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Abstract
The ventilation system significantly influences tunnel operation safety, energy savings, and reduced consumption. The 
Ying'erling highway tunnel proposed a hybrid ventilation system combined with complementary double-hole network 
ventilation with a shaft. A ventilation model test platform was designed based on similarity theory with a 1/10 transverse 
length scale. The test platform was used to study the flow field distribution in the hybrid ventilation system under different 
shaft supply and exhaust conditions. The test results determined the wind speed and pressure distribution at measurement 
sites in the uphill and downhill tunnel and obtained the influence law of the shaft in the supply and exhaust state on the flow 
field distribution. A field test of the ventilation performance during tunnel operation showed that the trend of model test 
results is the same as that of field test results, which verifies the reliability of the test platform. The test results were used to 
optimize the ventilation control of the Ying'erling tunnel. The study provides an essential guide for the ventilation system 
design of a long highway tunnel.

Keywords  Tunnel engineering · Mixed ventilation system · Physical model experiment · Field test · Flow field 
characteristics

1  Introduction

China's highway tunnel construction has developed recently, 
and energy consumption during tunnel operation has 
increased. Therefore, choosing a suitable ventilation system 
for tunnel design is essential. An appropriate ventilation sys-
tem can improve ventilation efficiency and save costs to meet 
the ventilation requirements. For the current tunnel ventila-
tion system, vertical shaft sectional ventilation is frequently 
used in the long tunnel (Ji et al., 2013; Guo et al., 2018, Wan 

et al., 2019). Because of this, the ventilation system satisfied 
the requirement of air volume and the requirement of smoke 
exhaust distance. Qinlingzhongnanshan highway tunnel is 
the second-longest tunnel globally, with a total length of 
18.02km. The tunnel was ventilated by being divided into 
sections (Xie et al., 2013); it can meet the air requirement 
of each area and ensure that the wind speed will not exceed 
the allowable wind speed. The successful application of a 
longitudinal ventilation system in the Zhongnanshan tun-
nel has promoted the construction of a super-long tunnel 
in China. Applied Large Eddy Simulation (LES) method, 
Ji et al. (2013) studied the influence of cross-sectional area 
and aspect ratio of the shaft on natural ventilation. In con-
clusion, the shaft with a larger cross-sectional aspect ratio 
should be divided into several smaller shafts to better the 
smoke exhaust effect. Zhang et al. (2018) decreased the Yun-
shan tunnel's energy consumption and maintenance costs by 
optimizing the shaft's diameter and position and reducing 
the number of jet fans in the original ventilation system. 
In CFD numerical simulation, Xie et al. (2018) studied the 
influence of cross-sectional area and aspect ratio of the shaft 
of natural smoke exhaust in a tunnel fire. Guo et al. (2018) 
constructed a reduced-scale (1:10) tunnel with four shafts 
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to investigate the fire smoke propagation in the tunnel. Peng 
and Shi (2019) put forward the basic idea and method of a 
shaft design for a super-long highway tunnel based on the 
Xianrendong tunnel.

In the longitudinal ventilation system, the limit length 
of ventilation is 3km. When it exceeds 3km, it is necessary 
to add appropriate auxiliary channels or fans to meet the 
requirements. Therefore, this increased the ventilation sys-
tem's initial investment and operation energy consumption 
(Huang and Pan, 2011; Hu et al., 2011). Many scholars have 
conducted several studies to reduce energy consumption, 
and several shafts solved the problem of long ventilation 
distances. Bener and Day (1991) presented the idea of "twin-
tube complementary ventilation." This conception solves the 
imbalance problem between the uphill and downhill tunnels 
regards the twin-tube tunnel as a unit rather than two sepa-
rate tunnels. Zhang, Lei, and Tian (2011a, b) put forward the 
concept of air exchange mode and analyzed its application 
and design algorithm. This method uses the cross-passage 
exchange of the air to meet the air quality requirements of 
the two tunnels. The idea of "two-tube complementary" 
and the "air exchange mode" proposal had attracted wide 
attention.

In 2011, twin-tube complementary longitudinal ventila-
tion was applied in the Dabieshan tunnel for the first time 
worldwide. Researchers began to analyze the characteristics 
of complementary ventilation using different methods, such 
as ventilation mode, volume, scope, and economic level (Hu 
et al., 2011; Zhang et al., 2011a, b). Wang et al. (2014a, 
b) analyzed the test data through the field test and found 
the function and existing problems of air interchange cross-
passage under the twin-tube complementary ventilation sys-
tem. Adopted the finite element simulation analysis method, 
Ren et al. (2018) studied the effectiveness and influencing 
factors of the complementary ventilation system concerning 
particulate matter concentration distribution. Based on the 
compensation principle and optimization theory, Chai et al. 
(2018, 2019) proposed the energy-saving optimization mode 
of tunnel air supplement design based on the compensation 
concept, which provides a reference for the energy-saving 
design of the long-distance highway tunnel ventilation sys-
tem. Wang et al. (2014a, b, 2020a, b, c) and Xia et al. (2015) 
established a scale model based on the similarity theory to 
verify the feasibility and reliability of the complementary 
ventilation mode. Complementary ventilation has the advan-
tages of low energy consumption, more reasonable pollut-
ant concentration distribution, and high visibility. However, 
for the tunnel over 5km, this ventilation system will lead to 
excessive downhill wind speed and can't meet the smoke 
exhaust requirements. At the same time, a complementary 
ventilation system can't meet the air volume demand in the 
tunnel operation's later stage. As a result, long tunnels under 
construction have superior longitudinal ventilation through 

comparison and selection (Wang et al., 2019a, b, Zhou et al., 
2020) rather than complementary ventilation. Suppose we 
can fully play the advantages of a complementary ventilation 
system in the long tunnel, which requires setting up shafts 
for ventilation in different sections. In that case, it will obtain 
more significant economic benefits (wang et al., 2020a, b, 
c). With the increase in traffic volume and tunnel mileage, 
the air demand of the tunnel increases significantly, and the 
twin-tube complementary ventilation system cannot meet 
the requirements. If segmented longitudinal ventilation and 
double-hole complementary ventilation can be combined to 
give full play to their advantages, more significant economic 
benefits will be obtained (Wang et al., 2020a, b, c). This new 
mixed ventilation system, combined with complementary 
ventilation with the shaft, was adopted in the Ying'erling 
tunnel. At present, there is little research on this hybrid ven-
tilation system.

The subject of this study is the flow field characteristics 
of hybrid ventilation systems in Ying'erling's long road tun-
nel on the Rongwu Expressway. A scale model test platform 
based on similarity theory was designed and built to simu-
late ventilation in the tunnel. The test platform simulated the 
hybrid ventilation system combined with complementary 
ventilation with the shaft supply and exhaust. A field ventila-
tion test was conducted to investigate the platform's reliabil-
ity. Two axial fans at the complementary cross-passage of 
the tunnel were used to drive the uphill and downhill tunnels 
for gas exchange. The axial-flow fan of the shaft adjusts the 
wind speed through the frequency converter to simulate the 
air supply and exhaust state, and its influence on the wind 
speed and wind pressure at different positions in the tunnel is 
studied. Suggest corresponding ventilation control according 
to the flow field distribution in the tunnel. The paper can be 
used as a reference for the ventilation design of long tunnels.

2 � Engineering Background and Ventilation 
System Comparison

2.1 � Engineering Background

The Ying'erling tunnel in Hebei Province, China, was 
intended to be a separated twin-tube one-way three-lane tun-
nel. The tunnel is located in the Taihang Mountains, where 
the fault fracture zone of soft surrounding rock changes fre-
quently, and the terrain and geology are complex. It is the 
control project of the Rongcheng–Wuhai Expressway. The 
location of the tunnel is shown in Fig. 1.

The Ying'erling tunnel is a twin-tube tunnel, and the dis-
tance between the two tunnels is 30 m. The left tunnel (i.e., 
downhill tunnel) is 5656 m long, with slopes of −2.15%. 
The right (i.e., uphill) is 5677 m long, with a gradient of 
+2.15%. The designed speed limit is 100 km/h for a Class 
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I highway. The maximum depth of the tunnel is about 482 
m. The average altitude is 1000 m, and the cross-area is 
99.47 m2. The whole tunnel is a one-way longitudinal slope, 
and the increase of pollutant concentration in the tunnel is 
approximately proportional to the longitudinal length of the 
tunnel. The main engineering parameters of the Ying'erling 
tunnel are shown in Table 1.

2.2 � Ventilation System

The long-term air demand of the right tunnel is 1092 m3/s, 
and the left is 465.54 m3/s. The air demand of the two tun-
nels varies greatly, with a ratio of 2.35. The wind speed 
in the right line tunnel exceeds 10 m/s. According to the 
engineering situation, a hybrid ventilation system com-
bined with complementary ventilation with a shaft is pro-
posed. As shown in Fig. 2, the hybrid ventilation system 

includes an uphill tunnel, downhill tunnel, air interchange 
cross-passage, ventilation shaft, etc. The hybrid ventila-
tion system is based on longitudinal ventilation, and the 
tunnels are connected into a system through two air inter-
change cross-passages. The abundant fresh air uphill of the 
downhill tunnel is transported to the uphill tunnel through 
the air interchange cross-passage to increase the ventila-
tion in the uphill tunnel. The dirty air of the uphill tunnel 
can transport to the downhill tunnel through the air inter-
change cross-passage to fully use the surplus air volume 
of the downhill tunnel to dilute the pollutants and reduce 
the contaminants at the wind speed in the uphill tunnel. 
According to the Ying’erling tunnel's air demand charac-
teristics and the disaster prevention and rescue require-
ments, the complementary ventilation technology meets 
the daily operation ventilation. The smoke exhaust shaft 
meets the specification requirements.

Fig. 1   Locations of Ying'erling 
tunnel

Table 1   Main engineering parameters of Ying'erling tunnel

Item Left tunnel Right tunnel

Length (m) 5656 5677
Slope -2.15% +2.15%
Import and export stake No (m) ZK99+535~ZK105+191 YK99+523~YK105+200
Average altitude (m) 1000 1000
Cross-area (m 2) 99.47 99.47
Equivalent diameter (m) 9.72 9.72
Forecast traffic volume 2025(Pcu/d) 52016 52016

2035(Pcu/d) 63241 63241
Design traffic speed (km/h) 100 100
The average temperature of the tunnel site
The temperature in summer (℃) 25 25
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3 � Physical Model Test System

3.1 � Similarity Criteria and Model Scale

The hybrid ventilation system is made into a corresponding 
scale model to obtain the distribution law of wind speed 
and pressure in the tunnel during operation according to 
the similarity criteria (Roh et al., 2008; Lynde et al., 2019). 
Similarity theory is the theoretical basis of the model test. 
The following three aspects should be satisfied to ensure 
that a physical model of the ventilation system is similar to 
the actual tunnel, including geometric similarity, kinematic 
similarity, and dynamic similarity. The airflow in the tunnel 
can be regarded as the flow of incompressible viscous fluid 
(Pruitt et al., 2022). Therefore, the scaled ventilation model 
should have the Euler number Eu , Reynolds number Re , and 
Strouhal number Sr similar to the prototype tunnel.

Reynolds number of prototype tunnel(Liu et al., 2020):

where v denotes the air speed of the prototype tunnel, 
v=5.74m∕s ; D denotes the cross-sectional hydraulic diam-
eter, D = 9.72m ; � denotes the coefficient of kinematic vis-
cosity of air, �=1.5 × 10−5m2∕s;Re = 8.37 × 106 , and the 
airflow in the tunnel is turbulent flow at present.

The coefficient of frictional loss of prototype tunnel (Liu 
et al., 2020):

Based on the Guideline for Design of Ventilation of High-
way Tunnels, the value of � is generally adopted 0.025 for 

(1)Re =
vD

�

(2)
� =

1
(

2 lg
3.7

n

)2

the concrete-lined tunnels. Equation (2) is used to calculate 
the roughness n = 0.0025.

When the fluid reaches the self-modulation state (Wang 
et al., 2014a, b; Jin et al., 2015), the critical value Rec:

The value n is generally adopted as 0.0025. Equation (3) 
is used to calculate Rec = 3.75 × 105.

The airflow in the model is similar to the actual tunnel, 
which ensures the fluid in the model is in the self-modula-
tion state rather than the equal Reynolds number. Therefore, 
let the Reynolds number of the model

where xl denotes the length ratio of the model to the actual 
tunnel; xv denotes the time ratio of the model to the existing 
tunnel xv = 1 . When Rem>Rec , the flow field of the model is 
in the self-modulation state. Equation (4) is used to calculate 
the value range xl.

Considering the deflection, test site, and technical feasi-
bility, determining the model's scale is 1:10. The main sec-
tion geometric dimensions of the prototype and model are 
shown in Table 2.

According to the scale, the test model of the Ying'erling 
tunnel should be 560m long. It is difficult to install a long 
tunnel model in the laboratory. Therefore, the model 
should be shortened from the two aspects of the economy 
and test operability. The resistance grid was added to the 

(3)R
ec
= 4160

(

1

2n

)0.85

(4)Rem =
Re

xl ⋅ xv

(5)xl <
Re

Rec

=
8.37 × 106

3.75 × 105
= 22.32

Fig. 2   Schematic of the mixed 
ventilation system
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tunnel model's appropriate part, and the equivalent friction 
principle was used to replace the corresponding length. 
The equivalent model length of the resistance grid is (Lai, 
2015):

where �m denotes the model resistance coefficient after add-
ing resistance grid; Lj denotes the model length between 
resistance grid, m.

The model is made of Plexiglas, and the resistance coef-
ficient after adding the resistance grid �m = 0.23 is 
obtained through experimental measurements. As shown 
in Fig. 3, the resistance grid adopts 18 mesh wire mesh as 
the model resistance grid. The distance between two resist-
ance grids exceeds three times the equivalent diameter. 
The distance between two resistance grids Lj is 3.6m in the 
model. According to Eq. (6), the equivalent model length 
Le is 29.52m. The length of the test model was 79 m, and 
the total number of resistance grids required is 
L−Lm

Le
=

560−97

29.52
= 16.29 . According to the calculation, it can 

(6)Le =
�m − 0.025

0.025
Lj

be seen that 16 resistance grids should be installed in each 
tunnel. Since the position in the cross-passage is a sudden 
change in wind flow and needs to be monitored, two resist-
ance grilles are subtracted from the corresponding posi-
tion. Therefore, 14 resistance grilles are set in each tunnel, 
and 28 are placed in the model.

The scale model layout is shown in Fig. 4. The zone 
between two ventilation cross-passage is called short tracks, 
which are 10m long. The distance between the axes of the 
two main tunnels is 3m, and the axis of the main tunnel inter-
sects the axis of the cross-passage vertically. The model and 
fan were fitted together through a flexible connection. The 
shaft can supply and exhaust air to two main tunnels through 
a Y-shaped structure. A stainless steel beam connected each 
model segment. A purple wool rope was attached to the top 
of the model to determine the wind direction of each section. 
Paste yellow and white stickers on the bottom of the model 
to show lane separation lines and curbs.

3.2 � Power and Data Acquisition Systems

The ventilation system needs five fans, including three 
axial fans and two centrifugal fans. The model installed two 
SD64—11axial fans (as shown in Fig. 5a) in the air inter-
change cross-passage to satisfy the ventilation requirements 
in the model test. One SDS—112K axial fan (as shown in 
Fig. 5b) was set up in the Y-shaped shaft. The axial-flow 
fan was equipped with a frequency converter to control the 
air volume and wind speed in the model and study the air-
flow organization under different working conditions. Two 
centrifugal fans (as shown in Fig. 5c) were installed at the 
uphill and downhill tunnels entrance, respectively. The per-
formance parameters of the axial fan are shown in Table 3, 
and a centrifugal fan is shown in Table 4.

The simulation process of the model test was dynamic, 
and the section wind speed and pressure were constantly 
changing. Therefore, timely and accurate data collection 
was of significant importance. Alpha Instruments' micro 
differential pressure sensor was selected to measure the 
wind pressure, with a measurement range of 0–250 Pa and 
a measurement accuracy of 1%. The STF30 wind speed sen-
sor was selected, with a measurement range of 0–30 m/s and 
a measurement accuracy of ± 0.2 m/s, as shown in Fig. 6a. 
Measuring instruments were employed to convert air pres-
sure into electrical signals. The converter can be related to 
the adjustment adapter through the shielded wire and then 
connected to the indicator to read the test data. The test ele-
ment and adjustment adapter are shown in Fig. 6. The PCI 
6224 data acquisition card launched by NI company in the 
USA and its supporting development platform LabVIEW 
are selected. The system realizes the input, data acquisition, 
real-time display, storage, playback, and result report output 
of the test system, which further ensures the reliability of 

Table 2   Design parameters of prototype and model

Parameters Prototype Model

General section Height/m 9.83 0.983
Width/m 10.91 1.091
Area/m 99.47 0.995
Equivalent diameter/m2 9.72 0.972

Cross-passage section Height/m 9.83 0.983
Width/m 5.00 0.500
Area/m 44.90 0.449
Equivalent diameter/m2 6.53 0.653

Fig. 3   Resistance grids
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the test data. The system holds the characteristics of high 
efficiency and easy observation and analysis. Each section 
of data can be compared macroscopically in the test interface 

and displayed in the change curve of single data real-time 
monitoring. The system can manually set the time interval 

a Lane separation line and curb b Ventilation outlet c Y-shaped Shaft d Ventilation inlet

Uphill tunnelDownhill tunnel

a
b

c

d

Fig. 4   Physical model platform

Fig. 5   The power system of a scale model for the Ying'erling tunnel

Table 3   Performance 
parameters of axial fan

Axial fan Rotation 
speed (r/
min)

Flow (m3/h) Total 
pressure 
(Pa)

Power (kW) Internal 
efficiency 
(%)

Required 
power 
(kW)

Rationed 
power 
(kW)

SDS-112K 1480 82800 2200 – – 30.3 37
SD64-11 1450 53120 1529 24.66 91.5 28.36 30



1851Iranian Journal of Science and Technology, Transactions of Civil Engineering (2023) 47:1845–1860	

1 3

of data collection and send out the alarm when abnormal 
data appears.

3.3 � Test Scheme

Given the flow field distribution in the tunnel, the tunnel 
was divided into six parts. Figure 7 depicts the 10 test sec-
tions in the test model. Sections 1# to 5# were located at the 
tunnel inlet, ventilation section, short track, air supply sec-
tion, and outlet of the uphill tunnel, respectively. Conversely, 
test sections 6# to 10# locate at the tunnel outlet, air sup-
ply section, short track, ventilation section, and the inlet of 
the left tunnel, respectively. Two wind pressure gauges and 

one anemometer were installed at each test section. Figure 8 
shows the arrangement of measuring points for wind speed 
and pressure.

The experiment was divided into four operating condi-
tions: the uphill tunnel shaft air supply, the downhill tunnel 
shaft air supply, the uphill tunnel shaft air exhaust, and the 
downhill tunnel shaft air exhaust. Throughout the model 
test, the 2# and 3#fan frequency remains unchanged at 25 
Hz, and set the 5# fan as different values, including 20 Hz, 
25 Hz, 30 Hz, 35 Hz, 40 Hz, and 45 Hz. That is 25 combi-
nations of working conditions in total. The airflow is fully 
developed after the 30s of fan frequency adjustment. The 
airflow was measured at every section in the test model for 

Table 4   Performance parameters of centrifugal fan

Centrifugal fan Rotation speed (r/min) Thrust (N) Flow (m3/h) Output speed (m/s) Motor power (kW) Sound pressure (dB)

L4-72S-6P-4 1450 919 3.2 14.2 4 61

Fig. 6   Test system

Fig. 7   Tunnel partition
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every working condition. The measurement parameters 
include wind speed and wind pressure at every test section. 
The specific data of each state were compared and analyzed.

3.4 � Field Measurement Verified the Reliability 
of the Model

Field measurements of the Ying'erling tunnel were con-
ducted (Liu et al., 2020; He et al., 2020) to ensure the accu-
racy of the scale model platform. Due to the complex situ-
ation on-site during the operation period, the staff of the 
expressway management office opened two axial-flow fans 
in the ventilation cross-passage for on-site detection. There-
fore, the data collected by the physical experiment platform 
under the same working conditions (complementary ventila-
tion mode) are compared with the field test data to verify the 
reliability of the model platform.

3.4.1 � Field Test Equipment

A KESTREL high-precision anemometer and an AR866A 
anemometer were used for the field test, as shown in Fig. 
9a. The KESTREL anemometer has the advantages of high 
sensitivity, high precision, easy operation, and recording. 
The range is 0.6~60 m/s, the accuracy is 3%, and the resolu-
tion is 1 m/s. Although this hand-held anemometer has high 
accuracy, it cannot measure wind speed over 2m in height. 
For height of more than 2 m used the AR866A anemometer 
to measure the wind speed with the telescopic rod of the 
level, as shown in Fig. 9b and c. The anemometer was tied to 
the telescopic rod, and the design height of the test point was 
achieved by adjusting the telescopic rod. The wind speed 
sensor is connected to the display through the induction line 
to read data at the low position. The range of the AR866A 
anemometer is 0~30m/s, accuracy±5%, and the resolution 
is 0.01 m/s.

3.4.2 � Field Test Scheme

During the field test, open the axial-flow fan of the ventila-
tion cross-passage and the exhaust fan of the uphill shaft, 
and the air volume in the main tunnel was 900 m3/s. Meas-
urements are taken from 10 a.m. to 12 p.m. and from 4 p.m. 
to 6 p.m. The emergency parking lane on the right side of 
the tunnel was closed to ensure the testing effect and safety. 
Therefore, the test site used the emergency parking lane and 
above the side ditch. Five test sections were set at the charac-
teristic positions of the uphill and downhill tunnels, respec-
tively. As shown in Fig. 10, set nine test points on the test 
section, 1 m, 2.5 m, and 4.0 m high from the carriageway. 
The average wind speed of the nine test points was regarded 

Anemometer

Wind pressure gauge

Fig. 8   Test section

Fig. 9   Test equipment



1853Iranian Journal of Science and Technology, Transactions of Civil Engineering (2023) 47:1845–1860	

1 3

as the wind speed measurement value of the test section, 
and the field test is shown in Fig. 9b and c. The wind speed 
measuring points of the actual tunnel reflect the longitudinal 
distribution trend of wind speed. Five landmark test sections 
were selected for the uphill and downhill tunnels, respec-
tively. The location is as follows: set one test section between 
the tunnel entrance and the ventilation cross-passage; set one 
test section in the middle of two ventilation cross-passages; 
set one test section between the ventilation cross-passage 

and the shaft; set two test sections between the shaft and 
the outlet. The stake numbers of these test sections in the 
uphill tunnel are YK981+343, YK981+408, YK981+548, 
YK982+793, YK983+375, and the downhill tunnel are 
ZK981+345, ZK981+420, ZK981+540, ZK982+805, 
ZK983+366.

Fig. 10   Test point layout and field measurement

Fig. 11   Data comparison
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3.4.3 � Field Test Results and Validation Analysis

Figure 11 compares experimental and measured wind speed 
values at the characteristic positions of the uphill and down-
hill tunnels. The experimental value is lower than the meas-
ured value. Due to the limitation of laboratory conditions, 
the fan frequency used in the physical experiment is lower 
than the axial fan frequency in the actual tunnel. The power 
of the axial fan in the cross-passage in the Ying’erling tun-
nel is 70kw, and the axial fan's power in the model's cross-
passage is 30kw. It is also possible that the wind speed at the 
measurement point is low due to the influence of the resist-
ance grid. As shown in Fig. 11, the variation trend of the 
experimental value and the measured value of the uphill and 
downhill tunnel is the same, and the wind speed is the low-
est in the middle of the two ventilation cross-passages. This 
is the same trend as the wind speed variation of the deliv-
ery and exhaust combination in the Guideline for Design 
of Ventilation of Highway Tunnels. (The black line in Fig. 
11 represents the wind speed trend under the combination 
of supply and exhaust, independent of the value.) The wind 
speed of the 2#-3# section decreases due to the exhaust from 
the uphill tunnel to the downhill tunnel. As the downhill 
tunnel supplied air to the uphill tunnel, the 3#-4# section 
wind speed increased. The wind speed of the 9#-8# section 
decreases due to the exhaust from the downhill tunnel to the 
uphill tunnel. As the uphill tunnel supplied air, the downhill 
tunnel, the 8#-7# section wind speed increased. Therefore, 
the experimental results of the scale model were reliable.

4 � Results Analysis

Before the formal test, adjust the fan to the preset working 
state through the frequency converter, which takes about 1 
min. According to the test results exported by the PCI 6224 
data acquisition system, the wind speed and pressure tends 
to be stable 10 s after the fan frequency conversion adjust-
ment. Therefore, set the data acquisition interval to 20 s. The 
airflow in the tunnel model has been fully developed and 
can accurately show the flow field distribution after working 
conditions change. Each working condition was tested three 
times, and used the average value of the three experiments 
was for data processing.

4.1 � Uphill Tunnel Shaft Air Supply

In tunnel operation, the shaft supplies air to the uphill tunnel. 
Opened the 2# shaft valve and air supply and set the 2#fan 
and 3# fan frequency as 25 Hz. Meanwhile, put the 5#fan as 
different works, including 20, 25, 30, 35, 40, and 45 Hz. The 
5# fan was adjusted to the preset working condition through 

the frequency converter, waiting for the 20 s for the airflow 
to stabilize and then extracting the data. The test results are 
shown in Fig. 12.

As shown in Fig. 12a, the wind speed increases first, 
decreases, and gradually increases following the travel direc-
tion. Figure 12b shows that the wind speed increases first 
and then decreases, then rises slowly, and finally falls follow-
ing the direction of travel. Under the operation of the 2# fan 
in the ① air interchange cross-passage, the wind speed from 
4# to 3# section rapidly decreases from 3.49m/s to 1.43m/s, 
and the wind speed from 8# to 7# section increases sharply, 
indicating that the airflow in the uphill tunnel has entered the 
downhill tunnel. Under the operation of the 3# fan in the ② 
air interchange cross-passage, the wind speed from 9# to 8# 
section rapidly decreases, and the wind speed from 3# to 2# 
section increases sharply, indicating that the airflow in the 
downhill tunnel has entered the uphill tunnel (Wang et al., 
2020a, b, c). Due to the air supply from the shaft, the wind 
speed from 5# to 4# section increases dramatically to 3.49 
m/s, which conforms to the wind speed distribution given in 
the Guidelines for Design of Ventilation of Highway Tun-
nels (JTG/T D70/2-02-2014) (Ministry of Transport of the 
People's Republic of China, 2014) for a tunnel under the 
shaft longitudinal ventilation mode. The wind speed of the 
7-10# test section in the downhill tunnel decreases with the 
increase of 5# fan frequency, and the wind speed of the 6# 
test section decreases with the increase of 5# fan frequency.

Figure 12c shows that the uphill tunnel's pressure rises 
and falls following the travel direction. Figure 12d shows 
that the pressure of the downhill tunnel increases first and 
then tends to be stable, then increases, and finally decreases. 
The pressure in the downhill tunnel increases with the 5# fan 
frequency increase. Uphill tunnel air supply plays the role of 
supplementing air volume and ventilation power. The effect 
is most obvious in the downhill tunnel, especially near the 
7# section, which is conducive to the airflow of the uphill 
tunnel entering the downhill tunnel through the ① cross-
passage. The air exhaust section of the uphill tunnel to the 
① cross-passage and then to the air supply section of the 
downhill tunnel is one air path. Therefore, the direct effect 
of the uphill tunnel shaft air supply is to increase the pre-rise 
pressure in the downhill tunnel and therefore has a greater 
impact on the downhill tunnel.

4.2 � Downhill Tunnel Shaft Air Supply

In tunnel operation, the shaft supplies air to the downhill 
tunnel. Opened the 1# shaft valve and air supply and set 
the 2#fan and3#fan frequency as 25 Hz. Meanwhile, set the 
5#fan as different works, including 20, 25, 30, 35, 40, and 
45 Hz. The 5# fan was adjusted to the preset working condi-
tion through the frequency converter, waiting for the 20s for 
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the airflow to stabilize and then extracting the data. The test 
results are shown in Fig. 13.

As shown in Fig. 13a, the wind speed trend increases 
first, decreases, and decreases along the direction of travel. 
Figure 13b shows that the wind speed increases slightly 
and then decreases suddenly, then rises again and decreases 
along the travel direction. In the complementary ventila-
tion section, the decrease of wind speed at 4#-3# section 
and 9#-8# section corresponds to the increase of wind speed 
at 8#-7# section of the downhill tunnel and 3#-2# section 
of the uphill tunnel. This phenomenon shows that comple-
mentary ventilation can effectively exchange gas between 
the two tunnels (Wang et al., 2020a, b, c). Due to the air 
supply from the shaft, the wind speed from 6# to 7# section 
increases, which conforms to the wind speed distribution 
given in the Guidelines for Design of Ventilation of Highway 
Tunnels (JTG/T D70/2-02-2014) (Ministry of Transport of 

the People's Republic of China, 2014) for a tunnel under 
the shaft longitudinal ventilation mode. With the rise in 
the frequency of 5#fan, the wind speed of the uphill tunnel 
increased.

Figure 13c shows that the uphill tunnel's pressure rises 
and falls following the travel direction. Figure 12d shows 
that the pressure of the downhill tunnel increases first, 
increases, decreases, decreases, and decreases slowly. With 
the rise in the frequency of 5#fan, the pressure of the uphill 
tunnel increased. Downhill tunnel air supply supplements air 
volume and the effect is most apparent in the uphill tunnel. 
Meanwhile, the 7# section of the downhill tunnel is pres-
surized and reaches 31.22 Pa. With the increase of 5#fans, 
the wind speed and pressure of the uphill tunnel increase, 
which is conducive to the flow in the uphill tunnel and the 
gas exchange from the uphill tunnel to the downhill tunnel. 
The uphill tunnel shaft air supply and the pre-rise pressure 

Fig. 12   Wind speed and static pressure
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of the air path through the ① cross-passage increases, which 
increases the ventilation power of the uphill tunnel exhaust 
section and therefore has a more pronounced effect on the 
uphill tunnel.

4.3 � Uphill Tunnel Shaft Air Exhaust

In tunnel operation, the uphill tunnel shaft exhausts air 
through the shaft. Opened the 2# shaft valve and air exhaust 
and set the 2#fan and 3# fan frequency as 25Hz. Meanwhile, 
set the 5# fan as different works, including 20, 25, 30, 35, 
40, and 45Hz. The 5#fan was adjusted to the preset working 
condition through the frequency converter, waiting for the 
20s for the airflow to stabilize and then extracting the data. 
The test results are shown in Fig. 14.

As shown in Fig. 14a, the trend of wind speed increases 
first and then decreases along the direction of travel Fig. 
14b shows that the wind speed increases slightly and then 
decreases suddenly, then rises again and finally falls along 
the direction of travel. In the complementary ventilation sec-
tion, the distribution law of airflow is the same as that stud-
ied above (Wang et al., 2020a, b, c). As the shaft is close to 
the entrance section of the uphill tunnel, the exhaust is ben-
eficial for the flow field flow in the entrance section, and the 
5#-4# section wind speed is high. With the 5# fan frequency 
increase, the wind speed of uphill and downhill tunnels does 
not change significantly. The wind speed at the 6# section 
varies obviously, likely caused by the operation error.

Figure 14c shows that the pressure of the uphill tun-
nel first rises and then falls following the travel direction. 
Figure 14d shows that the pressure of the downhill tunnel 

Fig. 13   Wind speed and static pressure
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decreases first, then increases, and then decreases. With the 
rise in the frequency of 5#fan, the pressure of the downhill 
tunnel decreased. The uphill tunnel air exhaust reduces the 
air volume in the tunnel, which conforms to the rule given 
in the Guidelines for Design of Ventilation of Highway Tun-
nels (JTG/T D70/2-02-2014) (Ministry of Transport of the 
People's Republic of China, 2014) when the temperature 
difference inside and outside the tunnel is large in winter. 
Overall, the uphill shaft exhaust significantly impacts the 
air volume and static pressure downhill tunnel more than 
in the uphill tunnel. The uphill tunnel shaft exhaust and the 
pre-rise pressure of the air path through the ① cross-passage 
are reduced, increasing the ventilation power of the downhill 
tunnel exhaust section and having a more pronounced effect 
on the downhill tunnel.

4.4 � Downhill Tunnel Shaft Air Exhaust

In tunnel operation, the downhill tunnel shaft exhausts air 
through the shaft. Opened the1# shaft valve and air exhaust 
and set the 2#fan and 3#fan frequency as 25 Hz. Meanwhile, 
put the5#fan as different works, including 20, 25, 30, 35, 40, 
and 45 Hz. The 5#fan was adjusted to the preset working 
condition through the frequency converter, waiting for the 
20s for the airflow to stabilize and then extracting the data. 
The test results are shown in Fig.15.

As shown in Fig. 15a, the wind speed trend increases 
first and then decreases along the travel direction. (Fig. 15b 
shows that the wind speed drops first, rises, and finally falls 
following the travel direction.) In the complementary ven-
tilation section, the distribution law of airflow is the same 
as that studied above (Wang et al., 2020a, b, c). The wind 
speed of 7# to 6#section decreases due to shaft exhaust. As 

Fig. 14   Wind speed and static pressure
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the shaft is close to the exit section of the downhill tunnel, 
it is conducive to the discharge of polluted airflow in the 
prototype tunnel. With the increase of 5#fan frequency, the 
wind speed of the uphill tunnel decreases, while that of the 
downhill tunnel does not change significantly.

Figure 15c shows that the pressure of the uphill tun-
nel first rises and then falls following the travel direction. 
Figure 15d shows that the pressure of the downhill tunnel 
remains stable, then increases and decreases. With the rise 
in the frequency of 5#fan, the pressure of the uphill tun-
nel decreased. The shaft exhaust at the exit of the downhill 
tunnel plays the role of diversion air and is conducive to 
gas exchange from the uphill tunnel to the downhill tunnel. 
It conforms to the rule given in the Guidelines for Design 
of Ventilation of Highway Tunnels (JTG/T D70/2-02-2014) 
(Ministry of Transport of the People's Republic of China, 
2014) for a tunnel under longitudinal ventilation mode of 
shaft exhaust. The downhill tunnel shaft exhaust, which also 
increases the ventilation power of the air path through the ① 

cross-passage, has a more pronounced impact on the uphill 
tunnel.

5 � Conclusion

A 1/10 (transverse length scale) model test platform was 
designed based on similarity theory and constructed to 
simulate ventilation in the Ying'erling tunnel. We used the 
system to simulate physical tests for tunnels with comple-
mentary double-hole network ventilation and shaft ventila-
tion systems and provide an essential means of optimizing 
the design of ventilation systems for long tunnels. The field 
measurement verifies the reliability of the model test plat-
form. The hybrid ventilation system proposed in this paper 
solves the problem of the limited applicable length of the 
complementary double-hole network ventilation. It provides 
a new idea for selecting ventilation methods for long tunnels 

Fig. 15   Wind speed and static pressure
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with slopes. The results of the study provide a reference for 
ventilation design.

(1)	 In the complementary ventilation section, the high-con-
centration pollutants uphill have transported downhill, 
and fresh air from the downhill is supplemented to the 
uphill tunnel, which forms a U-shaped circulating ven-
tilation section (Wang et al., 2014a, b, 2020a, b, c). The 
air supply and exhaust from the shaft cause the changes 
in wind speed and pressure on the tunnel, which was 
in agreement with the wind speed and pressure distri-
bution for shaft air supply and air exhaust ventilation 
systems stipulated in the Guidelines for Design of Ven-
tilation of Highway Tunnels (JTG/T D70/2-02-2014).

(2)	 Due to the limitation of laboratory conditions, the fre-
quency of the laboratory fan is lower than that in the 
real tunnel, so the wind speed obtained in the labora-
tory is lower than the field-measured data. The varia-
tion trend of wind speed in the two conditions is the 
same, which verifies the reliability of the physical 
model.

(3)	 For the uphill tunnel, shaft air supply supplements air 
volume and ventilation power. For the actual downhill 
tunnel, shaft air supply supplements air volume, and 
the effect is more obvious in the uphill tunnel. Shaft 
air exhaust can diversion polluted air and is conducive 
to gas exchange from the uphill tunnel to the downhill 
tunnel. According to the flow field characteristic in the 
tunnel, flexible design of ventilation control mode to 
deal with different situations.
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