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Abstract—The subcool zone length is determined in lining of an extra-long railway tunnel subjected to
deep influence of piston effect. The air temperature distribution in the outer air—tunnel lining contact zone is
determined as function of the velocity of train and the outdoor temperature in the cold season. The authors
review the de-icing methods of tunnel lining: warming-up using a self-tuning heating cable; arrangement of
an unheated access gallery and heat insulation. The distribution of the hourly average air temperature in an
extra-long railway tunnel is analyzed against of sites of fan heaters. The heat power patterns in the tunnel
are estimated by the criterion of the required temperature conditions. It is shown that the most efficient
arrangement of fan heaters to maintain the required air temperature in the tunnel is their uniform distribution
along the length of the tunnel in combination with installation of warm air curtains at the tunnel faces.

Keywords: Railway tunnel, ventilation, heat exchange, temperature distribution, fan heater, cool gallery,
heating cable, energy efficiency criterion.
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INTRODUCTION

In Russian Siberia and Far East, cargo carriage is mainly performed by railway. Reliability and
uninterrupted operation of railway infrastructure, including railway tunnels, are very critical in this
regard. The mentioned regions are specific for low temperatures in the cold seasons and for difficult
geological conditions, in particular, high water content of enclosing rock mass surrounding the
tunnels. The service experience shows that air temperature in the operating tunnels in the cold seasons
is below standard [1, 2] specified in the effective regulations [3], which calls for the updating of the
thermal environment design procedures and necessitates additional studies into the temperature
variation patterns in railway tunnels.

1. SUBCOOL EXTENSION AND TEMPERATURE DISTRIBUTION
IN THE TUNNEL FACE AREAS

In the cold seasons, the operating tunnels of the Baikal-Amur Mainline are generally faced with
frosting and icing of rails and lining in the areas at tunnel faces equipped with closable gates [1].
Due to the cyclical effect of the outdoor temperatures, tunnel lining is exposed to continuous free—
thaw, which promotes rapid frost destruction. Cold outside air enters the tunnel together with trains
as there is a zone of negative static pressure behind the train tail car. Every time as a train leaves the
tunnel, via the train and tunnel clearance, much outside air comes into the tunnel in the amount
comparable with the volume of the train.
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For validating the lining de-frost control at the outlet face of a tunnel, it is required to determine:

—the length of the subcool zone in the lining from the outlet face depthward the tunnel;

—the inside air temperature distribution from the outlet face depthward the tunnel depending on
the technological parameters of the tunnel and its climate.

The experiments were implemented using the computational aerodynamics and heat exchange
methods (control volume approach) in Ansys CFX. The equations below were solve using the
RNG k — ¢ turbulence model:

Equation of continuity

P 1 9(pit) =0, M)
or
Momentum conservation equation
%+V(pﬁ®ﬁ):—Vp+VA+S , (2)
T
Energy equation
@—2—17+V(pﬁh):V(th)+A:VLT+SE. 3)
T T

Here, A = u[Vii + (Vii)" —(2/36Vii] is the tensor of friction forces; # is the air temperature, °C; T is

the index of the skew-symmetric matrix; # is the velocity vector field; 7 is the time, s; V is the
Hamilton operator; ® is the tensor product operator; o is the Kronecker delta-function; u is the

dynamic viscosity, Pa's; p is the density, kg/m3; p is the pressure, Pa; A is the heat conductivity
factor, W/(m°C); A is the enthalpy, J; §,,, S, are the point sources of impulse and energy (including

heat), A : Vi is the dissipative energy typical of viscous fluid flows [4].
The RNG k — & model is described with the equations below:

p%+v(ﬁkp) =V([u+%}W€J+PI{ —pe+ By, “4)
k
o¢ - . &
pa—+ V(uep) = V({u +L}V5J+Z(C81RNGP,( —CmcEP+CorvcEs) s (5)
T USRNG
kZ
#=Cp— (6)

where £ is the turbulent kinetic energy, J/kg; & is the dissipative turbulent kinetic energy, J/(kgs);

4, p are the dynamic viscosity and the turbulent dynamic viscosity, Pa-s, respectively; o, =1,
Oorvg =0.7179, C,ypye =1.68, C, =0.09 are the constants of the turbulence model; £, £,,
C..zve» P, are the values found from the solutions of additional equations [4].

&

Convective heat tranfer between tunnel air and lining is set as the third-order boundary condition:
q, = at=1); (7)
here, g, is the heat flow, W/mz; a 1s he heat transfer coefficient, W/(m2~°C); t, 1s the surface

temperature of lining, °C.
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Fig. 1. Geometry and boundary conditions of heat transfer and mass exchange model at the moment of train exit

from the tunnel: /—tunnel; 2—train; f,, v,—initial temperature and velocity of air in the tunnel; ¢

int >
v,, —temperature and velocity of air in the computation span; v,—train velocity; £, ,, p, —outer air temperature

and pressure; f, a —natural temperature of lining and heat transfer coefficient from back of lining to tunnel air.

The geometry of the heat tranfer and mass exchange model at the moment of train exit from the
tunnel as well as the boundary conditions are shown in Fig. 1. The 2D model represents a tunnel span
6700 m long with a train 1100 m long. The sizes L, and L, equal the hydraulic diameters of the tain
and tunnel, respectively (3.7 and 7.8 m). The train velocity is assumed as 75 and 40 km/h. The initial
conditions are: the tunnel air temperature #, =4 °C, the air velocity v,, =0.9 m/s, the outer air

temperature in a range from —10 to —50°C. The vectors of the rain velocity v, and air velocity v,,, are

specified in Fig. 1.
The operating conditions of the tunnel in the experiment set that gates are closed at one of the
tunnel faces. The ratio of the train and tunnel cross section areas S, and § is §/S, =0.27

(Severomuysky Tunnel) and 0.36 (Baikal Tunnel). The heat power of the fan heater installation at the
outlet face is neglected in the computational experiment.

The time step Az =0.1s is set so that the Courant criterion is under 1 at any point of the
computation [5]. The subcool zone is understood as the span from the outlet face inward the tunnel
along which the air temperature is never higher than 0°C.

Figure 2 offers relationships between the average air temperature and heat loss O in warming

incoming air in different cross section of the tunnel nearby the outlet face at the train velocity of
75 km and the outer air temperature ¢,, =—50 C.
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Fig. 2. (a) Air temperature and (b) heat loss in incoming air warming in different tunnel cross sections: /—at the
outlet face; 2—50 m away from the outlet face inward the tunnel; 3—7—at the distances of 100, 150, 200, 250 and
300 m away from the outlet face inward the tunnel, respectively; Q,,.—average heat loss in subcool zone; I—point
when the head car enters the outlet face; [I—point when tail car leaves the outlet face.
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Fig. 3. Tunnel air temperature at the point of tail car exit from outlet face at the train/tunnel cross section overlap
ratios of 0.27 (top curves) and 0.36 (bottom curves) in the tunnel with closed gates at the train velocities
of (a) 75 and (b) 40 km/h; and (c) comparison of operating conditions in the tunnel with closable gates (I) and with
open faces (1) at ¢,,,=—50°C; I—t,,,=—50°C; 2—40; 3—30; 4—20; 5——10°C.

As a train leaves the outlet face, cold atmospheric air enter the tunnel and supercooling is higher in
the tunnel cross sections nearby the face (cross sections /—7 Fig. 2). The experiment shows that at
a distance of 259 m from the outlet face inward the tunnel, the tunnel air is never lower than 0°C.
After the tail car leaves the tunnel, the tunnel air temperature gradually increases. The rise time of the
specified temperature of 4°C in the tunnel depends on the train tail air velocity in the tunnel due to the
piston effect. It is seen in Fig. 2b that the heat loss in warming the incoming outer air is very high (to
33.2 MW) but within a short time.

Figure 3 demonstrates the tunnel air temperature at the point when the tail car leaves the outlet face
versus the distances to the outlet face at the train / tunnel cross section overlap ratios of 0.27 and 0.36
for the train velocities of 75 and 40 km/s. The subcool zone is within 245 m in all cases. At the higher
train velocity and overlap ratio, the subcool length extends as the air velocity in the train—tunnel lining
clearance increases. The outer air temperature also has influence on the extension of the subcool span:
the subcool length is shorter with the higher outer air temperature.

The analytical description of the subcool span length uses the quadratic interpolation with Lagrange
polynomial (Table 1, relation (8)).

Table 1. Subcool span length L, (m) at the outlet face for the train velocities of 75 and 40 km and at the
train/tunnel cross section overlap ratios of 0.27 and 0.36 in the outer air temperature range of —-50+-10°C

S, /8 v,, km/h fer, "C
-50 —40 -30 20 -10
027 75 224 210 193 169 119
: 40 186 173 156 135 98
0.36 75 245 232 213 187 142
' 40 204 191 175 149 111
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The nonlinear regressional relationship for the subcool zone length is given by:

S
L =-51.54-5.17t,, —0.047¢2, +206.67 (Ej +1.02v,. (8)

For (8) the criterion R*=0.99, the confidence coefficient is 95%, the effective ranges
t,, €[-50;-10°C], S, /S €[0.27;0.36], v, € [40; 75 km/h]. Relationship (8) shows that the length

of the subcool zone depends on the train velocity, train/tunnel cross section overlap ratio, face gate
operation and atmospheric air temperature. The subcool span is longer in the tunnel with closable
gates I than in the tunnel with open faces (Fig. 3c¢).

Thus, we have determined the tunnel air temperature patterns in the tunnel from the outlet face
depthward the tunnel versus the train travel time and the distance from the tunnel face and the train
point inside the tunnel, as well as the dependence of the subcool zone length in the cold season on the
outer air temperature, train/tunnel cross section overlap ratio and the train.

2. EFFICIENCY OF METHODS TOWARD ANTI-ICING
AND ANTI-FROST DAMAGE OF LINING IN FACE ARES OF TUNNELS

The outlet face in the cold season experiences variable air temperatures during train movement.
To prevent lining subcooling down to #, =0°C and below, some methods can be used, such as
heating cable, heat insulation of lining and arrangement of cool gallery in the face area.

Self-tuning heating cable. The operation of a self-tuning heating cable consists in the change of
electrical resistance and, accordingly, current intensity during heating or cooling of the cable, which
allows maintenance of the lining temperature without using external heat controllers. The cable is put
at a certain spacing in outer concrete coat of lining. When connected to power, the cable maintains the
temperature at the required level. This allows saving of power in lining heating. The heat production
of the cable can be adjusted versus the actual air temperature at the lining, train traffic and the actual
outer air temperature.

The critical characteristics of a heating cable are the heat power g, per unit length and the

temperature ¢, . For finding ¢, and ¢, as function of the outer air temperature, the heat transfer
processes were analyzed within the tunnel length equal to a cable laying length /, . The geometry

and boundary conditions of the heat transfer model are depicted in Fig. 4.
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Fig. 4. Geometry and boundary conditions of heat transfer model: /—concrete coat; 2—tubing; 3—rock mass;
4—train; 5—heating cable; ¢,

int

—tunnel air temperature; o —heat-transfer coefficient from the tunnel lining to the

tunnel air; ¢,—natural temperature of rock mass; A, p,, ¢, 4, p,, ¢,, A4, p;, c;—Trespectively, heat

conductivity factor, density and heat capacity of concrete coat (subscript 1), tubing (subscript 2) and rock mass
(subscript 3).
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The mathematical modeling of heat transfer in the sandwich enclosing structure of a railway tunnel
is based on the numerical solution of the initial boundary value problem for the equation of
conservation of heat energy [4, 6]:

p% = V(AVE) + S, . 9)

The size of the discussed span is small as compared with the radius of the tunnel, and the curvature
of this span is neglected therefore. The enclosing structure of the Severmuysky Tunnel is a typical
sandwich: /—concrete coat with the thickness J, =0.05 m, 4 =0.58 W/m, p, =1800 kg/m3,

¢, =840 J/(kg°C); 2—reinforced concrete tubing with the thickness 0, =0.55 m, 4, =1.69 W/m,
p, =2500 kg/m®, c, =840 J/(kg°C); 3—enclosing rock mass with the thickness o, =2 m,
A, =24 W/m, p; =2560 kg/m3 , ¢; =1000 J/(kg°C) [7]. At the outer boundary of the model, the
natural rock mass temperature is set as ¢, =5°C. At the concrete coat and air interface, the
temperature was set as ¢, to vary from 0 to —50°C at an increment of 10°C and the heat-transfer

coefficient & of 8.25-19.72 W/(m?*°C). The convective heat transfer between the tunnel air and the
lining surface was taken into account in accordance with (7). As we discuss only a part rather than the
whole enclosing structure of the tunnel, at the side boundaries we set the periodicity conditions
f(tleﬁ) = f(tright)'

The computation experiment produced the values for the heat power g, and heating cable
temperature ¢, at the cable laying lengths of 0.1, 0.2 and 0.3 m (Figs. 5a and 5c¢). The transition from
the heating cable power g, (W/m) to the lining heating power ¢, (W/m?) uses the formula
q, =q, /1, . The temperature dependence of the lining heat power ¢, (z,,) is given in Fig. 5b.

The obtained results make it possible to find the cable heat power sufficient to maintain the
constant lining temperature not less than 4°C. The general regressional relationship between the lining
heat power ¢,., cable laying length and the air temperature is given by:

qp =—-22321, +15391> — 624t +0.04¢> (10)

int *

For (1) the criterion R*=0.99, the confidence coefficient is 95%, the ranges of application of (10)
are t,, € [-50; 0°C], [, € [0.1; 0.3 m].
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Fig. 5. Heating cable parameters sufficient to maintain lining surface temperature 4°C: (a) cable heat power g, versus

outer air temperature; (b) lining heating power g, ; (c) cable temperature at cable laying lengths /— 0.3; 2—0.2 and
3—0.1 m; 4—required temperature of lining surface is 4°C.
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The electric power to hear the tunnel lining at the outlet face is found from the formula:
O, =4qxhL,, (11)
P, is the perimeter of the tunnel cross section, m.

The choice of a heating cable is an optimization problem with:

t > tdem

o=l
t, = min
g, — min
C, - min

dem

Here, ¢, is the tunnel lining temperature, °C; ;" is the demanded lining temperature, °C; ¢, is the

heating cable temperature, °C; ¢, is the heat power to heat the lining, W/m?; C, is the cable

installation cost, Rub. The heat power of the heating cable is withdrawn from the tunnel heat
balance as the heat flow from the lining to the inner air in the tunnel is minimal due to insignificant
temperature difference.

Heat insulation of inner surface in tunnels. We discuss a version of heat insulation of tunnel lining
inside the subcool zone at the tunnel face. This version is free from the heating power expenses, and
the tunnel opening is smaller. For finding the actual temperature on the surface of the tunnel lining
versus the heat insulation thickness and the outdoor air temperature, the numerical model is developed
to calculate heat transfer processes in the lining structure. The geometry and the boundary conditions
of the model are presented in Fig. 6.

The tubing is as in the Severmuysky Tunnel. The heat insulation is made of mineral wool plates
with a synthetic binder, with the thermophysical characteristics as follows: A, =0.038 W/m,
p, =180 kg/m’®, ¢, =840 J/(kg°C) [7]. The computation results are the temperatures on the lining

surface as against the heat insulation thickness o, and the air temperature ¢,, (Fig. 7).

‘ A-A /
3
A3 P35 €3
Aoy Py Cy %2
AysPysCy —)~]
/

Fig. 6. Geometry and boundary conditions of heat transfer model: /—heat insulation layer; 2—tubing;

3—enclosing rock mass; 4—train; ¢, —tunnel air temperature; ¢ —heat-transfer coefficient from the tunnel

int

lining to the tunnel air; #,—natural temperature of enclosing rock mass; 4,, p,, ¢,» 4, P,, ¢, A4, p;,

¢, —respectively, heat conductivity factor, density and heat capacity of concrete coat (subscript 1), tubing
(subscript 2) and rock mass (subscript 3).
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Fig. 7. Temperature of tunnel lining versus heat insulation thickness at outdoor temperatures ¢,,=—50°C (1),
-30(2) and -10 (3).

When the heat insulation layer is thicker than 0.25 m, the required temperature not less than 4°C is
achieved at the insulation—tubing interface. The regressional relationship of the lining surface
temperature, insulation temperature and outdoor temperature is given by:

t,, =14.8+3.57In(5,)+0.1368¢,, .

For this relationship, the criterion R*=0.95, the confidence coefficient 95%, the application ranges are
t,, € [-50;-10°C], o, €[0.03;0.30 m]. A shortage of this method to prevent frost damage of lining

is the reduction in the tunnel opening, which can affect operational efficiency.

Cool gallery. A cool gallery arranged in the face area is another method of decreasing heat lost in
heating coal air inflow as a train leaves a tunnel. The cool gallery is an extension of the tunnel. The
gallery represents a modular structure made of steel or polymeric material unsusceptible to frost
damage tightly adjacent to the tunnel face.

The computation model of heat transfer in the cool gallery is depicted in Fig. 8. The idea of the
cool gallery is to arrange a next-to-outlet face span to be exposed to negative temperatures of cold
outdoor air which cannon get to the tunnel lining therefore. Train 2 goes through outlet 7 from
gallery 5 and outdoor air with temperature ¢, is drawn the gallery (Fig. 8). The gallery is free from

wet and subcooling down to negative temperature results in no icing and frost damage of the gallery

walls. As the train goes out of the gallery, in the time period between trains, the gallery is filled with
warm air with the temperature ¢,, flowing in the line from 3 to 6 in Fig. 8.

3 1 1 5 6 7
\ N AN\

Fig. 8. Face gallery: /—enclosing rock mass around tunnel; 2—outgoing train; 3—tunnel; 4—tunnel outlet;
S5—gallery; 6—gallery walls; 7—gallery outlet; 8—air flow direction in gallery; f,, —outdoor air temperature;

t,, —tunnel air temperature.
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We assessed variation in air temperature along a cool gallery with the length /, =500 m

depending on the air velocity using the Severmuysky Tunnel as a model and two alternatives of the
gallery enclosure:
—unwinterized gallery made of sheet metal with 5, = 0.005 m;

—winterized gallery with a mineral wool layer (4, =0.038 W/(m°C), p, =180 kg/m’,
¢, =840 J/(kg°C), 6,, =0.1 m).
In standard mode of operation, air with the temperature ¢,, =4°C flows from the tunnel in the

gallery, fills it and goes out from the open end of the gallery. The warm air velocity depends on the
operating mode of the tunnel, i.e., on the position of the face gates (open or shut) and on the time
period between trains.

Using the methods of static air distribution, we obtain the representative air velocities in the
tunnel:

e v, =3.70 m/s—maximal air velocity at train frequency of 6 train per hour at the train-to-train

interval of 10 min, when the tunnel gates are open and one train moves out of the tunnel and another
train simultaneously enters the tunnel at the maximal running speed of 75 km/h;
e v =1.78 m/s—average air velocity in the interval between trains, with open gates in the tunnel,

the train-to-train interval is less than 10 min;
e v =0.60 m/s—minimal air velocity (owing to leaks through the face gates) when trains move

in the tunnel with closed gates of the faces and with the train-to-train interval of 20 min and longer.
The distance covered by warm air flow within the time 7 between frains is: /[, =2220 m

a

atv, =370 m/s; [, =vr=1068 mat v, =178 m/s and [, =720 m at v,, =0.60 m/s. At such

velocities warm air fills the gallery completely within the time interval between trains.
The variation in the tunnel air temperature is studied for v,, =4°C, ¢,, =—-45°C, and air

ext
velocities of 0.60, 1.78 and 3.70 m/s using 2D axially symmetric models by the methods of
computational aerodynamics and heat transfer in the software environment ANSYS Fluent.
Equations (1)—(3) are solved using the RNG k& — & model:

0 0 0 ok

—(pk)+—Ww.kp)=— | —|+G, +G, —ps-Y, +S,, 12
az_(P ) ox, (u;kp) axj[ Moy (3ij k » — P M k (12)

) ) ) Oe £ g
— +—(u, =— — |+C,,— (G, +C,,G,)-C,,.p——R_+ S, 13
az_(‘("p) axi (ul 6‘[0) axj [ak:ueﬁ‘ axj} le k( k 3¢ b) 2sp k & & ( )
N LR Y Y (14)

Jeu NAET

0:%, (15)
C, ~100. (16)
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Fig. 9. Change in tunnel air temperature in flowing in gallery at velocities, m/s: /—0.60; 2—1.78; 3—3.70;
4—0.60 with heat insulation; 5—1.78 with heat insulation; 6—3.70 with heat insulation; 0 m—outlet from tunnel to
gallery; 500 m—outlet from gallery outwards.

In expressions (12)—(16), u, is the vector field of velocities; ¢ is the dissipative turbulent kinetic
energy, J/(kg's); u, is the effective dynamic viscosity, Pa's; C,, =142, C,, =1.68, C, =100,
o, =1.193 are the constants of the turbulence model; G, , G,, Y,,, S,, C,,, R., S, are the values

found from solutions of additional equations [4]. The calculated averaged air temperatures 7, across

the gallery section are given in Fig. 9 and Table 2.

In an unwinterzied gallery, the minimal air temperature when air flows in the tunnel as a train
leaves it is —21.4°C at the outdoor air temperature ¢,, = —45°C, which allows the decrease in the heat
capacity of the air door at the face by 48.2%. In a winterized gallery with the heat-insulated walls, air
flow into the tunnel has a positive temperature in the same conditions, which eliminates heat expenses
connected with heating air inflow from the outside when a train leaves the tunnel. Cold outdoor air
cannon reach the tunnel, which prevents icing and frost damage of the tunnel lining.

The cool gallery is an effective method to combat frost damage of lining in tunnels. On the other
hand, given no damp proofing in the tunnel, the gallery undergoes icing owing to moisture
condensation after cooling of moist tunnel air. To prevent icing in the cool gallery, it is required to
install heat insulation and a heating cable within a span to 100 m long from the outlet from the
gallery (Fig. 9).

Table 2. Average air temperature in various cross sections longwise the gallery, 7, °C

Air velocity v, , m/s
Distance from
the tunnel outlet, m With heat insulation Without heat insulation
0.60 1.78 3.70 0.60 1.78 3.70
1 4.0 4.0 4.0 3.7 3.8 3.8
125 2.7 3.5 3.8 4.5 -3.4 -2.6
250 1.4 3.0 3.5 -11.1 -9.2 -7.9
375 0.2 2.6 33 -16.8 -14.4 -12.6
500 -1.0 2.1 3.0 -21.4 —-18.8 -16.7
Average 1.5 3.0 3.5 -10.0 -8.4 -7.2

JOURNAL OF MINING SCIENCE Vol. 57 No.1 2021



164 KIYANITSA et al.

3. AIR TEMPERATURE IN TUNNEL IN THE COLD SEASON

Variation patterns of air temperature lengthwise tunnels operating in Russian Siberia and Far
East are understudied so far, which affects the quality of thermal condition design for tunnels and
impairs correct selection of heating fan installations. The current literature on ventilation in long
traffic tunnels mostly focus on the influence exerted by the piston effect and radiation pollution on
ventilation performance in tunnels [8—17]. Some studies address heat transfer processes in
underground excavations, their cooling and artificial freezing [18-20]. However, the test subject—
temperature fields in surrounding rock mass around mines—is so specific and the results cannot be
applied to aerothermodynamic processes in traffic tunnels.

The analysis of the heat balance components in a tunnel, in particular, loss of heat in warming a
train in [21] left the air temperature variation along the tunnel aside. The studies into the actual; air
temperatures in the Severomuysky Tunnel [22] reveals that at outdoor temperature of —25—-35°C the
tunnel air temperature fluctuates at 0°C, while the theoretical temperature recommended for the
ventilation system design for tunnels is —40°C [23]. The location and prospects for convertible aircraft
turbojet engines are justified without any studies into air temperature variation along tunnels [24-26].
The radial distribution of temperature in enclosing rock mass and per cross sections is analyzed
in a case-study of the Nanshan Tunnel in Qinling, China [27]. This region features wet moderate
continental-monsoon climate with a long, cold and snowy winter and a cool most summer. The
lowest regional temperature is —17°C, which makes it impossible to apply the research findings to the
Baikal-Amur Mainline tunnels. The temperature conditions in enclosing rocks with high temperature
are analyzed in [28], and the piston effect and dust distribution in tunnels are studied in [29, 30].
A series of studies into thermal conditions in tunnels and shallow subways give details of variation
patterns of temperature in the surrounding rock mass and comprehensively describe heat flow through
enclosures [14, 31-33] but the temperature variation patterns determined for subway tunnels are
inapplicable directly to the structure and operating conditions of railway tunnels.

The temperature behavior analysis in a railway tunnel versus location of fan heaters can help
predict unfavorable areas either with negative air temperature or with excessive heat in the tunnel.
The respective research is performed as a case-study of the Severomuysky Tunnel with gates open at
one end and shut at the other end. The train/tunnel cross section overlap ratio S,/ S=0.27, the tunnel
length is 15357 m, the traffic is maximal, or 6 train per hour with a train-to-train interval of 10 min,
the train velocity is 75 km/h and the freight trains are composed of 71 cars. The mathematical model
of heat transfer is undertaken for single-side forward and single-side back travels of trains. The
calculation procedure is based on dividing the tunnel into some segments and on the air temperature
determination at their boundaries. The computational model of an i-th segment of the tunnel is
depicted in Fig. 10.

The average hourly temperature at the end of the tunnel is calculated from the formula:

t'end — Lbeg + Ql’+ B Qlﬁ .
1 1 cp[ L

Here, ¢ is the initial temperature in the segment i, °C; Q"*, Q" are the heat input and heat loss in
the segment i, W [19]; ¢=1005 is the air heat capacity, J/(kg-°C); p, is the average air density in the

segment, kg/m3; L is the air flow rate in the tunnel, m*/s. The value of L is constant in all segments;
the air flow rate in the tunnel with open ends and with closable gates is determined in [18].
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Fig. 10. Computational model of an i-th segment in tunnel: i —1, i, i +1—numbers of segments; L —air flow

end

rate in tunnel; #*%, Y —initial and final air temperatures in the segment, °C; pbeg s p""d— initial and final air

densities at the beginning in the segment, kg/m’; [,—length of the segment, m; Q", O —average heat input

(from fan heaters) and hourly heat loss (from cold train walls, warming of air at inlet and outlet) in the segment, W;
I—tunnel; axis 0.X shows the direction of step-by-step calculation.

The model includes some assumptions: the uniform heat losses lengthwise the tunnel are summed
up and are reduced at the end of a segment; the average air density in the segment i is calculated
using the air temperatures determined in the segment i-1; the heat loss in warming of train,
calculated in [15], are adjusted using the relation:

beg tbeg
i— i— i i

tract =t
Al

b

At, is the temperature difference between the train wall and the tunnel air; the values of 9~ for it

are found in [19].

The train temperature at the beginning of a theoretical segment N1, is given by:

beg end

theg _ tend _ tbeg + tt”,i*I tl'*l )Zl

trii T i1 T Ctrli-1 () ’
vtr

end theg tbeg

trji-1° “trji > “wr,i-1

where ¢ are, respectively, the final temperature of the train wall in the previous

segment, and the initial temperatures of the train wall in the current and previous segments, °C; ¢ is
the final air temperature in the previous segment, °C; v, 1is the train velocity in the segment, m/s;
@ =0.000237 1/s is the proportionality factor to characterize variation in the tunnel air temperature

along the segment.
In the segment i =1, the temperature 7' is equal to the theoretical outdoor temperature ¢, .

tr.i

The final air temperature ¢ in the segment i is the initial air temperature ¢’ in the segment i+1.

The initial air temperature in the first segment at the inlet face of the tunnel is assumed to be equal
to the outdoor temperature ¢’ =¢ = —40°C. The calculation proceeds gradually from segment to

i ext
segment in the direction of the train movement in the tunnel at different locations and number of
fan heaters.
Figure 11 demonstrates some arrangements of fan heaters in the tunnel.
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Fig. 11. Arrangements of fan heaters in tunnel: (a) warm air curtains at tunnel faces, integrated in the
longitudinal-transverse ventilation system (for one-way traffic); (b) fan heaters at tunnel inlet and outlet;
(c) uniform distribution of heat capacity of fan heaters at equal pitches along the tunnel; /—inlet; 2—outlet;
3—tunnel; 4—train; 5—fan heater at inlet; 6—fan heater at inlet and outlet; 7—local fan heaters.

In the three schemes, the total heat capacity of fan heaters is the same and equals 13.095 MW [21],
equal to the heat loss in the tunnel, i.e. there is a heat balance. Scheme (a) in Fig. 11 shows the warm air
curtains installed at the tunnel faces and integrated in the longitudinal-transverse ventilation and air
heating in the tunnel. The distance between the warm air escape facilities is determined as the length of
way of heated air flow at the velocity v,, during the time period between trains. In scheme (b) all

heating capacity is concentrated at the tunnel faces and is emanated by the war air curtains. The tunnel
is free from extra fan heaters. In scheme (c) the fan heaters with mostly equal heat capacities are placed
at the same spacing (2400 m) along the tunnel, which is longer than the way covered by the heated air
flow at the velocity v,, during the time period between trains. For schemes (a)-(c) in Fig. 11, we

analyze operation with one-way and two-way (reverse) traffic of trains.

The research data on the internal air temperature 7, =" along the tunnel and the moving train

1

temperature . at the outdoor temperature ¢,, = —40°C are presented in Fig. 12. In scheme (a) from

tr.i

Fig. 11, the tunnel air is uniformly heated at the extreme temperatures up to 32-36 °C at the tunnel
outlet (Fig. 12a). This is connected with the operation of the war curtain meant for heating cool air
inflow when the train leaves the tunnel though the outlet face. In schemes (b) and (c) in Fig. 11,
no uniform heating of the tunnel interior is achieved:

ein scheme (b) in Fig. 11, in reverse movement of trains, the face areas of the tunnel are
overheated while negative temperature zones are observed in the pan 6 km long in the middle of the
tunnel; in one-way traffic, starting from 4800 m from the inlet face and up to the outlet face, the inner
air temperature in the tunnel have negative values to —30°C (Fig. 12b);
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e in reverse movement scheme (c) in Fig. 11, air is underheated at the tunnel faces while overheat
zones with the air temperature to 30°C are observed in the span 5 k long in the middle of the tunnel;
in one-way traffic, in the span 5400 m long from the inlet face, the air temperature is mostly negative
in the tunnel; in the span with the length of 5400 m to the outlet, the air is heated to the temperature
up to 60°C, which is essentially higher than the standard (Fig. 12c).

For finding the best arrangement of heating and ventilating facilities based on the wanted
temperature maintenance in the tunnel, we introduce the criterion of energy perfection of heating and
ventilation:

K =K |K,|. (17)
The members of (17) are determined as follows:
. i L
J <0 [rwar
bl gzo, 7 L

where " is the minimal air temperature in the tunnel, °C; ¢, is the air temperature in the

int int

calculation segment; t;im is the required air temperature in the tunnel (4°C); /, L is the length of the

segment and tunnel; ¢, (/) is the tunnel air temperature as function of the tunnel length.

> Vint

40 (a) -30 1
i 2

I
I
20-,'|
I
') 4

—40 T T T T T . T T —40

Air temperature, °C

Train wall temperature, °C

0 2000 4000 6000 8000 10000 12000 14000 16000 0 8000 16000

Distance along the tunnel, m Distance along the tunnel, m

Fig. 12. Tunnel air temperature (left) and train wall temperature (right) in schemes (a)—(c) of train traffic
in tunnel; /, 2—forward and reverse motion.
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Fig. 13. Finding coefficient K.

Table 3. Energy perfection criteria for different schemes of tunnel
heating and ventilation (Fig. 11)

Criterion Scheme (a) Scheme (b) Scheme (c)
K 1.00 -1.00 -1.00
K 1.24 -1.80 3.69
K 1.24 -1.80 -3.69

The coefficient K, in formula (17) proves the validity of the heating and ventilating system. If K|

is negative, the system is incapable to maintain the positive air temperature in the tunnel and is
therefore inapplicable. The coefficient K, is a ratio of actual energy spent for air heating in the tunnel

to the required energy to maintain the tunnel air temperature at tl.(;t . Geometrically, this is the ratio of

areas abcdef and abef in the test segment of the tunnel (Fig. 13). Ideally, the coefficient K should
equal 1. This means that the wanted positive temperature is maintained along the entire tunnel and the
heat expenses connected with air heating in the tunnel conform with the set air loss, i.e. there is
a balance of heat loss and heat input in the tunnel.

The coefficients K;, K, and K for schemes (a)—(c) in Fig. 11 are given in Table 3. Scheme (a)

has the criterion nearest to one. Schemes (b) and (c) are inapplicable to heating and ventilating
tunnels as:

—in scheme (b) the coefficients K; and K, are negative; there are areas with negative air
temperatures, and actual energy spent for heating is less than the standard,

—in scheme (c) the coefficient K is negative; there are areas with negative air temperatures in the
tunnel.

CONCLUSIONS

The extension of the subcool zone in the tunnel lining depthward the tunnel from its outlet, which
appears when a train leaves the tunnel, is determined versus the inner air temperature in the tunnel,
the outdoor air temperature, the train/tunnel cross section overlap ratio and the train velocity. The
methods to prevent icing in the tunnel are discussed, and the engineering and design parameters of the
tunnel are substantiated.

In a one-track tunnel for forward and reverse movement of trains, it is found how the inner air
temperature in the tunnel in the cold season depends on the layout of fan heaters in the tunnel. The
proposed criterion of energy perfection of the heating and ventilating systems helps estimate
efficiency of a chosen layout of fan heaters. It is found that the scheme with all heating capacities
arranged at the tunnel faces and the scheme with fan heaters installed at equal spacing lengthwise the
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tunnel fail to maintain the positive air temperature in the tunnel. The most effective scheme is
combination of the warm air curtains set at the tunnel faces with fan heaters installed uniformly along
the tunnel at spacing equal to the length of way covered by war air flow between the neighbor fan
heaters in the period when there are no trains in the tunnel.
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