
Nomenclature:
ti – interior temperature, °C

tmi – mean interior temperature, °C

te – exterior temperature, °C

ts – sol-air temperature, °C

m� S – mass flow rate of air supply, kg/s

U – heat transfer coefficient, W
m2·K

RH – relative humidity, %
w – air speed, m/s
wmax – maximum air speed, m/s

wmin – minimum air speed, m/s

qṠ,C – convection heat flux, W—m2

qṠ,R – radiation heat flux, W—m2

W� – moisture stream, kg/s

1. INTRODUCTION
The study of thermal comfort is the subject of many
scientific studies. They concern residential, public and
office buildings [1–5], as well as vehicles due to the
increased attention of researchers and vehicle manu-
facturers on improving thermal comfort conditions in
passenger compartments in the last decades [6].
However, comfort research in transport is rather
rarely conducted, although comfort study and proper
analysis of the results could affect the comfort of peo-
ple's travel. Thermal comfort for vehicle users must be
maintained for a good mental and physical condition
of the users as well as air quality due to daily exposure
to pollutants. The driver’s stress because of low com-
fort conditions and less visibility caused by the phe-
nomenon of fogging on the windshield influences the
safety of the trip [6]. Appropriate design of Heating,
Ventilation, and Air-Conditioning (HVAC) systems in
vehicles is very important because passengers are
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A b s t r a c t
This paper presents the results of numerical simulations of thermal comfort in a passenger coach. The numerical model
with people’s presence was developed and appropriate boundary conditions were prepared. The ANSYS CFX program was
used for the simulations. The calculations were carried out for summer and winter conditions. The predicted mean vote
(PMV), predicted percentage dissatisfied (PPD) and draft rate (DR) were calculated to assess the thermal comfort of pas-
sengers. The requirements of railway standards in terms of passenger comfort assessment were also verified. Based on the
simulation results, it was found that the thermal comfort conditions of the passengers in the coach were not fully satisfac-
tory, especially in summer.
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often forced to stay in a designated place for several
hours. Travellers often complain about the operation
of HVAC systems in vehicles, despite the design fol-
lowing current standards. However, the method of
their operation also causes passenger dissatisfaction
with comfort conditions.
Thermal comfort is a state of thermal balance of the
human body with the environment. It is the result of
a balance between the amount of heat produced by
the body and the heat losses released to the environ-
ment. The currently used indicators to assess thermal
comfort are: predicted mean vote (PMV) on the
7-point thermal sensation scale: +3 hot; +2 warm;
+1 slightly warm; 0 - neutral; -1 slightly cool; -2 cool;
-3 cold and predicted percentage dissatisfied (PPD)
were proposed by P. O. Fanger [7]. The second group
of indicators are indicators characterizing local dis-
comfort: draft discomfort is measured by the draft
rate (DR) index, which measures the percentage of
people sensitive to faster air movement, and the per-
centage of dissatisfied (PD) index, which measures
the percentage of people dissatisfied with the vari-
ability of air temperature between the head and
ankles (vertical air temperature difference) or radia-
tion asymmetry of partitions (it takes place when
there are partitions in the room with a temperature
different from the air temperature). The methodolo-
gy of determining and interpreting thermal comfort
with the use of the calculation of PMV and PPD
indices and local thermal comfort criteria was
described in the standards [8, 9].
In the HVAC industry, there are no clear guidelines
regarding air distribution in coaches, apart from the
standards [10] and the UIC leaflet [11]. The most
commonly used solutions are mixing and displace-
ment ventilation. In the case of mixed ventilation, the
diffusers are located above the windows, while in the
case of displacement ventilation, the air is supplied
through the diffusers located in the vehicle's ceiling
or on the floor [12, 13]. Air conditioning units are
usually located so that the heavy compressor, con-
denser, pumps, electric heater, and fan are under the
casing, while the supply fan and evaporator are locat-
ed in the false ceiling. In some carriages, all devices
are located on the roof. Depending on the solution,
the outside air can be taken in from the train roof or
from below. Often the same channels are used to cool
and heat the coach. For additional heat recovery,
recirculation is also used [14].
The thermal comfort in the passenger compartment
was examined in the study Aliahmadipour et. al. [15].
The calculations were conducted for three cases:

seated and sleeping manikins or without passengers.
The comfort conditions were assessed based on sim-
ulated air temperature and velocity, which were vali-
dated with the conducted measurements. It was
found that the non-symmetrical airflow entering from
the HVAC system caused discomfort in a part of the
compartment both for seated and sleeping passen-
gers. Due to the unsatisfactory results obtained, sim-
ple improvements to the HVAC installation (addition
of a direct channel to the compartment, modification
of upper inlet) were carried out to improve the ther-
mal comfort conditions in the compartment. In the
study, Goelz and Orellano performed [16] simula-
tions of transient thermal comfort in a metro coach.
The impact of a door opening on comfort conditions
was investigated. The results of the calculation
showed that during the opening of the door warm
outdoor airflow was entering the upper parts of the
coach and cool conditioned air was leaving the vehi-
cle at floor level. After that transient phenomenon,
an increase in temperature in the coach was observed
(especially in the upper part), which resulted in a
deterioration of comfort. The authors also men-
tioned other transient behaviour: pre-cooling and
preheating, however, they were not the subject of
research. Furthermore, the methods with respect to
speed of unsteady simulation should be improved to
use on an industrial basis. The analysis of comfort in
a subway coach was also the subject of study by an
Indian research team Karthik et. al. [17]. The com-
fort, with passengers during normal hours and peak
hours, was assessed on the basis of air flow and tem-
perature distributions simulated in the ANSYS
Fluent program. In the final conclusions, the authors
will emphasize the validity of CFD calculations at the
final stages of designing HVAC devices in all rail
vehicles. Schmeling and Bosbach [18] investigated
the thermal comfort and ventilation efficiency in the
lower-level of a double-deck high-speed train with
displacement ventilation. The authors focused on
examining the amount of heat released by humans
and checking how it affects the conditions of comfort
in accordance with standard EN 13129 [10]. The ther-
mal manikins with set variable sensible heat release
were used to verify the simulation results. The con-
ducted experimental studies proved the advantages
of displacement ventilation in the train compartment.
First, the airflow induced by thermal convection aris-
es only near the heat source. Secondly, there is a low
risk of drafts due to low air velocities. The tempera-
ture was also found to depend on the latent and sen-
sible heat released by passengers. The temperature
stratification increases with increasing heating power,
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but it does not significantly affect the speed distribu-
tion. In the next article Meyenberg et. al [19] exam-
ined the possibility of using a moving thermal
manikin for comfort tests in aircraft or trains. The
moving manikin was supposed to represent walking
passengers, who can cause a blockage of airflow. The
experimental studies were conducted for the same
coach and ventilation models as in the study [18]. The
results showed that moving manikin causes a temper-
ature decrease and velocity increase at the shoulder
level of seated passengers and velocity increase at
head level. However, the disturbances to passenger
comfort were present for a short time. The compari-
son of various, simulated air distribution systems: dis-
placement, personalized and mixing ventilation were
presented in the study [20] by Zhang et. al. The sim-
ulations were carried out for sleeping spaces in the
transport vehicle. The research aimed to determine
the thermal environment and air quality for these
cases. The results of simulations showed that the per-
sonalized system provided the best values of air
velocity with little draft risk. The research on the effi-
ciency of the ventilation system was also carried out
for the driver's cabin of a modern rail vehicle. The
evaluation of thermal comfort in high speed trains
was presented by Yang et. al. [21] and Zhang and Lu
[13]. In study [13], the authors compared the tradi-
tional sidewall air supply and bottom return mode
with the underfloor air supply mode in terms of
ensuring comfort and verification of air parameters:
airflow, temperature, CO2 concentration and humid-
ity field. The better thermal conditions were obtained
for underfloor supply mode according to CFD calcu-
lation. In the study [22], Palmowska and Walczyk
analysed indoor thermal and humidity conditions for
six different cases of air distribution. Thermal com-
fort in the kitchen environment of a non-air-condi-
tioned railway pantry coach in Indian Railways was
the subject research in the study Alam and Salve [23].
The evaluation of thermal comfort in a double-deck-
er train cabin for summer and winter conditions was
conducted in the study of Konstantinov and Wagner
[24]. To access thermal comfort FIALA-Manikin
model was used, which made it possible to predict the
human thermoregulatory responses to indoor and
personal conditions. The obtained velocity and tem-
perature distributions in the cabin were inhomoge-
neous, the better thermal comfort conditions were in
the lower deck. Summing up, most of the studies
[13, 16–20, 24], were done to analyze comfort in vehi-
cles with displacement ventilation. Fewer studies on
the operation of mixing ventilation were conducted
[12, 20]. In only two presented studies [13, 21],

Fanger's indices were used to assess comfort in the
passenger coach. The research [13] was conducted in
relation to China’s climate and the study [21] was
concerned only with summer conditions. Usually, the
assessment of comfort is based only on the analysis of
the air speed and temperature distribution and a pos-
sible reference to whether they meet the require-
ments of the standard EN 13129 [10]. The assessment
of comfort according to the Fanger indices for the
deluxe cabin of a high speed train was made in work
by Ghosh et. al. [25], however, using the program
Autodesk Ecotect [26], not the CFD technique.
This study is a continuation of the scientific research
presented in the previous article by Sarna and
Palmowska [12]. The purpose of the research was the
analysis of thermal comfort in the passenger coach
with mixing ventilation for winter and summer condi-
tions while providing real data on the parameters of
the internal and external environment. The evalua-
tion of thermal comfort was based on Fanger indica-
tors and railway standards. The implementation of
this goal required supplementing with human mod-
els, adapting the existing numerical model of the
coach in the Ansys CFX code and fine-tuning the
appropriate boundary conditions.

2. REQUIREMENTS FOR THERMAL
COMFORT IN PASSENGER COACH
In the previous study, Sarna and Palmowska [12]
described current and general requirements of venti-
lation and air conditioning systems in passenger
coaches. This paper focused on the requirements of
thermal comfort in such vehicles.
The comfort parameters defined in the standard EN
13129 [10] and UIC leaflet 553 [11] include air tem-
perature, surface temperatures, air speed, and rela-
tive humidity of air. The air temperature parameter
encompasses the mean indoor temperature and crite-
ria for a horizontal and vertical range of the extreme
interior air temperature to reduce areas of local ther-
mal discomfort to a minimum. Due to providing ther-
mal comfort conditions in passenger coach a mean
interior temperature should be at least 21°C during
the heating period and the maximum mean interior
temperature should not exceed 27°C for I and II cli-
matic zones or 25°C for III climatic zone during the
cooling period. In the railway standards [10, 11], cli-
mate zones (separately for winter and summer) are
assigned to each country in which the [10, 11] vehicle
is homologated. Based on climate zones, the selec-
tion of HVAC devices for rail vehicles is carried out.
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According to the Polish standard, it is located in the
2nd climate zone both in winter and summer.
Detailed interior temperature settings are defined by
a regulation curve as a function of mean exterior tem-
perature [27]. Horizontal temperature distribution
means an absolute difference of the exterior air tem-
perature measured at 1.1 m from the floor, while ver-
tical is an absolute difference of the exterior air tem-
perature in a vertical direction at different heights.
For standing passengers, it is the difference between
the extreme interior air temperature at 0.1 m and
1.7 m above the floor. The interior temperature is
measured in a few locations specified in accordance
with the standard [10]. For seated passengers, the dif-
ferences in the extreme values should be measured at

the position of the head, shoulders, knees and feet
defined in the standard [10]. Different requirements
of surface temperatures were specified. The require-
ments were defined so that they not only meet the
subjective feelings of passengers but also are achiev-
able in practice. Table 1 presents the main require-
ments of temperature in comfort zones. Two quality
limits were shown: 1) target quality limit that if ful-
filled results in 100% fulfillment and 2) quality limit
required to be fulfilled.
To reduce the risk of draught, acceptable values of air
speed were determined based on limiting curves as a
function of local air temperature. Maximum air
speed for ti = 22°C is wmax=0.25 m/s and for ti = 27°C
is wmax=0.60 m/s.

Table 1.
Requirements of temperature parameters in the comfort zones [10]

Parameters Quality limit 1 Quality limit 2

Range of mean interior temperature
concerning the interior temperature setting 1 K 1.5 K

Horizontal range of the extreme
interior air temperatures 2 K 2.8 K

Vertical range of the extreme interior air
temperatures for seated passengers 3 K 5 K if the foot in the warmest point

3.5 K otherwise cases

Figure 1.
The numerical passenger coach model – geometry
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To ensure adequate humidification in passenger
coaches the range of humidity of the air is specified
in the form of graphs. Absolute and relative humid-
ity should not exceed 11.5 g/kg and 65% irrespec-
tive of the interior air temperature of comfort
zones [10, 11].
The standard requirements of the minimum amount
of fresh air and heat transfer coefficient for the coach
at standstill were defined. It was described in the pre-
vious article [12].

3. METHODS
3.1. Description of the numerical passenger coach
model
The numerical passenger coach model (Fig. 1) was an
improvement of the model prepared in the previous
study [12]. The exterior geometry of the model was not
changed, thus the overall dimensions of the coach
were 10.6×2.6×2.5 m, and the construction of the
model was symmetrical. The investigated model was a
part of the coach, which consisted of a restaurant part,
an open compartment and sanitary facilities. The walls
of the compartment were exterior except for the parti-

tion wall. There were six identical, double-glazed win-
dows on longitudinal walls. To research thermal com-
fort, human models were introduced. There were 48
passengers in this coach. Due to the limited computing
power of the computer and the size of the model peo-
ple were modelled in a simplified manner using a sim-
ple human body model. Two people sitting side-by-
side were created as one model (Fig. 2).

3.2. Grid data
An unstructured grid was used to mesh the numerical
model of the passenger coach in all cases. The total
number of elements was 2,902,873, including
10,220,446 tetrahedral elements. The basic mesh size
was in the range of 15–50 mm, with local refinement
around inlets, outlets and human models, the maxi-
mum edge length was 2 mm. The inflated boundary
was built with five layers consisting of prismatic ele-
ments with a maximum thickness of 200 mm. It was
used for all elements of the numerical model, except
diffusers. The mesh has average orthogonal quality
and skewness of 0.79 and 0.37, respectively. Before
performing the CFD simulations, a grid indepen-
dence study was conducted.

Figure 2.
The human model: side view (left) and axonometric view (right)

e
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Figure 3.
The comparison of the distribution of air parameters: speed, temperature, in the vertical plane YZ, X=2.55 m (Plane 1), a) summer,
b) winter

Figure 4.
The comparison of the distribution of air parameters: speed, temperature, in the horizontal plane YX, Z=-0.85 (Plane 3), a) summer,
b) winter



CFD MODELL ING OF THERMAL COMFORT IN THE PASSENGER COACH

E
N

V
I
R

O
N

M
E

N
T

e

4/2022 A R C H I T E C T U R E C I V I L E N G I N E E R I N G E N V I R O N M E N T 139

3.3. Boundary conditions and design assumptions
The calculations were carried out for two cases:
1) summer conditions and 2) winter conditions.
Boundary conditions were assumed based on Polish
standard PN-EN 13129 [10] and the UIC leaflet 553
[11] for II climatic zone, to which Poland is assigned.
The design conditions in a passenger coach were as
follows: ti = 27°C, RH = 45%, te = 35°C in summer;
ti = 22°C, RH = 95%, te = -20°C in winter. As in the
previous study [12], mixing ventilation was modelled
to ensure comfort. At each window, there were two
lower air inlets located at leg level, and two window
air inlets responsible for the distribution of air in the
coach. The cooling airflow was distributed to the dif-
fusers through a system of ducts located on the floor.
Then, 20% of the mass flow rate flowed into the
coach through the lower diffusers, the remaining part
of the stream mixed with the air sucked in from the
coach was supplied by the window diffusers. The
amount of the air-conditioning air stream was deter-
mined for one real HVAC unit, used for a passenger
coach of similar size and purpose, which equalled
1815 m3/h.
The temperature of the supplied air was determined
based on the heat and humidity balance, including
human heat and moisture gains, heat transfer losses,
and solar gains. The balance does not take into
account the accumulation of heat in partitions and
heat gains from lighting, due to the small impact on
the value of total heat gains. For the summer it was
11.65°C by lower diffusers and 12.60°C by upper dif-
fusers, for winter 26.91°C and 26.61°C, respectively.
The solar gains for windows were assumed as the
equivalent solar load of 700 W/m2 with a solar factor
of 60% and converted from surface gains into solar-
air temperature in accordance with railway standards
[10, 11]. Due to the lack of information on the solar
gains for opaque partitions in standards [10, 11], ts
was determined on design calculations. In winter the
solar gains were not taken into account, thus only the
exterior temperature was assumed. The value of the
heat transfer coefficient was the same for each parti-
tion, equalling 1.6 W/(m2K) [10, 11]. Human heat
gains were introduced as convection and radiation
heat fluxes and a moisture stream was also estab-
lished in accordance with [28]. It was as follows:

q̇S,C = 27.32 W—m2, q̇S,R = 27.2 W—m2 , W� = 0.00107 W—m2 for

summer, and qṠ,C = 35.55 W—m2 , qṠ,R =35.34 W—m2 ,

W� =0.00072 kg/s for winter.

3.4. Numerical method
The numerical simulations were carried out using the
ANSYS CFX software. The Reynolds - averaged
Navier-Stokes were solved by the Finite Volume
Method. The CFD model used the Shear Stress
Transport (SST) turbulence model, which is a combi-
nation of k-ε and k-ω models [29]. The thermal radi-
ation in the passenger coach was simulated using the
Discrete Transfer Model (DTM). Non-slip conditions
in near-wall boundary layer were taken into account.
The simulations were performed in steady-state,
three-dimensional and non-isothermal conditions.
The monitoring points of air parameters were intro-
duced to control the convergence of calculation
results. The required stabilization of observed vari-
ables was achieved after about 2000 iterations. At the
same time, the convergence for heat transfer and
mass fraction was about 1.0E-3 and for other vari-
ables was less than 1.0E-4.

4. RESULTS AND DISCUSSION
The results of simulations were prepared in a graph-
ical form and parameter values using the ANSYS
CFX-Post module. Three planes were selected to
present the distribution of air parameters in terms of
initial overall ensuring thermal comfort conditions
for passengers. The vertical YZ plane 1 was along the
passenger seats: X=2.55 m (Fig. 1), and the vertical
ZX plane 2 was passed through the body of the pas-
sengers: Y=-11.85 (Fig.1). As in the previous study
[12] the range of air parameters in the comfort zone
was between 0.1-1.1 m of height for seated passen-
gers. The horizontal YX plane 3 was located at a
height of 1.1 m above the floor: Z=-0.85 (Fig. 1).
This is a representative height to access thermal com-
fort in accordance with railway standards [10,11] and
relates to the height of the passengers’ heads. The
comparison of the distribution of air parameters:
speed, temperature in the vertical and horizontal
plane was shown in Fig. 3 and 4.
In the comfort zone for seated passengers, the air
speed did not exceed the maximum value of 0.6 m/s
(for tim=27°C) that is allowed in the summer period
on any of the discussed vertical planes 1, 2. Maximum
value was 0.51, 0.45 m/s, respectively. For winter,
areas, where the air speed was higher than the rec-
ommended value (wmax=0.25 m/s for tim=22°C) were
observed, however, these were areas above the seat-
ed passengers and did not affect their comfort. The
exact locations of the higher speeds were shown in
Fig. 5. The occurrence of airflow dead zones was also
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observed, mainly around the passengers’ ankles. This
is somewhat advantageous because passengers feel
the cooling airflow from the diffusers to a lesser
extent.
Although the temperature in the coach was largely

within the acceptable range from 21°C to 27°C, pas-
sengers could experience discomfort in the ankle
area due to the occurrence of temperature variations
and its uneven distribution (Fig. 3). Both the summer
and winter periods, the determined value of a global
vertical range of the extreme interior air tempera-

Figure 5.
The comparison of comfort zone in the vertical plane ZX, Y=-11.85 m (Plane 2), a) summer, b) winter

Table 2.
Results of air parameters and thermal comfort indicators at monitoring points 1-12

Monitoring
point

Summer Winter
metabolic rate = 1 met

clothing insulation = 0.5 clo
metabolic rate = 1 met

clothing insulation = 1.25 clo
ti RH PMV PPD DR ti RH PMV PPD DR

°C % % % °C % % %
1 24.7 54.7 1.8 66.9 8.3 23.5 42.1 -0.2 5.8 8.4
2 24.0 55.8 1.3 41.4 7.6 24.4 40.6 0.2 6.1 7.7
3 24.5 56.6 1.1 30.1 7.6 24.3 40.4 0.2 6.0 10.6
4 24.6 55.0 0.8 17.8 6.2 23.8 42.3 0.0 5.0 8.7
5 25.0 54.2 2.2 83.4 6.4 23.8 43.6 0.1 5.1 4.4
6 24.5 55.1 1.8 65.7 4.7 24.7 39.5 0.4 7.7 7.5
7 22.9 59.1 0.0 5.0 16.7 24.6 39.2 0.4 7.6 8.8
8 26.3 51.6 0.8 17.6 8.9 24.2 41.1 0.2 5.7 3.5
9 24.8 54.1 1.8 68.3 7.8 23.8 41.5 0.1 5.2 5.1
10 23.6 57.0 1.0 24.5 11.3 25.0 38.9 0.4 8.0 7.7
11 23.0 58.3 0.2 5.7 13.2 24.7 38.9 0.4 8.1 9.4
12 24.3 54.6 0.7 14.2 4.8 23.9 41.0 0.2 5.7 5.0

Mean 24.4 55.5 1.1 36.7 8.6 24.2 40.8 0.2 6.3 7.2
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tures did not meet the requirements set out in Tab. 1
and amounted to 5.3 K and 5.0 K.
Values of tmi in the comfort zone were determined
according to EN 13129 [10] as the arithmetic mean of
monitoring points located 1.1 m above the floor
(Fig. 6). The coach was divided into 3 equal parts
with 4 monitoring points located on marked diago-
nals. Table 2 presents the results of air parameters
and thermal comfort indicators in the monitoring
points.
In summer mean value of tmi =24.4°C was too low
because in accordance with Tab. 1 it should be
27°C±1 K, in turn, in winter the mean value of
tmi =24.2°C was too high in relation to the assump-
tions. It was noticed that the value of tmi for both
periods differed only by 0.2°C. In both summer and
winter, the relative humidity meets the requirements
of the EN 13129-1 standard (the maximum value of
humidity at a temperature of 22°C is 65% and for
27°C is 54%).
The indoor environment is considered comfortable if
the PMV value is between -0.5 and +0.5. This
requirement was met at all monitoring points only in
winter. For summer, higher values were obtained, the
mean of which was PMV = 1.1. Thus passengers may
feel warm during this period, however, this does not
apply to all points. The highest PMV value of 2.2 was
obtained in point 5, and PMV = 1.8 was obtained in
three places: point 1, point 6 and point 9. This is due
to the influence of insolation on this side of the
coach, which affects the high radiation temperature
of up to 39°C. For these PMV values, the percentage
of dissatisfied people exceeds 50%. In winter, the
PPD value did not exceed 8%. In both summer and
winter, the percentage of people sensitive to faster air
movement was not high. DR index oscillated around
the mean value equal to 8.6% and 7.2%, for summer
and winter, respectively.

It was also decided to compare the set temperature
(27°C for summer and 22°C for winter) with the aver-
age air temperature (ti) in the entire coach.
Calculations of the heat balance were made to obtain
the average internal temperature of the entire zone,
not only at selected points located at one height
(1.1 m) specified in standards [10, 11]. As shown in
Fig. 3, the temperature stratified in the coach also
influences the mean value of the internal tempera-
ture. In winter, temperature equalled ti = 23.8°C
which is slightly lower than tmi, however, in summer,
it was even lower: ti = 22.1°C.

At a height of 1.1 m (Plane 3), the mean value of
indoor temperature was 25.7°C (in summer) and
24.7°C (in winter). More uniform temperature distri-
bution in the range of 24–27°C was obtained in win-
ter. In the summer period, areas of cooler air coming
in the range of 18–24°C from the diffusers were
noticed. In winter, there was also heat loss from the
exit walls, which reduced the comfort of passengers
sitting near the exit. The horizontal temperature gra-
dient was 1.5 K, thus it did not exceed the permissible
value of 2 K (Tab. 1). However, in summer, due to the
less homogeneous temperature distribution, the hor-
izontal gradient slightly exceeded the permissible
value and was 3.4 K.
Additionally, according to [8], monitoring points
were introduced into the coach at the height of the
feet, abdomen and head of passengers to assess their
thermal comfort. These points were located on the
axes in the center of the seat space between passen-
gers at heights of 0.1, 0.6 and 1.1. m, which gave a
total of 12 measuring axes for the entire coach
(Fig. 7). A total of 36 monitoring points on the axes
are numbered as follows: on axis 1 there are points 1,
2, 3 at heights of 1.1 m, 0.6 m and 0.1 m respectively;
on axis 2 there are points 4, 5, 6 at heights of 1.1 m,
0.6 m and 0.1 m respectively; and so on up to as axis
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Figure 6.
Location of monitoring points used to determine air parameters and thermal comfort indicators in the coach
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Figure 7.
Location of the monitoring axes used to determine thermal comfort for seated passengers

Figure 8.
The comparison of the local distribution of air temperature for passengers, in the vertical plane YZ, X=2.55 m (Plane 1), a) summer,
b) winter
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12, where there are points 34, 35, 36 at heights of
1.1 m, 0.6 m and 0.1 m respectively. The results of the
comfort indicators are summarized in Table 3.
As before in points 1–12, the conditions of thermal
comfort were closer to ideal in the winter instead of
summer. The mean PMV value for all points was 0.9
and 0.6 for summer and winter, respectively. The
highest value of this indicator occurred for the sum-
mer in the axes 3, 7 and 9, where at a height of 1.1 m

PMV index exceeded the value of 2. In these places,
the percentage of dissatisfied people was very high
and oscillated around the value of 80%. In the case of
winter, the PMV values were more even and only at
three points did they reach the value of 1.0 or 1.1: on
axis 1 at a height of 0.6 m and on axis 3 at a height of
0.1 m and on axis 4 at a height of 0.6 m. Therefore,
for summer and winter, the most unfavorable condi-
tions occurred on the same side of the coach, facing
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Table 3.
Results of air parameters and thermal comfort indicators at monitoring points 1–36

Axis Monitoring
point

Summer Winter
metabolic rate = 1 met

clothing insulation = 0.5 clo
metabolic rate = 1 met

clothing insulation = 1.25 clo
ti w RH PMV PPD DR ti w RH

PMV
PPD DR

°C m/s % % % °C m/s % % %

1
1 24.5 0.13 54.7 1.9 72.0 6.3 24.8 0.13 39.2 0.4 8.5 6.3
2 23.9 0.23 56.2 1.3 40.7 10.9 24.5 0.12 40.6 1.0 24.9 5.5
3 21.8 0.04 60.6 0.3 7.2 0.0 21.9 0.16 45.9 0.6 12.8 9.8

2
4 24.8 0.15 56.2 0.9 22.9 6.8 24.8 0.10 38.9 0.5 9.8 4.7
5 23.0 0.29 59.9 0.0 5.0 14.2 23.9 0.10 41.6 0.9 23.2 4.9
6 23.6 0.18 57.6 0.4 7.9 9.5 22.8 0.06 43.5 0.9 21.3 2.4

3
7 24.9 0.11 53.6 2.1 82.8 4.8 25.0 0.13 39.0 0.4 8.7 6.0
8 24.3 0.19 55.0 1.7 62.0 8.9 24.3 0.12 42.0 0.9 23.0 5.9
9 21.8 0.11 59.1 0.4 8.7 6.3 23.0 0.08 43.0 1.0 24.9 3.8

4
10 24.9 0.11 58.2 1.3 42.9 4.8 24.7 0.17 40.4 0.4 7.9 7.8
11 23.7 0.23 58.2 0.5 11.4 11.3 25.4 0.09 40.4 1.1 30.4 3.8
12 23.5 0.24 57.3 0.2 6.3 11.8 22.6 0.05 44.8 0.9 22.9 0.6

5
13 24.7 0.13 54.1 2.0 78.7 6.1 24.3 0.20 39.5 0.3 6.5 9.2
14 24.2 0.23 55.6 1.5 53.1 10.6 23.8 0.19 43.4 0.7 15.8 9.4
15 22.2 0.03 59.7 0.5 10.0 0.0 22.3 0.13 45.2 0.6 12.8 7.8

6
16 24.6 0.16 56.5 1.0 24.8 7.8 24.7 0.13 39.6 0.4 8.5 5.9
17 24.0 0.19 58.0 0.8 17.6 9.5 24.7 0.13 39.5 0.9 24.0 6.4
18 23.8 0.20 57.0 0.4 7.8 9.8 21.9 0.12 45.8 0.7 15.5 7.0

7
19 24.3 0.10 55.8 2.0 78.4 5.0 24.6 0.14 39.6 0.4 7.7 6.6
20 23.9 0.27 56.1 1.3 41.3 12.5 25.1 0.16 40.9 0.9 24.1 7.1
21 19.7 0.03 66.8 -0.1 5.3 0.0 21.2 0.03 50.1 0.7 14.0 0.0

8
22 24.9 0.20 55.6 0.9 22.0 8.8 24.5 0.15 40.1 0.3 7.2 7.3
23 23.7 0.18 58.7 0.7 14.7 9.4 24.1 0.11 42.6 0.9 22.8 5.5
24 23.8 0.20 57.6 0.5 10.1 10.0 21.5 0.11 47.6 0.7 14.5 6.8

9
25 24.9 0.10 54.1 2.1 83.1 4.3 24.4 0.14 39.5 0.3 6.5 6.9
26 24.4 0.16 55.4 1.9 70.5 7.8 24.6 0.15 41.7 0.8 19.0 7.3
27 22.1 0.21 59.3 -0.1 5.1 12.1 21.6 0.04 47.5 0.7 14.1 0.0

10
28 24.6 0.14 56.4 1.1 28.5 6.9 24.3 0.18 40.2 0.2 6.0 8.6
29 24.3 0.13 56.5 1.2 33.4 6.4 23.8 0.11 46.1 0.8 20.1 5.7
30 22.7 0.32 60.2 -0.4 8.2 15.7 20.5 0.04 51.3 0.5 10.1 0.0

11
31 24.0 0.10 56.2 1.8 69.2 5.0 24.4 0.13 40.6 0.3 6.8 6.3
32 23.6 0.25 56.9 1.2 34.1 12.2 23.3 0.10 42.3 0.7 16.5 5.1
33 20.8 0.03 63.5 0.1 5.1 0.0 20.9 0.08 48.9 0.6 11.7 4.3

12
34 24.9 0.16 55.2 1.0 25.6 7.3 24.3 0.14 40.8 0.3 6.4 6.9
35 24.1 0.15 57.2 0.9 20.7 7.7 24.6 0.14 43.3 0.8 19.5 6.5
36 22.8 0.32 59.5 -0.4 7.6 15.6 20.8 0.04 52.1 0.5 11.0 0.0

Mean 23.7 0.17 57.5 0.9 31.2 7.9 23.6 0.12 43.3 0.6 15.0 5.5

e
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southeast. The value of PMV in this part of the coach
was determined by the average radiant temperature,
for which the mean value was 35.3°C for summer and
26.6°C for winter.
Analyzing the differences in the values of PMV and
PPD at different heights, it was found that in the case
of winter, the higher PMV values were for the height
of 0.1 m and 0.6 m, and at the height of 1.1 m there
were comfort conditions (-0.5 � PMV � 0.5) at each
of the points 1–36. For the summer, the most com-
fortable conditions were at a height of 0.1 m. At this
level, the PMV value was also within the recom-
mended limits at every monitoring point. The highest
values of PMV, in turn, concerned the height of
1.1 m. For both summer and winter, the same rela-
tionships between values and heights occurred for the
PPD index. On the other hand, the risk of draft was
highest in the summer at the height of 0.1 or 0.6 m.
Except that, in general, low values of the DR index
were obtained: an average of 7.9% for summer and
5.5% for winter.
The local vertical range of the extreme interior tem-
perature for passengers is shown in Fig. 8. It was
decided to select passengers around axis 9 (Fig. 7)
with the highest PPD values at its monitoring points.
The vertical gradient was determined separately for
the passengers on the right and left side as the differ-
ence between the maximum and minimum tempera-
ture values at points P1-P4 (left side) and P5-P8
(right side). In this case, the height of the points cor-
responded to the height of the head (P1, P5: 1.1 m),
shoulders (P2, P6: 1.0 m), knees (P3, P7: 0.6 m) and
feet (P4, P8: 0.1 m) of passengers. In summer it was
higher than the limited value of 3 K. For passengers
on the left side, it was equal to 4.5 K, however, for
passengers seated on the right side, it was within the
acceptable range. In winter, it was below 3 K, thus it
met the requirements of comfort both on the left and
right side.

5. CONCLUSIONS
The paper presents numerical calculations of airflow
and heat exchange in the open saloon passenger
coach for summer and winter conditions. The air
parameters and thermal comfort indicators in differ-
ent monitoring points according to standards in the
coach were obtained by CFD simulations and were
used to assess the thermal comfort of sitting passen-
gers. It was found that:
1. The thermal comfort conditions of the passengers

in the coach were not fully satisfactory, especially

in summer. The air distribution did not provide all
the comfort conditions specified in railway stan-
dards [10,11]. Moreover, in the summer period,
the indoor conditions were the most uncomfort-
able, assessing them in terms of the values of PMV
and PPD indicators defined by P. O. Fanger [7].
The highest PMV value exceeded 2 on the sunny
side of the coach, which means a feeling of warmth
for passengers in this area.

2. The required mean internal temperature was not
achieved. It was similar in summer and winter,
however, it was too high in winter tmi = 24.2°C and
too low in summer tmi = 24.4°C.

3. The obtained global vertical range of the extreme
interior air temperatures exceed 3 K in summer
and winter condition. The local vertical gradient
was higher than the limited value for summer con-
ditions. It was caused by the stratification of tem-
perature. To prevent this phenomenon, it is sug-
gested to change the ventilation air distribution
method so that cooling air is first directed towards
the top of the coach, where the warmer air stream
accumulates.

4. The obtained horizontal range of the extreme inte-
rior air temperatures for summer was higher than
2 K. In winter, the horizontal range of the extreme
interior air temperatures and the relative humidity
met the requirements.

5. In the area of seated passengers, the air speed did
not exceed the permissible values for the summer
period, and in the winter period only for small
areas. Low values of the DR index were also
obtained. The highest values were in the summer
in the lower parts of the coach.

6. The insolation of the external partitions, which
affects the high radiation temperature, has a sig-
nificant impact on the feeling of thermal comfort
in summer. This study did not take into account
the roller blinds with which passenger coaches are
equipped.

7. The comfort assessment procedure following the
railway standards [10, 11] and the standards
applicable to buildings [8, 9] are different, howev-
er, in both cases, it gives similar results. Based on
each method, the occurrence of areas of discom-
fort was indicated.

8. In order to improve the thermal comfort, the fol-
lowing changes should be considered: air distribu-
tion in the coach, modify the design of diffusers
and guide the air deflectors in the supply elements,
as well as protection against direct sunlight.
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