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Abstract

:

The number of people who use airplanes has increased year by year. However, most passengers have a feeling of discomfort during a long-distance flight. One of the factors is the lack of temperature control in the cabin. If air conditioning control can be adjusted to each passenger’s thermal sensation, the whole comfort in the cabin would be improved. Therefore, a personal air conditioning control method is required for airplanes. In order to implement personal air conditioning adapted to individual thermal sensation, this study proposes a seat-type air conditioning system that adjusts the temperature to each part of the body and aims to clarify the appropriate temperature setting in consideration of individual thermal sensation. As a result, the appropriate degree of temperature setting change was clarified based on the thermal sensation index. It was found that changing the temperature setting by 2.5 °C per scale of the thermal sensation improved the passenger’s comfort. Furthermore, people who tend to feel cold were found to be more sensitive to temperature changes. It is concluded that personalized air conditioning is possible based on individual thermal sensitivity characteristics. For prospects, it is desirable to study a system that automatically predicts the thermal sensation taking into account individual thermal sensitivity characteristics.
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1. Introduction


It is a fact that the demand in the aviation industry has continued increasing, with more and more people using airplanes, leading to an increase in the number of flights in operation. Thus, people have started to use airplanes as transportation conveniently. On the other hand, many passengers might encounter a variety of discomforts in the confined space of the cabin environment [1]. Various factors are attributed to this, such as air quality, noise, and other factors in the in-flight environment [2]. On the flip side, it is considered that improving the cabin environment can reduce discomfort during the flight. To consider an in-flight environment that has structural limitations such as the location of seating, there is one solution: considering an appropriate temperature environment. This is because the current air conditioning system in airplanes maintains a constant temperature regardless of the season [3,4]. Meanwhile, people who tend to feel cold or heat have to adjust their body temperature by themselves such as by using a blanket. As for personal air conditioning in the cabin, small fans are installed over the heads of passengers, but they can only adjust the blowing level and have no heating function [5]. This means that the cabin environment can easily become uncomfortable for people who tend to feel cold. To solve this issue, it is desirable to have air conditioning that can automatically detect a passenger’s thermal sensation and adjust temperature to a comfortable level for passengers [6,7]. Thus, it is expected to prevent the suppression of blood flow caused by cooling and delay the occurrence of swelling [8]. In short, it is beneficial to install air conditioning that adapts to the individual sensations on the airplane [9].



In a previous study [10], a seat-type air conditioning system providing different temperatures to different parts of the body was introduced. It was also proven which part of the body was affected by each air conditioning system by dividing the air conditioning into six sections. However, the individual’s thermal sensation was not taken into account. In addition, the experimental results were all based solely on simulation. To this end, in this study, initially, the human characteristics of hot-sensitivity and cold-sensitivity are investigated, determining suitable air conditioning temperature settings for particular passengers. Then, the air conditioning system that was introduced previously in [10], is practically implemented to clarify the optimum temperature setting considering thermal sensitivity of particular passengers. The experimental results demonstrate that using the proposed system, optimal temperature setting can be achieved, providing thermal comfortability to people who are either cold-sensitive or hot-sensitive. This study is expected to be adopted in practical environments, such as on the trains or automobiles [11,12].



This paper is organized as follows: Section 2 presents related research, especially the authors’ previous study, and Section 3 describes the proposed method with hypotheses based on the previous study [10]. Section 4 evaluates the proposed method through experiment and shows the results. Section 5 discusses the results in more depth and describes the effectiveness of the proposed method. Section 6 presents the conclusions of this study and future prospects.




2. Related Works


The limited space in an airplane makes it easy to generate various stresses. According to [13], the airplane cabin is a comfortable environment by evaluating the Predicted Mean Vote (PMV). However, it is difficult to adapt PMV to limited space [14,15]. Meanwhile, the authors in [1,2] indicated that the passengers’ comfort level varies depending on their age, health, and other factors, resulting in potential discomfort of passengers in an airplane. Thus, discomfort on board can be eliminated by an air conditioning system which considers individual passengers’ body characteristics and health status.



Current air conditioning in airplanes is a convection system, which flows from top to bottom and maintains a constant temperature at all seasons [16,17]. In addition, small nozzles are installed above passengers’ heads as personal air conditioning. However, the nozzles cannot control the temperature; they can only adjust the air volume. This kind of nozzle is believed to have low effectiveness in winter [5,18,19]. In other words, the current air conditioning in airplanes is inadequate for adjusting to individual passengers, and there is room for improvement. There are recent efforts to provide personal air-conditioning systems on the flights [20,21,22]. It focuses on body partial air conditioning, such as for legs and elbows. Furthermore, the thermal sensation differs from each part of the body, thus it must be taken into account for air conditioning control [23]. In other words, partial air conditioning is not sufficient to control the entire body. Hence, the objective of this study is to focus on providing suitable temperatures, positively affecting all body parts. In fact, it is believed that a seat-type air conditioner can effectively provide airflow directly to the human body [24,25,26,27]. Thus, in the previous study [10], a seat-type air conditioning system was introduced. It consists of six air conditioning outlets per seat to provide the appropriate temperature for each body part (as shown in Figure 1 and Figure 2). A previous study conducted validation experiments using computational fluid dynamics (CFD) simulations to investigate appropriate temperature settings using the proposed air conditioning. For this, an ideal temperature distribution around the human body was defined based on references [28]. Table 1 shows the optimum operative temperature around the human body defined as the ideal temperature distribution [28]. Then, the temperature settings of each air conditioning outlet were investigated to achieve the ideal temperature distribution around the human body. As a result, the optimum temperature settings of the air conditioning were found as shown in Table 2. It also clarified which part of the body is affected by which air conditioning outlets. However, individual characteristics were not taken into account, and the experimental results were obtained from simulation solely. One of the key things deduced from previous study is that it is also possible to classify the thermal sensations based on thermal sensitivity characteristics, although it is difficult to classify the thermal sensations based on age and gender [29,30].




3. Proposed Temperature Control System


To achieve the research objective, the procedure of this study is introduced and illustrated in Figure 3.



Accordingly, as the first step, a preliminary survey of physical characteristics is conducted. The purpose of this step is to categorize thermal sensitivity of subjects participating in the experiments. The next step is experiment, which is divided into two stages: the first stage is to reproduce the results of the previous study [10], based on practical experiment, instead of simulation. In other words, the first stage experiment can be considered as the baseline. The second stage is to obtain the results of the method which considers subjects’ thermal sensation. Then, the obtained thermal comfort and thermal sensation of the subjects in the first and second stage experiments are used for comparison and analysis. Thus, comfortable setting temperatures and air conditioning controls will be clarified for different thermal sensitivity classes obtained from the first step.



One of the important tasks here is to decide comfortable setting temperatures. In other words, the temperature setting should be changed appropriately. In fact, thermal comfort is higher when the thermal sensation is neutral [31,32], as shown in Figure 4. Therefore, our goal here is to change the temperature to the level such that all parts of the body achieve neutral sensation.



In order to achieve the neutral sensation, the degree of temperature setting change is determined based on the work in [33]. Accordingly, a linear relationship temperature and thermal sensation was derived. Note that, to represent thermal sensation, the six scales index, which was defined by ASHRAE (American Society of Heating, Refrigerating, and Air-Conditioning Engineers) (as shown in Table 3) [34], was used in [33], along with the thermal sensation index referred by the subjective evaluation. Table 4 shows linear approximation functions for four different patterns of temperature increase, obtained from [33]. Importantly, the authors provided Table 5 showing how much increase of temperature is needed for a one-scale changes in the thermal sensation.



Based on results from Table 5 in [33], in this study, the degree of temperature change was decided as approximately 2.5 °C for a one-scale change of thermal sensation. This will be applied when the system varies the temperature to reach a comfortable setting, i.e., neural sensation for all parts of subjects’ bodies.




4. Evaluation


In this section, the experiments are conducted to subjectively examine the thermal comfort and thermal sensation obtained from previous study method and from the method which considers thermal sensitivity. Thus, the optimum temperature setting can be derived.



4.1. Evaluation Methodology


4.1.1. Experimental Procedure


Figure 5 shows the overview of an experimental procedure. The total duration of the experiment was 80 min. Before beginning the experiment, the subjects were asked to sit in a waiting room for 30 min. This is because a resting period of 30 min is necessary to eliminate thermal effects in previous environments [35,36]. In this experiment, the temperature in the waiting room was set at 25 °C because the ambient temperature was set at 25 °C as in [10]. The subjects were asked to stay put in the waiting room for 30 min, where the temperature of the room was 25 °C. Note that the temperature of the waiting room was 25 °C. After spending time in the waiting room, the subject entered the experimental room to start the experiment. The experiment was divided into two stages, as mentioned in the Section 3. The duration of each experiment was set for 20 min because more than 15 min were needed to adapt to the temperature change [37]. The transition duration of step 1 and step 2 was 10 min. During this period, the subject stayed in the waiting room.




4.1.2. Questionnaire


This experiment was evaluated by subjective evaluation. In this study, the thermal sensation and the thermal comfort indexes are based on ASHRAE and ISO, which are widely used in thermal comfort evaluations, were used [34,38,39]. The questionnaires for the subjective evaluation used in this experiment are shown in Figure 6 and Figure 7. The thermal comfort is on a 6-point scale, while the thermal sensation is on a 9-point scale. Although ASHRAE recommends a 6-point scale for thermal sensation, a 9-point scale was used in this experiment to observe the subject’s thermal sensation in more detail.



Thermal sensation and thermal comfort questions to the subject were asked twice (Q1, Q2) at 15-minute intervals in the waiting room and four times (Q3, Q4, Q5, Q6) at 10-minute intervals during the experiment. The intervals referred to the related research [35,36]. Since there were a total of nine parts of the body focused on in the previous study [10], the subjects were asked to respond to the thermal sensation and the thermal comfort sensations in the nine parts of the body. Thus, there are a total of 18 questions in one questionnaire. Before the experiment, subjects were given another questionnaire to confirm their body constitution, such as thermal sensitivity characteristics. There, they were asked to fill in their weight, height, sleep time on the previous day, and health condition in order to examine not only their thermal sensitivity characteristics but also the subject’s physical characteristics.




4.1.3. Experimental Environment


To produce experimental results based on the previous study, which was done in simulation, the experimental environment was set up in a way that was as similar to the simulation model as possible. According to the previous study [10], a total of eight temperature-controlled air conditioning outlets were installed at the target seat and in front of the seat. In this study, air conditioning was prepared by the authors themselves. The air conditioning was divided into cooling and heating systems in order to control the temperature at each of the eight outlets. It was created based on Figure 8a as the experimental environment.



Nichrome wires were used to make heat air for the heating system, while dry ice and Peltier elements were used to make cool air for the cooling system. The temperature to be applied to the feet was assumed to be higher than 25 °C, which was the ambient temperature of the experimental environment. Thus, the temperature was controlled only by the heating system. In other areas, a cooling system created cold air, which was then raised to the appropriate temperature by the heating system containing nichrome wires, and finally, the air was blown out. The created system is shown in Figure 8b. The illustration callouts of Figure 8b are photos seen from the air outlets. Styrofoam boxes with high insulation properties were used for the heating and cooling systems. In addition, the duct was also made of Styrofoam to prevent heat loss. Each box was equipped with a small fan at the discharge point. Only the outlet that directly blows air to the human body was equipped with a 12-centimeter square fan as shown in purple in Figure 8a. To control the setting temperature, a temperature sensor was installed near the outlet as indicated in red in Figure 8a. Using the temperature sensor, the setting temperature was controlled by switching on/off the current flowing to the nichrome wires of each heating system. In the cooling system, dry ice was used for air conditioning to create lower temperatures because the results of the previous study showed that lower temperature settings were required especially for the head part and the upper body [10]. On the other hand, a cooling system with Peltier elements was used for the air conditioning of the thigh parts where the temperature setting was not so low. A Peltier element is called a thermoelectric element that produces a cooling effect when a voltage is applied. The fan at the air outlets that directs airflow to the human body was set at an air velocity of 0.2 m/s. This is because the air conditioning wind speed in the previous study was set at 0.2 m/s [10]. The human body does not feel uncomfortable with this wind speed [40].



Figure 9 shows a photograph of the actual experimental environment. In order to make the experimental environment close to the model in the simulation, a tent was used to avoid the influence of outside convection. Only one side of the tent was made of a mesh material. Although the simulation model was a completely private room, the mesh material tent was used in this experiment to avoid compromising the comfort of the subject due to carbon dioxide since dry ice was used in this experiment.



Regarding humidity, the experiment was conducted from the end of May to mid-June, which is one of the most comfortable seasons in Tokyo, Japan. Therefore, it can be assumed that the humidity and the room temperature were ideal for the experiment.




4.1.4. Subjects


This experiment was conducted with a total of 20 subjects; 10 female and 10 male. Table 6 and Table 7 show the average weight, height, and health condition of all subjects collected in the preliminary questionnaire.



As seen from Table 7, eight subjects in this experiment tended to feel hot, five subjects tended to feel cold, and seven subjects had a normal sensation. By obtaining statistics on these three types of people, the air conditioning control method according to thermal sensitivity characteristics was investigated in this study.



Regarding the clothes thermal insulation of the subjects, according to the reference [41,42], the appropriate clothing insulation at a 25 °C environment is 0.5 clo value. Therefore, the subjects conducted the experiment wearing clothes with the clo value of 0.5. The subjects wore a long-sleeved shirt and pants as in Figure 10 [43].





4.2. Result


4.2.1. Thermal Sensation


Figure 11 shows the result of the thermal sensation evaluation obtained from 20 subjects. The horizontal axis represents the time at which the questionnaires were conducted, and the vertical axis represents the average value of the thermal sensation index according to Figure 6. Q1 and Q2 are the timings for the questionnaires in the waiting room, and Q3 and Q4 are the timings for the questionnaires when the temperature settings of the previous study were applied [10]. Q5 and Q6 are the timing for the questionnaires after changing the temperature setting. On the thermal sensation scale, closer to 8 means a “hot” sensation, and closer to 0 means a “cold” sensation. The middle 4 is the “neutral” sensation. As indicated in the proposed method, this study assumes that the comfort level improves when the thermal sensation becomes more neutral. Therefore, the expected result is closer to 4 during Q6. Figure 11 indicates that the average thermal sensations in the waiting room (Q1 and Q2) are close to neutral, while the average thermal sensations, when the temperature settings of the previous study were applied [10], were generally cold. However, when the temperature setting was changed, which is suitable for each subject (at Q5 and Q6), the thermal sensation became relatively neutral.




4.2.2. Thermal Comfort


Figure 12 shows the result of the thermal comfort evaluation obtained from 20 subjects. The horizontal axis represents the time at which the questionnaires were conducted, and the vertical axis represents the average value of the thermal comfort index shown in Figure 6. The timing from Q1 to Q2 was the same as the ones in Figure 10. On the scale of the thermal comfort, closer to 5 means “comfortable”, and closer to 0 means “uncomfortable”. A rise in the comfort level is expected during Q5 and Q6 since the proposed method was applied there. From Figure 12, it can be seen that for some body parts, the average value of the thermal comfort level became lower at the temperature settings in the previous study (Q3 and Q4) compared to the timings in the waiting room (Q1 and Q2) [10]. However, it can be observed that the average value of the thermal comfort level increased by changing the temperature setting (Q5 and Q6), relatively achieving neutral level.




4.2.3. Classification of Thermal Sensitivity Characteristics (Tendency to Feel Cold or Hot)


Next, the thermal sensation and the thermal comfort are compared separately for the hot-sensitive and cold-sensitive people. Figure 13 shows this comparison.



Regarding the thermal sensation, the hot-sensitive group shows little fluctuation overall, while the cold-sensitive group shows a large fluctuation. This is because the temperature setting in the previous study was relatively low, hence, cold-sensitive people felt cold easily [10]. That is why the graph for the cold-sensitive group shows a large fluctuation. However, the results of both the hot-sensitive and cold-sensitive groups show that the last question (Q6) has a near-neutral sensation. Regarding the thermal comfort, the hot-sensitive group shows little fluctuation, while the cold-sensitive group shows a large fluctuation, similar to the thermal sensation. Both groups show that the last question increased the thermal comfort level. Moreover, the comfort level of the hot-sensitive group properly increased in the right direction.



To discuss whether the change of temperature setting in the proposed method was appropriate or not, the degrees of changing thermal sensation and thermal comfort accordingly must be investigated numerically.



First, for thermal sensation, it is significant to verify if the hypothesis of varying the temperature setting by 2.5 °C is proportional to varying one scale of the thermal sensation was correct or not. To this end, the difference between the thermal sensation level and the neutral sensation level before and after (i.e., at Q4 and Q5) changing the temperature setting was examined. Specifically, the thermal sensation level minus the neutral sensation level (i.e., level = 4) was checked. The subjects were divided into three groups based on their thermal sensitivity characteristics: the hot-sensitive group, cold-sensitive group, and neutral group. Table 8, Table 9 and Table 10 show the value at Q4 and Q5 for each part of the body for each group. Note that the green-colored cells indicate that the value is more than 1, and the grey-colored cells indicate that the sensation difference felt by the subject during Q5 is greater than in Q4.



As seen from Table 8, Table 9 and Table 10, overall, the difference between the thermal sensation level and the neutral sensation level at Q5 was smaller than that at Q4. This indicates that changing the temperature setting according to the subject’s thermal sensation worked effectively. In addition, at Q4, such a difference for the cold-sensitive group is larger than the hot-sensitive and neutral groups. This is because the temperature setting in the previous study was rather cold for cold-sensitive people [10]. On the other hand, the temperature setting in the previous study was appropriate for the hot-sensitive and neutral people since there was not much difference at Q4. It means that the setting temperature of the previous study is appropriate for the hot-sensitive and neutral people. Furthermore, looking at each part of the body at both Q4 and Q5, the differences between the thermal sensation level and the neutral sensation level in the shoulder and back are remarkably large compared to other parts. This is because the seat-type air conditioning system directly exposed the airflow to those parts, and thus, the thermal sensations were probably enhanced more than the temperature setting. Moreover, the differences between the thermal sensation level and the neutral sensation level in the arm, thigh, and leg at Q5 are not decreasing comparing to those at Q4. This is because reason the proposed air conditioning in this study did not distribute the airflow to those parts well.



Second, for the thermal comfort, it is also significant to investigate how much the thermal comfort level finally increased by changing the temperature setting. To this end, the difference in the thermal comfort level before and after (i.e., at Q4 and Q6) changing the temperature setting was examined. Specifically, the thermal comfort level at Q6 minus the one at Q4 was checked. Table 11, Table 12 and Table 13 show the value for each part of the body for the hot-sensitive group, cold-sensitive group, and neutral group (denoted as Q6-Q4). Note that the colored cells indicate that the difference in the thermal comfort level is more than 1.



As seen from Table 11, Table 12 and Table 13, for the cold-sensitive group, the thermal comfort level was improved by changing the temperature setting in most of the parts of the body. As mentioned before, it means that the setting temperature of the previous study makes cold-sensitive people feel cold. Looking at each part of the body, Table 12 shows that the thermal comfort level in the forearm and foot improved compared to other parts of the body. This is because cold-sensitive people tend to feel more comfortable by changing the temperature setting (increasing the temperature) due to the high sensitivity in the extremity areas to cold [44]. From Table 12, it can be concluded that the strategy of changing the temperature setting in the proposed method works effectively for cold-sensitive people.






5. Discussion


This section discusses whether the evaluation results were reliable by performing a T-test, and whether the comfort was improved when the thermal sensation approached the neutral sensation.



For the thermal sensation, as shown in the result, according to Figure 11, the thermal sensation finally approached the neutral sensation when the temperature setting in the proposed method was applied. By performing a T-test, it is possible to clarify whether the difference between the thermal sensation and the neutral sensation decreased due to the proposed method, by comparing the result with the temperature setting of the proposed method (Q6) to the result with the one of the previous study (Q4). Since the neutral sensation is the target sensation, the differences between the thermal sensation results at Q6 and Q4 and neutral sensation are compared by t-test. At the same time, all the difference values were converted to the absolute values. Table 14 shows p-value for the thermal sensation derived by the one-sided t-test. As with thermal comfort, p-values less than 2.5% are shown in yellow.



According to Table 14, there are significant differences in forearm, back, hip, and foot. The extremities, such as forearm and foot, are considered to be sensitive to thermal sensation according to [45,46]. Thus, those parts have significant differences. On the other hand, back and hip are the parts directly exposed to the airflow from the proposed air-conditioning system; thus, those parts are also sensitive to thermal sensation, resulting in having significant differences. As for the parts which do not have significant differences, the thermal sensation already approached the neutral sensation when the temperature settings of the previous study were applied (Q4). As mentioned in the evaluation result section, the setting temperature of the previous study is appropriate for the hot-sensitive and neutral people. That is why these parts do not have the significant differences. This means that the proposed method is more effective for the parts of the body (forearm, back, hip, and foot) that could not be improved effectively in the previous study.



For thermal comfort, its level increased after changing the temperature setting in the proposed method looking at the result shown in Figure 12. Then, a t-test was performed to clarify whether the thermal comfort in the proposed method (Q6) increased significantly compared to the one when the temperature settings of the previous study were applied (Q4). The data used for the t-test were taken from all the 20 subjects. A one-sided test was performed with a significant level of 0.5%. Table 14 shows p-value derived from the one-sided t-test for thermal comfort. For the one-sided test, p-value less than 2.5% indicates a significant difference. In Table 15, p-values less than 2.5% are shown in yellow.



Table 15 shows that all the body parts except head have significant differences. Regarding head, it is less sensitive to temperature unless it is very hot [23], resulting in no significant difference. Therefore, it can be concluded that the thermal comfort increased due to changing the temperature setting in the proposed method.



In this study, it is hypothesized that thermal comfort improves when the thermal sensation approaches the neutral sensation. Table 16 shows the correlation coefficient between the abovementioned two values, i.e., the difference between the thermal sensation level and the neutral sensation level, and the thermal comfort level, from Q1 to Q6 for each part of the body. If the correlation is negative, it means that the thermal comfort level is larger when the thermal sensation level is close to the neutral sensation. In Table 16, the green cells indicate the negative correlations, and the red values indicate particularly strong negative correlations of 0.7 or more.



From the result, it is evident that most parts of the body are negatively correlated, and the tendency is especially stronger for the cold-sensitive group. This is because cold-sensitive people are more sensitive to ambient temperatures. In other words, cold-sensitive people are more likely to improve their comfort level. Furthermore, shoulders and back have a very high negative correlation of more than 0.9. The reason for this is that the shoulders and backs are the places where the wind from the air conditioning system directly flows and the air volume is even higher. The head, arm, and thigh have a positive correlation. This is because the proposed seat-type air conditioning system could not provide airflow there properly due to the location of the outlet designed in this study. In other words, if the airflow with equal volume can be distributed to each part of the body, the thermal comfort level in all body parts can be improved.




6. Conclusions


In this study, in order to improve the thermal comfort of individuals, a new seat-type air conditioning system was proposed, and the appropriate temperature setting was examined for hot-sensitive, cold-sensitive, and neutral people who have different characteristics of thermal sensation. As a result, it was found that the temperature setting in the previous study was appropriate for hot-sensitive people, but inappropriate and even uncomfortable for cold-sensitive people [14]. On the other hand, the proposed method of changing the temperature setting by 2.5 °C for one scale of the thermal sensation level improved the thermal comfort particularly high for cold-sensitive people. This is because cold-sensitive people are more sensitive to ambient temperature. Furthermore, for the above three types of bodily tendencies, the thermal comfort level was improved by changing the temperature setting as confirmed in t-tests. It can be concluded that the thermal sensation of all body parts approached comfort by changing the temperature setting in the proposed seat-type air conditioning based on the thermal sensations. However, the air conditioning proposed in this study differs considerably with respect to the amount of airflow delivered to different parts of the body, and the degree of influence of the thermal sensation differed. It was found that the proposed air conditioning system needs to be improved to distribute airflow of equal volume to all parts of the body. Furthermore, in this study, the thermal sensation was obtained from the subjective evaluation. However, as a prospect, it is desirable to propose a system that automatically predicts the thermal sensation so that passengers do not have to bother with it. In addition, further research on this study should include a mechanism for predicting the thermal sensations considering the thermal sensitivity characteristics. At that time, the appropriate degree of change in temperature setting, as identified in this study, can be adapted.
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Figure 1. Predicted airflow with inlets (red-colored) and outlets (blue-colored). 
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Figure 2. Inlets (red-colored) and outlets (blue-colored) for personal air-conditioning system; outlets are positioned in six different areas. 






Figure 2. Inlets (red-colored) and outlets (blue-colored) for personal air-conditioning system; outlets are positioned in six different areas.
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Figure 3. Flowchart of verification experiment. 
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Figure 4. Relation between thermal comfort and thermal sensation. 
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Figure 5. Experimental procedure. 






Figure 5. Experimental procedure.
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Figure 6. Thermal sensation evaluation index. 
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Figure 7. Thermal comfort evaluation index. 
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Figure 8. (a) Proposed air conditioning system and its experimental environment; (b) practical system used in verification experiment. 
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Figure 9. Verification experiment environment. 
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Figure 10. Subject’s clothes. 
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Figure 11. Average thermal sensation for each part of the body. 
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Figure 12. Average thermal comfort for each part of the body. 
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Figure 13. Comparison of thermal sensation and thermal comfort, and tendency to feel hot and cold. 
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Table 1. Ideal temperature distribution for each body part.






Table 1. Ideal temperature distribution for each body part.





	Body Parts
	Head
	Arm
	Forearm
	Back
	Chest
	Hip
	Thigh
	Leg
	Foot





	Optimum operative temperature (°C)
	22.3
	23.7
	23.3
	23.6
	22.9
	23.3
	25.3
	26.3
	26.6
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Table 2. Optimum setting temperature for personal air-conditioning system and body parts affected by each air conditioning. (F: front seat depicted as yellow-colored cells, S: target seat depicted as bule-colored cells).






Table 2. Optimum setting temperature for personal air-conditioning system and body parts affected by each air conditioning. (F: front seat depicted as yellow-colored cells, S: target seat depicted as bule-colored cells).





	
No. of Air-Conditioning

	
1

	
2

	
3

	
4

	
5

	
6






	
Location of the outlet

	
F

	
S

	
F

	
S

	
F

	
S

	
F

	
S

	
F

	
S

	
F

	
S




	
Setting temperature

	
-

	
14>

	
-

	
15

	
16

	
16

	
16>

	
16

	
22

	
17

	
29

	
-

	
29

	
-




	
Affected part

	
-

	
Head

	
-

	
Upper back

	
Arm

	
Chest

	
Forearm

	
Middle back

	
Thigh

	
Hip

	
Leg

	
-

	
Foot

	
-
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Table 3. Thermal sensation evaluation index.






Table 3. Thermal sensation evaluation index.





	Definition
	Numerical Value





	Cold
	−3



	Cool
	−2



	Slightly cool
	−1



	Neutral
	0



	Slightly warm
	1



	Warm
	2



	Hot
	3
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Table 4. Approximate curve equations.






Table 4. Approximate curve equations.





	No.
	Equation
	R2
	p





	1
	TSV = 0.443t − 11.449
	0.979
	<0.005



	2
	TSV = 0.376t − 9.569
	0.986
	<0.005



	3
	TSV = 0.378t − 10.137
	0.935
	<0.005



	4
	TSV = 0.432t − 11.200
	0.964
	<0.005







t is ambiant temperature.
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Table 5. Required temperature change to vary thermal sensation index by one scale (Table 3).






Table 5. Required temperature change to vary thermal sensation index by one scale (Table 3).





	No.
	The Required Temperature Change to Change the Hot/Cold Index by One Scale (°C)





	1
	2.257



	2
	2.660



	3
	2.646



	4
	2.315



	Mean
	2.469
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Table 6. Mean value of subjects.






Table 6. Mean value of subjects.





	Body Conditions
	Mean Value





	Height
	162.15 cm



	Weight
	52.11 kg



	Health condition
	normal–slightly good



	Duration of sleep on the previous day
	6.4 h
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Table 7. The thermal sensitivity characteristics.
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	Thermal Sensitivity Characteristics
	Number of People





	Hot-sensitive
	8 people



	Cold-sensitive
	5 people



	Neither
	7 people
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Table 8. Difference between thermal sensation level and neutral sensation level at Q4 and Q5 for the hot-sensitive people.






Table 8. Difference between thermal sensation level and neutral sensation level at Q4 and Q5 for the hot-sensitive people.





	Sensation

Difference
	Head
	Arm
	Forearm
	Shoulder
	Back
	Chest
	Hip
	Thigh
	Leg
	Foot





	Q4
	0.9
	0.1
	0.0
	1.0
	1.1
	0.1
	0.5
	0.4
	0.0
	0.1



	Q5
	0.5
	0.4
	0.0
	0.8
	1.1
	0.1
	0.3
	0.1
	0.1
	0.3
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Table 9. Difference between thermal sensation level and neutral sensation level at Q4 and Q5 for the cold-sensitive group.






Table 9. Difference between thermal sensation level and neutral sensation level at Q4 and Q5 for the cold-sensitive group.





	Sensation

Difference
	Head
	Arm
	Forearm
	Shoulder
	Back
	Chest
	Hip
	Thigh
	Leg
	Foot





	Q4
	1.4
	1.4
	1
	1.4
	1.8
	0.8
	1.2
	0
	0.2
	0.6



	Q5
	0.2
	0
	0.4
	0.6
	0.4
	0.2
	0.2
	0.2
	0.2
	0.4
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Table 10. Difference between thermal sensation level and neutral sensation level at Q4 and Q5 for the neutral group.






Table 10. Difference between thermal sensation level and neutral sensation level at Q4 and Q5 for the neutral group.





	Sensation

Difference
	Head
	Arm
	Forearm
	Shoulder
	Back
	Chest
	Hip
	Thigh
	Leg
	Foot





	Q4
	0.7
	0.3
	0.4
	0.9
	1.9
	1.3
	0.6
	0.1
	0.1
	0.6



	Q5
	0.4
	0.4
	0.1
	0.9
	0.9
	0.9
	0.0
	0.3
	0.3
	0.0
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Table 11. Difference between thermal comfort levels at Q4 and Q6 for the hot-sensitive group.






Table 11. Difference between thermal comfort levels at Q4 and Q6 for the hot-sensitive group.





	Comfort Difference
	Head
	Arm
	Forearm
	Shoulder
	Back
	Chest
	Hip
	Thigh
	Leg
	Foot





	Q6-Q4
	0.5
	0.5
	0.3
	1.4
	0.8
	0.0
	0.8
	0.6
	0.8
	0.8
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Table 12. Difference between thermal comfort level at Q4 and Q6 for the cold-sensitive group.






Table 12. Difference between thermal comfort level at Q4 and Q6 for the cold-sensitive group.





	Comfort Difference
	Head
	Arm
	Forearm
	Shoulder
	Back
	Chest
	Hip
	Thigh
	Leg
	Foot





	Q6-Q4
	1.0
	1.0
	1.2
	0.8
	0.6
	0.4
	1.2
	0.8
	0.8
	1.0
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Table 13. Difference between thermal comfort level at Q4 and Q6 for the neutral group.






Table 13. Difference between thermal comfort level at Q4 and Q6 for the neutral group.





	Comfort Difference
	Head
	Arm
	Forearm
	Shoulder
	Back
	Chest
	Hip
	Thigh
	Leg
	Foot





	Q6-Q4
	0.0
	0.4
	0.4
	0.3
	1.0
	0.9
	0.4
	0.4
	0.3
	0.5
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Table 14. p-value of the thermal sensation.






Table 14. p-value of the thermal sensation.





	Head
	Arm
	Forearm
	Shoulder
	Back
	Chest
	Hip
	Thigh
	Legs
	Foot





	0.0346
	0.1148
	0.0061
	0.1924
	0.0029
	0.1483
	0.0001
	0.0362
	0.1483
	0.0188
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Table 15. p-value of the thermal comfort.






Table 15. p-value of the thermal comfort.





	Head
	Arm
	Forearm
	Shoulder
	Back
	Chest
	Hip
	Thigh
	Legs
	Foot





	0.0352
	0.0051
	0.0087
	0.0029
	0.0029
	0.0232
	0.0027
	0.0034
	0.0051
	0.0004
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Table 16. Correlation between the difference of the thermal sensation level and the neutral sensation and the thermal comfort sensation for the hot-sensitive, cold-sensitive, and neutral people.






Table 16. Correlation between the difference of the thermal sensation level and the neutral sensation and the thermal comfort sensation for the hot-sensitive, cold-sensitive, and neutral people.


















	
	Head
	Arm
	Forearm
	Shoulder
	Back
	Chest
	Hip
	Thigh
	Legs
	Foot





	Hot
	0.331839
	0.115748
	−0.52699
	−0.63573
	−0.52638
	−0.89995
	−0.27864
	−0.8929
	−0.13841
	−0.72733



	Cold
	−0.7308
	−0.70365
	−0.63267
	−0.93381
	−0.92637
	−0.75996
	−0.52654
	0.766685
	-
	−0.26463



	None
	0.13525
	0.529813
	−0.07379
	−0.61859
	−0.92532
	−0.79878
	−0.96011
	0.774597
	0.820652
	−0.77865
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