% the nature of the AMV votes of men is similar to the one
seen at the draught rate of 15%: in both cases, there is an initial stagnation and then an
increase in the range of 10–12 ◦C. Also in the case of men, there is a difference in the
absolute value of AMV, as a lower AMV value is associated with a draught sensation of
25%. The phenomenon is shown in Figure 10.

Figure 11 shows the change of AMV as a function of radiant thermal asymmetry at
25% draught. Taking into account the votes of all human subjects, we can state that the
value of AMV increases with the increase of the radiant thermal asymmetry, at a draught
rate of 25%.

4. Discussion
4.1. Evaluation of the Results

In evaluating the results, we compared two examined data sets applying the Welch
and Mann-Whitney methods, using the mathematical methods presented in Section 2.3. A
statement was accepted if both methods gave the same result with at least 95% confidence.
The results were examined and evaluated according to the following aspects:

- the effect of the increase in draught on the AMV value in the interval between 5–15 ◦C;
- a description of the differences between women’s and men’s votes;
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- change in AMV with increasing the radiant temperature asymmetry.

In the range of 5–10 ◦C radiant temperature asymmetry, by increasing the draught
rate from DR 15% to 25%, the AMV value decreases significantly. In the 12–15 ◦C radiant
temperature asymmetry range, increasing the draught rate has no significant effect on
AMV, which could be identified using both the Welsh and Mann-Whitney test. These
results are shown in Figure 12, which shows the mean of all votes and the lower and upper
95% confidence intervals.
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Examining this phenomenon only in the case of female votes: in the 5–10 ◦C radiant
temperature asymmetry interval the increase of the draught rate from DR 15% to 25%
significantly reduces the AMV value, while in the 12–15 ◦C radiation asymmetry interval it
has no effect on it. That is, in the case of female votes, the trend is the same as for all votes.
These results are shown in Figure 13, showing the mean and confidence intervals for the
female votes at 15% and 25% DR and 5, 7, 10, 12 and 15 ◦C radiant temperature asymmetry.
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Figure 13. AMV as function of radiant thermal asymmetry, Women, DR = 15% vs. DR = 25%.

The evaluation of the male votes is shown on Figure 14, which shows results similar
to Figure 13, only this time presenting the vote of the male subjects in the experiment.
When using the Welch and Mann-Whitney tests together and comparing the results, it can
be concluded that in the 5–10 ◦C radiant temperature asymmetry interval, increasing the
draught rate from DR 15% to 25% has no significant effect on the AMV. In the interval of
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12–15 ◦C, on the other hand, increasing the draught rate from 15% to 25% DR significantly
reduces the value of AMV.
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Figure 14. AMV as function of radiant thermal asymmetry, Men, DR = 15% vs. DR = 25%.

Figure 15 compares the votes of women and men, at a draught rate of DR = 15%. It
can be stated that in the radiant temperature asymmetry interval of 5–15 ◦C, the AMV vote
of men is higher in all cases.
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Similarly, for DR = 25% (Figure 16), the Welch and Mann-Whitney methods show a
significant difference between the AMV votes of women and men. In this case, too, men´s
votes are higher.

Examining the change in AMV votes with the change in radiant temperature asymme-
try at different DR values, and the relationship between these AMV values, we come to the
following conclusions:

- in all cases, the value of the AMV differs significantly from the value of the PMV;
- at DR = 15%, if all votes are taken into account: the AMV value surges alongside

with the increase of the radiation temperature asymmetry, remaining below 0 for the
whole interval;

- at DR = 15%, considering women´s votes: the AMV value increases with increasing
radiation temperature asymmetry, remaining below 0 for the entire interval;
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- at DR = 15%, considering the votes of men: the AMV value is constant in the range of
5–10 ◦C; then it increases, reaching a positive value at 15 ◦C asymmetry

- the trends are similar also at a draught effect of DR = 25%.

The difference between the women’s and men’s votes is due to physiological differ-
ences. Similar gender differences were also obtained by Barna, Kalmar and Schellen [18,23,24].
Differences between the AMV and PMV values were also reported by Humphreys and
Nicol [32].
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4.2. Usability of the Results

The number of buildings with ceiling heating and mechanical ventilation is growing
dynamically. Nevertheless, the combined effect of warm ceilings and draughts on thermal
comfort and work efficiency has so far been unknown to both engineering practice and to
the scientific world. In the course of our research, we kept in mind that the expected results,
as well as their immediate applicability, are equally important for the professionals de-
signing, implementing and operating building services systems, for real estate developers,
employers, as well as comfort theory researchers.

The results presented in this article can be used for the estimation of the overall thermal
comfort in buldings with ceiling heating and mechanical ventilation. Surely, the topic of
the combined effect of warm ceilings and draught cannot be considered a complete and
fully known research field. There are many additional research opportunities related to the
combined effect of the aforementioned two discomfort paremeters—such as measuring its
physiological effects. One outstanding way to do this is to measure the heart rate variance.

5. Conclusions

When considering buildings with ceiling heating and mechanical ventilation, it is
particularly important to pay attention to the combined effect of the radiant temperature
asymmetry caused by warm ceilings and draughts. The goal of this research was to
eliminate the shortcomings related to the combined effect of these two discomfort factors.
We reached the following main results:

- if PPD < 6%, the radiant temperature asymmetry varies in the range of 5–15 ◦C
and the draught is DR = 15% or DR = 25%, then the AMV and PMV values are
significantly different;

- the AMV value is lower in all cases, with the exception of male votes DR = 15%,
AS = 12 and 15 ◦C, and DR = 25%, AS = 15 ◦C;

- for an approximately constant PMV value, a change in radiant temperature asymmetry
significantly affects the AMV value;
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- when considering the votes of all human subjects: increasing DR = 15% to DR = 25%
has a significant effect on AMV;

- there is a significant difference between the women’s and men’s AMV votes in both
DR = 15% and DR = 25%.
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Abbreviations
Symbol Meaning Dimension
AMV Actual Mean Vote -
DR Draught rate %
f Degrees of freedom -
F1 Distribution function—first sample -
F2 Distribution function—second sample -
H0 Null hypothesis -
H1 Alternative hypothesis -
m First sample size -
n Second sample size -
PMV Predicted Mean Vote -

PPD Predicted Percentage of Dissatisfied %
sx Standard deviation of the first sample Variable
sy Standard deviation of the second sample Variable
Tu Turbulence intensity %
Qair Heat transfer from the chamber to the air W
Qceiling Heat transfer from the ceiling to the chamber W
Qfloor Heat transfer from the chamber to the floor W
Qhuman Heat transfer from the human to the chamber W
Qlighting Heat transfer from the lighting to the chamber W
Qwalls Heat transfer from the chamber to the walls W
x Mean value of the first sample Variable
X First random variable Variable
y Mean value of the second sample Variable
Y Second random variable Variable
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