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Summary

Investigations of thermal comfort in the aircraft cabin have been conducted in an aircraft mock up with 70 seats, and the objective and subjective data from these comfort experiments have been analysed. Therefore realistic air ventilation scenarios inspired by real flight situations have been chosen as test conditions. Results from these two investigations show differences for the subjective well-being which are related to the climate scenarios, season (ambient temperature), seat line and gender. The results demonstrate the quality of the instruments utilized and also confirm the usefulness of the combination of objective and subjective measurements for the description of climate conditions and for the enhancement of thermal comfort in an aircraft cabin.   
Introduction
The aircraft industry and the airlines show a strong interest in enhancing thermal comfort for passengers in the cabin. Feeling good about the temperature, air stream, air quality and humidity is one of the basic aspects of passenger comfort. The following research results belong to the project Comfortable and Silent Cabin+, which is being conducted by the German Aerospace Center. The work package “Thermal Comfort” intends to explore subjective processing of defined climate conditions in an aircraft cabin. This investigation of climate comfort is based on specific measurements of objective conditions as well as compatible surveys which are used to collect subjective data from participants. Therefore, a mock up which allowed to control the objective conditions as well as collect subjective data from test subjects was used. For this research, the following model (Fig.1) is used as a definition of comfort and comfort measurement. The main assumption is that comfort has to be defined by subjective evaluation (Quehl, 2001). Prior to this objective conditions such as temperature and strength of air stream - measured with physical parameters – which have an effect on the passengers in a cabin were considered. The subjective perception of the objective conditions is differentiated in aspects like alertness, mood, relaxation level or the subjective evaluation of the setting. The measurements of the psychological parameters result in statements about the level of subjective well-being, defined as thermal comfort.    
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Figure 1 Thermal Comfort Model for Measurement
As mentioned before passengers’ thermal comfort is one important design constraint in the cabin ventilation layout for modern passenger aircraft. Thermal loads are caused by solar radiation, by the electrical equipment on board and by the heat release of the passengers. The design task is to control the temperature distribution inside the passenger cabin using the air conditioning system. The objective is to avoid discomfort for the passenger by ensuring a good mix of fresh air with recirculated air and by guaranteeing a high air flow exchange rate for each individual passenger. Since experimental investigations of cabin layouts are expensive and time consuming, CFD (Computational Fluid Dynamics) methods can help reduce the turnaround times in the design and layout process. Although the modelling and calculation of combined free and forced convection (mixed convection) processes is still challenging, modern CFD codes are able to predict the flow situation within the aircraft cabin quite accurately. Only in combination with a human comfort model is it possible to evaluate the cabin design in regard to the thermal comfort. Existing human comfort models try to cover all subjective and psychological parameters regarding the special physical and psychological conditions of an aircraft cabin in flight. 

The room climate situation in an aircraft cabin is different than the climate in a normal office, because of certain architectural conditions such as concavity of the ceiling, arrangement of air inlets and the ventilation on the floor. In addition, the climate situation in the aircraft cabin is influenced by local turbulences and characterized by transient thermal conditions.
Different authors who developed human thermal models (Zhang (2003), Streblow, Müller, Gores, Bendfeldt  u.a. (2009), Vankan (2009)) refer to a typology of models: One-dimensional, steady state simulation, multi-node models as well as complex, transient finite element models. The latter seems to be useful for reproducing the complex climate situation in an aircraft cabin and we will integrate this kind of modelling in the future. Related to this development, we are trying to build up a dataset as a basis for modelling cabin comfort. For this purpose, a set of investigations was conducted. In the following, the measurement and the results of objective and subjective data from two of these investigations will be described.  
One result of the complex climate situation in the aircraft cabin is that the climate conditions may be different for each seat. E.g. depending on the distance to the fuselage, to the aisle and to the air inlet there could be different climate situations. Additionally the perception of climate conditions also depends on the person himself. Traits or characteristics like climate preference, emotional stability and gender are important. Another factor which may influence the perception of climate conditions is temperature sensation, which depends on the season.
The goal of these two investigations was to identify differences for the subjective well-being which are related to climate scenarios. The hypothesis was created, that warmer temperature and lower strength of air stream are more comfortable. In addition, differences in the subjective well-being depending on season, seat line and gender will be shown. 
Methods
In order to further develop thermal comfort models the passengers’ thermal comfort in a realistic aircraft environment and with realistic air ventilation scenarios was measured. For this purpose the cabin of the German Aerospace Center Do728 test facility has been used to conduct thermal comfort experiments with 70 test subjects. The single aisle aircraft cabin has a width of 3.25 m, a length of 14.5 m, and a height of up to 2.14 m. It is equipped with 14 seat rows with two seats on one side, three seats on the other side. The facility can seat either 70 human subjects or passenger dummies. Each dummy generates an adjustable heat load between 70 W and 95 W, reflecting the thermal loads of the passengers in the real cabin without humidity. Air is supplied by 64 air inlets, each of them having a length of 900 mm and a width of 20 mm. They are placed, 16 in a line, with a separation of 100 mm, in 2 lines along the ceiling and 2 lines below the overhead bins. After circulation in the mock-up, the air leaves the cabin through 24 air outlets with a width of 25 mm located at the cabin floor. 

Realistic air ventilation scenarios inspired by real flight situations have been chosen as test conditions. Specific air ventilation scenarios were achieved by adjusting the volume flow ratios, air humidity and temperature. 

The objective climate conditions were measured during the investigation itself and, for a more detailed analysis, separately as well. In this case dummies were used which were seated in the cabin. In order to assess the climate conditions the temperature was measured locally in the near field of the passengers by temperature sensors. Additionally a thermo camera has been used in order to get the temperature signature on all surfaces within the aircraft cabin: in particular lining, ceiling, seat and cloth surface temperatures were of interest to evaluate the impact of cold fresh air flow onto the cabin monuments and passengers. For validation purposes the out coming air flow speed has been measured at certain cabin air outlets (Rütten, Konstantinov, Wagner, 2008).
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Figure 2  Dornier 728 Test Facility at the German Aerospace Center in Göttingen

Two investigations in the Dornier 728 cabin (Figure 2) were conducted. The first investigation took place in the winter and the second during summertime.  In each investigation two climate conditions – according to “climb” and “cruise” flight conditions of real aircraft - were tested. These conditions differed in temperature (25.0°C / 23.5°C) and strength of air stream (0.146 m/s / 0.165 m/s). The humidity was not varied (mean 35 % relative humidity). A whole investigation lasted 3 hours. Each climate condition had a duration of 30 minutes and was presented twice. The order of the conditions was varied. 
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Figure 3 Test Subjects during the investigation in the Dornier 728 aircraft
Students took part as test subjects (Figure 3). In each of the two investigations 35 female and 35 male students took part. They were asked to answer surveys after each climate condition and in the remaining time a movie was shown. The current subjective well-being was measured by one survey with questions about the psychological and physiological well-being and about the impression of the climate situation (table 1). The structure of this survey was built in reference to Becker (1994). Additionally one survey was used to ask about personality traits, climate preference and health state. The test quality of these surveys has been proven to be satisfactory or good (Marggraf-Micheel, Jaeger; 2007). 
Table 1
Investigated State Variables 
	State Variables

	· Subjective assessment of the climate situation (Evaluation and Satisfaction)

· Temperature
· Air Stream

· Humidity 

· Air Quality

· Total Climate Comfort
· Subjective well-being
· Psychological Well-Being 
     (MDBF, Steyer, R.; Schwenkmezger, P.; Notz, P.; Eid, M. (1997))
     Scales: 
· Mood 
· Alertness 
· Relaxation level

· Physiological Well-Being 
(Items taken from FAW, Frank, R. (2003) in Marggraf-Micheel, C.; Jaeger, S. (2007)) Scales:
· Performance
· Physical Relaxation




Results

Two defined climate conditions (“cruise” and “climb”) were investigated in two seasons (winter and summer). Differences were found for the subjective well-being in the cabin. These results were based on the subjective assessment of the temperature, the air stream and the psychological well-being which were analysed by MANOVA (Multivariate Analysis of Variance) with Repeated Measures for the sample of 70 test subjects. 
First the assessment of temperature (table 2 and figure 4) differs between the two climate conditions “cruise” and “climb”. In the subjective assessment “cruise” is less warm than “climb”. There is also a clear difference in the values for winter and summer. As a main result, a significant interaction effect between climate condition and season was found for the subjective temperature rating (F = 27.29; df = 1; p < 0.001; eta2 = 0.165). The condition “climb” is rated at the same level for both seasons while the condition “cruise” is rated cooler in winter than in summer. Here the subjective perception differs depending on the season.   

	Table 2
Climate Condition, Season and Subjective Temperature Evaluation

	
	Climate Cruise
	Climate Climb

	
	Winter
	Summer
	Winter
	Summer

	Temperature
	Mean (SD)
	Mean (SD)
	Mean (SD)
	Mean (SD)

	hot/cold 1)
	2,55
	(0,86)
	3,27
	(0,95)
	4,90
	(0,91)
	4,81
	(0,75)

	pleasant/unpleasant 2)
	3,16
	(1,01)
	2,54
	(0,74)
	2,61
	(0,85)
	2,63
	(0,77)

	1)scale: 1 = cold to  7 = hot

2)scale: 1 = very pleasant to  5 = very unpleasant
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	Figure 4
	Climate Condition, Season and Subjective Temperature Evaluation 


The satisfaction with the temperature (scale: 1 = very pleasant to 5 = very unpleasant) was analysed as well (table 2 and figure 5). Again the main result is a significant interaction effect (F = 8.32; df = 1; p = 0.005; eta2 = 0.057). Satisfaction with temperature is low for the condition “cruise” in winter and on a higher level for the other three considered means. Only in winter the subjective cooler condition is    combined with a lower satisfaction. 
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	Figure 5
	Climate condition, Season and Satisfaction with Temperature 


For the other main parameter in the thermal comfort investigation - air velocity - the subjective evaluation of the strength of air stream and the satisfaction with this parameter was analysed. As shown in table 3, the objectively measured lower air stream in the condition “climb” is rated lower and there is no difference between the seasons. But in the evaluation of satisfaction, a significant effect “season” was found as result (F = 9.30; df = 1; p = 0.003; eta2 = 0.087)(figure 6). The satisfaction with the strength of air stream is lower in winter than in summer for both climate conditions. The difference for the factor “condition” and the interaction between both factors was not significant.
	Table 3
Climate Condition, Season and Subjective Strength of Air Stream

	
	Climate Cruise
	Climate Climb

	
	Winter
	Summer
	Winter
	Summer

	Strength of Airstream
	Mean (SD)
	Mean (SD)
	Mean (SD)
	Mean (SD)

	low/strong 1)
	2.41
	(1.07)
	2,44
	(0,97)
	1,78
	(0,80)
	1,74
	(0,72)

	pleasant/unpleasant 2)
	3.24
	(0.98)
	2,87
	(0,89)
	2,75
	(0,83)
	2,40
	(0,85)

	1)scale: 1 = very low  to  7 = very strong

2)scale: 1 = very pleasant to  5 = very unpleasant
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	Figure 6
	Climate Condition, Season and Satisfaction with Air Stream 


An item with just two options was used to ask for satisfaction with climate in general. It was found that in the condition summer, 76% of test subjects where satisfied with the climate in the condition “cruise” and 71% with the condition “climb”. In winter only 49% were satisfied with the condition “cruise” and 69% with the condition “climb”.
For the winter condition, there are stronger differences between the evaluation of the climate parameters, and differences in the subjective psychological and physiological well being could be shown. Figure 7 gives an overview to all scales used in this context. Significant results are shown for two variables (table 4): Alertness is higher in the condition “cruise” (F = 7.75; df = 1; p = 0.007; eta2 = 0.101) and Physical Relaxation is higher in the condition “climb” (F = 10.19; df = 1; p = 0.002; eta2 = 0.129).  

	Table 4
Subjective Well Being: Differences between “Cruise” and “Climb” in Winter

	
	Cruise

Mean (SD)
	Climb

Mean (SD)

	Alertness
	3.19
	(0.70)
	3.00
	(0.59)

	Physical Relaxation
	3.16
	(0.62)
	3.41
	(0.51)

	scale: 1 = not at all to 5 = total


	[image: image7.emf]1

1,5

2

2,5

3

3,5

4

4,5

5

Mood

Alertness

Relaxation level

Performance

Physical Relaxation

Cruise

Climb



	Figure 7
	Psychological and Physiological Subjective Well Being in Climate Conditions 


Seat Line
Within the climate conditions, there is a difference in thermal comfort caused by seat line allocation. The Dornier 728 cabin is equipped with 14 seat rows, five seat lines and one aisle. Three seats are located on the left side and two on the right side of the cabin. In the analysis the seat lines are named as: Left Window, Middle, Left Aisle, Right Aisle, Right Window. Especially evident are results for summer in the condition “cruise”. The results of t-tests show, that sitting nearby the aisle on the side with two seats – the right aisle line – is more uncomfortable regarding to the temperature than in the other lines. Significant results were found for the evaluation of temperature on the 10% level (t = 2.014; d = 0.565; p = 0.065) and the satisfaction of temperature (t = 2.684; d = 0.782; p = 0.019) (table 5). In comparison to the assessment of the whole cabin, subjects in this row tend to evaluate the temperature as moderately cooler and express moderately less satisfaction with temperature.

	Table 5
Seat Line and Subjective Temperature Evaluation – Condition “Cruise”

	
	hot/cold 1)
	pleasant/

unpleasant 2)

	
	Mean (SD)
	Mean (SD)

	Left Window 
	3.57 (0.85)
	2.39 (0.59)

	Middle 
	3.71 (0.91)
	2.25 (0.58)

	Left Aisle 
	3.25 (0.91)
	2.50 (0.48)

	Right Aisle
	2.71 (1.03)
	3.18 (0.89)

	Right Window 
	3.11 (0.84)
	2.36 (0.77)

	1) scale: 1 = cold to  7 = hot
2) scale: 1 = very pleasant to 5 = very unpleasant


Gender
Particularly for the results from the winter investigation, there are significant differences in the level of subjective well-being related to gender. Men and Women were seated alternately in the whole cabin, so they perceived the climate in parallel seat positions. Results show, that women in general feel less comfortable than men. This effect is ascertained for several parameters (satisfaction with temperature, air stream, humidity, air quality, total climate). Significant interaction effects are shown for the evaluation of comfort related to temperature satisfaction (F = 8.63; df = 1; p = 0.005; eta2 = 0.113) (table 6) and total climate comfort (F = 8.00; df = 1; p = 0.006; eta2 = 0.105) (table 7). Men feel the same level of comfort for both of the investigated climate conditions - “cruise” and “climb” - for both variables (“satisfaction with temperature” und “satisfaction with climate in total”). They evaluate the comfort of both conditions with an average level. However, women clearly feel more uncomfortable with the condition “cruise” for temperature and climate. In addition they evaluate both variables in the condition “climb” higher than men (figure 8 and 9). 
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	Figure 8 Gender, Climate Condition 
and Satisfaction with Temperature


	Table 6 

Gender, Climate Condition and Satisfaction with Temperature  

	
	Women

(N = 35)
	Men

(N = 35)

	
	Mean (SD)
	Mean (SD)

	Cruise
	3.46 (0.95)
	2.86 (0.98)

	Climb
	2.41 (0.83)
	2.81 (0.84)

	scale: 1 = very pleasant to  5 = very unpleasant
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	Figure 9: Gender, Climate Condition 
and Total Climate Comfort 


	Table 7 

Gender, Climate Condition and Total Climate Comfort

	
	Women

(N = 35)
	Men

(N = 35)

	
	Mean (SD)
	Mean (SD)

	Cruise
	3.36 (0.77)
	2.71 (0.90)

	Climb
	2.61 (0.78)
	2.76 (0.67)

	scale: 1 = very pleasant to  5 = very unpleasant


A defined climate situation should be described by objective measurement as well as subjective evaluation, as the results show. The subjective statements clearly indicate a stronger differentiation of comfort in an aircraft cabin in these two investigations. The subjective well being is influenced by seat allocation where the test person perceived the climate. The results also suggest that situations which have the same objective condition are perceived differently depending on the individual’s state and trait. 
Conclusions

These results demonstrate the quality of the instruments utilized and also confirm the usefulness of the combination of objective and subjective measurements for the description of climate conditions in an aircraft cabin. The subjective well being is measured with different scales and individual traits are taken into consideration. This strategy offers the chance to differentiate the effect of climate conditions. The investigation of comfort in a total cabin builds a valid test situation, were temperature and air velocity is measured. The effect size of the investigated results for subjective well being is mostly small, in some cases also middle.  
These results for subjective well-being are valid for a cabin on the ground with the simulated climate situations “cruise” and “climb” which are measured by objective parameters. The conditions are not proven in flight tests where other conditions like cooler outside temperature and different pressure might influence the objective conditions in the cabin. Nevertheless the results show that the analysis of subjective measurements leads to better differentiation for identifying comfort in a cabin. 
The results of two investigations lead to the following conclusions. The conclusions have to be proven in further studies:

· different climate scenarios show different subjective well being. The scenario with a warmer temperature and lower airstream is more comfortable
· the subjective well being depends on the season; the reason might be a different perception of temperature
· the subjective well being for a defined climate situation depends on seat line allocation and gender of the test subjects.

Further projects will include the used measurement strategy to identify comfort conditions and assess other features such as technical elements of the air conditioning. 
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