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Abstract: Thermal comfort is an important factor which affects both work efficiency and life quality. On the 

basis of satisfying the normal life of the crew and reliable work of equipment, the thermal comfort is increasingly 

pursued through the design of the environmental control system of modern craft. Thus, a comprehensive survey 

of the thermal comfort in the cockpit is carried out. First of all, factors affecting the thermal comfort in aircraft 

cabin are summarized, including low relative humidity, mean radiant temperature, colored light, human metabolic 

rate and gender, among which the first three factors are environmental factors and the other two are human factors. 

Although noise is not a factor affecting thermal comfort, it is an important factor in the overall satisfaction of the 

aircraft cabin environment. Then the thermal comfort prediction models are introduced, including thermal 

comfort models suitable for steady state uniform environment and thermal comfort models suitable for transient 

non-uniform environment. Then the limitations of the typical thermal comfort models applied to aircraft are 

discussed. Since the concept of thermal adaptation has been gradually accepted in recent years, many field studies 

on thermal adaptation have been carried out. Therefore, the adaptive thermal comfort models are summarized and 

analyzed systematically in this paper. At present, mixing ventilation (MV) system is widely used in most 

commercial aircraft. However, the air quality under the MV system is very poor, and contaminants cannot be 

effectively eliminated. So a noticeable shift is the design of ventilation system for cabin drawing lessons from the 

surface buildings. Currently, the most interesting question is that whether the traditional mixing ventilation (MV) 

system in an aircraft can be replaced by or combined with displacement ventilation (DV) system without 

decreasing thermal comfort. A reduction of energy consumption is a valuable gain. Additionally, various seat 

personalized ventilation systems have also been proposed which could effectively reduce the risk of infectious 

diseases. At present, optimal design of airflow in aircraft cabin is the most commonly used method to enhance 

thermal comfort and save energy. The optimal design of the aircraft cabin colored lighting system, however, is 

also worth trying. 
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1. Introduction 

Thermal comfort is the thinking activity that the 
human body is satisfied with the surrounding thermal 
environment. Researches have shown that high-quality 

indoor environment can make people feel comfortable so 
that they can work efficiently [1,2]. In addition, the comfort 
of indoor thermal environment also greatly affects 
people's health. According to the survey, thermal comfort 
is linear with human health and work efficiency [3].  



170 J. Therm. Sci., Vol.28, No.2, 2019 

 

With the rapid development of Aeronautics and Space 
undertakings, more and more attention has been paid to 
thermal comfort in aircraft. However, the environment in 
the cabin is very different from the surface building 
environment [4-6]. The typical characteristics of cabin 
environment are low pressure, low humidity, lack of 
fresh air and high leak proofness. Each passenger has an 
average of only 1 to 2 m3 of space [7], which is far less 
than the general office environment. The cruising height 
of a commercial airliner is usually between 5490 m and 
12500 m [8]. At this height, especially at higher altitudes, 
the moisture content of the atmosphere is very low. The 
moisture in the cabin mainly comes from passengers' 
perspiration evaporation, so the relative humidity in the 
cabin is usually less than 20% [9]. This low relative 
humidity can cause dry eyes, respiratory tract obstruction 
and other symptoms of discomfort [10,11]. A large 
number of recent studies have shown that the 
personalized air supply system in the cabin can 
effectively improve the air quality around the passengers 
and effectively reduce the pollutants in the passenger 
respiratory zone [12-15]. 

At present, there are many related researches and 
literature reviews on the thermal comfort of indoor 
environment in ground buildings [16-18], but few 
researches have been made on the thermal comfort in 
aircraft cabin environment. This work therefore is an 
attempt to summarize works in the field of human 
thermal comfort, as related to researches on thermal 
comfort of aircraft cabin. In the second section, the 
influencing factors of thermal comfort in aircraft cabin 
are discussed, and the recent research progresses are 
introduced from two aspects: environmental factors and 
human factors. In the third section, the thermal sensation 
prediction models are introduced from two aspects: the 
typical thermal sensation models under uniform, 
steady-state environment, and the new thermal sensation 
models under non-uniform, transient environment. In the 
fourth section, the research progress of adaptive thermal 
comfort is introduced. In the fifth section, the research 
progress and prospect of thermal comfort of aircraft 
cabin are introduced, which mainly focus on the 
development of the ventilation in aircraft cabin. 

2. Factors Affecting Thermal Comfort in Aircraft 
Cabin 

Whether in the living environment or working 
environment, people are constantly carrying out heat 
exchange with the surrounding environment, including 
heat convection, radiation heat transfer and heat 
conduction. It can be seen that the thermal comfort of 
human body is a feeling acquired through the 
combination of the thermal balance and the environment 
around the human body. It is the interaction of 

physiology and psychology. Therefore, the factors that 
affect human thermal comfort are environmental factors 
and human factors as shown in Figure 1. 

 

 
 

Fig. 1  Factors affecting thermal comfort 
 

For the building environment, indoor climate is 
mainly determined by the temperature, air movement and 
humidity. Among these environment parameters, 
temperature is a crucial parameter for climate sensations. 
Thus various researches about environment parameters 
are mainly focused on temperature owing to temperature’s 
important effect on working efficiency [19-21]. Compared 
to the situation when the air temperature was equal to the 
neutral temperature, when providing personal 
temperature control of ±3°C, whether it was mental work 
or complex physical work, the work efficiency was 
increased by 3%, while simple tasks like typing could be 
increased by 7% [22]. More importantly, recent study on 
aircraft cabin thermal comfort also shows that air 
temperature has the greatest impact on thermal comfort 
compared to wind speed and relative humidity [23]. 

Airflow also plays an important role in improving 
indoor comfort. For example, in a higher temperature 
environment, increasing the airflow speed can 
compensate for the increase of temperature and humidity 
[24], improve air quality evaluation [25], and ensure 
work efficiency [26]. The influence of airflow velocity 
on thermal comfort is also affected by other factors such 
as radiation asymmetry, air temperature and activity level 
[27, 28]. At higher levels of activity, improving the wind 
speed in a high temperature environment can ensure the 
thermal comfort of human body. 

However, the factors shown in Figure 1 are generally 
specific to the building environment, and the aircraft 
cabin environment is more complex than the building 
environment. Therefore, in addition to the air temperature 
and airflow described above, the present work will 
introduce the factors affecting the thermal comfort of 
passengers in aircraft: low relative humidity, mean 
radiant temperature, colored light, human metabolic rate 
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and gender, among which the first three factors are 
environmental factors and the other two are human factors. 

2.1 Environmental factors 

(1) Low relative humidity 
In 1923, the study of relative humidity on thermal 

comfort was carried out by Houghtenhe and Yaglou for 
the first time. The thermal response of human body under 
different temperature (Ta) and relative humidity (RH) was 
studied experimentally, and effective temperature (ET) 
was obtained [29]. Then, a large number of studies 
showed that when the temperature was within the 
comfort temperature range, the air humidity had no effect 
on the thermal comfort of human body [30,31]. Other 
factors were added in later studies, such as exercise 
intensity, metabolic rates, environmental temperature, 
wind speed and so on [32-34]. Mcnall et al. [35] 
investigated the effects of air relative humidity on 
thermal comfort at different metabolic rates. The research 
showed that: (1) The relative humidity had little 
influence on the thermal comfort of human body when 
the metabolic rates were low; (2) With the increase of 
metabolic rates, the influence of relative humidity on 
human thermal comfort was also enhanced. On this basis, 
the influence of air relative humidity on thermal comfort 
in different human activities was studied by Fountain et 
al. [36]. As the metabolism rate of human body is mainly 
affected by the intensity of human activities, the results 
of Fountain and Mcnall are basically the same. Thus only 
when relative humidity is combined with other 
parameters (such as wind speed, metabolism rate, etc.), it 
then could affect the thermal comfort of human body 
dramatically. 

The cruising height of a commercial airliner is 
between 5490-12500 m [8]. The air pressure in the cabin 
is relatively low, which is generally equivalent to the 
atmospheric pressure at 1676-2134 m height (about 77.8 
kPa-82.2 kPa) [9] and is much lower than the standard 
atmospheric pressure. At this height, especially at higher 
altitudes, the water content in the atmosphere is very 
little. The moisture in the cabin mainly comes from 
passengers' perspiration evaporation, so the relative 
humidity in the cabin is usually less than 20% [9]. 
Besides, the above researches on relative humidity are all 
based on indoor environment. The findings of these 
studies may not be fully applicable to aircraft cabin 
environments. Thus, some scholars have studied the 
effect of low relative humidity on the thermal comfort of 
passengers in the cockpit environment by means of 
experiment or field investigation. 

In 2012, Grün et al. [37] studied the effects of low 
relative humidity by means of experimental study, which 
were performed in a simulated aircraft environment at the 
Fraunhofer Flight Test Facility (FTF). In order to give the 
subjects a real flight environment, the main environmental 
parameters in the cockpit were controlled, such as air 

pressure, air, fuselage temperature, relative humidity, 
background noise, ventilation rate and so on. In the 
experiment, 40 subjects experienced relative humidities 
of 10%~40% at a temperature range of 21°C~25°C and 
atmospheric pressures between 753 hPa and ambient 
conditions (~940 hPa). The time of each experiment was 
8 hours, in which the aircraft cruising phase was 
simulated in 7 hours. During the experiment, the subjects' 
evaluations and sensations were investigated to the 
including the sensation vote (SV), comfort vote (CV) as 
well as perceived symptoms of dry eye, nose, throat and 
skin. The results showed that: (1) High percentages of 
persons voting the environment as dry or reporting 
symptoms of dryness were found in a simulated aircraft 
cabin environment at relative humidities between 10% 
and 40%; (2) Although there was a trend of decreasing 
dissatisfaction with increasing relative humidity, the 
direct relationships between perceived symptoms related 
to dryness as well as subjective assessment of dryness 
and relative humidity below 40% could not be drawn.  

In 2014, Cui et al. [38] measured the thermal 
environmental parameters of 10 airlines (one 
international airline and nine domestic airlines), 
including 23 airplanes and 6 different types of aircraft. 
The measured thermal environmental parameters were air 
temperature, relative humidity, wall temperature, 
radiation temperature, wind speed, noise, light and 
absolute pressure. The questionnaires collected basic 
information of passengers (such as age, height, weight, 
and clothes level), and their evaluations of the 
environment including thermal comfort, perceived air 
quality, and symptoms. Cruise time ranged from 35 
minutes to 510 minutes. The study showed that the 
average humidity in the cockpit was 26.3% and more 
than 15% of the passengers reported sleepiness and 
symptoms associated with humidity (such as dry eyes, 
nose and throat). 

The findings of the above studies on low relative 
humidity show that: (1) Low relative humidity can cause 
dry eyes, respiratory tract obstruction and other symptoms 
of discomfort. However, the relationships between 
relative humidity and thermal sensation, thermal comfort, 
and related sensory symptoms cannot be directly 
expressed. (2) Comparing the findings of Gunnar et al. 
[37] and Cui et al. [38], only about 15% of the passengers 
reported dry eye, dry nose and other symptoms during 
the actual survey, which may be related to the length of 
flight. When flying time is short, the effect of low 
relative humidity on human body is not obvious, but as 
cruise time increases, passengers will feel more 
uncomfortable. 

(2) Mean radiant temperature 
The research suggests that the thermal convection of 

human body accounts for about 32%~35% of total heat 
dissipation, and evaporative heat accounts for about 
20%~25% of total heat dissipation, while the heat 
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emitted by radiation accounts for about 42%~44% [39]. 
Mean radiant temperature is the average value of surface 
temperatures for radiation heat transfer with the human 
body in the environment. Thus, it has a great influence on 
thermal comfort of human body as well. The influence of 
cold radiation of exterior window on thermal comfort of 
human body has been studied by Wang et al. [40], He and 
Wang [41]. Researches showed that cold radiation from 
outside the window reduced the skin temperature of the 
body, especially the legs and the back skin temperature, 
thereby affecting the human thermal sensation and 
thermal comfort. 

The influence of solar radiation on the thermal 
environment with large window area should not be 
ignored, especially the cockpit of an aircraft or a car. 
Moon et al. [42] studied the thermal comfort in the 
vehicle considering the solar spectral radiation by CFD, 
meanwhile, PMV-PPD model and equivalent temperature 
model were adopted to evaluate thermal comfort. The 
results showed that when the solar radiation was 
considered, the temperature around driver and passengers 
enhanced 1℃-2℃, and this slight temperature rise leaded 
to substantial changes in the passenger cabin thermal 
comfort. For cockpits with large glass windshields, the 
radiation heat load causing by solar radiation accounted 
for about 19.6% of the total heat load. Therefore, solar 
radiation has a crucial impact on the thermal comfort of 
human body inside the cockpit [43]. Zhi et al. [44] 
revised the radiation heat transfer term in the Predicted 
Mean Vote (PMV), and proposed a new thermal comfort 
evaluation index (PMV_F) for aircraft cockpit. 

(3) Colored light 
Colored light greatly influences people psychologically 

and physiologically. The effects of colored light have 
been studied in various situations, for instance, its impact 
on medical and/or therapeutic treatment, on work 
performance and/or job satisfaction, on learning efficacy,  
on purchasing behaviors and so on [45-47]. The light 
source will produce heat when lighting indoors, and will 
have certain influence on the thermal comfort of the 
human body. Changes in the color of lights can cause 
differences in people's psychological perception of the 
thermal environment. Bennett and Rey proposed “hue- 
heat hypothesis” [48]. This hypothesis claims that ‘cold’ 
hues lead to the perception of cooler temperatures, while 
‘warm’ hues lead to the perception of higher 
temperatures. Fanger et al. [49] also demonstrated that at 
an objectively equal room temperature, red light led to 
the perception of higher temperatures, whereas blue light 
created the perception of colder temperatures. The study 
by Winzen et al. [50] found that room temperature was 
perceived as being different depending on the color of the 
lighting. In yellow light, room temperature was felt to be 
warmer than in blue light. While, in blue light, subjects 
perceived better air quality and felt more alert. 

The aim of Albers’s study was to analyze the influence 
of colored light in an aircraft cabin on the thermal 
sensations and evaluations of passengers [51]. The 
findings indicated that the color of lighting was an 
objective factor that had an influence on subjective well- 
being, especially for susceptible people. Additionally, 
results of this study showed an effect in the hypothesized 
direction which was summarized by Bennett and Rey 
[48]. Based on this, some researchers [51,52] suggested 
that, in the aircraft cabin, colored lights could be used in 
such a way, that the passengers’ thermal comfort and 
satisfaction could be promoted depending upon their 
needs, by changing the color of lights to make them seem 
warmer or cooler. A large scale application of this effect 
in the aircraft/ aviation industry could lead to energy 
savings and contribute to cost effectiveness.  

2.2 Human Factors  

The main human factors affecting human thermal 
comfort are clothing, activities, age, gender and so on 
[53]. The thermal comfort questionnaire and indoor 
thermal environment were tested and analyzed by 
Karyono [54] at Jakarta. Totally 596 staff members 
participated in the questionnaire survey. The research 
demonstrated that all these factors affect the thermal 
comfort. Specially, Human metabolism, gender, and 
clothing insulation have been the focus of researches in 
recent years. The present work, however, mainly 
introduced metabolic rate and gender.  

(1) Human metabolism (metabolic rate) 
It is necessary to determine the metabolic rate because 

it is one of the basic parameters of thermal comfort 
prediction. The metabolic rate is always regarded as 
constant value with changes in activity level. However, 
other factors, such as temperature, pressure and clothing 
insulation affecting the metabolic rate are usually ignored. 

In fact, some researchers have begun to study on the 
influence factors of metabolic rate. The studies show that 
the metabolic rate is not only affected by the level of 
activity, but also by clothing, ambient temperature and 
pressure. Warwick and Busby [55] found that clothing 
(Subjects were allowed to adjust the clothes to keep the 
thermal comfort condition) could reduce the influence of 
cold on human energy consumption to some extent. 
Hoping to use a simple way to express the trend of 
metabolic rate, Luo et al. [56] studied the relationship 
between metabolic rate, environmental temperature and 
clothing insulation by experiment. In the experiment, air  
temperatures ranged from neutral (26°C) to cold 
(24/21/18/16°C) and to hot (31/28°C), and clothing 
insulation were 0.42 clo and 0.91 clo. Wang [57] studied 
the effect of air temperature and pressure on human 
metabolic rate. The metabolic rate under four different 
pressure levels ( 1 atm, 0.95 atm, 0.9 atm, 0.8 atm ) and  
three different air temperature levels (22°C, 25°C, 28°C) 
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were measured. Cui et al. [58] studied the effect of low 
pressure environment on human metabolic rate. The 
metabolic rate under three different pressure levels (101 
kPa, 85 kPa, 70 kPa) was measured. The fitting formulas 
between the metabolic rate and its influencing factors are 
shown in Table 1, where M is metabolic rate, v is air 
velocity, RH is relative air humidity, ta is air temperature, 
and Pa is pressure. As shown in Table 1, human body 
metabolic rate is significantly influenced by thermal 
conditions. The trend of the metabolic rate could be 
expressed as two order polynomial equation associated 
with air temperature. Clothing insulation also 
significantly affects the variation trend of metabolic rate 
with temperature. Besides, there is a linear relationship 
between metabolic rate and pressure, however, the 
different air temperature and clothing insulation will 
make the coefficients different.  

The formulas can be used to correct Fanger’s PMV or 
Gagge’s 2-Node model in low pressure conditions, which 
would make the prediction of thermal comfort under 
low-pressure environment more accurate. 

(2) Gender 
The difference of thermal comfort caused by gender 

differences is one of the research highlights. But different 
experimental conditions produce different results. An 
experimental study about gender difference for Chinese 
people was carried out by Lan et al. [59]. During the 
experiment, subjective questionnaire surveys were 
conducted, including thermal sensation votes, thermal 
comfort votes, draft sensations and so on. In addition, 
physiological parameters of human body were measured, 
including skin temperature (17 point) and heart rate 
variability (HRV). The experimental results show that: (1) 
Women are more sensitive to ambient temperature than 
men, but less sensitive to relative humidity; (2) Because 
the skin temperature of women is lower than that of men, 
women prefer neutral or slightly warmer environments, 
while men prefer neutral or cooler environments; (3) The 
comfortable operating temperature for women (26.3 ) is ℃
slightly higher than that for men (25.3 ). ℃ The research 

of Schellen et al. [60] showed that, in non-uniform 
environment, compared with men, the uncomfortable 
feeling of women in the thermal environment is stronger; 
and for women, local thermal sensation and limb skin 
temperature have significant effects on the overall 
thermal sensation. So in the non-uniform environment it 
is important to consider women’s local thermal sensation, 
especially the limbs. An exploratory research on gender 
differences in human thermal reaction under the 
condition of personalized air nozzle was carried out by 
Wang [61]. Both subjective vote and objective 
physiological parameters were recorded. The study 
showed that females preferred neutral and little warm 
environment, while males preferred neutral and little cold 
environment, and there was a tendency that little cold and 
little warm thermal sensation may cause a stronger 
feeling of thermal discomfort for females compared to 
males; and when overall thermal sensation in the little 
cold side, the air sensation for females was stronger 
compared to males, while when overall thermal sensation 
in the little hot side, there was no significant difference of 
air sensation between men and women. 

2.3 Discussion 

There is no doubt that temperature and wind speed 
affect the thermal comfort of the passengers in the 
cockpit. In view of the particularity of the cabin 
environment, this paper expounds the influence of other 
factors on thermal comfort in aircraft cabin, including 
low humidity, colored light, mean radiant temperature, 
metabolic rate and gender. Noise, however, is another 
important environmental feature of aircraft cabin. 
Although noise is not a factor affecting thermal comfort, 
noise is an important factor in the overall satisfaction of 
the cabin environment. Overall satisfaction usually 
includes the evaluation of thermal comfort, sound 
comfort, air quality, etc. Some studies have shown that 
noise has the largest impact on overall satisfaction of all 
factors [62-65]. So the influence of noise on human 
beings’ comfort should not be ignored. 

 
Table 1 The fitting formulas between the metabolic rate and its influencing factors 

Reference Affecting factors Other conditions Fitting formula 

Luo et al. [56] Air Temperature (ta, °C) 
v is 0.1 m/s 
RH is 50% 

 20.07 4.03 116.07 0.42cloa aM t t    

 20.04 1.96 86.42 0.91cloa aM t t    

Wang [57] Air Temperature (ta, °C) 
v is 0±0.01 m/s 

RH is 69.7±4.3%  20.022 1.09 12.75 0.36cloa aM t t     

Cui et al. [58] Pressure (Pa, kPa) 
ta is 25°C 

RH is 50% 
 0.00509 1.385 0.7cloM Pa    

Wang [57] Pressure (Pa, atm) 

ta is 25°C 
RH is 69.7±4.3% 

 1.12 2.2 0.36cloM Pa    

ta is 22°C 
RH is 69.7±4.3% 

 0.67 1.5 0.36cloM Pa    

ta is 28°C 
RH is 69.7±4.3% 

 1.35 2.25 0.36cloM Pa    
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3. Thermal Comfort Prediction Models  

3.1 Typical thermal comfort models under uniform 
environment 

3.1.1 Fanger’ s PMV model 

Based on the thermal balance of human body and 
thermal comfort equation, Fanger gained the predicted 
mean vote index (PMV) and predicted percentage of 
dissatisfied index (PPD) which has been widely used [31]. 
This model considers six different factors, including 
human activity intensity, clothing insulation, air 
temperature, mean radiant temperature, airflow rate and 
air humidity. The criteria for PMV are as shown in Table 2. 

3.1.2 Gagge’ s 2-Node model 

In 1971, Gagge proposed the 2-Node model [66]. The 
thermal comfort index corresponding to Gagge’ s 2-Node 
model is SET* (Standard Effective Temperature) [67], 
which is based on ET* (New Effective Temperature) [66], 
and considers the influence of human activities, clothing 
insulation and skin wetness. 

3.1.3 Discussion on thermal comfort models 

Both of the two models are based on uniform, normal 
pressure, steady-state test data and although they work 
well under those conditions, they also have some 
limitations when applied to evaluate of thermal comfort 
of craft environment. 

For common aircraft cabins, the interior is at a low 
pressure. Owing to changes of pressure, the mass transfer 
coefficient and the convective heat transfer coefficient 
between the human body and the surrounding 
environment alter correspondingly, which results in the 
change of heat dissipation characteristics of human body, 
such as the changes of convection and skin evaporation 
between the human body and environment [68]. At the 
same time, low air pressure results in lower air oxygen 
pressure, which will lead to the adjustment of respiratory 
function and finally lead to the change of heat dissipation 
through breathing. In addition, in low pressure 
environment, the metabolism of human body which is an 
important parameter in these two models will change.  

The change of metabolic rate will seriously affect the 
accuracy of thermal comfort evaluation.  

Therefore, according to the existing researches [57,69], 
these two models can be modified as follows:  

(1) Modify metabolic rate according to pressure, and 
the modified equations are listed in Table 3;  

(2) Modify evaporation heat transfer coefficient (he) 
according to pressure:   0.45

0 0e eh h P P
 ; 

(3) Modify convection heat transfer coefficient (hc) 
according to pressure:  0.55

0 0c ch h P P ; 

where M is metabolic rate, P is pressure, M0 is the 
metabolic rate at the corresponding level of activity at the 
sea level, P0 is atmospheric pressure at sea level, he0 and 
hc0 is evaporation heat transfer coefficient and convection 
heat transfer coefficient at the sea level. 

3.2 Thermal comfort models under non-uniform and 
transient environment 

In fact, the environment in which people live is 
sometimes non-uniform and transient. For example, the 
use of task air conditioning (TAC) will result in a 
non-uniform environment; and the process of people 
walking from the hot outdoor to the air conditioning 
room is a transient environment. Therefore, more and 
more researches have focused on the prediction model of 
thermal sensation under non-uniform and transient 
environment. On the basis of literature investigation, 
different models are classified as follows: 

(1) Models suitable for non-uniform environments 
Teq [70] (Equivalent Temperature) and EHT [71] 

(Equivalent Homogeneous Temperature) are two very 
efficient evaluation indices for heterogeneous 
environments. However, it is necessary to solve the three-   
dimensional flow field equation and the human 
biological heat equation when applying the two indexes. 

The local thermal sensation affects the whole heat 
sensation, but the effect of different parts is different. 
Many studies [72-74] show that in cold environment, the 
local thermal sensations of chest, back and pelvis have 
the greatest influence on overall thermal sensation, and 
the local thermal sensation of the limbs has the least  

 
Table 2  PMV’s thermal sensation scale 

Thermal Sensation Hot Warm Slightly warm Neutral Slightly cool Cool Cold 

PMV +3 +2 +1 0 -1 -2 -3 

 
Table 3  The modified equations between the metabolic rate and pressure 

Reference Affecting factors Other conditions Fitting formula 

Cui et al. [58] Pressure (P/kPa) Sitting M = -0.00509P+1.385 

Wang [57] Pressure (P/atm) 
Sitting M=M0(P/P0)

-0.84 

Movement M=M0(P/P0)
-0.76 
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Fig. 2  Thermal sensation integration model showing three 
example segments [75], where Slocal is the local thermal 
sensation and Smean is the overall thermal sensation. 

 
influence on the overall sensation. The study [75] shows 
that the influence factors of different parts increase line- 
arly with the gap between the local thermal sensation and 
the overall thermal sensation. As shown in Figure 2, a 
dominant segment like back has a much higher weighting 
factor than a non-dominant segment such as hand. The 
face shows significant asymmetry between warm and 
cold sensations. 

(2) Models suitable for transient environment: 
Wang [76] proposed a thermal comfort model for both 

steady-state and transient conditions in 1994. Wang’s 
model uses a static term from Fanger’s model and a 
transient term based on the heat storage in the body. 
However, Wang’s model is obtained for a specific 
comfort test condition, and when the transient conditions 
are different, the errors will appear. 

Fialia [77] proposed a dynamic thermal sensation 
evaluation index (DTS), which was obtained by 
nonlinear analysis of skin temperature, mean skin 
temperature change rate, core temperature and thermal 
sensation votes. Fialia’s model takes into account the 
effects of temperature (wind speed) gradient distribution, 
asymmetric radiation, solar radiation and other factors on 
the thermal response of human body. 

(3) Models suitable for non-uniform and transient 
environment: 

Zhang et al. [78-81] carried out a series of non-   
uniform and transient environmental experiments by 
means of local cooling or local heating. They found that 
both local skin temperature and overall thermal state 
would affect local thermal sensation. A local thermal 
sensation prediction model with local skin temperature, 
core temperature, average skin temperature and the 
change rate of skin temperature and core temperature is 
established by logistic function. The overall thermal 
sensation prediction model is a function of local thermal 
sensation. 

Considering the difficulty of obtaining core 
temperature and the different thermal responses of people 

from different countries, Zhou et al. [82-84] established a 
local thermal sensation prediction model according to the 
physiological characteristics of Chinese people. 

4. Research Progress of Adaptive Thermal 
Comfort Model 

There are two main categories of thermal comfort 
models – Rational (RTC; [31]) and Adaptive (ATC; [85]). 
Study [86] has shown that when the indoor average 
temperature is between 21°C and 25°C, it is quite 
effective to use PMV to predict people's thermal sensation. 
However, in the actual building without air-condition, or 
in the cold/hot environment, there is a big difference 
between the prediction of PMV model and people's 
actual thermal sensation. Moreover, the more the 
temperature deviates from the neutral temperature, the 
greater the deviation between PMV and actual thermal 
sensation, and the obvious "scissors difference" appears 
[87-89]. The main reason for the prediction error of PMV 
in hot or cold environment is that the standard based on 
artificial climate room neglects the subjective initiative 
of human and the interaction between human and 
environment, that is, the adaptability of human to thermal 
environment. Therefore, Nicol and Humphreys [90] put 
forward an adaptive thermal comfort model. The 
adaptive thermal comfort model is a strong linear 
relationship between the neutral temperature and the 
outdoor temperature index in natural ventilation buildings. 
The outdoor temperature index may vary from one model 
to other and some frequently used ones include monthly 
mean temperature, daily mean temperature, seven days 
running mean temperature, seven days average of mean 
temperatures, etc. Brager and de Dear [91] further 
developed the theory of thermal adaptation, and pointed 
out that thermal adaptation system included behavioral 
regulation, physiological adaptation and psychological 
adaptation. Therefore, the PMV model can predict the 
thermal comfort of people indoors, while adaptive 
thermal comfort model is designed to predict the neutral 
temperature. In addition, the adaptive thermal comfort 
model takes into account the dynamic characteristics of 
the natural environment, the interaction between people 
and the environment and local culture. Thus, the adaptive 
thermal comfort model based on a large amount of data 
from field investigation has attracted wide attention and 
interest. 

Because of the differences in climate, culture, people's 
living habits, physiological characteristics and so on, the 
adaptive thermal comfort models are different in different 
regions. Table 4 gives a summary of adaptive thermal 
comfort models for foreign countries. 

Chinese researchers have done a lot of studies on 
thermal adaption and adaptive thermal comfort model as 
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well. In 2003, Yang [97] conducted thermal comfort field 
research and questionnaire survey on thermal comfort in 
five typical cities (Harbin, Beijing, Xi'an, Shanghai, 
Guangzhou) in China. A linear relationship between the 
neutral temperature (Tn) and the outdoor monthly mean 
temperature (Tmout) for natural ventilation buildings in 
China was obtained: Tn=19.7+0.30Tmout. The relationship 
between outdoor ambient temperature and indoor neutral 
temperature in China was explained for the first time. 

In 2007, a field study of student thermal comfort was 
conducted in the Chinese subtropics by Zhang et al. [98]. 
The thermal neutral temperature calculated by Thermal 
Sensation Vote (TSV) was at about 21.5°C. The 
relationship between actual thermal sensation vote (TSV) 
and operating temperature (Top) is obtained: TSV= 
0.0448Top- 0.9628, however, the relationship is not strong 
(R2= 0.37).  

Additionally, the scholars have carried out abundant 
thermal adaption researches for different climate areas 
and different building types. Table 5 shows the adaptive 
thermal comfort models in China. 

The following relevant conclusions can be drawn from 
Table 4 and Table 5:  

(1) The adaptive thermal comfort models of different 
climatic regions are different. Climate has an important 
impact on human adaptation. People living in the tropics 
can better adapt to the hotter environment, and those who 

live in the frigid zone are more able to adapt to cold. 
Therefore, different types of outdoor climate will result 
in different adaptive abilities. 

(2) Adaptive thermal comfort models for different 
seasons are also different. In different seasons, people 
adapt to the environment differently. In the spring, people 
can usually add or subtract clothes to make the body 
comfortable. But in the summer, when thermal comfort is 
not available by reducing clothing, people usually cool 
down by turning on fans, opening windows and other 
ways. Therefore, season is also a factor affecting the 
adaptive model.  

(3) The type of building (naturally ventilated or 
air-conditioned) also has an effect on neutral temperature. 
When buildings use air conditioning in summer and can 
be heated in winter, the indoor neutral temperature is 
usually a constant. 

(4) With different building functions (classroom, 
residence or office building), the adaptive thermal 
comfort model is different. For the study of classrooms 
and dormitories, the subjects are basically youth students. 
Whereas, in the study of housing, the subjects are 
ordinary residents. People of different ages have different 
adaptations to the environment, and young people are 
more adaptable than the elderly. Therefore, the age level 
of the subjects is also one of the factors affecting the 
adaptive thermal comfort model. 

 
Table 4  A summary of adaptive thermal comfort models for foreign countries 

Investigators 
Architectural 

type 
Adaptive model 

Experiment 
location 

number of  
samples 

Experiment  
time 

de DEAR [92] 
(ASHRAE 

RP-884 Project) 

AC Tn=21.5+0.11ET*out Australia, 
Canada, 
Greece, 

Indonesia, 
Pakistan, 

Singapore, 
UK, USA 

21,000 

Summer 
Winter 

Hot season 
Dry season 
Wet season 

NV Tn=18.9+0.26ET*out 

 Nicol & Roaf 
[93] 

AC Tn=17.0+0.38Tmout Pakistan 4927 
Summer 
winter 

Toea & Kubota 
[94] (based on 

ASHRAE 
RP-884 

database) 

AC, NV 

Moderate: Tn=0.22TDout+18.6 

/ / / Hot and dry: Tn=0.58TDout+13.7 

Hot and humid: Tn=0.57TDout+13.8 

Rijal et al. 
[95] 

AC, NV 
(Houses) 

 

For free running: Tn=0.453Trm+15.0 

Japan 32468 
From 2010 to 

2013 
In summer: Tn=0.188Trm+21.9 

In winter: Tn=0.178Trm+18.8 

Singh et al.  
[96] 

AC, NV 
Vernacular 
architecture 

Warm and humid climate: 
Tn=22.69+0.15TDout 

North-East India 
 

150  
households 

Summer 
winter 

Cool and humid climate: 
Tn=20.56+0.18TDout 

Cold and cloudy climate: 
Tn=17.76+0.22TDout 

NV: naturally ventilated; AC: air-conditioned (heating and cooling); Tn: neutral temperature (°C); ET*out: outdoor daily effective temperature (°C); 
Tmout: the mean outdoor temperature in the preceding month (°C); Trm: the exponentially weighted running mean outdoor temperature for the day (°C); 
TDout: 24 h average outdoor temperature (°C) 
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Table 5  A summary of the adaptive thermal comfort models in China 

Investigators Architectural type Adaptive model Experiment location number of samples Experiment time 

Mao [99] House (AC, NV) 

Severe cold: 
Tn=0.121Tout+21.488 

Harbin, Changchun, 
Shenyang 

30 

Summer 
winter 

Cold: 
Tn=0.271Tout+20.014 

Beijing, Zhengzhou, 
Xi'an 

30 

Hot summer and cold winter: 
Tn=0.326Tout+16.862 

Nanjing, Chongqing, 
Shanghai 

30 

Hot summer and warm winter: 
Tn=0.554Tout+10.578 

Nanning, Guangzhou, 
Haikou 

30 

Yang et al. 
[100] 

House (NV) 
Moderate: 
Tn=0.498Tout+11.537 

Kunming 228 
Summer 
winter 

Yang et al. 
[101] 

Office buildings 
(NV) 

Tn=0.56Trm+12.6 Changsha unknown 
from Jan. 2010 to 

Feb. 2011 

Cao [102] 
Classrooms 
(NV, AC) 

In spring: 
Tn=0.18Tout+21.64 

Beijing 1185 
Spring 

summer 
winter 

In summer (NV): 
Tn=0.08Tout+23.70 
In summer (AC): 
Tn=25.4°C; 
In winter (Heating): 
Tn=22.8°C 

Yu [103] 

House 
In winter (heating): 
Tn=22.1°C 

Harbin 1747 
From Oct. 2013 to 

Apr. 2014 

Office buildings 
In winter (heating): 
Tn=21.5°C 

Dormitories 
In winter (heating): 
Tn=21.1°C 

Classrooms 
In winter (heating): 
Tn=19.1°C 

Tout: the daily outdoor average temperature (°C); Trm: the running mean outdoor temperature (°C) 

 
5. Research Progress of Thermal Comfort in 
Aircraft Cabin 

In the aircraft cabin, air distribution determines the 
temperature, relative humidity, air velocity and so on. 
Therefore, air distribution is an important content in the 
design of aircraft environmental control system (ECS). 
Effective ventilation and reasonable airflow organization 
are important for improving air quality, controlling 
pollutant level, saving energy and improving comfort. 
Thus this paper mainly focuses on the research status of 
airflow organization in aircraft cockpit. 

The air conditioning system in airplane cockpit plays a 
vital role in providing passengers with a healthy, safe and 
comfortable environment. The mixing ventilation (MV) 
system is commonly used in commercial airplane. High 
velocity air flows from the ceiling side, and the polluted 
air is expelled from the outlet near the floor [104]. High 
speed mixing air not only affects air quality, comfort of 
human body, but also affects human health. Therefore, 
many scholars have studied the MV system and made 
corresponding improvements. On the other hand, due to 
the convenience and higher precision of CFD 
(computational fluid mechanics ), CFD technology has 
become an important way to study the flow field 
[105,106], which plays an important role in the study of 
airliner cabin flow field as well. Numerical analysis of 
airflow can take into account various possible internal 

disturbances, boundary conditions and initial conditions, 
so it can reflect the distribution of the indoor airflow. 
Thus, it is easy to find the optimal air distribution, and 
then guide the design to achieve good ventilation. As a 
result, many aircraft cockpit thermal comfort studies as 
shown in Table 6, have been carried out with CFD and 
related commercial software. 

A new type of MV system with four air inlets which 
are arranged on the side wall of the luggage rack and the 
top side wall of the cabin has been proposed by Wu [107]. 
Compared with traditional MV systems with two air 
inlets and with three air inlets, during cruising time, the 
MV system with four air inlets can create the most 
comfortable thermal environment; the predicted mean 
vote index (PMV) is close to 0 and the Draft Rate (DR) is 
the lowest. Zhang [108] also used the CFD software to 
study two different MV systems (supplying air from 
ceiling, supplying air from both ceiling and side wall) in 
the cockpit, and the Gagge’s 2-Node model was adopted 
in the study which was corrected according to the low-   
pressure environment in the cockpit. 

Additionally, in order to improve the thermal comfort 
of the cockpit, some new ventilation systems have been 
proposed, such as displacement ventilation (DV) system 
and personalized ventilation (PV) system. DV system can 
remove pollutants more effectively than conventional 
airliner airflow [109]. Zhang and Chen [110] proposed 
the application of DV system in the cockpit. The air  
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supply vent was located at the bottom of the corridor, 
while the air outlet was located at the top of the cabin. 
Compared with the MV system, the energy consumption 
of DV system is lower, and the implementation of DV 
system is beneficial to improve the energy efficiency of 
the aircraft [111]. However, one of the typical 
disadvantages of DV system is that it is easy to cause 
temperature stratification and cause thermal discomfort 
[112]. However, the study of Maier et al. [113] indicated 
that DV could provide a comfortable climate situation in 
the aircraft passenger cabin with low air velocities. 
Although the known disadvantages compared to MV 
were confirmed (e.g. vertical temperature differences or 
colder temperatures around the feet), these did not 
influence the subjects' satisfaction ratings very much. 
Another novel ventilation named as hybrid ventilation 
(HV) system as shown in Figure 3, can weaken the 
vertical temperature gradient as well as ensure high heat 
removal efficiency [114-116]. In fact, HV system is a 
combination system of MV system and DV system.  

The PV system can supply fresh air directly to the 
passenger's breathing area and effectively eliminate the 
pollutants. Zhang and Chen [110] proposed the 
application of PV system in the cockpit. For the PV 
system, a personalized air supply vent was mounted at 
the rear of the passenger seat. The PV system can reduce 
the degree of air mixing and especially conducive to the 
discharge of pollutants around the passengers. Zítek et al. 
[13] proposed another PV system which considered the 
problem of humidifying cabin air. As shown in Figure 4, 
the personalized air supply vent was built into the back of 
the seat in front of the passenger, and an air exhaust 
nozzle was located just below the air supply vent. Li [117] 
also designed a new type of personalized seat ventilation  

system. As shown in Figure 5, the full fresh air supply 
vents were located at the armrest and the bottom of the 
individualized chair, and an air inlet for circulating air 
was located at the bottom of the seat. Whereas, the PV 
system could also create temperature stratification [118]. 

 

 
 

Fig. 3  Combination of DV and MV (HV system) [115] 
 

 
 

Fig. 4  Scheme and geometric model of the PV set-up of the 
seat [13] 

 

On the basis of literature research, we find that most 
of the thermal comfort researches on aircraft cockpit are 
focused on small single channel airliner. However, in the 
future, wide-body airliner, is the key development 
direction of the future aircraft cockpit. The flow field in 
the wide-body airliner will be more complex, and how to 
optimize the air supply system in the wide-body airliner 
will also be the focus. 

 
Table 6  Summary of investigation of flow field in aircraft cabin 

Reference Aircraft cabin 
Research 
contents 

Research method Process 
Thermal comfort 

evaluation method 
Other indicators 

Wu [107] 
Single passage 

cabin 
MV system 

Finite Volume Method  
(Fluent) 

Warm up in 
winter; steady

PMV Draft (DR) 

Zhang 
[108] 

Single passage 
cabin 

MV system 
Finite Volume Method  

(Fluent) 
Steady 

Gagge’ s 2-Node 
model; SET* 

CO2 concentration 

Zhang and 
Chen [110] 

Boeing-767 
aircraft cabin 

MV, DV and 
PV system 

Finite Volume Method  
(Fluent) 

Steady Not accounted for CO2 concentration 

Bosbach 
et al. [115] 

A320 aircraft 
cabin 

DV, HV system Experimentation 
Steady and  
dynamic  

measurement 
Not accounted for 

Heat removal  
efficiency 

Zhang 
et al. [116] 

Boeing 
737-200 

aircraft cabin 

MV, DV and 
HV system 

Experimentation Steady Not accounted for 
Mean age of air; 

Velocity and temperature 
non-uniformity indices; 

Maier 
et al. [113] 

Do 728 cabin 
MV, DV and 
HV system 

Experimentation Steady 
Thermal comfort 

vote 

Means for air draught 
perceptions; Means for 
temperature perceptions

Zítek 
et al. [13] 

Boeing-767 
aircraft cabin 

PV and MV 
system 

Finite Volume Method  
(Fluent) 

experimentation 
Steady Not accounted for 

Relative humidity  
distribution 

Li [117] 
Single passage 

cabin 
PV and MV 

system 
Finite Volume Method  

(Fluent) 
Steady PMV, PPD DR 
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Fig. 5  Personalized inlets of the seat [117] 

6. Conclusions 

(1) There are many factors affecting the thermal 
comfort of human body in aircraft cabin, including low 
relative humidity, mean radiant temperature, colored light, 
human metabolic rate and gender, among which the first 
three factors are environmental factors and the other two 
are human factors. Additionally, different from indoor 
environment, low pressure and low relative humidity in 
aircraft cabin affect people’s thermal comfort. Although 
noise is not a factor affecting thermal comfort, it is a 
typical feature of the aircraft environment. Besides, the 
most important influence factor of overall satisfaction in 
aircraft cabin is noise.  

(2) Both of the Fanger’s PMV model and Gagge’s 
2-Node model are based on uniform, normal pressure, 
steady-state test data. But there are great differences 
between craft environment and buildings on the ground. 
As a result, there is a pressing need to appropriately 
modify these models to make the simulation results more 
accurate in craft environment. 

(3) The adaptive thermal comfort model takes into 
account the external environment, climate, human ada-
ptability and so on, therefore, it can well reflect the 
thermal sensation in the natural ventilation building. But 
the adaptive thermal comfort model is based on field 
research and questionnaire survey, so experimental time, 
climatic characteristics, subject age, building function 
and so on will affect the regression coefficient and 
regression constant of the model. While the thermal 
comfort prediction models such as PMV, DTS, 2-Node 
model, are based on the thermal balance of human body, 
however, ignore the ability of the human body to adapt to 
the environment. These models have their own 
advantages and disadvantages, so the future research 
should consider the combination of adaptive thermal 
comfort models and other thermal comfort prediction 
models from the aspects of heat balance and human 
adaptability. 

(4) With the improvement of living standards, thermal 

comfort study of aircraft attracts more and more attention. 
Due to the convenience and higher precision of CFD, 
CFD technology has become an important way of 
thermal comfort research in aircraft.  

(5) The environment in aircraft cabin is usually non- 
uniform under DV system, PV system or individualized 
air supply system (such as nozzle air supply). In order to 
accurately describe the thermal sensation and thermal 
comfort of different body parts, the appropriate model 
should be selected, such as Teq or EHT. But in some 
special cases, the cabin environment is transient, such as 
the period of just opening a personalized air supply, the 
process of people walking from the hot outdoor to the 
aircraft cabin, or aircraft climbing phase. Whereas, Teq 
and EHT are only suitable for steady-state environment, 
so in such conditions Teq or EHT can’t be used to 
evaluate thermal comfort of human beings any longer. At 
this time, it is recommended to use the thermal comfort 
prediction models which are suitable for transient 
environment. 

(6) Compared with the traditional MV system, the DV 
system has higher ventilation efficiency and energy 
utilization efficiency, but it is easy to cause temperature 
stratification. A combination of MV system and DV 
system can weaken the vertical temperature gradient as 
well as ensure high heat removal efficiency. In addition, 
the application of displacement ventilation system in 
wide-body airliner remains to be further studied. 

(7) This paper mainly introduces the method of 
achieving better thermal comfort in aircraft cabin by 
optimizing the airflow. In addition, it is also a new way to 
optimize the design of the aircraft cabin lighting system. 
Colored light can be used in conjunction with ECS to 
affect the thermal sensation of passengers. More 
specifically, colored light could be used in such a way, 
that passengers can change the color or brightness of the 
colored light depending upon their needs to make it seem 
warmer or cooler, thereby improving the passenger's 
happiness. However, the effects of color lights on thermal 
sensation are still in the stage of experimental and 
theoretical research. Therefore, the optimization of 
aircraft cabin lighting system needs further study. 
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