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Abstract

Residential and commercial buildings represent astamitial load for electric energy systems. Being HVAC
comfort system of a building an important energadoits optimization is fundamental for energy-@éfit buildings.
The literature, supported by theoretical models sindlilations, has reported that ceiling fans care smergy when
correctly used in HVAC systems. The breeze creétedhe fan in a room can influence the thermal ainf
sensation of the occupants in such way that theaiditioner thermostat can be set some degredthig the
summer or lower in the winter. This paper aims tespnt experimental evidences, statistically supporthat the
presence of a fan running in a thermally controli@mbient allows to increase the temperature withedticing the
thermal satisfaction level of the occupants. Th&t fiesults have shown that, for an f8oom, with three occupants,
such increase is about three-Celsius degree, sednWh.
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1. Introduction

Residential and commercial buildings represent aB6& to 40% of the electricity consumption of
the power grids. Heating, Ventilation and Air Caiatiing (HVAC) comfort systems account for 39% of
the energy consumed in commercial buildings [1-Bhen, HVAC system optimization plays an
important role in energy-efficient buildings design

The literature has reported the possibility of ggesaving when increasing cooling setpoints and
decreasing heating setpoints of the HVAC systerhawuit a reduction in the occupants’ thermal comfort
by using individual comfort systems like ceilingdadesk fans, foot warmers, heated or cooled seats a
workstation surfaces [4-5].

By using parametric simulation study of seven alies and six model types, with empirical
corroboration, Hoyt at al. [4] has reported the dfitnof widening thermostat heating and cooling
setpoints to save energy in a typical medium offio#ding. By increasing the cooling setpoint of 22
to 25°C, 27% of HVAC energy saving was achieveddiRing the heating setpoint of 21.1°C to 20°C,
saves an average of 34% of terminal heating energy.

By using the Predicted Mean Vote model (PMV), Leale[5] has reported that, in the summer, the
use of a ceiling fan can allow a increasing of .2 the setpoint of an HVAC system thermostat wiitth
difference in the user comfort. This increase astrcooling costs from 8% to 16 %.

The human thermal sensation and comfort are suNgeobncepts, but can be indirectly measured and
quantified [1, 6, 7]. It can be said that HYAC syss are not used for heating nor cooling, but for
providing the thermal comfort, decreasing the oecui warm sensation in the summer and cold
sensation in the winter. A common interaction whb comfort systems is the choice of the tempegatur
setpoint. The decision to change the temperatutfoisg is a reaction of the environment occupant
against the thermal discomfort sensation. It isvkmas the adaptive principle which states that if a
change occurs, producing discomfort, people reaatays that tend to restore their comfort. The dpsfe
the air surrounding the occupants' skin is oneheffactors that influence the thermal comfort stosa
[1, 6, 7], thus, a fan can influence the tempemtetpoint value choice and the different setpoart
make a difference in the energy consumption of &#& thermal comfort system.

This paper aims to present experimental eviderstasistically supported, that the presence of a fan
running in a thermally controlled ambient allowsriorease the temperature without reducing thenther
satisfaction level of the occupants. Thus, to eat@uhe thermal sensation, experiments have begada
out using volunteers (human in the loop) in a thetyrcontrolled small room.

Once the thermal sensation is a subjective responise evaluated, another objective of this redearc
was to design an instrument to quantify the volerisethermal sensation according to the averagmroo
temperature.

2. Materials and Methods

Two experiments were carried out in two days. Inhbexperiments the room temperature was
increased from the natural condition, about 23°G thigher temperature, about 33°C, by means of a
2500W heater. For the second experiment a 60W t@des was added, operating at its maximum
speed. The main idea was to compare the hot sensatboth cases.

Three students, two males and one female, occup@tbom during the experiments. This room was
properly equipped with five temperature sensors, @meach desk and two on different points; humidit
CGO, concentration and volatile organic compound sendidnis room is shown in Figure 1.

It was developed a measurement instrument to g#tleethermal sensation of the people taking part
in the experiment. This instrument is a chart cinimg ten, one for each measurement, linear scales
varying from -10 to +10, being -10 the maximum cséhsation and +10 the maximum hot sensation and
zero the neutral point of this scale. Figure 2 shivis instrument.
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Fig. 1- Room of 6m x 3m where the experiments have bedprmpeed.
2.1. Experiment Flow

At the beginning of each experiment, the studerdsevasked to put a mark on the first scale of the
chart, according to their thermal sensation. Ifythee feeling hot, they should put a mark above,zér
they are feeling comfortable, they should mark @moz otherwise they should mark below zero,
according to the intensity of their sensation. yilveere asked to do the same for each degree of
temperature increase until the end of the experimen

At the end of the experiment all instruments weskected and the information stored in a matrix to
perform an analysis of variance (ANOVA) to deterenimhether there are differences among the thermal
sensation means.

Once the ANOVA showed that temperature does affeetthermal sensation, as expected, it was
performed the Tukey’s test to identify the diffeces between the means, and at which temperatwegs th
occurred.

The experiment flow chart is shown in Figure 3.
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Fig. 3 —Experiment flow chart

3. Results
3.1 Heating the room
In both experiments the room was heated by a 25@Mtrical heater. The evolution of room

average temperature is shown in Figure 4. During theasurement, the heater average power was
2553W. To increase the temperature of this roof @ it took 1424 s.
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Room Temperature

0.00070206 (°C/s)

Temperature (°C)

To elevate 1°Cit takes 14245 =0.40 h
Heater consumption = 1.02 kWh

5

0
9:36:00 10:04:48 10:33:36 10224 113112 12:00:00 12:28:48
Time

Fig. 4 — Room average temperature during thediperiment
3.2 Results from the first experiment — Fan turoféd

The results from the first experiment (Fan offsiown in Table 1. The three participants’ thermal
sensation was measured for nine different tempersitu

Table 1 — Participants’ thermal sensation for miifferent temperatures with the fan turned off
Temperature Replicates Average
(°C) 1 2 3 Sensation
23.1 0.0 -20 0.0 -0.667 133 115
25.2 1.0 0.0 20 1.000 1.00 1.00
26.4 20 0.0 3.0 1667 233 1.53
27.6 35 1.0 40 2833 258 161
28.8 4.0 35 45 4.000 0.25 0.50
29.7 50 6.0 50 5333 033 0.8
30.7 6.0 85 6.0 6.833 208 144
31.7 7.0 10.0 7.0 8.000 3.00 1.73
32.7 9.0 10.0 9.0 9.333 0.33 0.58

Var Std Dev

From Table 1 can be seen the thermal sensatiothéoparticipants for temperature ranging from
23.1°C to 32.7°C, followed by its mean, variancel astandard deviation. The dispersion of the
measurements is shown in Figure 5.
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Fig. 5- Dispersion of participant’s thermal sensation

From Figure 5 can be seen that the average thesenshtion increases as the temperature increases.
The data from Table 1 was used to perform an aisatfs/ariance (ANOVA) to confirm statistically tha
there are differences, at least, between two thanmeln fact, ANOVA is the statistic used for the
following hypotheses test.

Ho:th =ty == g
Hytth # U,

The results from the ANOVA test are presented ibl&@&. As the P-value is very small, the null
hypothesis of equality among all means has to jeeted at a significance level less than 0.1% [8].
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Table 2— ANOVA results for data in Table 1

Source DF SS MS F-Value P-Value
Temperature 8 273.69 34.21 23.24 0.000
Error 18 26.50 1.47

Total 26 300.19

Although the rejection of null hypothesis gives théormation that there are, at least, two différen
means, it does not inform which means differ froache other. To answer this question, a multi-
comparison procedure must be used. There are $@vecadures for multi comparison, for this pager t
Tukey’s procedure was chosen for its popularity singplicity [9].

The Tukey's procedure consists in testing all paifsneans. It declares two means significantly
different if the absolute value between them exsdbd Tukey’s statistic. For the purpose of thipgra
the interest relies on knowing the first signifitdifference involving the first mean.

Figure 6 shows the distribution of differences afans according Tukey’s procedure for a confidence
interval of 90%.

Tukey Simultaneous 90% Cls
Differences of Means for Hot Sensation

-4 ==
a4l ==
343 b —
0 5 10 15

If an intervaal does not contaln Zero, the cormesponding means are significontly different.

Fig. 6— Comparison among the thermal sensation meansddirsih experiment.

From the Figure 6 it can be seen that the firsti@ant increase in thermal sensation occurrednvhe
the room temperature reached 27.6 °C.

3.3 Results from the second experiment — Fan tuoned

The experimental matrix, ANOVA and dispersion of theans are presented in the Figure 7.

Temperature Replicates Average
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Fig. 7—Experimental matrix, ANOVA results and dispersidrihe means

From the ANOVA, in Figure 7, it can be seen that thull hypothesis of equality of all means can be
rejected at a significance level of 2.2 % [1].

According to Tukey’s procedure, Figure 8, the faignificant increase in thermal sensation occurred
when the room temperature reached 30.9°C.
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Fig. 8 -Comparison among the hot sensation means for tumdexperiment.
4. Discussion

In the first experiment, with the fan off, the iaittemperature was 23.1°C, the first statistically
significant changing in the room occupants thersegisation occurred at 27.6°C, thus just after dloenr
average temperature had increased 4.5°C, the ausug@monstrated a significant thermal discomfort.

In the second experiment, with the fan on, thaahtemperature was 23.4°C, the first statistically
significant changing in the room occupants therseaisation occurred at 30.9°C, thus just after dloenr
average temperature had increased 7.5°C, the ausug@monstrated a significant thermal discomfort.

From the first to the second experiment, there avgap of 3°C between the temperatures in which a
significant thermal sensation was noted. Such gap e attributed to the breeze created by the fan.

The energy consumption to increase the temperafuttee room used in the experiments in 1°C was
1.02kWh, that was completely converted in heatd&orease the room average temperature of the same
1°C, the HVAC system has to remove the same enémgy,1.02kWh. Considering a typical value of
EER (3.30), it will result in a consumption abou@@kWh.

5. Conclusions

Two experiments was carried out within a thermatintrolled environment to evaluate the influence
of fans in human thermal sensation.

To conduct these experiments a measurement insttutnegather the thermal sensation from the
participants of this research was developed ancesstully employed.

In both experiments the temperature inside a sroafh, with three occupants, has been increased by
a heater. It was necessary 1.02 kWh to increasetime temperature in one Celsius degree. In thenskc
experiment a pedestal fan has been running ink&eoom.

In the experiment with the fan, the occupants’ tersensation suffered a temperature delay of about
three-Celsius degrees. In environments where tiseeecombined use of fan and HVAC system, this
delay allows to increase the setpoint of the thetatof air conditioner energy without a differemecehe
user comfort. Considering the gap of three-Celdagrees this saving can reaches 0.9 kwh.
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