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Abstract
The study of thermodynamic parameters in the air environment of subway lines is of particular relevance 
due to the substantial differences in air temperatures between Russian cities and those abroad. These 
temperature variations influence the formation of aerothermodynamic characteristics, which must be 
considered when selecting methods to ensure compliance with standard climatic parameters in subway 
systems. The objective of the study presented in this article was to identify, based on experimental data, 
the patterns governing aerothermodynamic processes, with the aim of providing recommendations for 
the standardization of air environment parameters in subway tunnels (both single- and double-track) 
located at different depths. The primary tasks of the research involved identifying the factors influencing 
the distribution and variation of temperature and humidity, conducting instrumental measurements of 
temperature and humidity distribution along the length of the transit tunnel sections under investigation, 
both in the absence of trains and during varying intensities of train movement. Proposals were then 
developed to apply the identified patterns in maintaining standard air parameters. The article posits that 
the selection of technical solutions for improving subway ventilation systems should be based on the 
unique features of aerothermodynamic processes, which depend on the structural characteristics of the 
transit tunnels and their depth. Experimental studies revealed the patterns governing the formation of 
ventilation and thermal regimes in single-track and double-track tunnels, as well as at junction sections, 
and provided recommendations for optimizing ventilation and thermal regimes to ensure compliance with 
climatic standards. Specifically, the study found that in deep single-track tunnels, the thermal regime is 
influenced by the presence of circulation loops between adjacent stations, created by the piston effect 
and the heat emissions from moving trains. Circulation loops in shallow single-track tunnels, by contrast, 
are characterized by strong aerodynamic connections with the surface, as surface air enters the stations 
and tunnels via pedestrian walkways and inclined passages. In double-track underground structures, in 
the absence of train movement, the variation in air temperature along the length of the transit tunnel is 
determined by the amount of heat accumulated in the surrounding ground during periods of train operation. 
When trains are in motion, the heat emitted by trains moving in opposite directions is evenly distributed 
along the tunnel, due to the near absence of a piston effect, resulting in a stable air temperature throughout 
the tunnel. However, the sections adjacent to stations experience localized increases in air temperature 
due to the maximum heat generated during braking and train stops, with tunnel air temperatures in these 
sections rising by 2–3 °C compared to those in the transit sections. In sections where both single-track and 
double-track tunnels are present, a potential rise in air temperature at the station adjacent to single-track 
tunnels is associated with the formation of circulation loops between the junction of different tunnel types 
and the station itself. Recommendations for normalizing the aerothermodynamic regime in the various 
tunnel types studied include provisions for mitigating potential summer air temperature increases above 
the standard levels by either increasing air flow or cooling the air in cross passages adjacent to stations. 
Methods for increasing air temperature may include organizational, aerodynamic, and heat engineering 
techniques.
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Аннотация
Актуальность проблемы термодинамических параметров воздушной среды на линиях метрополитена за-
ключается в существенной разнице температур воздуха городов России и городами зарубежных стран. 
Данная температурная разница определяет и закономерности формирования аэротермодинамических 
параметров воздушной среды, которые необходимо учитывать при выборе способов обеспечения норма-
тивных климатических параметров воздуха. Исследование, представленное в статье, проводилось с целью 
установления на основе экспериментальных данных закономерностей протекания аэротермодинамиче-
ских процессов для последующей разработки рекомендаций по нормированию параметров воздушной 
среды в тоннелях метрополитена (однопутных и двупутных), расположенных на разной глубине заложе-
ния. Основные задачи сводятся к определению факторов, оказывающих влияние на установление рас-
пределения температур (влажностей) и закономерностей их изменения, проведение инструментальных 
измерений распределения температур (влажностей) воздуха по длине исследуемых участков перегонных 
тоннелей как при отсутствии поездов, так и при их движении с различной интенсивностью; разработке 
предложений по использованию выявленных закономерностей для обеспечения нормативных параме-
тров воздушной среды. Идея статьи состоит в том, что в качестве основы для выбора технических решений 
по совершенствованию систем вентиляции метрополитенов следует принимать выявленные особенности 
формирования аэротермодинамических процессов, зависящих от конструктивных параметров перегон-
ных тоннелей и глубины их заложения. На основе выполненных экспериментальных исследований были 
выявлены закономерности формирования вентиляционных и тепловых режимов однопутных, двухпут-
ных тоннелей и участка сопряжения и предложены мероприятия по совершенствованию вентиляционного 
и теплового режимов, обеспечивающих нормативные климатические условия. В частности, было установ-
лено, что в однопутных тоннелях глубокого заложения тепловой режим определяется наличием циркуля-
ционных контуров между соседними станциями, которые возникают в результате поршневого эффекта, 
и тепловыделениями от движущихся поездов; отличием циркуляционных контуров, сформировавшихся 
в подземных сооружениях мелкого заложения однопутного типа, является наличие плотной аэродина-
мической связи с поверхностью. Тем самым подземные сооружения мелкого заложения насыщаются по-
верхностным воздухом, который поступает на станции и в тоннели по пешеходным путям и наклонным 
ходам; в подземных сооружениях двухпутного типа при отсутствии движения подвижных составов харак-
тер изменения температуры воздуха по длине перегона определялся количеством теплоты, которая была 
аккумулирована грунтом в период движения поездов. Во время движения теплота, выделяемая поездами, 
движущимися навстречу друг другу при практическом отсутствии поршневого эффекта, равномерно рас-
пределяется по длине перегона. Это обусловливает постоянную температуру воздуха в тоннелях за ис-
ключениями участков, непосредственно прилегающих к станции, где в период торможения и остановки 
поездов количество продуцируемой ими теплоты максимально, соответственно, температура тоннельно-
го воздуха в пристанционных выработках увеличивается на 2–3 °С в сравнении с температурой на перего-
нах. На участках, включающих два типа подземных сооружений, возможный рост температуры воздуха на 
станции, прилегающей к однопутным тоннелям, связан с образованием циркуляционных контуров между 
участком сопряжения разных типов конструкции тоннелей и станции, прилегающей к ним. Также раз-
работаны рекомендации по нормализации аэротермодинамического режима для рассмотренных типов 
тоннелей: при установленной возможности превышения в летнее время температурой воздуха норма-
тивных параметров (значений) необходимо предусмотреть или резерв по его расходу, или его охлаждение 
в сбойках, прилегающих к станциям. Для повышения температуры воздуха могут быть использованы ор-
ганизационные, аэродинамические и теплотехнические методы.
Ключевые слова
метрополитен, тоннели, однопутные тоннели, двухпутные тоннели, эксплуатация тоннелей, вентиля-
ция тоннелей, схемы проветривания тоннелей, вентиляционный режим, тепловой режим
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Introduction
Currently, subways operate in seven major cities 

across Russia. Each of these subway systems has its 
own specific characteristics in terms of structural de-
sign, technological approaches to construction and 
operation, and engineering support for their func-
tioning, including ventilation systems (Table 1).

As shown in Table 1, the vast majority of subway 
lines consist of both deep and shallow single-track 
tunnels. However, in recent years, the construction of 
double-track tunnels has begun in the Moscow and 
St. Petersburg subway systems, facilitated by the de-
velopment of modern construction geotechnologies 
utilizing mechanized tunnel shields (MTSs) [1]. The 
use of MTSs has made it possible to construct dou-
ble-track tunnels even under the challenging engi-
neering and geological conditions of St. Petersburg [2]. 

The prospects for using double-track tunnels 
have been demonstrated by many years of successful 
operation in numerous global megacities. According 
to publications [3], even in hot climates, the ventila-
tion design solutions for double-track tunnels pro-
vide more comfortable air thermodynamic parame-
ters during operation compared to their single-track 
counterparts.

In Russia, double-track tunnels have been suc-
cessfully operated in Moscow and St. Petersburg. 
There are future plans to implement double-track 
sections in Novosibirsk and Yekaterinburg. 

Research data [4, 5] indicate that the primary 
factors influencing the aerothermodynamic charac-
teristics of the air environment in tunnels include: 
external meteorological conditions (Table 2); the  
geometric parameters of the tunnel alignment, which 

Table 1
Characteristics of Subways in Russia [compiled by the authors]

No City
Number 

of 
stations

Subway line composition Systems for ensuring 
normative air parameters

Single-track tunnel lines Double-track tunnel lines
Ventilation Heating 

(cooling)Length, km Depth, m Length, km Depth, m

1 Moscow 306 ~1010 ~60 ~11.57 ~17–46 Yes No (Yes)

2 St. Petersburg 72 ~114 ~70 ~10.94 ~10–68 Yes No (Yes)

3 Nizhny Novgorod 16 ~22 ~10 – – Yes Yes (Yes)

4 Kazan 11 ~16.9 ~10 – – Yes No (no)

5 Samara 10 ~11.6 ~20 – – Yes Yes (Yes)

6 Yekaterinburg 9 ~13.8 20 – – Yes Yes (Yes)

7 Novosibirsk 13 ~15.9 10 – – Yes Yes (Yes)

Table 2
Climatic conditions in Russian cities with operating subway systems [compiled by the authors]

No City
Air temperatures

Average annual temperature, °С Average winter / summer / January / July 
temperature, °С

1 Moscow 7.00 −7.5 / 20.3 / −5.5 / 20.5

2 St. Petersburg 6.75 −6.75 / 19.17 / −4.5 / 19.5

3 Nizhny Novgorod 5.88 −11.75 / 19.67 / −8.5 / 20

4 Kazan 5.25 −15.5 / 20 / −10 / 20.5

5 Samara 7.08 −13.25 / 7.08 / −9 / 22

6 Yekaterinburg 4.08 −18.75 / 18.5 / −10.5 / 20

7 Novosibirsk 2.67 −29.5 / 17.67 / −13.5 / 19

8 Madrid 17.42 18.25 / 28 / 7 / 30.5

9 Rome 18.29 10.17 / 27.83 / 7.5 / 29

10 London 13.29 13.25 / 20.16 / 6.5 / 21.5

11 Turin 13.71 10.25 / 22.67 / 5 / 24

12 Beijing 13.46 −4.25 / 26.33 / −2 / 27.5
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Ventilation and thermal regimes  
of deep single-track tunnels 

As shown in Table 1, the main subway lines in 
St. Petersburg consist of single-track tunnels with 
a depth of more than 50 meters.

In the summer of 2023, staff from St. Petersburg 
Mining University, in collaboration with GUP “Peters-
burg Metro”, carried out on-site measurements of air 
temperature and relative humidity in the tunnel sec-
tion of the third Nevsky-Vasileostrovsky line, covering 
the interstation sections between the “Primorskaya”, 
“Vasileostrovskaya”, and “Gostiny Dvor” stations.

Temperature measurements, both during train 
operation and in periods without train movement, 
were taken using iButton Temperature Loggers with 
an accuracy of ±0.5°C. These loggers were placed 
along the length of the mentioned sections (Fig. 1).

In ventilation ducts, the temperature loggers 
were mounted on vertical supports, while in transport 
zones, they were attached to the tunnel lining. Mea- 
surements were recorded at intervals of 120 seconds 
over seven days, and the data were stored in the log-
ger’s memory. Once a week, the sensors were collec- 
ted, and the data were transferred to electronic media 
(personal computer) using a special receiver device.

Surface temperature values of the tunnel lining 
and relative humidity were measured during periods 
without train movement using an infrared pyrometer 
and a hygrometer (TESTO 625), respectively.

The ventilation in the “Primorskaya”–“Vasile-
ostrovskaya” and “Vasileostrovskaya”–“Gostiny Dvor” 
sections during both train operation and idle periods 
followed specific ventilation schemes. These schemes 
involved supplying outside air to the stations and 
nearby cross-passages, with the air then being ex-
tracted through ventilation shafts along the tunnel 
sections. In another scenario, outside air was intro-
duced via the station and tunnel shafts, with the out-
going airflow exhausted through the “Gostiny Dvor” 
station.

In the selected segment, particularly the “Pri-
morskaya”–“Vasileostrovskaya” section, ventilation 
units were operated in inflow/exhaust mode at full 
capacity: VOM-24R, FTDA-REV-200, with air flow 
rates of approximately 46–56.4 m3/s and air speeds of 
4.6–5.64 m/s at a fan depression of ~922–1100 Pa.

In the “Vasileostrovskaya”–“Gostiny Dvor” track 
section, the following units were in use: VOM-18R, 
VOM-18-01, FTDA-REV-180, FTDA-REV-200. Air 
flow rates were ~48.6–74.8 m3/s (with speeds of  
4.86–7.48 m/s) at fan depressions of ~990–1520 Pa.

The measurement results are presented in Figs. 2 
and 3.

affect the energy consumption for train movement; 
train operation parameters, such as speed and head-
way (i.e., the number of train pairs per hour); the tun-
nel depth relative to the surface; the type of transit 
tunnel (single- or double-track); ventilation schemes; 
and the presence of additional infrastructure between 
stations, such as cross-passages between single-track 
tunnels, ventilation structures for air supply, and  
other auxiliary facilities.

Table 2 positions 8–12 illustrate the differences 
between air temperatures in Russian cities where sub-
way systems are located and cities abroad, where this 
mode of transport has seen significant development. 

The harsh climate of Russia significantly affects 
the aerothermodynamic characteristics of the atmos-
pheric air, which must be considered when developing 
measures to maintain optimal climate conditions [6].

The objective of this study is to identify, based 
on experimental data, the patterns of aerothermody-
namic processes in subway tunnels (both single-track 
and double-track) located at various depths, with the 
goal of providing recommendations for standardizing 
air environment parameters.

The research methodology employed was based 
on experimental studies described in [7]. The mathe- 
matical models used to predict thermodynamic air 
parameters in underground transport systems allow 
for reliable verification of experimental results [8].

Experimental studies were conducted in various 
tunnel structures, including single-track and dou-
ble-track tunnels at different depths in the St. Peters-
burg subway, as well as in shallow single-track tun-
nels in the Novosibirsk subway.

The main tasks addressed during the research in-
clude the following:

1. Instrumental measurements of temperature 
(and humidity) distribution along the studied sections 
of transit tunnels, both in the absence of trains and 
during their movement at various intensities (mea- 
sured by the number of train pairs per hour, pairs/h);

2. Identification of the main factors influencing 
the observed temperature (and humidity) distribu-
tions;

3. Establishment of patterns in temperature and 
humidity changes;

4. Development of proposals for applying the 
identified patterns to ensure compliance with stan- 
dard air environment parameters.

The central idea of the article is that the selection 
of technical solutions for improving subway ventila-
tion systems should be based on the identified fea-
tures of aerothermodynamic processes, which depend 
on the structural parameters of the transit tunnels 
and their depth.
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Fig. 1. Diagram of sensor placement for air temperature measurement  
in the single-track tunnel section of three subway lines:

а –  section “Primorskaya”–”Vasileostrovskaya”; b – section “Vasileostrovskaya”–“Gostiny Dvor” [compiled by the authors]
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Fig. 2. Air and wall temperature distribution, and air humidity in the “Primorskaya”–“Vasileostrovskaya”–“Gostiny Dvor” 
section during periods without train movement [compiled by the authors]
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Fig. 2 shows the temperature distribution 
graph of air, tunnel lining surface, and humidity 
in the tunnels of the “Primorskaya”–“Vasileostro-
vskaya”–“Gostiny Dvor” sections during periods 
without train movement.

The variation in air temperature distribution 
along the length of the tunnel segments is non-mono-
tonic. The maximum temperature is observed near 
the station, while the minimum occurs in the middle 
of the section. This is due to the use of different ven-
tilation schemes at various times of the day.

It is important to note that the air temperature 
is lower than the tunnel lining surface temperature, 
primarily because the surrounding ground heats up 
during the day, with train movement providing an ad-
ditional heat source. The relative humidity of the air 
varies between 60% and 70%. 

The distribution of air temperatures along the tun-
nel length during train movement is shown in Fig. 3.

An analysis of the measurement results shows 
that the pattern of air temperature variation along 
the tunnel length during train movement generally 
follows the same distribution as when trains are not 
running, with some differences in temperature values 
between the first and second tracks. 

The conducted experimental studies demonstra- 
ted that the average air temperature in the tunnels 
and stations can exceed the surface air temperature 
by ~14°C.

The reasons for this phenomenon include: signi- 
ficant heat emissions along the segments between sta-
tions (tunnel segments) and the use of daytime ventila-
tion schemes that supply fresh air through ventilation 
shafts, leading to the formation of circulation loops. 

In the tunnel section from the mixing point with 
outside air to the station, several factors influence the 
air temperature, such as increased air flow and heat 

emissions from moving trains, heat exchange pro-
cesses between the air, tunnel structures, and the sur-
rounding rock, as well as mass exchange processes [9].

At the same time, the increase in train movement 
intensity has a dual effect: on the one hand, the total 
amount of emitted heat increases, and on the other, 
the air flow in the circulation streams also increases.

Based on the developed methodology for deter-
mining air distribution parameters in subway station 
ventilation cross-passages, taking into account the 
piston effect of trains, the authors conducted a series 
of calculations of heat emissions and air flow in the 
circulation streams during train movement to quanti-
tatively assess the interaction of these factors.

The input data for the calculations include: an  
average train speed of 50 km/h; the number of cars – 
8; tunnel cross-section – 21 m2; and segment length – 
500–3500 m. The main results of the calculations are 
presented in Fig. 4.

An analysis of the obtained data shows that, with 
a simultaneous increase in the number of train pairs 
per hour from 15 to 45 and the segment length from 
500 to 3500 meters, the amount of circulation air (Qc) 
increases by 2.5 times. Moreover, the ratio of the heat 
emitted by the trains to the circulation air flow (N0) 
does not depend on the train intensity and varies be-
tween 4 and 8.75 for different segment lengths. At the 
same time, the ratio N0 remains constant for each seg-
ment length.

Thus, it can be concluded that the air tempera-
ture in the transport zones of the tunnels is practical-
ly unaffected by the frequency of train traffic. 

However, an increase in the circulation air flow 
may lead to another negative effect – an increase in 
the concentration of suspended dust, especially in the 
spring, when atmospheric dust levels are higher. This 
assumption is supported by a number of studies [12].
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During the operation of deep single-track tun-
nels, part of the heat from the rolling stock and other 
sources accumulates in the circulating loops. In the 
summer, this leads to an increase in the temperature 
of the tunnel air entering the stations (Fig. 2, 3). To 
reduce air temperature, it is possible to install refri- 
geration equipment in ventilation cross-passages 
near the stations, as described in [10].

In the winter, the circulating air, when mixed with 
cold outside air in the tunnel section, helps maintain 
a positive temperature at the stations.

Thus, the circulation loops play a dual role: in 
the summer, the heat accumulated in them causes 
additional warming of the air and progressive heat-
ing of the surrounding rock; in the winter, on the 
contrary, the circulating air allows for the mainte-
nance of positive temperatures at the stations and in 
the tunnels [13].

Ventilation and thermal regimes 
of shallow single-track tunnels 

A distinctive feature of the aerodynamic pro-
cesses in shallow single-track tunnels, compared to 
those in deep tunnels, is that the circulating loops 
formed between stations (or cross-passages) have 
a close aerodynamic connection with the surface [14].

In deep subway lines, the temperature distribu-
tion along the length of the circulation loops forms 
in the horizontal plane and is determined only by the 
air flow initiated by the trains moving through paral-
lel tunnels and the amount of heat emitted by them. 
In shallow tunnels, the external air entering the wor- 

kings through cross-passages and pedestrian paths 
significantly influences the temperature distribution, 
as these circulating loops are fed by outside air even 
when the fans are not operating.

This means that the circulation loop forms in both 
the horizontal and vertical planes. This conclusion is 
confirmed by the measured air speeds at the stations 
“Ploshchad Gagarina-Mikhaylovskogo”, “Rechnoy 
Vokzal”, “Sibirskaya”, and others in Novosibirsk.

Mixing the circulating air with external air leads 
to changes in the temperature distribution along the 
length of the circulation loop. While these changes do 
not lead to deviations from the standard parameters 
during the summer and spring periods, in the winter, 
the air temperature at the stations may significantly 
differ from the standard values, requiring the heating 
of outside air drawn in by the piston effect.

Based on the experimental research and nume- 
rical calculations performed, several proposals for 
managing the ventilation of shallow subway lines in 
Novosibirsk can be formulated (Fig. 5) [15].

Ventilation and thermal regimes 
of double-track tunnels

Field studies of the thermodynamic parameters 
of the air in double-track tunnels on the sections: 
“Dead End”–“Begovaya”–“Zenit” – the junction with 
the single-track tunnels leading to "Primorskaya" 
station (Fig. 6) were also conducted in the summer 
of 2023. The arrangement of sensors for measuring 
the thermodynamic parameters of the air is shown 
in Fig. 7.
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The measurement methodology and equipment 
used were identical to those employed in the sin-
gle-track tunnels.

In the selected sections (“Dead End”–“Bego- 
vaya”–“Zenit”–“Primorskaya”), fresh air was sup-
plied through station ventilation shafts using Zitron 
ZVR1-18-75/6, ZVN 1-20-75/6, and FTDA-REV-200 
units. Operating at 80% capacity, these units provi- 
ded an airflow of ~51 m3/s and an airspeed of ~5.6 m/s 
at a fan depression of 925 Pa. 

Air extraction from the tunnels was carried out 
using FTDA-REV-180 units, located in the ventila-
tion shafts at the “Begovaya”, “Zenit” stations, and 
in the dead-end section. These units, also operating 
at 80% capacity, provided an air extraction rate of 
~42 m3/s (with an airspeed of ~5.6 m/s) at a fan de-
pression of 925 Pa.

Figs. 8 and 9 show graphs illustrating the dis-
tribution of air temperature, tunnel lining surface 

temperature, and humidity levels in the “Bego- 
vaya”–“Zenit” section during periods of no train 
movement. During the measurements, the outside 
air temperature was 7°C, and the relative humidity 
was 55%.

In the absence of train movement, the varia-
tion in the thermal regime along the section is due 
to the amount of heat stored in the ground during 
train passage. This is confirmed by the higher tunnel 
lining surface temperature compared to the air tem-
perature and the distribution pattern of the air sup-
plied by the fans along the tunnel section. Despite 
the heat emitted by the ground, the air temperature 
decreases along the section as it moves further from 
the “Zenit” station due to the influx of outside air, 
which has a significantly lower temperature than the 
tunnel lining surface temperature. The relative hu-
midity along the section fluctuates within the range 
of 50–60%. 

Fig. 6. Profile of the double-track section: 
1 – “Begovaya”; 2 – “Zenit”; 3 – junction point of single-track and double-track tunnels [compiled by the authors]

Measures for increasing air temperature within the tunnel

Reducing the intake of cold air to the station Redirecting the flow of atmospheric cold air

Increasing the aerodynamic resistance
of ventilation network sections handling cold air

Redirecting cold air into track tunnels
through special ventilation sections

under the street crossing

Reducing train speed when exiting the station
Forming a bypass channel for cold outside air

by constructing a ventilation shaft and ventilation 
circulation dampers

Creating an effective closed air circulation flow
in the tunnel section with the vent open

in the ventilation chamber

Fig. 5. Approaches to managing ventilation in shallow subway lines under the conditions of Novosibirsk  
[compiled by the authors]
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Fig. 7. Diagram of air temperature sensor placement in the double-track section of the third subway line:
a – section “Dead End”–“Begovaya”; b – section “Begovaya”–“Zenit”; c –  part of the “Zenit”–“Primorskaya” section up  

to the junction of single-track and double-track tunnels [compiled by the authors]
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Compared to single-track tunnels, double-track 
tunnels exhibit a more comfortable thermal regime. 
This is due to the absence of circulating airflows 
caused by the movement of trains. In single-track 
tunnels, the heat emitted by moving trains accumu-
lates over a prolonged period since a significant por-
tion of it is not removed along with the outgoing air 
from the subway [16]. In subways with double-track 
transit tunnels, due to the lack of circulating airflows 
(piston effect), most of the heat is evenly distribu- 
ted along the tunnel section [17]. The consistency of 
air temperature is maintained through heat removal, 
except in zones near the stations. In these zones, the 
intensity of heat generation is highest during train 
braking and stops. As a result, the air temperature  
exceeds the tunnel lining surface temperature, indi-
cating the transfer of heat to the ground.

For sections with double-track tunnels, an in-
crease in temperature is observed with higher train 
traffic intensity, which is directly related to the in-
crease in heat emissions from the trains.

Ventilation and thermal regimes 
in sections with single-track  

and double-track tunnels
A key distinction in the ventilation and ther-

mal regimes of the sections under consideration is 
the difference in airflow dynamics between the dou-
ble-track and single-track tunnels. Single-track tun-
nel sections are ventilated through a combination of 
forced ventilation and the piston effect. Additionally, 
a circulation loop forms between the junction of the 
double-track and single-track tunnels and the sta-
tions closest to the junction [18].

In contrast, the ventilation of double-track tun-
nels is managed solely by shaft fans.

When trains are not operating, the temperature 
and humidity distribution along the section from 
“Zenit” station to “Primorskaya” station remains 
consistent for both double-track and single-track 
tunnels (Fig. 10). During the measurements, the 
outside air temperature was 13°C, and the humidity  
level was 69%.
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During train movement, when the air tempera-
ture beyond the junction with the double-track tun-
nels aligns with the typical temperature distribution 
found in single-track tunnels, it is possible for the 
temperature to exceed the absolute values observed 
in the single-track tunnels (Fig. 11). During the 
measurements, the outside air temperature was re-
corded at 17°C.

The above is confirmed by measurement results, 
which show that the air temperature in the dou-
ble-track tunnel before the junction, at a point 2010 
meters from “Zenit” station, was 19.5°C, while at “Pri-
morskaya” station, it increased to 22–23°C. This in-
crease is due to the circulation loop in the single-track 
section being fed with air from the double-track tun-
nel, which has a higher temperature than the outside 
air supplied from the surface, as is typical in standard 
ventilation schemes.

To lower the temperature regime in single-track 
tunnels, a ventilation method using outside air can be 
applied. This method involves supplying fresh air into 
the double-track tunnel through a specially designed 
shaft located at the end of the double-track section.

Conclusions
Based on the experimental research conducted, 

the patterns of ventilation and thermal regimes in 
single-track, double-track tunnels, and junction sec-
tions were identified, and measures were proposed 
to improve these regimes to ensure compliance with 
climate standards. Specifically, the following findings 
were made: 

1. In deep single-track tunnels, the thermal re-
gime is influenced by two main factors: air circulation 
between stations, caused by the piston effect, and 
heat emissions from moving trains. The temperature 

distribution along the tunnels is uneven, with mini- 
mum values in the middle and maximum values at 
the stations. This phenomenon is a result of the ven-
tilation system, which introduces fresh air into the 
tunnels and expels it at the stations. As train traffic 
intensity increases, there is no significant change in 
air temperature, which can be attributed to the rise in 
circulating air flow.

2. In shallow single-track tunnels, the circula-
tion loop formed between stations is fed by outside 
air entering through pedestrian paths at the stations 
and tunnels. During the summer, this phenomenon 
does not significantly affect the temperature distribu-
tion. However, in winter, it can lead to a critical drop 
in temperature at the stations. Maintaining standard 
air parameters at the stations during the winter can 
be achieved through a combination of organizatio- 
nal, aerodynamic, and thermal engineering methods. 
The first method involves reducing the piston effect 
by slowing down the arrival and departure of trains. 
The second approach increases the aerodynamic re-
sistance in sections of the ventilation system, faci- 
litating the movement of cold atmospheric air or in-
ternal circulation loops. The third method involves 
using systems to heat the incoming outside air, such 
as air-thermal curtains.

3. In double-track tunnels, when trains are not 
in operation, the temperature variation along the 
tunnel is determined by the amount of heat retained 
in the ground during train movement. When trains 
are running, the heat emitted by trains moving in 
opposite directions, with minimal piston effect, is 
evenly distributed along the tunnel. This results in a 
consistent air temperature throughout the tunnels, 
except near stations, where braking and stopping 
generate maximum heat. Consequently, the air tem-
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flows between the junction of the double-track and 
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include the following:

● In cases where air temperature may exceed 
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cross-passages near the stations.

● To increase air temperature, organizational, 
aerodynamic, and heat engineering methods can be 
applied: the first involves reducing the piston effect 
by lowering train speeds; the second involves in-
creasing the aerodynamic resistance in ventilation 
network sections connected to the intake of outside 
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tigated by supplying outside air into the double-track 
tunnel through a shaft located at the end of the dou-
ble-track section.
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