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The purpose of the present work is to assess the influence of the piston effect in the subway tunnels
depending on the speed of train, geometry of tunnel and train, types of air flows and other variable
characteristics. The article deals theoretical analysis of the piston effect and results of numerical modeling
in the subway tunnels. Tables and graphs of changes in the generated air flows are presented, depending on
the speed of the train and the degree of filling of the tunnel. It is noted that of the piston effect is
characterized by two phases. In the first phase, the piston effect and changing processes of physical fields
are a non-stationary, and in the second phase the processes are stabilized. For the air flow ahead of the train
as well as backflow through annular space and direct air flow after the train, it is necessary to consider the
influence of these phases. The speed of the circulation flow created by the piston effect, in
accordance with the tunnel filling factor, is characterized by a linear relation, and the extent rate
of its growth is directly proportional to the speed of the train. Maximum value of the air
consumption carried out by the piston effect for the train's speed of the 40-45 km/h range, does not
exceed 90-100 m3/s, in the Thilisi metro conditions that corresponded to the speed of the stationary

phase of moving, when the tunnel filling coefficient « =0.35.
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1. Introduction

In nowadays, the underground spaces of large cities should be considered as important part
of underground urbanization. More precisely, different levels of underground spaces are designed
to accommodate different communications for a large city and the degree of rational use of the
marked shows the level of urban development in generally. The uniqueness of these spaces is
typical only for large cities, and underground transport arteries occupy a special place in the

modern urban planning of large cities. Consequently, the underground space should be considered
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as a natural resource, characterized by a specific location, which needs to be used rationally, since
it is not renewable. Obviously that the need for effective ventilation of underground spaces is a
guarantee of their safe operation, which largely depends on the orography of the earth's surface
and the complex topology of the underground spaces. The complexity of topology implies not only
the geometry of these spaces, but also their connection with the atmosphere and, consequently, the
complexity of the aerodynamic processes that occur under the earth.

Current level of development of computer technologies allows to describe a dynamic of
ventilation flows in subway tunnels with high precision by means of numerical simulation of
fluids, in particular, using FDS and CFD methods. One of the important factors in terms of air
distribution in subway tunnels, and passengers’ safety and convenience as mentioned, is a piston
effect of a train movement, which should be comprehensively studied. It must be noted that
through a piston effect it is possible that uncontrolled flows of air would be found in an
underground space and it is especially relevant for the stations and subway lines located at shallow
depths. Proceeding from this, studying a piston effect is atopical and important issue, which draws
a significant attention of scientists and engineers in recent years. In this article, a nature of
distribution of ventilation flows induced by a piston effect is reviews, in the non-stationary and
stationary phases, which substantially affects the determination of ventilation parameters of
subway. The problem was posed for conditions of the tunnels of Thilisi metro, the base models
were made by the following data: length of tunnel - 1200 m; Area of the tunnel cross section -
20.24 m?, length of train - 80 m; Train speed - 25-50 knvh; Acceleration of the train - 1.0-1.2 m/s?;
The cross section of the train cross section - 7.5 m2. Modeling and calculations were performed in
the PyroSim 2016 software environment.

One of the first works for piston effect analysis was performed by G. Abramovich. He
theoretically studied the relation between an oncoming airflow and train speeds on an open route
and railway tunnels [1]. For experimental analysis of a piston effect, aerodynamic and hydraulic
models were used too. In all of them, a train is static and complex non-stationary aerodynamic
processes are studied by means of moving air [2, 3] or moving water environment [2]. Inthe article
[3], the results of physical simulation are given. The model is performed in conditions of static
train in the cylinder of a large diameter, and ambient air moves by means of fans.

The same model — a static train and moving ambient air is used in later works, which are

performed by means of digital technologies [4-6]. In [6] an optimization ventilation mode of




subway side-platform station was put forward in considering of piston wind. Article [7] states that
a piston effect causes a circulation of large flows of air in subway stations and tunnels and these
flows should be controlled for ensuring an optimal ventilation. It should be noted that energy costs
for the system of ventilation and climate control in the New York City Subway is 500 million
kwh, 200 million kWh for London Subway and 50 million kWh for Barcelona Subway [8].
Obviously, the optimal control of the ventilation system means energy savings with large absolute
figures, but considering the non-stationary nature of the air flows that have arisen, according to
this paper, and according to [5], the airflow calculated by traditional methods is overestimated,
which in reality reduces the noted economic effect.

In the article [9], an impact of a piston effect on the technological characteristics ofa metro
ventilation is reviews, when the coefficient of filling a tunnel by a train is o <0.25. It is stated
that among the technological characteristics of ventilation, caused by a piston effect, the following
flows are important: an airflow in front of a train, airflow streaming in a gap and airflow following
behind atrain. Itis also stated that, using these flows, it is possible to determine an airflow velocity
and air consumption induced by a piston effect. In [10], a wind induced by a piston effect is
characterized on the 1:8 scale model. In the article [11], an impact of high and low-pressure zones
caused by a piston effect is shown on the capability of a subway ventilation, and the work [12]
reviews the similar issues in case of a variability of boundary conditions of numerical simulation,
when the subway tunnels are equipped with one or two vertical shafts.

The articles [13-17] review the fire detection and fire prevention measures in subway
stations and transport tunnels. The works [18-23] review the issues of an underground propagation
of toxic mixes through a piston effect and a reduction of through flows of air caused by a piston
effect, from the perspective of passengers’ convenience and safety. In the article [22], the results
of more than 160 studies, conducted in 20 countries of the world, on air contaminants in the
underground structures of subway, are presented. The same work [22] reviews the results of
observation on the ventilation air for the Barcelona Subway, in terms of dust particles, CO2and
CO components, in conditions of ventilation system working and its shutdown.

2. Material and methods

Numerical simulation was carried out in accordance with the appropriate initial and

boundary conditions. In particular, the corresponding boundary condition was met on the left portal




in the form of an oncoming airflow velocity. The marked value always corresponded to the speed

of the train in the indicated range of 25-50 knvh.
The first carriage of the train was placed in various models at 200, 300 and 400 meters

from the portal of station. The detailed diagram of the experiment with the train and the speed

detectors is given on the figure 1.

Figure 1. The scheme of velocities in cases of static and moving trains:
A — Simulated flows: V, -oncoming flow; V- flow in the annular space; B — actual flows: V, — speed of

a train; C— velocity of a circulating flow; W — velocity of air flow in a annular space.

As Figure 1A shows, numerical modeling was performed in the tunnel for 5 different zones
selected in according of placing of the train in the tunnel. In these zones the nature of the velocity
flow changing was determined. The speed detectors in any zone were located in different distance
from each other. For example, in the first and fifth zone detectors have been placed at every 100
meters (see Figure 1A, Zones 1 and 5). In the second and fourth zones, at the beginning and end
of the train on the distance 20 m, detectors were separated from each other by 5 m (see Figure 1A,
Zones 2 and 4). The speed detectors in annular space between the train and the tunnel were located

on every 20 meters (see Figure 1A, Zone 3).




We introduce the notation defined by the formula (1) below
0=— (1)

Where o - the ratio between the velocity of oncoming flow of the air and the speed of the train;

V; - the speed of the oncoming flow ahead of the train, nvs; V- train movement speed, n/s. For

conditions of the Thilisi Metro, the numerical value of mentioned ratio in accordance of the number
of wagons in trains (4-car train) and the starting values for the account are given in Table 1.

Table 1
Numerical rates of the ratio between the oncoming flow of the air and the speed of the train with
the starting values for the account.

F,m? f,m a F, S, m? R,m C, & o

5.00 12.25 0.408 4.8 130 0.88 0.95 10.41 0.667
6.25 12.25 0.510 6.0 147 0.88 0.95 10.41 0.570
7.50 12.25 0.610 7.1 164 0.88 0.95 10.41 0.464
7.50 20.40 0.370 7.1 164 1.27 0.95 7.67 0.652

In the table 1 used the following designations: F - the cross-sectional area of train, m?;
f - the cross-sectional area of the tunnel, m?; « - tunnel fill factor; F, - the cross-sectional area

of thewagon, m?; S, - the surface area of the wagon excluding the bottom area, m?; R - equivalent

radius of tunnel cross-section, m; ¢, - coefficient of drag of a moving train; &; - Tunnel full

resistance coefficient; o - the ratio between the velocity of oncoming flow of the air and the speed
of the train.

3. Theory/calculation
On the figure 1B show schematic depictions of the real process, which takes place for the

moving train in the tunnel. The moving train with the speed V, generates the air flow ahead the

train with the speed C and originates air flow rear the train with similar speed C. In the annular
space between perimeters of train and tunnel takes place backflow with the speed W . The value
of velocity depends on the difference in dynamic pressures between first and last wagons of the
train. The magnitude of the marked speed is also affected by the ejection of air due to the motion
of the train. Onthe marked ejection is also influenced by the rotational and translational motion of
the train wheels and axes, and the movement of the airbag between the carriages, along with the
train, its internal turbulent and aerodynamic effect on the circulation of air flow in the annular

space.




Depending on the specific values of the above factors, the vector of velocity may be
directed towards the train movement as well as in its opposite direction. In according of tunnel
filling coefficient and of velocity of the train regarding the sizes of which were used to model, for
Thilisi metro conditions, basically generate air flows in the opposite direction of the train, while
air flows that coincided with the direction of the train motion, are insignificant. Consequently, the
reasons for the straight air flows, which were mentioned above, in this case are negligible.

The tunnel filling coefficient can be calculated using the formula (2)

a:E- @)

Where, F - area of midship section of the wagons, n?; f - cross section of the tunnel, n?.

Consider the air relative movement on the condition that the train will be really motionless
and only the ventilation flow will be in motion for the conditions that have been performed
numerical modeling.

In the real process, the flow of air that generated with the movement of the train is divided
into two components: the oncoming flow and the circulated air flow ahead and rear of the train
caused by the piston effect, between which the following dependence takes place

V; =V, -C €))

Where C - the speed of air flow caused by the piston effect at the front and rear of the train, mys.
The remaining values have already been determined.

Onthe other hand, in the case of a moving train (for real conditions), the oncoming stream
continues its movement and flows into the annular space between perimeters of train and tunnel at

relative velocity

Vi =V, W 4)
Where V; - stream speed in the annular space, mys. The remaining values have already been
determined.
Based on the continuity equation can write

Vi f =V (f =F) 5)
From which by means of simple transformations and with consideration formula (2) is
obtained
_ W
©-a)

(6)




Thus, the formula (6) determines the stream speed in the annular space by means of
numerical modeling, in conditions of the fixed train. The stream speed in the annular space in real
terms (for the train in motion) also the same formula (6) is calculated.

In the tunnels of the subway, due to their relatively small length, in most cases, there is no
stabilization of the speed and there is a non-stationary process changing of speeds. Based to the
numerical modeling results, for the different scenarios of train speed and tunnel filling coefficients,
some of which are represented in figures 2, 3 and 4, the process duration is divided into 2 phases.
The focusing on these phases is due to the results of numerical modeling in the subway conditions.
Dependence between the given speeds for both non-stationary and stationary phases follows down

that is useful in consideration speeds of these phases
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Where & - the complete tunnel aerodynamic resistivity coefficient in according of tunnel length

(1, m), length of train (L, m) and of tunnel equivalent radius (R, m); F, - equivalent area of single
wagon, n?; n - number of wagons in the composition; S, - area of the surface of the wagon

excluding the area of bottom, m2. The remaining values have already been determined.
The tunnel resistance complete coefficient is calculated using a formula (8)

§TZL5+0001E§E (®)

All of the input symbols in formula (8) have already been interpreted.
The equivalent area of the wagon is calculated by considering the value of the frontal

resistance coefficient with the following formula (9)
F.=c,F ©)
Where C,, - the frontal resistance coefficient of the wagon.

Considering the formula (1) speed of train will be calculated by the formula (10)
V.
Vo =—" (10)
@
While considering the formula (3), the formula (11) of circulation flow speed calculation

is received




C=V,1l-w) (11)
The air consumption originated by means of piston effect can be determined by a formula
(12)
Q=Cf (12)
Where Q - air consumption, md/s.

3.1. Numerical calculation. Changing the boundary value of the of the speed of oncoming
flow ahead of the train in numerical experimentation have been carried out according to the speed
of the train. The results obtained can be analyzed by one of the numerical experiments. Consider
the dynamic of change of the flow speeds rate in tunnel portals, as well as in the annular space
between the perimeters of tunnel and the train (Figures 2, 3 and 4).
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Figure 2. The dynamics of the speed of the oncoming flow (A) and the streamspeed in the annular space
between the train and the tunnel (B) when the speed of the train is 16.8 km/h and a =0.61, ® = 0.47.

From the presented figures it is well illustrated that the dynamics of ventilation flows can
be divided into two phases, 1 - the non-stationary and 2 - the stationary phases. By means of these
phases should also be characterized all the flows of air that will be originated out by the
underground trains.

According to numerical modeling results, the average speed of circulation flow in the non-
stationary phase is less than in the stationary phase compared to the same flow rate. This could
also be noted a priori, since in the non-stationary phase the changing values are both the speed of

the train and the losses caused by the turbulence of the air flow.
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Figure 3. The dynamics of the speed of the oncoming flow (A) and the stream speed in the annular space
between the train and the tunnel (B) when the speed of the train is 36.8 km/h and « = 0.61, ® = 0.47.
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Figure 4. The dynamics of the speed of the oncoming flow (A) and the stream speed in the annular space
between the train and the tunnel (B) when the speed of the train is 49.8 km/h and a =0.61, ® = 0.47.

4. Results and Discussion
Graphs compiled by numerical modeling results are given in Figure 5, from which show

that circulation air flow generated by piston effect characterized by direct proportional dependence
with speed of the train and tunnel filling rate.

It is noteworthy that air consumption, due to the circular flow of piston effect, when the
speed of train is in the range of 40-45 kmvh, may vary from 90 to 100 m3/s.
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Figure 5. Changing of circulation flow speed by tunnel filling coefficient for the trains speeds, km/h: 1 -
V,=30;2-V, =35 3-V, =40.

According to the tunnel filling coefficient, the changing of the circulation flow speed

is given in figure 6.
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Figure 6. Changing of circulation flow speed C by the speed of the train when: 1 - @ =0.57; 2- @ =0.61.

Figure 7 shows the nature of variation of speeds the oncoming and the circular flows in
according of the different tunnel filling coefficient. The sum of the oncoming flow and the
circulation flow ahead of the train should be in any case equaled the speed of the train according
to which the numerical modeling was performed.

Based on the analysis of the oncoming flow speeds for simulated processes, it is possible
to introduce the characteristic coefficient of the level of non-stationarity of the process by the phase

duration




K, = - (13)

Where t,, - duration of non-stationary phase, c; t,- Complete duration of modeled process, c.
So, K, to satisfy the inequality 0<K, <1.
From the inequality shows that the process is completely non-stationary when K, =1 and
when K, =0, it is stationary. In all other cases, there will be several indicators of phase ratio in

the process to be discussed. Inthe simulated cases, the class of such processes takes place (see Fig.
2A, 3A, 4A).
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Figure 7. Variation of speeds the oncoming and the circular flows in according of the tunnel filling
coefficient: 1 - the speed of the oncoming flow; 2 - the speed of circulation flow.

By means of the speed of the train on account of formula (11) is determined the speed of
the circulatory flow generated by the piston effect, and by the formula (12) - the air expenditure
generated by the same piston effect. If necessary, it is possible to define oncoming air flow speeds
as well as air flow in annular space between the perimeters of tunnel and train. It should be taken
into account that air expenses are the same for both streams. Thus, with the presented material, it
is possible to determine and analyze all the technological indicators of ventilation according to
numerical modeling data.

4.1. Comparison of theoretical and experimental results. It is also noteworthy that the

results obtained from numerical calculations in the oncoming flow of air and the flow of air in




annular space through our research are in good standing with theoretically calculated values. The

margin of error does not exceed 7.2% (see Table 2).

Table 2

Comparison of the characteristic values of ventilation flows obtained from numerical

experiments trough a theoretical analysis when « =0.61 and o = 0.47.

Speed of Speed of Speed backflow in | Speed of oncoming | Speed of oncoming | Percentage
train oncoming flow annular space flow (experiment) flow (experiment) error
Vo’ kmvh (Theory) (Theory) VT Ex » VS VG—EX mls %
V;, mis Vg, mis B
26.0 34 8.7 3.4 8.1 6.9
36.8 4.8 12.3 4.8 11.6 5.8
49.8 6.5 16.6 6.5 154 7.2

From the comparison of theoretical analysis and numerical experiments, the experimental
data is closer to the theoretical, which gives an additional basis for the calculation of the number
of circulation air flow with consideration of influence of non-stationary phase of the processes.

As was mentioned above, according to the speed of the train, it is possible to calculate the
speed of oncoming air flow, the speed of backflow in annular space, the speed of circulation air
flow ahead and rear of the train as well as air consumption generated thanks to the piston effect of
moving train. These data are mainly intended for calculation of ventilation. In addition, for the
forecasted purposes, the calculation of the circulation flows in front and behind the train is more
favorable for realistic conditions trough the train speeds, which are shown in Figure 7.

Conclusions
- As a result of numerical experiments, it is shown that the dynamics of the oncoming flow
and backflow in the annular space is characterized by stationary and non-stationary phases, which

should be taken into account in determining the flow wvelocities that arise by moving train. The

extent rate of non-stationarity of the process K, for train speeds (25-50kmv/h) is close to 1/2, which

is a sufficient basis in order to take into consideration the mentioned phases for calculating of the
air circulate speed and of air consumption;

- The speed of the circulation flow created by the piston effect, in accordance with the
tunnel filling factor, is characterized by a linear relation, and the extent rate of its growth is directly

proportional to the speed of the train;




- Maximum value of the air consumption carried out by the piston effect for the train's

speed of the 40-45 kmvh range, does not exceed 90-100 md/s, in the Thilisi metro conditions that

corresponded to the speed of the stationary phase of moving, when the tunnel filling coefficient

a =0.35.
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