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Abstract 7 

The pressure wave is of crucial importance for subway development since it greatly influences 8 

the comfort while taking. As the subway lines are rapidly developing in the cities, the pressure wave 9 

in different subway tunnel constructures is urgently needed to be studied and receded. In this paper, a 10 

subway tunnel pressure wave experimental system was designed, constructed, and tested. The 11 

influence of train model head shape, train model speed, shaft number in the tunnel, and bypass 12 

number in the tunnel on the pressure wave amplitude were experimented with and analyzed. The 13 

results show that the train model head shapes significantly impact the amplitude of the initial 14 

compression wave in the tunnel. The blunter train model head generates a greater amplitude of the 15 

initial compression wave. When the train passes through a single-track tunnel, the maximum positive 16 

pressure amplitude of the pressure wave in the tunnel is at the first compression wave at the tunnel 17 

entrance. The maximum negative pressure value in the tunnel is at the superposition of the initial 18 

compression wave reflected from the first time and the train's body, which is related to the length of 19 

the train's body, tunnel length, train's speed, and sound speed. The shaft set in the tunnel decreases the 20 

amplitude of the initial compression wave in the tunnel space behind, but it will increase the pressure 21 

wave's amplitude reflected in the tunnel when the train passes through the shaft. After the bypass 22 

tunnel is added, the initial compression wave propagation in the tunnel behind the bypass tunnel is 23 

receded. Still, it also increases the negative pressure amplitude when the train passes.  24 

Key words: Subway tunnel; Pressure wave; Model test; Intermediate air shaft; Bypass tunnel 25 
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 27 

1. Introduction 28 

With the rapid development of the modern city scale, the number of urban populations is 29 

increasing, and the ground traffic is becoming more and more congested. To alleviate the urban traffic 30 

pressure, cities across the country are actively planning and building a more scientific and perfect 31 

traffic network system, among which, subway, one of the effective tools to relieve urban traffic 32 

pressure, has developed rapidly in recent years. By the end of 2019, 40 cities in China have opened 33 

208 operating lines, with a total length of 6,736.2 kilometers. Besides, there are 279 subway lines 34 

under construction nationwide, with a total length of 6,902.5 kilometers. 35 

When the train enters the tunnel, the internal air will be strongly squeezed by the train due to the 36 

closed space of the subway tunnel, and the gas at the tunnel entrance will be compressed, which leads 37 

to rapidly rising pressure, forming a pressure pulse [1][2]. As is shown in Fig 1, the phenomenon 38 

when the pressure pulse travels along the tunnel at speed close to that of sound is called compression 39 

wave [3]. When the compression wave reaches the entrance of the tunnel, part of it propagates to the 40 

outside of the tunnel, forming a so-called micro-pressure wave [4-5]; the other part is reflected back 41 

and propagates in the opposite direction [6], called expansion wave, which reflects again when it 42 

encounters the front of the car. This process is repeated, and a tunnel pressure wave is formed in the 43 

Nomenclature   

φ Diameter of traction rope and guide rope 

(mm) 

S The distance between the first and the second 

photoelectric switch (m) 

M Mach number t Time recorded by timer (s) 

Re Reynolds number v1 Velocity of train model to enter the tunnel (m/s) 

ρ Density of the air when the actual train is 

running 

ρ' Density of the air when the train model is running 

V Actual train velocity (km/h) V ' Train model velocity (km/h) 

L Size of the actual train L' Size of the train model 

μ Dynamic viscosity coefficient of the air when 

the actual train is running 

μ' Dynamic viscosity coefficient of the air when the 

train model is running 

S1 Area of section 1 (m2) S2 Windward area of train model (m2) 

PP,1 Positive pressure peak of section 1 (Pa) PP,5 Negative pressure peak of section 1 (Pa) 

PN,5 Positive pressure peak of section 1 (Pa) PN,5 Negative pressure peak of section 5 (Pa) 



tunnel [7]. The generation of pressure waves will greatly affect passengers' safety and comfort, as well 44 

as the normal operation of auxiliary equipment in the station [8]. 45 

The pressure wave generated by train operation is affected by many factors [14-17]. Among them, 46 

the shape of the front of the subway train greatly influences the amplitude of the pressure wave in the 47 

tunnel [18-19]. The train's running resistance with a blunt head is the largest, and the longer the shape 48 

of the head is, the smaller the resistance will be, but the slowing effect is gradually decreasing [20-21]. 49 

The peak value and gradient of the initial compression wave generated by the common CRH3 and 50 

CRH380A trains in China are also different at the same speed, the change of which in the CRH3 train 51 

is more severe than that of the CRH380A train [22]. Also, the velocity of the train has a great 52 

influence on the pressure wave. At present, most of the subway lines in China operate at 80 km/h. In 53 

recent years, 100 km/h and more than 100 km/h subway lines have been gradually put into operation, 54 

and many high-speed subways are under construction. After the subway speed reaches above 100km/h, 55 

many aerodynamic problems, especially the tunnel pressure wave [12-13]at the low speed of the 56 

subway, will be aggravated [9][10][11].  57 

To prevent two trains from running in the tunnel at the same time, it is necessary to set up an 58 

intermediate air shaft in the interval tunnel when it is long [23]. Its function is to ensure that only one 59 

train runs in a ventilation section, avoiding multiple trains running when the breakdown of a certain 60 

vehicle or a fire may affect other vehicles [24]. Changing the basal area and position of the shaft set in 61 

the tunnel can effectively reduce the maximum pressure wave amplitude and gradient. The pressure 62 

wave amplitude will decrease as the basal area of the tunnel increases [25]. The optimal shaft position 63 

in the tunnel can make itself have the best decompression effect [26]. In addition, the height of the 64 

shaft also has a certain effect on the reduction of the pressure wave amplitude in the tunnel, which will 65 

decrease as the height of the shaft decreases [27]. 66 

The increase in the number of tunnels also has a great influence on the pressure wave in the 67 

subway tunnel [28]. For safety reasons, two tunnels connected with pressure relief pipes near the 68 

tunnel should be the first choice. When the train runs in a tunnel, the bypass tunnel can play a certain 69 

role of ventilation [29] and serve as a rescue channel in an emergency [30]. Therefore, it is necessary 70 

to study the effect of increasing bypass tunnels on pressure waves in the tunnel. 71 

In this paper, the model test analyzes the influence of locomotive shape and running speed on the 72 

pressure wave. The influence of the number of shafts in the tunnel and the bypass tunnel is also 73 

studied. The second section of this paper introduces the working principle of the test system in detail. 74 



The third section analyzes the errors in the model test. The fourth section analyzes the influence of 75 

various factors on the tunnel pressure wave. The last section draws the conclusion of this paper. 76 

 77 

2. Model test 78 

2.1 The bench of model test 79 

2.1.1 Overview of the model test stand 80 

Fig. 2(a) shows the main view of the schematic diagram of the pressure wave model test bench of 81 

this subway tunnel. The length of the tunnel model is 30.4m. The train model is 10 m from the tunnel 82 

entrance, and the deceleration section at the tunnel exit is 20 m long. 83 

The three-dimensional view of the model test bench is shown in Figure 2(b). The model test 84 

bench mainly includes the drive wheel, tunnel model, driven wheel, two 3 mm guide ropes, one 3 mm 85 

traction rope which tows train model, brackets, and train model. The drive wheel is directly fixed on 86 

the output shaft of the variable frequency motor. The tunnel model is replaced with PVC pipes, and 87 

the mechanical fixing device of the tunnel is designed with the matching fixed clamp to fasten the 88 

pipe. Two φ 3 smooth wire ropes are fixed on the brackets at both ends at the same height and pass 89 

through the train model's body, which is used as the positioning track to determine the driving route of 90 

the train model. Traction rope uses φ 3 wire rope passing through drive wheel, driven wheel and 91 

tensioner wheel. The height of the tensioner wheel can be adjusted to achieve the tension of the 92 

traction rope. The train is connected to the traction rope, and the motor drives the drive wheel to rotate 93 

so as to drive the traction rope and train model. 94 

The longitudinal section 1 of the tunnel when train model enters the tunnel is shown in Figure 3. 95 

The diameter of the tunnel’s circular part is 0.31 m, the cross-sectional area of which is 0.0704714 m2, 96 

and the width of the bottom is 0.2 m. The length of the model car is 1.4 m, the cross-sectional area of 97 

which is 0.01896 m2. The train/tunnel area ratio is 0.269. The measuring points are arranged on the 98 

inner side of the pipeline with a horizontal distance of 0.14 m from the bottom. 99 

 100 

2.1.2 Train operation system and its working principle 101 

As is shown in Figure 4, the train operation system includes the launcher for train model, train 102 

model, motor, drive wheel, driven wheel, traction rope, guide rope, tensioner wheel and other 103 

equipment. 104 



The working principle of the model test stand is as follows. Firstly, set the test speed in the PLC 105 

control system before the test, then press the launcher to separate the traction rope from the train 106 

model. Thirdly, control the motor to start working to drive the traction rope to accelerate it to the 107 

required traction speed. At this point, the release launcher connects the traction rope with the train 108 

model, driving the train model to run into the tunnel at speed required by the test in a short time. The 109 

two sensors at the entrance of the tunnel, which is shown in Fig. 5, detect the speed at which the 110 

model car enters the tunnel, and the sensor at the exit of the tunnel, which is shown in Fig. 6, monitors 111 

the speed at which the model car leaves the tunnel. Meanwhile, the pressure sensor arranged on the 112 

inner wall of the tunnel monitors the pressure generated by the train model. When the train model 113 

passes through the sensor at the exit, it will give a feedback signal to the PLC control system to stop 114 

the operation of the motor, which makes the traction wire rope to decelerate immediately, thus driving 115 

the train model to slow down at once after driving out and finally hit the buffer mechanism not far 116 

from the tunnel exit to stop completely for the next test. 117 

The specific deceleration plan is as follows. As is shown in Fig. 6, the train's deceleration is 118 

realized by the motor brake and the train's connection multi-stage buffer device. When the train leaves 119 

the tunnel at high speed, the photoelectric switch, installed at the tunnel exit, senses and feeds back to 120 

the PLC. In the early stage, active deceleration is achieved through motor reversal and energy 121 

consumption braking given by frequency converter controlled by PLC, while in the later stage, the 122 

train is decelerated passively by setting a multi-stage buffer sponge. Two kinds of deceleration not 123 

only protect the body but also achieves an efficient speed reduction. When the test is completed, the 124 

motor is reversed at low speed to allow the train to run from the tunnel exit to the tunnel entrance to 125 

achieve rapid train recovery. 126 

  127 

2.2 Test instrument 128 

2.2.1 Pressure Sensor 129 

As is shown in Fig. 7, this test uses a durable, robust miniature piezoresistive pressure sensor 130 

with high sensitivity- Endevco® model 8515C-15. Its surface mounting thickness is only 0.76mm, 131 

and the diameter is 6.3mm. The Endevco® model 8515C-15 can be installed on curved surfaces due 132 

to its small dimensions, with little disturbance to laminar or hot airflow, and installed in grooves on 133 

the test surface. Therefore, the pressure sensor is widely used in local pressure measurement in wind 134 

tunnel tests and surface aerodynamic measurement in flight test. 135 



 136 

2.2.2 Data collection system 137 

As is shown in Fig. 8, this test uses DTS's SLICE to collect test data. SLICE is an ultra-small 138 

modular data acquisition system with excellent flexibility, technology, and reliability. The basic 139 

module BASE SLICE of the data acquisition system contains a microprocessor, memory, and control 140 

circuit. It can be connected to a computer and a pressure sensor at the same time. Besides, the 141 

acquisition system uses supporting SLICEWare software to complete sensor information storage and 142 

data acquisition. During the test, the pressure sensor sensing the pressure signal converts it into an 143 

electrical signal, and the pressure value is displayed in the computer test supporting software after 144 

being processed in the data acquisition system. 145 

 146 

2.2.3 Train speed test system 147 

The train speed test scheme is shown in Fig. 5. Two diffused photoelectric switches of the same 148 

type and batch are arranged in front of the tunnel entrance at a distance of S and are connected to two 149 

high-speed counter ports of PLC. When the train passes the first photoelectric switch at high speed, 150 

the counting of the first high-speed counter is interrupted, and the PLC immediately enters the 151 

interrupt program to start the timer. At this time, the train's speed entering the tunnel is the ratio of S to 152 

the time t just recorded by the timer, i.e., v1 = S/t. Fig. 9 shows the appearance of the photoelectric 153 

switch. 154 

During the test, a Programmable logic controller (hereinafter referred to as PLC) controls the 155 

motor operation, speed setting, and train recovery. Fig. 10 shows the operation interface of PLC in 156 

which the acceleration time, deceleration time, and the reverse time for the motor to decelerate are set. 157 

Taking the first photoelectric switch position in Figure 5 as the reference, position 1 for velocity 158 

measurement is where the velocity sensor at the entrance lies, and position 2 is where the velocity 159 

sensor at the exit lies. The train model's speed entering the tunnel is determined by the distance value 160 

entered at position 1 for velocity measurement in the PLC and the time difference between the first 161 

photoelectric switch and the second photoelectric switch. Similarly, the speed of the train model 162 

exiting the tunnel can be obtained. The two speeds can be shown on the interface in Figure 10. Before 163 

we start a new test, the speed required for the test is set on the equipment. When we click the start 164 

button, the motor starts to run, driving the traction system, and the real-time speed is displayed on the 165 

interface. When the model car passes through the sensor at the tunnel's exit, the PLC receives the 166 



signal and immediately controls the motor to stop and decelerate by reversing. During the test, you 167 

can also press the stop button to stop the motor immediately. 168 

 169 

2.3 Layout of measuring points  170 

Fig. 11 is a schematic diagram of the arrangement of each pressure measuring point in this test. 171 

In this test, a total of 6 test sections were arranged along the tunnel, and the distance between each 172 

was 3.8m. Specifically, Fig. 11(a) shows the arrangement of measuring points under the condition of 173 

no shaft and no bypass tunnel. Fig. 11(b) and Fig. 11(c) show the schematic diagram of the measuring 174 

point layout when one and two shafts are set without a bypass tunnel. Fig. 11(d) and Fig. 11(e) show 175 

the schematic diagrams of measuring point layout when testing one and two bypass tunnels without 176 

shafts. 177 

 178 

2.4 Determination of similarity criterion 179 

Certain similar conditions must be met to make the test data comparable and useful in the scale 180 

model experiment, which includes the similarity of dynamics, geometry, and motion [31]. The thermal 181 

similarity when the train enters the tunnel is temporarily ignored because the energy loss and 182 

temperature change are minimal. 183 

It is vital to consider the dynamic similarity criterion because geometric motion similarity is 184 

easily satisfied. When simulating gas flow in a tunnel, the two most important parameters are the 185 

Mach number (hereinafter referred to as M) and the Reynolds number (hereinafter referred to as 186 

Re).The physical meaning of Re is the ratio of characteristic inertial force to viscous force, namely 187 

 Re = 𝜌𝑉2/𝐿𝜇𝑉/𝐿2 = 𝜌𝑉𝐿𝜇  (1) 188 

Re is a similar criterion that reflects the effect of fluid viscosity on flow. If the two flow fields are 189 

similar, the effect of inertia force and viscous force should be the same, so is the Reynolds number of 190 

the two flow fields the Reynolds number of the two flow fields. 191 

 Re = 𝜌𝑉𝐿𝜇 = Re′ = 𝜌′𝑉′𝐿′𝜇′  (2) 192 

In this formula, 𝜌 is the density of the air when the actual train is running, V is the velocity of the 193 

actual train, L is the size of the actual train, and μ is the dynamic viscosity coefficient of the air. 𝜌′ is 194 

the density of the air when the train model is running, 𝑉′ is the speed of train model, 𝐿′ is the size of 195 



the actual train, and 𝜇′ is the dynamic viscosity coefficient of the air. In the model test, ρ/μ is related 196 

to the ambient temperature of the test site. So, when the temperature has less changes, ρ/μ can be 197 

regarded as a fixed value. Therefore, V and L should be equal to make Re equal. If the Re is to be 198 

equal, the speed of the train model should be higher than 20 times the actual train speed because the 199 

size similarity ratio of the model is less than 1/20, which cannot be achieved in the model test. 200 

However, people found that in applying the dynamic similarity criterion, the flow field has a 201 

"self-modeling region" [32]. The phenomenon that the flow state and velocity distribution are similar 202 

to each other and not depend on the Re's change when it is in a certain range is called "self-modeling". 203 

When Re is less than a certain value (the first critical value), the flow is laminar. When it is greater 204 

than the first critical value, the flow changes from laminar to turbulent flow. It gradually enters a 205 

turbulent state when the change of Re has a greater impact on the flow state and velocity distribution. 206 

When Re increases to a certain value (the second critical value), the flow state and velocity 207 

distribution are similar to each other and do not change with the change of the Re. That is, the flow 208 

enters the " self-modeling region ", and the corresponding flow is fully developed turbulence. When 209 

the train model and the actual train are in the same self-modeling region, the model test results can be 210 

used in the actual object. Because the speed range studied here belongs to subsonic speed and is 211 

already in a highly turbulent state, it can be considered that the flow field is in the self-model region. 212 

At this time, researchers can start the model test without considering the restriction of Re's similarity 213 

condition. 214 

 215 

3. Error analysis 216 

In the test process, various links will produce certain errors, which will lead to deviations in the 217 

experimental results. The major influencing factors are the sensor's errors, the running speed of the 218 

train model, and the test environment temperature. 219 

Before the start of this model test, pressure sensors used in the test have been calibrated in the 220 

national legal metrological verification agency. The calibration method is as follows. During the 221 

calibration process, the pressure sensor was placed in the calibration environment for more than 2 222 

hours. Then the pressure sensor and the standard digital pressure gauge were installed on the pressure 223 

pump at the same time. Starting from the lower measurement limit of the pressure sensor, according to 224 

the calibration point setting, the pressure was raised to the upper limit of measurement point by 225 

point. Then the pressure was reduced from the upper measurement limit point by point to the lower 226 



measurement limit. During this process, the output value of the pressure sensor was recorded in 227 

turn. Finally, the basic error of the pressure sensor was within ± 0.2%. A standard voltage value which 228 

is input into the data acquisition system is compared with the actual voltage value reading, the error of 229 

the which is within 0.5%. 230 

In this test, the PLC control system controls the motor to reach the required rotation speed, and 231 

the traction rope is pulled to accelerate to the required speed. And the train model and the traction rope 232 

are combined to run at the test speed. Before the start of the test, different operating speeds are set in 233 

the PLC control system, and the passing time of the train model is tested and recorded by sensors 234 

installed at the entrance and exit of the tunnel. Therefore, the actual running speed of the model car is 235 

calculated. Speed errors are all within 1% through multiple comparisons between the set running 236 

speed and the actual measured speed. 237 

The model test bench is set up in an indoor laboratory to minimize the impact of the test 238 

environment on this test. As shown in Table 1, the on-site ambient temperature is recorded before each 239 

test, and the maximum change in each case doesn’t exceed 10%. For the same test case, the 240 

experimental data are obtained after repeated testing three times, the relative error of whose pressure 241 

amplitude is within 3%. 242 

 243 

4. Results and Discussion 244 

The pressure wave in the tunnel is affected by many factors. This paper mainly discusses the 245 

influence of the shape of the train's head, train speed, the establishment of the shaft, and the bypass 246 

tunnel in the tunnel on the pressure wave. 247 

 248 

4.1 The influence of the shape of locomotive on the tunnel pressure wave 249 

Differentiation in the locomotive's shape will affect the amplitude and maximum positive and 250 

negative pressure wave extremum formed when the train enters the tunnel. In order to study the 251 

influence of trains with different locomotive shapes on the pressure wave in the tunnel, train models 252 

with locomotive angles of 45°, 60°, and 75° were used in the test. Fig. 12 shows the schematic 253 

diagram of the train model in each test case. The train model's length is 1.4m, and the cross-sectional 254 

area is the same. 255 

Detailed parameters of each train are given in Table 2. During the test, the model train's running 256 

speed is 80 km/h, and the model tunnel is not equipped with intermediate air shafts and bypass 257 



tunnels. 258 

Figure 13 shows the dynamic pressure change curve of measuring point 1. The first wave crest 259 

and wave trough are generated when the model train's head and tail pass the tunnel entrance, 260 

respectively. It can be seen that with the increase of locomotive angle, the amplitude of the initial 261 

pressure wave generated by the train model passing through the tunnel also increases gradually, 262 

among which the pressure amplitude of the train model with 75 ° locomotive head is the largest, 263 

reaching 400 Pa. 264 

Fig. 14 shows the comparison of the aerodynamic pressure peaks at different measuring points 265 

of the three different car head shapes when passing through the model tunnel. Fig. 14(a) shows the 266 

positive pressure peak, Fig. 14(b) shows the negative one. It can be seen from the figure that with the 267 

increase of the train head angle, the maximum positive and negative values generated by the train 268 

passing through the measuring points are increased. It can be seen from Table 2 that the windward 269 

area of the front of the car decreases with the increase of the angle of the windward surface, thus 270 

increasing the resistance encountered by the air flowing through the front and increasing the positive 271 

amplitude of the initial compression wave. 272 

 273 

4.2 The influence of train speed on tunnel pressure wave 274 

The size of the initial compression waves generated when the subway enters the tunnel depends 275 

on the train's speed. This section studies the variation of aerodynamic pressure generated when the 276 

model train passes through the model tunnel at different speeds to study the influence of velocity on 277 

compression waves. During the test, a train model with a head angle of 60° was used, and the tunnel 278 

model was not equipped with an intermediate air shaft and a bypass tunnel. 279 

Figure 15 shows each section wall's pressure amplitude when the train model passes through the 280 

tunnel at three different speeds (60 km/h, 70 km/h, 80 km/h). The measuring point with the largest 281 

positive pressure amplitude is point 1, arranged on section 5.7m away from the tunnel entrance. The 282 

maximum positive pressures at three speeds (60 km/h, 70 km/h, 80 km/h) are 172 pa, 228 pa, and 280 283 

pa, respectively. The measuring point with the largest negative pressure amplitude is on the section 9.5 284 

m away from the tunnel entrance. The maximum negative pressure amplitudes at the three speeds are 285 

-142 Pa, -240 Pa, and -305 Pa. 286 

The positive pressure fluctuation in the tunnel is generated by the compressed air when the train 287 

model enters the tunnel and will gradually decrease along the tunnel model's length due to the 288 



influence of the tunnel model wall friction and running resistance. Therefore, the maximum positive 289 

pressure value monitored by the measuring point in the tunnel model is located in section 1. The 290 

compression wave formed by the train model entering the tunnel model will propagate in the tunnel 291 

model at speed close to that of sound and propagate back when an expansion wave is generated at the 292 

exit, propagating back and forth in the tunnel. An expansion wave will be generated when the rear of 293 

the car enters the tunnel, whose propagation path is the same as the compression wave. A large 294 

negative pressure is generated when the train model passes through the measuring point because the 295 

pressure will be superimposed when the expansion wave propagating back and forth in the tunnel 296 

encounters the car body. Figure 16 shows the analysis diagram of pressure fluctuations in the tunnel 297 

model. It can be seen from Figure 16 that when the train model passes through Section 2 or Section 3, 298 

it encounters the expansion wave propagating in the tunnel model, making the negative pressure value 299 

at this point larger. Therefore, the theoretical analysis is consistent with the experimental results. 300 

It can also be seen from Figure 15 that the positive and negative pressure amplitudes of each 301 

measuring point increase as the speed of the train model increases. Select the data at the measurement 302 

points of Section 1 and Section 5 for function fitting. It can be seen from Figure 17 that the pressure 303 

value at the measuring point is proportional to the square of the train model speed.  304 

 305 

4.3 Influence of shaft on pressure wave in tunnel 306 

The tunnel structure changes after the intermediate air shafts are installed in the interval tunnel, 307 

so it is necessary to analyze the influence of the intermediate air shaft on the change of the tunnel 308 

pressure wave. This section examines this effect. The conditions of one and two wind shafts are set up 309 

in the model tunnel, respectively, for research, whose positions are shown in Figure 11(b) and Figure 310 

11(c). During the test, the diameter of the shaft is 0.11 m, and the height is 2.6 m, and a model train 311 

with a head shape of 60° was used, running speed of which was 80km/h, and no bypass tunnel was set 312 

in the model tunnel. 313 

Figure 18 shows the dynamic pressure curve of the initial compression wave at section 1 when 314 

the train enters the tunnel under three different working conditions, namely, the shaft number is 0, 1, 315 

and 2. Under the three working conditions, the positive pressure amplitude of the initial compression 316 

wave is 287 Pa, 281 Pa, and 278 Pa, respectively, with a small difference in the peak value of the 317 

pressure wave due to the air wells set after section 1. Therefore, whether a shaft is set in the tunnel has 318 

little influence on the initial pressure wave at the tunnel entrance. 319 



Fig. 19 shows the dynamic change curve of the pressure wave on point 3. Under the three 320 

working conditions, the positive pressure amplitude of the initial compression wave is 300Pa, 244 Pa, 321 

and 233 Pa, respectively, with little change, and the negative one is -177Pa, -128 Pa, and -137 Pa. 322 

However, when the train model passes through the first shaft, it can be seen that the pressure 323 

amplitude of the measuring point is the largest under the condition of setting a shaft while the smallest 324 

under no shaft. This is because the measuring point is behind the first vertical shaft. When the train 325 

model passes through the shaft, not only the compression wave is not reduced, but the pressure 326 

fluctuation is increased. 327 

Fig. 20 shows the dynamic change curve of the pressure wave on section 4. Under the three 328 

working conditions, the positive pressure amplitude of the initial compression wave is 285 Pa, 230 Pa, 329 

and 198 Pa, respectively, with little change, and the negative one is -170 Pa, -146 Pa, and -177 Pa. 330 

When the train model passes through the first shaft, the rule is the same as that in the measuring point 331 

of section 3. When the model train passes through the second shaft, it can be seen that the pressure 332 

amplitude of the measuring points in the working conditions under two shafts has also increased, 333 

which is similar to the situation when a model train passes through the first shaft. The reason for this 334 

phenomenon is the increase of the air shaft's number. When the train passes through the shaft, a 335 

pressure wave will be generated and superimposed with the pressure wave reflected in the tunnel so 336 

that the pressure monitored at the measuring point will increase. 337 

It can be clearly seen from Fig. 18, Fig. 19, and Fig. 20 that when the train model passes through 338 

the measuring point, the amplitude of negative pressure generated under the condition of one shaft and 339 

two shafts is larger than that under the condition of no shaft. The reason for this phenomenon is that 340 

the air velocity in the tunnel increases with the increase of the shaft, and the negative pressure 341 

generated by the train passing through the measuring point also increases due to the existence of the 342 

shaft. The pressure wave will also be superimposed with the negative pressure of the train passing by, 343 

making the pressure amplitude increase or decrease, which is related to the shaft position, train speed, 344 

and tunnel length. 345 

 346 

4.4 Influence of Bypass Tunnel on Tunnel Pressure Wave 347 

This section studies the influence of the number of bypass tunnels on the pressure wave in the 348 

tunnel. The conditions are studied by setting 1 and 2 bypass tunnels in the tunnel model. The layouts 349 

of measuring points are shown in Figure 11(d) and figure 11(e). During the test, the diameter of the 350 



bypass tunnel is 0.25 m, and a model train with a head shape of 60° was used, the running speed of 351 

which was 80 km/h. No air shaft was set in the tunnel model. 352 

Figure 21 shows the pressure dynamic change curve at the measuring point of section 1 when the 353 

train model passes through the tunnel model under three different conditions, that is, straight, one 354 

bypass, and two bypass tunnels. The positive pressure amplitudes of the initial compression wave 355 

under the three test conditions are 286 Pa, 264 Pa, and 250 Pa, and the negative ones are -100 Pa, -40 356 

Pa, and -30 Pa, respectively. The positive pressure of the initial compression wave changes little, but 357 

the negative pressure amplitude decreases with the increase of the bypass tunnel at measuring point 1, 358 

which indicates that the increased bypass tunnel plays a role in reducing the negative pressure 359 

amplitude of the initial compression wave. The reason for this phenomenon is that the initial 360 

compression wave generated by the front of the train model is reflected back and forth in the tunnel 361 

between the bypass tunnel and the tunnel entrance, and the expansion wave generated at the 362 

measuring point 1 and the rear of the vehicle entering the tunnel is just superimposed to offset, which 363 

makes the negative pressure amplitude of the initial compression wave decrease. 364 

Figure 22 shows the pressure dynamic change curve of the measuring point in test section 5. The 365 

positive pressure amplitudes of the initial compression wave under the three working conditions are 366 

275 Pa, 245 Pa, and 186 Pa and the negative ones are -165 Pa, -130 Pa, and -22 Pa, which means both 367 

the positive pressure amplitude and negative pressure amplitude of the initial compression wave have 368 

decreased. This is because after the bypass tunnel is added when the initial compression wave passes 369 

through the bypass tunnel, the air flowable area in the tunnel increases, which has a certain pressure 370 

relief effect on the initial compression wave. However, when the train model passed the measuring 371 

point, the negative pressure amplitudes were -189 Pa, -250 Pa, and -230 Pa, respectively, which shown 372 

the increase of the bypass tunnel increased the pressure amplitude change in the tunnel.  373 

Figure 23 shows the dynamic pressure change curve at the measuring points of the test section 6. 374 

It can be seen that the change rule of the initial compression wave is consistent with that of section 5. 375 

The increase of the bypass tunnel slows down the amplitude of the initial compression wave, and the 376 

mitigation effect of two bypass tunnels is greater than that of one bypass tunnel. When the train model 377 

passes through the measuring points of three different structure tunnels (no bypass tunnel, one bypass 378 

tunnel, and two bypass tunnels), the negative pressure amplitudes generated are -227 Pa, -300 Pa, and 379 

-306 Pa, respectively. The results are the same as those on section 5 similar. The main reason is that 380 

the air circulation area becomes larger after the bypass tunnel is added, and the drag coefficient 381 



encountered by the model car when traveling decreases, which will increase the air velocity and static 382 

pressure at the section. 383 

 384 

5. Conclusion 385 

This paper uses the research method of model test to study the influence factors of the pressure 386 

wave in the subway tunnel by analyzing the influence of the locomotive shape, the speed of the train, 387 

the middle air shaft, and the bypass tunnel on the change rule of the pressure wave in the tunnel. The 388 

main conclusions are as follows: 389 

(1) When the train runs at a speed of 80 km/h, the blunter the locomotive shape is, the larger the initial 390 

compression is. The pressure amplitude generated by the locomotive angle of 75° is 43.6 % higher 391 

than that generated by the 60° locomotive angle. 392 

(2) After the train enters the tunnel from outside, the place with the largest positive pressure amplitude 393 

of the pressure wave is the tunnel entrance, and the amplitude will continuously attenuate along 394 

the tunnel length. The maximum negative pressure amplitude is related to the length of the tunnel 395 

and the train as well as the train itself. When the train encounters the expansion, a wave reflected 396 

back and forth in the tunnel as the train is running, the negative pressure amplitude will increase 397 

and may become the maximum one. 398 

(3) After the middle air shaft is set in the tunnel, the amplitude of the initial compression wave in the 399 

tunnel space in front of the air shaft is less slow down, and the amplitude of the initial 400 

compression wave in the space behind the air shaft will be slowed down, but the amplitude value 401 

of the pressure wave propagating in the space behind the air shaft will be enhanced. 402 

(4) After the bypass tunnel is added to the tunnel, the positive pressure amplitude of the initial 403 

compression wave will not be affected for the tunnel space in front of the bypass tunnel, but the 404 

negative pressure amplitude will be affected due to the reflection of the initial compression wave 405 

propagating to the bypass tunnel, and the specific impact is related to the train length, tunnel 406 

length and train speed. For the tunnel space behind the bypass tunnel, the set of bypass the tunnel 407 

will slow down the impact of the initial compression wave but will enhance the amplitude of 408 

negative pressure generated by the train passing by. 409 
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Fig. 2. Schematic diagram of the model test bench.  (b) Three-dimensional view of the bench. 536 

Fig. 3. The longitudinal section 1 of the tunnel when train model enters the tunnel. 537 

Fig. 4. Main units’ diagram of train operation system.  (a) The launcher for train model. 538 

Fig. 4. Main units’ diagram of train operation system.  (b) The train model. 539 

Fig. 4. Main units’ diagram of train operation system.  (c) The drive wheel and the motor. 540 

Fig. 4. Main units’ diagram of train operation system.  (d) The driven wheel. 541 

Fig. 4. Main units’ diagram of train operation system.  (e) The tensioner wheel. 542 

Fig. 5. Sensors at tunnel entrance. 543 
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Fig. 10. The interface of PLC control system. 549 
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Fig. 12. Comparison of locomotive of different shapes. 560 

Fig. 13. Comparison of dynamic pressure changes at measuring point 1. 561 

Fig. 14. Pressure peaks generated by the train models with different head shapes.  (a) Positive pressure values. 562 
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Fig. 15. Pressure peaks generated by the train models under different speed cases.  (b) Negative pressure values. 565 
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Fig. 23. Comparison of dynamic pressure changes at measuring point 6 with different sets of the bypass tunnel. 573 

 574 

Table 1. Test case ambient temperature chart. 575 

Table 2. Parameters of different train shapes. 576 



Figures

Figure 1

Schematic diagram of pressure wave caused by train passing through tunnel



Figure 2

Schematic diagram of the model test bench



Figure 3

The longitudinal section 1 of the tunnel when train model enters the tunnel



Figure 4

Main unit of train operation system



Figure 5

Sensors at tunnel entrance



Figure 6

Damping system of the model test bench



Figure 7

Pressure sensor Endevco 8515C-15



Figure 8

Data acquisition system SLICE



Figure 9

Photoelectric switch

Figure 10

The interface of PLC control system



Figure 11

Layout of measuring points in tunnels (the circles in the �gure are the measuring points arranged)



Figure 12

Comparison of locomotive of different shapes



Figure 13

Comparison of dynamic pressure changes at measuring point 1



Figure 14

Peak pressure generated by train models with different head shapes



Figure 15

Pressure peaks generated by the model car under different speed cases

Figure 16



Pressure �uctuation analysis diagram

Figure 17

Pressure peak �tting diagram

Figure 18

Comparison of dynamic pressure changes at measuring point 1



Figure 19

Comparison of dynamic pressure changes at measuring point 3



Figure 20

Comparison of dynamic pressure changes at measuring point 4



Figure 21

Comparison of dynamic pressure changes at measuring point 1



Figure 22

Comparison of dynamic pressure changes at measuring point 5



Figure 23

Comparison of dynamic pressure changes at measuring point 6

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Tables.docx

https://assets.researchsquare.com/files/rs-134821/v1/54a2a62912012a347c5fe37b.docx

