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This paper presents the results of theoretical computer-aided research of the microclimate parameters in the vehicle 
passenger compartment during operation of one of the widely used schemes of heating system in the passenger 
compartment, taking into account the breathing of passengers. Theoretical researches of the heating system oper-
ation in the passenger compartment taking into account passenger breathing have been conducted. Distribution of 
microclimate parameters in the passenger compartment cross-section, in the case of using a heating system having 
one compartment heater, with and without taking into account the breathing of passengers, has been obtained. The 
assessment of the effect of passengers' breathing on the microclimate parameters in the passenger compartment 
has been carried out. The outcomes of this research may be of interest to specialists involved in the design and er-
gonomics of wheeled vehicles and labor protection.  

Key words: heating system, microclimate parameters, thermal comfort

INTRODUCTION

Transportation of employees to the production site and 
back can reach 2 hours, which is about 30% of working 
time and, accordingly, the microclimate of the passenger 
compartment has a direct impact on the health of the em-
ployee and his subsequent ability to work, as described 
in methodology [1] and paper [2]. Thus, in the conditions 
of Arctic exploration, the issue of ensuring permissible 
and optimal microclimate parameters in the vehicle pas-
senger compartment is a priority, especially during the 
cold period of the year.
The "passenger – vehicle passenger compartment" 
system represents a complex thermodynamic system. 
During breathing, the vehicle passenger, together with 
the exhaled air, releases heat into the surrounding 
space. It is of practical interest to estimate the degree 
of infl uence of this mechanism of heat exchange on the 
qualitative distribution of the main microclimate parame-
ters in the passenger compartment.
Researches of human thermal comfort are quite exten-
sive. They cover various elements of the technosphere, 
such as ventilated accommodation facilities, according to 
monographs [3, 4], isolated rooms of healthcare facilities, 
according to paper [5], passenger coaches, according to 
papers [6, 7], passenger compartments of airplanes, ac-
cording to paper  [8], buses, according to paper  [9] and 

cars, as described in papers [10, 11, and 12], as well as 
peculiarities of microclimate parameters distribution in 
different positions and postures of a person in space re-
sulting from the specifi city of his activity and constructive 
solutions of confi ned areas described in papers  [5, 7].  It 
should be noted that studies of microclimate in confi ned 
areas are developed in several directions.
Experimental studies with the use of a thermal passen-
ger manikin with the increase of its adequacy presented 
in papers [3, 6, 13, 14, 17] as well as experimental stud-
ies of microclimate parameters of the existing systems of 
thermal comfort provision in passenger compartments of 
cars [16, 17] and buses [15], including the use of a full-
size climatic chamber described in paper [25] have been 
conducted. The results of experimental studies of micro-
climate parameters and atmospheric composition of the 
passenger compartment for different models of wheeled 
vehicles in hot climate conditions are presented in papers 
[10, 18]. The results of experiments on the assessment 
of the system operation of thermal comfort provision tak-
ing into account the creation of natural ventilation in the 
passenger compartment under high ambient tempera-
tures are presented in paper [19]. The works devoted 
to experimental studies of the passenger compartment 
heating system of the wheeled vehicle under the effect 
of low temperatures include the paper [20]. However, the 
number of such studies is signifi cantly less in compari-
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son with the studies in the area of investigating high-tem-
perature exposure. One of the tasks that are solved by 
experimental studies of thermal comfort regulation in the 
passenger compartment is to determine the actual val-
ues of the initial and boundary conditions of mathemat-
ical models for their further computer-based numerical 
solution, taking into account the subjective perception 
of microclimate parameters by humans, as is proven 
in paper [21].  Researches [20, 22, 23, 24, 34] involve 
the study of functioning thermoregulation mechanisms 
of the human body and its reaction to the heating and 
cooling microclimate, such as the model of thermoregu-
lation developed in The University of California, Berkeley 
(UCB) and the multisegmental (MS) Pierce model, as 
well as in the compartment of the wheeled vehicle, ac-
cording to papers [25, 26]. The purpose of these studies 
is to improve methodologies for objective evaluation of 
subjective perceptions caused by the effect of working 
microclimate parameters.  The paper [26] describes the 
most currently known methods of thermal comfort as-
sessment. The development of microclimate regulation 
systems is presented in papers [8, 21, 27, 28], and the 
assessment of their performance by such indicators as 
energy consumption, thermal comfort and air quality is 
presented in papers [6, 12, 13, 29, 30, 31, 32, 33].  
Theoretical studies of microclimate regulation systems 
and microclimate effect on humans are based on com-
puter models described in papers [3, 5, 7, 9, 10, 25, 27, 
28, 29, 33]. The papers [35, 36] provide a comparative 
analysis and assessment of the possibilities of various 
implementations of mathematical models of gas thermo-
dynamics on computers. ANSYS Fluent software suite 
described in the user's manual [37] should be consid-
ered as the most known software product which allows 
for the assessment of microclimate parameters.
The increase in accuracy of the thermodynamic model 
implementations on the computer is provided due to the 
congruence of 3D models, the use of advanced computa-
tional algorithms and taking into account all participants 
in the heat balance creation, according to papers [31, 33, 
38]. Thus, accounting for friction and aerodynamic forces 
in providing thermal comfort is discussed in paper [32], 
and the role of solar radiation and radiation of the interior 
panels is discussed in papers [11, 27, 31]. In paper [39] 
a description of the main parameters of the microclimate 
in the car compartment and the factors inherent to pas-
sengers are presented.  However, the author does not 
explicitly point to such a factor as the change in the gas 
composition due, inter alia, to the breathing of passen-
gers, which is a constituent element of mass equations 
of the thermodynamics of wheeled vehicle passenger 
compartment, according to paper [30]. In paper [40] the 
analysis of parameters, characterizing the state of ther-
mal comfort, which can be simulated in the bus cabins is 
presented, and the relevance of more in-depth studies 
particularly of the passenger compartment of the bus is 
indicated.  
The papers [41, 42] provide a theoretical assessment of 

the quantitative change of gas composition in the com-
partment of a wheeled vehicle depending on time and 
number of passengers. The research trend of human ex-
ternal respiration is developed from the point of view of 
chemical compounds distribution in the human breathing 
zone and penetration of the substances into his body, or 
from the point of view of a human being as a source of 
external environment pollution, according to papers [43, 
44, 45].
Thus, for the moment researches of the effect of practi-
cally all elements of the wheeled vehicle technical sys-
tem on the achievement of thermal comfort in the com-
partment have been conducted, as can be seen from 
papers [31, 32, 46]. The assessment of arising subjec-
tive sensations of passengers under certain microclimat-
ic conditions is presented in papers [7, 17, 26]. Different 
schemes of microclimate regulation and thermal comfort 
provision for different types of wheeled vehicles have 
been studied in papers [9, 20, 29].
Assessment of changes in microclimate parameters in 
time and various driving conditions of a wheeled vehicle 
has been performed in papers [11, 15, 16, 19]. It has 
been established that the parameters of microclimate in 
the compartment during movement are not constant, as 
well as subjective sensations of thermal comfort are dif-
ferent when the vehicle is moving and when it is motion-
less, as demonstrated in papers [11, 16, 17]. However, 
almost all papers consider the thermal comfort provision 
in conditions of heating microclimate which can be found 
in papers [9, 10, 12, 15, 17, 18, 19, 25, 27, 29, 31, 33]; at 
the same time passengers represent passive receptors 
in the context of the environment, as is proven in paper 
[43]. Therefore, assessment of heating system effi ciency 
under conditions of cooling microclimate in the cold peri-
od of the year and determination of actual values of mi-
croclimate parameters in the compartment for wheeled 
vehicles of M3 category with the seating capacity not 
exceeding 22 passengers, taking into account the exter-
nal respiration of a person as a constituent element in 
providing thermal comfort, is one of the further research 
trends in regulation of microclimate of the passenger 
compartment of the wheeled vehicle. 
The main purpose of this study was to determine the 
quantitative values of microclimate parameters in the 
passenger compartment, taking into account the variable 
boundary conditions simulating the passenger's breath-
ing.
In order to achieve this goal, the following objectives had 
to be achieved:
• Construction of the calculation model of the pas-

senger compartment of the wheeled vehicle of M3 
category with the seating capacity not exceeding 22 
passengers;

• Development of a mathematical model of the micro-
climate formation in the passenger compartment, 
taking into account the breathing of passengers;

• Computer-based numerical solution and obtaining 
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Figure 1: Layout diagram of the wheeled vehicle 
passenger compartment of M3 category with the 

seating capacity not exceeding 22 passengers and 
location of the cross-section of the reference plane

Figure 2: Geometric model of the wheeled vehicle 
passenger compartment of M3 category with the 
seating capacity not exceeding 22 passengers

(1)V2 = a∙cos(b∙t)

quantitative values of microclimate parameters in 
the passenger compartment.

THEORETICAL CONSIDERATION

Let us consider a wheeled vehicle of category M3 with 
the seating capacity not exceeding 22 passengers (Fig-
ure 1). This type of the vehicle is widely used for the 
transportation of passengers on urban and suburban 
routes.
Theoretical research of dynamics of a working microcli-
mate and heating system operation, taking into account 

breathing of passengers will be carried out on two-di-
mensional model in the reference plane presented in 
Figure 1.
The geometric model of the wheeled vehicle passenger 

compartment of M3 category with the seating capacity 
not exceeding 22 passengers is presented in Figure 2. 
All measurements are in centimeters. The projected area 
in the passenger compartment was 85853.0099 cm².
The computational scheme is presented in Figure 2.
The following assumptions were made in the develop-
ment of the computational scheme:
• The temperature of the passenger compartment wall 

Т1 is constant;
• The temperature of passenger external integuments 

Т2 is constant;
• Concentrations of organic compounds and CO2 as 

well as other organic compounds, which affect the 
air characteristics in the passenger compartment, 
are ignored;

• The temperature of air exhaled by passengers is 
constant;

• The temperature Тk, and speed Vk of the movement 
of air supplied to the compartment by the heating 
system of the wheeled vehicle of M3 category with 
the seating capacity not exceeding 22 passengers 
is constant;

• The speed Vk, of the air supplied to the passenger 
compartment by the wheeled vehicle heating system 
is directed horizontally;

• The boundaries (surfaces) of solid bodies are abso-
lutely smooth;

• All passengers are in the sitting position;
• All passengers are breathing synchronously;
• The duration of inhalation is equal to the duration of 

exhalation;
• The air speed on inhalation is equal in absolute val-

ue to the air speed on exhalation V2.
• The process of inhalation-exhalation was described 

by the law of air speed change on inhalation and ex-
halation V2 depending on time t:

where a and b are the proportionality coeffi cients.
The following parameters were accepted as boundary 
conditions:
• The temperature of the walls of the vehicle passen-

ger compartment was taken equal to Т1 = 253 K 
which, according to the CR 131.13330.2012, corre-
sponds to the air temperature with reliability equal to 
0.94 for the cities of Krasnoyarsk, Magadan, some 
settlements of the Komi Republic, as well as accept-
ed with certain assumptions for Omsk and Novosi-
birsk;

• The temperature of passenger’s external integu-
ments based on investigations [7, 9] and taking 
into account data of the paper [49], amounted to 
Т3 = 305 K;

• The temperature of air exhaled by passengers was 
equal to 306 K;

• The sizes of external border of inhalation and ex-
halation of passenger had the sizes corresponding 
to the diameter of the circle equal to 0,013 m that 
corresponded to the equivalent area of 0,0028 m2 

through which inhalation and exhalation were car-
ried out, according to investigations [45, 48];

• In the outlet section of the heater the air temperature 
Тk was assumed to be equal to 328 K, according to 
investigation [50];

• The air speed in the outlet section of the heater was 
2.88 m/s, with the value of the heater capacity equal 
to 250 m³/h, as shown in investigation [50];

• The total heat fl ow through the surface of the pas-
senger's skin was 85 W, which corresponds to the 
working sitting position and the body surface area 
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Figure 4: Distribution of absolute air temperature values 
in the passenger compartment of the wheeled vehicle 
without taking into account breathing of passengers

Figure 5: Distribution of air speed vector values in the 
passenger compartment of the wheeled vehicle without 

taking into account breathing of passengers

Figure 6: Distribution of absolute pressure values in the 
passenger compartment of the wheeled vehicle without 

taking into account breathing of passengers

(2)V2 = 2∙cos(1,57∙t)

Figure 3: Dependence of air speed on 
inhalation/exhalation time

Element under 
Consideration

Density, 
kg/m³

Specifi c Heat 
Capacity, 
J/(kg·K)

Heat Transfer 
Coeffi cient, 
W/m²K

Wheeled 
vehicle body 2719 871 202,4

Passenger 
compartment 
seats

70 1685.6 0.05

Skin integument 1000 3770 0,21

Clothing 110 1480 0,04

Table 1: Characteristics of materials In order to study the effect of passengers' breathing on 
the process of thermal comfort formation, calculations 
of microclimate parameters in the compartment of a 
wheeled vehicle were performed with and without taking 
into account breathing.
Figures 4, 5, 6 and 7 represent the results of calculations 
of air temperature parameters, air speed vector, abso-
lute pressure and a fragment of airfl ow line vectors in the 

equal to 1.5 m², according to paper [48].
Characteristics of materials used in the simulation are 
presented in Table 1 which was compiled based on data 
of papers [31, 45, 48].
The calculation of microclimate parameters in the con-
sidered cross-section of the vehicle compartment was 
performed in ANSYS Fluent software suit. The mathe-
matical model took into account the energy exchange 
and used the standard k-ε turbulence model described 
in papers [25, 29, 33].
Breathing was simulated in ANSYS Fluent using the UDF 
function, according to the ANSYS Fluent user's manual 
[37]. The breathing process was defi ned by the harmon-
ic function (1). The values of proportionality coeffi cients 
were taken into account according to studies [45, 47, 48] 
with consideration to the correspondence of breathing 
frequency equal to 14.26 min-1, which corresponds to the 
duration of one breathing cycle of 4.2 s and air fl ow rate 
equal to 1.368•10-5 m³/s [45] with the maximum value 
of exhaled and inhaled air speed from 2.0 to 2.3 m/s, 
according to papers [45, 48]. Then, taking into account 
the accepted assumption, duration of inhalation and ex-
halation is t = 2.1 s. Accordingly, the expression (1) has 
the next form:

Figure 3 represents a graph of air speed change on inha-
lation and exhalation, depending on time, where the ex-
halation corresponds to negative values of speed value.
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passenger's breathing zone in the compartment of the 
wheeled vehicle without taking into account breathing.
Figures 8, 9, 10, and 11 demonstrate the distribution of 
absolute air temperatures, airfl ow speed vector, abso-
lute pressure and a fragment of airfl ow line vectors in the 
passenger compartment taking into account the breath-
ing of passengers.

Figure 7: Fragment of airfl ow line vectors in the 
passenger's breathing zone in the compartment of the 

wheeled vehicle without taking into account 
breathing of passengers

Figure 11: Fragment of airfl ow line vectors in the 
passenger's breathing zone in the compartment of the 

wheeled vehicle on exhalation

Figure 9: Distribution of airfl ow speed vector in the 
compartment of the wheeled vehicle taking into account 

breathing of passengers

Figure 8: Distribution of absolute air temperature in the 
compartment of the wheeled vehicle taking into account 

breathing of passengers

Figure 12: Fragment of airfl ow line vectors in the 
passenger's breathing zone in the compartment of the 

wheeled vehicle on inhalation

Figure 10: Distribution of absolute pressure in the 
compartment of the wheeled vehicle taking into account 

breathing of passengers

Figure 12 presents a fragment of airfl ow lines in the pas-
senger's breathing zone on inhalation.
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Figure 13: Changes in temperature differences 
throughout the height of the vehicle passenger 

compartment in the cross-section passing through the 
passenger's breathing zone at the back wall of the 

compartment

Figure 14: Changes in airfl ow speed differences 
throughout the height of the vehicle passenger 

compartment in the cross-section passing through the 
passenger's breathing zone at the back wall of the 

compartment

Figure 13 represents the changes in temperature differ-
ences between the temperatures with and without tak-
ing into account the breathing of passengers. This fi gure 
also illustrates the temperature differences on inhalation 
and exhalation throughout the height of the passenger 
compartment in the cross-section passing through the 
passenger's breathing zone at the back wall of the com-
partment.

DISCUSSION

As a result of the computer simulation of the process of 
changing the microclimate parameters in the passenger 
compartment of a wheeled vehicle with the seating ca-
pacity not exceeding 22 passengers, with and without 
taking into account breathing, the main microclimate pa-
rameters have been obtained. Based on these param-
eters, it is possible to measure the degree of thermal 
comfort of passengers, as performed in papers [26, 28]. 
It has been established that the heating system under 
consideration is highly ineffective, because:
• The value of temperature gradient along the length 

of the wheeled vehicle passenger compartment is 
more than 8 degrees, or on the each meter the pas-
senger compartment the air temperature reduce by 
mean the 2,5 °C. Consequently, a single heat source 
does not provide uniform heating of the entire pas-
senger compartment space. As a result, passengers 
in the far side of the passenger compartment expe-
rience thermal discomfort due to the effect of low-
er temperatures, and passengers in the front side 
experience thermal discomfort due to the effect of 
higher temperatures, as it was also demonstrated in 
paper [19];

• The passenger compartment heating system is one 
of the key elements in the provision of thermal com-
fort to passengers, as was demonstrated in 2009 in 
paper [12]. High air temperature values will lead to 
higher temperatures in the breathing zone of all pas-
sengers in the passenger compartment. Maximum 
temperatures in the breathing zone will occur for the 
fi rst passenger in the direction of the vehicle move-
ment. Thus, the temperature of the air supplied to 
the passenger compartment by the heater should 
not be signifi cantly higher than the temperature of 
the air, which is characterized by the concept of ther-
mal comfort of passengers;

• Air speed, which is given by the heater ventilator, 
provides the required values by the factor of “air 
speed in the passenger's breathing zone”, estab-
lished by GOST R 53828-2010 and GOST 8802-78 
along the entire length of the compartment.

Accordingly, the scheme under consideration for heat-
ing the passenger compartment does not provide real 
thermal comfort for passengers. To ensure the thermal 
comfort of each passenger of the vehicle compartment, 
a more complex system of microclimate parameters reg-
ulation is needed, as is proven in papers [6, 27, 33].
From the comparison of Figures 4 and 8, it follows that 
the effect of passengers' breathing in the considered de-
sign of the vehicle does not have a signifi cant impact on 
the temperature distribution in the compartment space, 
which can be caused by the fact that the difference be-
tween the initial temperature of exhaled air and body 
temperature was not great and was 1 ºC. In this case, 
the effect of inhaled and exhaled air has an impact on 
the overall picture of the movement of air masses in the 
passenger compartment space, which is manifested in 
the reduction of time for heating the compartment air en-
vironment.
The effect of the external breathing process has a sig-
nifi cant impact on the characteristics of the passenger's 
breathing zone (Figures 11 and 12). This fact is essential 
in the context of the distribution of temperature values 
in the space of the compartment and the direct impact 
of other factors usually not evaluated in solving various 
problems of thermal comfort in the compartment of a 
wheeled vehicle, according to papers [41, 42, 43, 44].
Inhalation and exhalation determine gas fl ow convective 
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zones. Thus, it follows from Figure 12 that in the zone lo-
cated at the level of the passenger's head there is a mix-
ing and formation of a mixture of exhaled gas and heated 
by the heater air fl ow, which the passenger then inhales, 
and exhalation (Figure 11) leads to an intensifi cation of 
the main air fl ow, moving along the cabin, directly into 
the breathing zone. Therefore, it is necessary to consider 
the dynamic pattern of the gas composition of the atmo-
sphere in the wheeled vehicle passenger compartment 
and the impact of this process on thermal comfort. 
The comparative analysis of the obtained results in 
considered cross-section indicates that the maximum 
difference of air temperatures on inhalation and exhala-
tion (Figure 13) occurs at the upper part of a head and 
reaches 3°C. The zone of maximum differences of tem-
peratures throughout the height is about 0.75 m. As for 
the differences between the temperatures with and with-
out taking into account the external breathing, the differ-
ence between exhalation and inhalation with respect to 
the results in the absence of breathing is less than 1°C, 
and their maximums take place in the lower part of the 
passenger compartment. Similar trends result from the 
diagram in Figure 14. The maximum difference between 
the air fl ow speeds on exhalation and without breathing, 
which reaches 1.2 m/s, is observed directly within the 
lower part of the passenger's face.
As can be seen from the above, the line of the following 
researches related to the effect of the passenger's exter-
nal breathing should take into account the change of gas 
composition, as well as be carried out on spatial models 
with consideration of heterogeneity of the process of ex-
ternal breathing of the passenger group.

CONCLUSION

The updated computer-based model of the system "pas-
senger – vehicle passenger compartment" has been im-
plemented taking into account the process of passen-
ger’s external breathing of the wheeled vehicle of M3 
category with the seating capacity not exceeding 22 pas-
sengers. Qualitative and quantitative characteristics of 
the microclimate in the passenger compartment, taking 
into account the external breathing process, have been 
obtained. The need for implementation of more complex 
heating systems, excluding the use of one heater, has 
been demonstrated. At the same time, their character-
istics should have less extreme values in terms of tem-
perature and speed of air at the outlet. The necessity to 
investigate the impact of gas composition change during 
breathing on microclimate parameters in the passenger 
compartment has been substantiated.
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