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Abstract: Tunnels play a vital role in enhancing traffic flow and supporting public transportation
systems. However, the discharge of polluted air and waste heat from vehicles passing through tunnels
significantly raises the temperature inside, presenting challenges in terms of occupant comfort, tunnel
safety, and infrastructure integrity. Therefore, ensuring proper temperature control is essential for
their efficient operation. This study aims to investigate the phenomenon of temperature rise in
ultra-long tunnels during normal operations, as limited research has been conducted in this area. The
Shanghai Yangtze River Tunnel serves as a case study, utilizing temperature and air velocity data
collected throughout the year (2021) from the management company. The analysis reveals that the
temperature distribution near the tunnel exit is influenced by outdoor temperature fluctuations and
traffic volume. The highest temperatures occur on 25 August (39.74 °C) during peak traffic hours.
On-site measurements of tunnel temperature, humidity, and air velocity during winter and summer
seasons yield the following results. During winter, the air temperature and wall temperature inside
the tunnel experience significant increases along its length. The air temperature rises by approximately
11 °C from the entrance to the exit, while the wall temperature increases by about 15 °C. In contrast,
during summer, the air temperature only rises by 2.7 °C, and the wall temperature increases by
around 3 °C. Consequently, the humidity decreases along the tunnel, and this decrease is correlated
with the magnitude of temperature increase. Furthermore, measurements of air velocity indicate that
natural and traffic-induced winds contribute to the overall airflow inside the tunnel. A temperature
data logger installed in the tunnel recorded temperature changes during the period of pandemic
lockdown and subsequent recovery, spanning the spring and summer seasons. During the lockdown
period, there was a relatively small increase in temperature along the tunnel, suggesting that vehicle
heat dissipation is the primary factor contributing to temperature rise inside. Additionally, a method
is proposed to predict the cross-sectional temperature of the tunnel using measured air velocities.

Keywords: ultra-long underwater tunnel; temperature distribution; ventilation; temperature control;
on-site measurement

1. Introduction

Tunnels play a critical role in reducing traffic time and promoting economic growth in
public transportation systems. Proper ventilation and temperature control are essential for
ensuring their normal operation. Studies have shown that when cars pass through tunnels,
they discharge polluted air and waste heat into the surrounding environment. Waste heat
constitutes about 80% of the tunnel’s total heat sources, with lighting, ventilation, and
traffic control equipment contributing to the rest [1,2].
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The heat generated by vehicles released into the tunnel can be transferred to the
surrounding rock, which is driven forward by natural or mechanical ventilation through
the shaft or tunnel exit, causing air temperature to rise inside the tunnel. In long tunnels
with high traffic flow, the heat generated by vehicles can accumulate, causing the air
temperature in the direction of tunnel ventilation to rise continuously. If the outdoor
temperature is high, the temperature near the tunnel exit may exceed safety limits, leading
to occupant thermal discomfort, unsafe tunnel operation, and damage to tunnel lining.

For instance, when the tunnel length exceeds 5 km at normal vehicle speed (80 km/h),
occupants’ exposure time in the tunnel can reach 6-10 min. The recommended exposure
time and temperature in tunnels are 2.5 min above 40 °C [3]. Therefore, temperature
increases tend to cause discomfort for passengers and maintenance personnel in tunnels
and may exceed human tolerance. However, temperature rises in tunnels can lead to
decreased engine efficiency and air-conditioning cooling capacity of vehicles and cause
oil circuit faults. With the increasing proportion of electric vehicles, temperature rises in
tunnels may also affect battery performance and safety, leading to traffic accidents.

In general, cooling measures must be applied once the air temperature in tunnels be-
comes too high. However, research on the temperature distribution inside tunnels typically
focuses on the construction stage or fire scenario because of the significant impact of the
internal temperature on the safety of construction workers, driver, and conductor [4-6].
Actual measurements and studies on the phenomenon of temperature rise throughout
the tunnel are scarce. Therefore, understanding the reasons behind this phenomenon and
its long-term impact on the operation of ultra-long tunnels is crucial. There is an urgent
need for relevant actual measurement data support. The Shanghai Yangtze River Tunnel,
an exceptionally long underwater tunnel, has been in operation for 14 years. Since the
implementation of its monitoring system in 2018, a significant volume of data has been
accumulated. However, there is currently a deficiency in conducting thorough analysis of
this data, which is pivotal in comprehending the temperature and wind speed conditions
inside the tunnel. Such analysis is crucial in guiding the daily ventilation operation of
the tunnel.

The primary method used for cooling tunnels is increasing the ventilation rate, which
involves the use of high-powered fans to enhance airflow and remove heat from the
tunnel. However, in the case of exceptionally long tunnels, the required ventilation rate for
temperature control can be much greater than that needed for pollutant control, leading to
significant energy consumption and operational costs [7]. To address this issue, China’s
“Ventilation Design Rules for Highway Tunnels” (JTG/T D70/2-02-2014) have established
guidelines for tunnel ventilation, specifying that the design ventilation velocity should
not exceed 10 m/s for one-way traffic and 8 m/s for two-way traffic. These guidelines
have proven effective in mitigating cooling and smoke extraction challenges by limiting
the reliance on increasing ventilation rates in tunnels.

Current theories on tunnel ventilation primarily focus on sudden fires that may occur
within tunnels [8-12]. Wan et al. [13] conducted a study on the performance of ceiling jets
induced by dual, unequal, strong plumes in a naturally ventilated tunnel. The authors
proposed models for maximum temperature and temperature decay profiles, which can be
used to predict ceiling gas temperatures and the operating state of ceiling jets in tunnels.
Yi et al. [14] analyzed the air inlet velocity and temperature distribution in an inclined tun-
nel with a single shaft under natural ventilation. Their findings suggest that the variation in
fire source location, shaft height, and tunnel slope have a significant impact on the air inlet
velocity. Collela et al. [15] developed a novel 3D coupled 1D modeling approach for ventila-
tion flow in tunnels at ambient conditions (i.e., cold flow). Their work lays the foundation
for coupling fire-induced flows and ventilation systems, where further complexities are
introduced by the hot gas plume and smoke stratification. Oka et al. [16] investigated the
ceiling-jet thickness and vertical distribution along a flat-ceilinged horizontal tunnel. They
applied a cubic function and coordinate transformation to develop empirical formulae
for the temperature and velocity distributions. Kim [17] utilized dynamic-grid numerical
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simulations to examine the effects of vent shaft location on ventilation performance during
fire emergencies in subway tunnels. Recently, Huang et al. [18] conducted an experimental
investigation of temperature profiles with a downstream vehicle in a longitudinally ven-
tilated tunnel. Their findings suggest that an ignited vehicle can result in a temperature
hump and a larger high-temperature region downstream.

On the other hand, many works have been conducted on ventilation during the
construction period of tunnels [19-23]. To address the high-temperature environmental
hazards caused by concrete hydration heat release during tunnel construction, Wang [24]
studied the heat generation mechanism of the heat source in the tunnel using theoretical
analysis and numerical simulation and analyzed the temperature control in the tunnel under
different ventilation wind speeds and ventilation temperatures. In order to evaluate the
effect of ventilation on the thermal performance of tunnel lining ground heat exchangers
during tunnel construction, thermal response field tests considering ventilation were
performed in the Linchang tunnel. A 3D numerical model of tunnel lining GHEs was built
and verified with the field monitoring data. Zhang et al. [25] proposed an air layer structure
for controlling the thermal environment in high ground temperature tunnels and for
meeting environmental requirements during tunnel construction. Thermal response field
experiments on a mountain tunnel equipped with an air layer structure were conducted
under tunnel ventilation and heating. The variations in air temperature inside the tunnel
and thermal response characteristics of the surrounding rock under the condition of a
tunnel with an air layer structure were analyzed. Lin et al. [26] innovatively established a
high-temperature comprehensive control system for high geothermal tunnels, combining
high-temperature treatment in the tunnel and high-temperature heat source insulation.
The high-temperature comprehensive control system and cooling measures, including
mechanical ventilation, are adopted based on on-site temperature monitoring so that the
temperature in the tunnel can meet construction requirements.

The daily operation of tunnel ventilation systems is also crucial for maintaining safety.
However, this operation differs from that during the fire and construction period [27].
In the Yangtze River Tunnel in Shanghai, a preliminary study found that the tunnel jet
fans are often only opened briefly due to operating costs and noise [28], which can lead
to local overheating caused by the accumulation of heat dissipation from tunnel vehicles.
Guo et al. [29] reported that long tunnel ventilation systems in China require a significant
investment for installation and have high energy consumption during operation. Unfortu-
nately, even if they can be installed, they may not be affordable to operate. As a result, many
ventilation systems have had to reduce their working time and service quality to cut down
on expenses, and innovative and effective technologies are still lacking. Zhao et al. [30]
have proposed a robust numerical method for modeling ventilation through long tunnels
in high-temperature regions based on a 1D pipe model. They have pointed out that both
ventilation velocity and time are crucial parameters that determine the air temperatures in
the tunnel and surrounding rocks. Wang et al. [31] have investigated domestic and foreign
tunnel ventilation design standards and have analyzed the impact of emission generation
formula, base emission rates, and time factors on ventilation system design through a
calculation example. Their research shows that the 2017 Shanghai Code and 2019 PIARC
Ventilation Report consider the impact of NO2 and non-emission particles on the demand
for fresh air in tunnels, whereas the 2014 China Guidelines do not. Ciocanea et al. [32]
have introduced the concept of modular ventilation and quantitatively studied the effects
of air outlet placement and spacing on the tunnel temperature field. Chu et al. [33] have
invented a GA-based fuzzy controller design for tunnel ventilation systems, which aims
to maintain an adequate level of the CO pollutant concentration and visibility index (VI)
while minimizing power consumption. Li’s group [34,35] has conducted several signif-
icant works in tunnel ventilation, including testing the temperature, humidity, and air
velocity based on the traffic flow statistics in an urban undersea road tunnel. They have
also analyzed in detail the impact of the temperature difference between the outdoor air
temperature during evening peak traffic flow and the ventilation design temperature at
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14:00 on the ventilation rate. To control the temperature of undersea road tunnels, they
have proposed a new method of determining the outdoor design temperature for summer
ventilation. Furthermore, since there is still a lack of established efficient and energy-saving
methods to control the cold air invasion of tunnels, they have used numerical simulation to
determine that a new curved tunnel structure installed at the entrance of a tunnel can form
an unpowered air curtain.

In summary, research on temperature distribution in tunnels is mainly focused on
tunnel construction and fire scenarios. During normal tunnel operations, tunnel fans are
usually not in operation due to energy consumption and noise issues associated with jet fans.
However, the temperature inside the tunnel may gradually rise due to the accumulation of
heat from vehicles, especially during summer when the tunnel is heavily congested and
traffic airflow is low. At this time, the local temperature at the end of the tunnel may be
very high, and relevant measured data are urgently needed to provide support for the time-
sharing and staged operation of tunnel mechanical ventilation. This study was conducted
against this background. We obtained temperature and wind speed data for the entire year
of 2021 in the Shanghai Yangtze River Tunnel and conducted in-depth analysis. In addition,
temperature, humidity, and wind speed measurements were conducted in the tunnel
during winter and summer, and temperature data loggers were installed in the tunnel from
February to June and in July to obtain a large amount of valuable measured data for the
tunnel, which can provide data support for the routine maintenance of a large number
of similar ultra-long underwater tunnels. Based on this, we propose a simple method
to predict the cross-sectional temperature of the tunnel using measured air velocities.
We also combine the tunnel’s purification system with local air conditioning cooling to
efficiently control the temperature rise in extremely high-temperature conditions at the exit
of extra-long tunnels, while considering both economic and energy-saving factors.

2. Method
2.1. Tunnel Overview

The Shanghai Yangtze River Tunnel starts at the Luchongsu Interchange, passes
through the south port waters of the Yangtze River, and ends at the Panyuan Road Inter-
change to the north. The total length of the route is 8955.26 m, with the main span of the
river section being 7470 m. The net distance between the two single tubes is approximately
16 m, and the cross-sectional area of the tunnel is 177 m?. The outer diameter of a tube is
15 m, with an inner diameter of 13.7 m. The lane width is 3.75 m, the total width is 22.5 m,
and the maximum depth is 55 m. The road is a two-way six-lane highway, designed for a
speed of 80 km/h. The cross-sectional view of the tunnel is shown in Figure 1.

15m

Figure 1. The cross-sectional view of the Shanghai Yangtze River tunnel.
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The tunnel consists of a surface road, an underwater tunnel section, and various
interchanges. The main section of the tunnel’s horizontal road is shaped like an “S” and is
arranged in a northeast to southwest direction. The main river-crossing section of the tunnel
consists of a double-line circular tunnel, and the tunnel lining is made of reinforced concrete
pipe sections. The tunnel is divided into three levels: the upper level is the smoke exhaust
duct, the middle level is the three-lane highway lane, which does not have an emergency
parking lane, and the lower level is reserved for rail space, escape routes, and equipment
channels. Stairwells for evacuation are located between the middle and lower levels.

The cross-sectional layout of the circular tunnel can be divided into three levels: the top
of the tunnel is for smoke exhaust fans, smoke exhaust ports, and jet fans; the middle section
is for the three-lane highway, with variable message signs, lighting fixtures, emergency
broadcasts, cameras, water spray nozzles, and other equipment above the lanes; and below
the lanes are reserved for rail traffic channels. Three to four jet fans are arranged in the
same longitudinal position, evenly arranged along the way, totaling 107 sets. The Shanghai
Yangtze River Tunnel has wind towers on both Pudong and Changxing Islands, which
contain exhaust fans and axial flow smoke exhaust fans. During normal and obstructed
traffic conditions, the polluted air inside the tunnel is discharged at high altitude to reduce
environmental pollution caused by the tunnel’s exit. During fire conditions, smoke exhaust
fans are activated, and smoke inside the tunnel is discharged and controlled through the
smoke exhaust duct on the arch, which helps with evacuation and rescue.

2.2. Measuring Process

A large amount of recorded data on air velocity and temperature was retrieved and
processed through cooperation with the management company of the Shanghai Yangtze
River Tunnel. The company stated that the sensors (temperature, air velocity, etc.) near the
upstream exit of the tunnel were regularly calibrated, and the data were reliable. Then, the
actual measurements of the internal environmental parameters of the Shanghai Yangtze
River Tunnel include winter and summer testing. The winter testing was conducted from
23:00 on 23 February 2022, to 1:00 on 24 February 2022, and the summer testing was
conducted from 23:00 on 12 July 2022, to 2:00 on 13 July 2022. During the tunnel testing
process, two out of three lanes were open for normal traffic while the tunnel operator
provided us with a roller compactor to close off one lane for testing. The traffic flow inside
the tunnel was not affected at that time. 21 measuring points were arranged longitudinally
along the tunnel, mainly in areas such as emergency and connecting passages that were
convenient for fixing instruments (the on-site measurement photos are shown as in Figure 2).
The wall temperature of the tunnel was measured using an infrared thermometer (model
FLIR TG65, accuracy £1.5 °C, resolution 0.1 °C, measurement range —25-380 °C) at each
measuring point. The air velocity was measured using a hot wire anemometer (model
WFWZY-1, accuracy +0.05 m/s, resolution 0.01 m/s, measurement range 0.05-30 m/s), and
the temperature and humidity were measured using an temperature and humidity meter
(temperature accuracy 1%, temperature resolution 0.1 °C, measurement range —40-100 °C;
humidity accuracy 3 RH, humidity resolution 0.1 RH, measurement range 0-100% RH). A
temperature data logger (model WZY-1, accuracy £0.3 °C, resolution 0.1 °C, measurement
range —20-80 °C) was installed to record the air temperature at each measuring point for a
period of time (the instruments used for winter testing were retrieved on June 9, and those
used for summer testing were retrieved on 1 August). The outdoor temperature, humidity,
and air velocity on the day of the actual measurements were obtained directly from on-site
measurements, and the outdoor temperature data corresponding to the temperature data
logger were obtained by retrieving temperature data from two meteorological stations near
the entrance and exit of the tunnel.
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Figure 2. Site pictures for winter and summer test.

3. Results
3.1. Operation Monitoring Data

Due to our primary focus on the temperature distribution at the tunnel exit location
(approximate worst-case measurement point), we analyzed the data provided by the
tunnel management company only for the entire year of 2021 at that point. We retrieved
and organized several relevant data from the database of the Yangtze River Tunnel and
extracted monitoring data from the typical periods at the tunnel exit measurement point.
As 8:00, 17:00, and 18:00 correspond to the peak commuting time of Shanghai’s morning
and evening rush hours, we organized the data for these time periods and also selected the
data from 15:00, a time with lower traffic volume, as supplementary. Since the upstream
exit of the tunnel is close to Chongming District, we also retrieved the hourly historical
temperature data for Chongming District for the entire year of 2021 as a comparison. We
hope to obtain the relationship between the temperature distribution at the tunnel exit and
the annual temperature distribution of the region by analyzing the data and clarify the
impact of traffic volume on the cumulative effect of tunnel temperature. The monitoring
data of the tunnel exit temperature at 8:00, 15:00, 17:00, and 18:00 in 2021 for the entire year
are shown in Figure 3, and the corresponding historical temperature data for Chongming
District at 8:00, 15:00, 17:00, and 18:00 in 2021 are also shown in Figure 3.

The temperature of tunnel exit is mainly affected by the superimposition of outdoor
temperature and traffic volume. Overall, the temperature distribution near the exit of the
Yangtze River Tunnel exhibits a hot summer and cold winter pattern throughout the year,
with the lowest temperature occurring in January and the highest temperature occurring
in July and August (the average temperature in August is higher than in July), indicating
that the tunnel temperature is greatly affected by fluctuations in outdoor temperature.
Although there is a large traffic volume at 8:00, the monitoring temperature throughout
the year is lower due to the lower outdoor temperature than in the afternoon. The traffic
volume and outdoor temperature are both higher in the afternoon from 17:00 and 18:00, so
the monitoring temperature peak occurs at this time of day throughout the year. Figure 3c
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shows that the highest temperature in the tunnel in 2021 occurred at 17:00 on 25 August,
reaching 39.74 °C.

— —®— The measuring temperature of the tunnel exit at 8:00 50 - —® The measuring temperature of the tunnel exit at 15:00
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Figure 3. Data for temperature monitoring at the tunnel exit and in Chongming district during certain
periods: (a) Data at 8:00; (b) Data at 15:00; (c) Data at 17:00; (d) Data at 18:00.

When comparing and analyzing the daily hourly temperatures in Chongming district
that year, it was found in Figure 3a that the temperature difference between the temperature
at 8 am in the summer and the tunnel temperature was relatively small. This is because the
tunnel air temperature in the summer is affected by the heat exchange of the lining, the
external temperature, and the heat dissipation of the cars. The lining directly exchanges heat
with the soil at a lower temperature in the Yangtze River, resulting in a lower temperature
in the tunnel air, which leads to a certain degree of temperature drop. At the same time, the
temperature at 8:00 is generally 2-3 °C lower than the average temperature of the day, so the
temperature at the tunnel exit is relatively close to the temperature in Chongming district
in the summer at 8:00. After entering the winter season, the temperature at the tunnel
exit during this time period is significantly higher than the temperature in Chongming
district. This is because the tunnel has a thermal insulation effect in the winter, and the heat
dissipation from the cars in morning rush gradually converges towards the tunnel exit due
to the effects of traffic and natural wind, forming a heat accumulation zone near the exit,
which raises the air temperature. At the same time, due to the low temperature at 8:00, the
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temperature difference between the two is even more obvious. From Figure 3b, it can be
seen that the temperature at the tunnel exit at 15:00 is relatively close to the temperature in
Chongming district, and the temperature difference between the two in the winter at 8 am
is smaller than in the afternoon at 15:00. This is because the traffic volume is smaller in the
afternoon (before 17:00), and the tunnel heat accumulation caused by car heat dissipation
is not significant, so the temperature at the tunnel exit rises limitedly. In addition, the
temperature at 3 pm usually corresponds to the highest temperature of the day, so the
temperature difference between the tunnel exit and the temperature in Chongming district
is relatively small during this period. From Figure 3,d, it can be seen that 17:00 and 18:00
is the peak period of traffic volume in the evening rush hour, and there is a large amount
of car heat dissipation, leading to a significant heat accumulation effect at the tunnel exit,
especially in the winter and summer seasons. Therefore, the temperature at the tunnel exit
at 17:00 to 18:00 is about 3-8 °C higher than the temperature in Chongming district, and
the temperature difference is greater in summer than in winter.

We have obtained the hourly air velocity data at the exit of the tunnel in October 2021.
The results show that although the Yangtze River Tunnel seldom turns on the jet ventilation
system to save operating costs and reduce the impact of fan noise on residents, the natural
wind and traffic flow inside the tunnel can still form an air velocity of around 2-6 m/s.
The air velocity distribution is generally random, but the time when the monitored air
velocity is low is mainly during the morning and evening rush hours. This is because traffic
congestion leads to a decrease in traffic wind speed, which in turn causes a decrease in
the tunnel exit wind speed (the vector sum of traffic and natural wind). Compared with
the average air velocity in Chongming District in October 2021 (not considering the wind
direction), the tunnel exit air velocity is significantly higher, indicating that traffic wind
inside the tunnel contributes significantly to the monitored air velocity. When traffic is
smooth, the air velocity inside the tunnel can reach 6 m/s, and the contribution rate of
traffic wind exceeds 50%. From Figure 4, it can also be seen that the air velocity at the tunnel
exit during peak traffic hours is close to the hourly average wind speed in Chongming
District, indicating that the traffic-induced wind at the tunnel exit tends to be zero at this
time, and natural wind is dominant.

—e— Hourly air velocity at the measuring point of the tunnel exit in Oct 2021
Average air velocity in Chongming District in Oct 2021

Figure 4. Hourly data for air velocity monitoring at the tunnel exit and in Chongming district during
October 2021.

3.2. Field Measurement Data

During the winter and summer measurements, we tested the ground wall temperature,
upper/left/right lining wall temperature at 21 measurement points. We also measured the
air velocity, temperature, and humidity at each measurement point. After data processing,



Buildings 2023, 13, 1804

90f17

Mean cross-sectional air velocity (m/s)

Mean cross-sectional air velocity (m/s)

the measuring results of the winter and summer air velocity, temperature, and humidity
are shown in the Figure 5.

10 r —_ T T T T —~_~
—aA— Distribution of measured air velocity inside the tunnel © |glL  —e—Thedistribution of air temperature inside the tunnel X
from 23:00 to 24:00 at night ~ The distribution of relative humidity inside the tungel ;
2 £
L 3 L ° =
8 § 16 . / E
2 pd =
E 14 e 2
6 A A = e ¢ =
N A \ A E 12 .,o’. £
A\A ,A"\ / A / \ g . e g
4t L\ N\ A N R g
A\A PN g ./°/ g
2 8- 4 2
1< /
2F 5 ./' §
2 6 —.,/ The outside temperature of the tunnel is 2°C E
s z
0 1 1 1 1 = 4 1 1 1 1 =
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Distance from the tunnel entrance (m) Distance from the entrance (m)
(@) (b)
Figure 5. Results depict (a) measured winter air velocity and (b) air temperature and humidity in
the tunnel.

According to the test results, in winter, the air velocity inside the tunnel fluctuates
between 3-6 m/s, mostly around 5 m/s. At this time, the tunnel mechanical ventilation
system was not turned on, so the air velocity was mainly affected by the traffic flow.
The time of measurement was from 23:00 to 24:00, during which the traffic volume was
relatively low. It can be predicted that if the traffic volume increases and there is no
congestion and the vehicle speed is normal, the traffic-induced air velocity will further
increase, but the increase will be limited. As shown in Figure 6b, the air temperature inside
the tunnel increases from the entrance to the exit, which is consistent with the accumulation
of heat effect. At the same time, the relative humidity of the air inside the tunnel gradually
decreases along the way, mainly due to the increase in the saturated vapor pressure caused
by the increase in air temperature. Under the condition where the vehicles almost do not
release or absorb moisture, the relative humidity gradually decreases along the way.
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Figure 6. Results depict (a) measured summer air velocity and (b) air temperature and humidity in
the tunnel.



Buildings 2023, 13, 1804

10 of 17

Different from the results in winter, the air velocity inside the tunnel fluctuates between
2-3 m/s in summer, mostly around 2 m/s. Compared with the winter test results, the air
velocity inside the tunnel is significantly lower in summer. We found that the natural wind
speed outside the Chongming Island Tunnel in Shanghai on the day of the summer test
was small, at 0.27 m/s, while the natural wind speed outside the Chongming Island Tunnel
in Shanghai on the day of the winter test was large, at 2.8 m/s. The traffic volume during
the same time period in both seasons was not much different, so it is speculated that the
difference in the test results of air velocity between winter and summer is mainly influenced
by the natural wind speed inside the tunnel. As shown in the Figure 6, the air temperature
inside the tunnel increases from the entrance to the exit, consistent with the accumulation
of heat effect (rising from 30.2 °C to 32.9 °C), but compared with the temperature rise in
the same period in winter (rising from 5.8 °C to 17.1 °C in Figure 5), the temperature rise
in summer (2.7 °C) is significantly lower. It has been found that in winter, the enclosing
structure of an underwater tunnel plays a role in insulating the tunnel, and the enclosing
structure acts as a heat storage unit, causing a significant increase in temperature along the
tunnel. In summer, however, the enclosing structure of an underwater tunnel comes into
direct contact with the outside water and sediment (which have temperatures significantly
lower than outdoor air), and the enclosing structure acts as a cold storage unit, causing
the heat dissipation of the cars to be transferred to the tunnel enclosure, resulting in an
overall smaller temperature increase along the tunnel. These phenomena are similar to
the phenomenon of cool summers and warm winters in caves. With regard to the relative
humidity inside the tunnel, the overall relative humidity of the air gradually decreases
along the tunnel in both winter and summer. This is mainly due to the increase in air
temperature causing an increase in the saturated vapor pressure, resulting in a gradual
decrease in relative humidity when there is almost no moisture exchange between the
vehicles and the tunnel walls. It should be noted that the difference in the decrease in
relative humidity between winter and summer is mainly due to the temperature difference.

We then conducted a statistical analysis of the temperatures of various tunnel walls in
winter, and the results are shown in Figure 7 below.

In winter, the temperature distribution of all tested walls of the tunnel section is similar,
with the temperature increasing from 0 °C at the tunnel entrance to about 15 °C at the
exit. The temperature rise near the exit tends to level off, while in the middle section of the
tunnel, the temperature rises almost linearly. At the same time, the wall temperature in
winter is slightly lower than the air temperature, indicating that the lining of the tunnel
has a good insulation effect on the tunnel. The heat emitted by the cars during the driving
process has evenly heated the tunnel, and some of the heat is brought to the back half of
the tunnel by the traffic ventilation, making the overall temperature rise of the tunnel walls
more significant.

The statistical results of the wall temperature test in summer are shown in the Figure 8.
In summer, the temperature of the walls on both sides of the tunnel section is about
1-2 °C lower than the air temperature inside the tunnel. From the entrance to the exit, the
temperature of each wall gradually increases, but the increase is only around 3 °C. The
temperature rise inside the tunnel is not significant, and in some points along the tunnel,
there are even cases of temperature decrease. This is because the tunnel lining directly
exchanges heat with the surrounding soil and water, forming a natural cold source that
continues to cool the tunnel. It can be predicted that when the traffic volume increases,
especially in traffic jams, the temperature rise along the tunnel will further increase. If the
outdoor temperature in summer exceeds 35 °C, the tunnel’s heat accumulation effect may
cause the temperature near the exit of the tunnel to exceed the limit of 40 °C.
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Figure 8. Measured results of tunnel lining wall temperature in summer: (a) Distribution of ground
wall; (b) Distribution of upper wall; (c) Distribution of left wall; (d) Distribution of right wall.

3.3. Long-Term Measurement Data

On 23 February 2022, we deployed 21 temperature data loggers in the Shanghai
Yangtze River Tunnel. Due to the city’s lockdown during the COVID-19 outbreak in
2022, the instruments were retrieved on June 9 when they still had power. Firstly, we
organized the data from February 23 to June 8. As the data logger recorded the temperature
every 10 min, we calculated the daily average temperature of each measurement point
for ease of graphical analysis. We also kept track of the highest temperature recorded
at each measurement point on the same day. Based on Figure 9, it can be observed that
the cumulative temperature effect inside the tunnel decreases as the outdoor temperature
increases. During winter, the temperature rise from the entrance to the exit of the tunnel
can reach up to 12 °C, while in spring, it is generally reduced to below 5 °C, with some
days having a temperature rise of only 2-3 °C. It was also found that the temperature
inside the tunnel in winter is significantly higher than the daily average temperature in the
Chongming District. However, in spring, the temperature inside the tunnel at sometimes
is even lower than the outside air temperature, indicating that the tunnel has a thermal
insulation effect in winter. After spring and summer, the heat exchange between the tunnel
enclosure structure and the outside water and soil reduces the temperature of the inner
wall of the tunnel, indirectly lowering the air temperature inside the tunnel. Additionally,
Figure 9 shows that during the period of epidemic prevention and control, the temperature
rise along the tunnel decreased to some extent. This was due to the gradual increase in
temperature on the one hand, and the decrease in traffic flow and heat dissipation from
vehicles caused by the control measures on the other hand, resulting in a less obvious
temperature rise along the tunnel caused by the heat dissipation of vehicles and traffic
ventilation effect.

To obtain the temperature distribution in the Shanghai Yangtze River Tunnel during
summer, temperature recorders were installed again on the night of July 12th, and the
instruments were retrieved on 1 August. During this period, the instruments worked
normally, and the data from 12 July to 1 August were further processed using the same
method as in winter. As shown in Figure 10, the temperature rise along the tunnel in
summer is generally between 2—4 °C, which is consistent with the on-site measured data
on the night of 12 July. If the monitoring data of the highest temperature inside the tunnel
on the same day is further combined (5 min interval data, only briefly appearing during
the afternoon rush hour), the maximum temperature rise along the tunnel is about 5.5 °C.
The highest temperature inside the tunnel occurred on 14 July, which is the day with the
highest daily average temperature in Shanghai in July, reaching 39 °C. As the ventilation
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system of the Shanghai Yangtze River Tunnel was not operating during its operation in
July, it can be anticipated that the measured temperature will be further reduced when the
ventilation system is turned on.
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Figure 9. Recorded results of tunnel temperature data logger in winter and spring.
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Figure 10. Recorded results of tunnel temperature data logger in summer.

4. Discussion

After compiling the data provided by the tunnel operator for the year 2021, we
noticed a correlation between the measured wind speed and the temperature inside the
tunnel (Figure 11 was generated by fitting the data based on wind speed and temperature
information provided by the tunnel operator for the year 2021). Specifically, we found
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that higher wind speeds at measurement points inside the tunnel corresponded with
lower temperatures at those points, assuming the temperature outside the tunnel remained
constant at a given time. This correlation was most pronounced at measurement points
closer to the tunnel exit, where the convective heat transfer effect was enhanced due to the
higher temperature of the air in that area. By fitting different curves to the relationship
between temperature and wind speed in different sections of the tunnel, we can predict the
temperature at a given point as long as we know the wind speed, and vice versa. Using
this information, we can turn on the jet fan to create a predictable change in temperature
with wind speed, extending the curve we have fitted. This provides a more straightforward
method for predicting temperature changes in different sections of the tunnel and can be
useful in practical applications.
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Figure 11. The relationship between measured air velocity and temperature at different cross-section
measuring points inside the tunnel in summer.

With the increase of traffic volume in recent years, the congestion of Shanghai Yangtze
River Tunnel during peak hours has become increasingly severe, especially during week-
ends and holidays. Due to long-term traffic congestion, commuting time from Pudong
to Chongming may last for several hours. It can be foreseen that in the high temperature
weather of summer, due to the large amount of heat emitted by car engines and refriger-
ation, and the extremely small traffic wind during congestion, the phenomenon of heat
accumulation in the tunnel will intensify. Under such extreme unfavorable working con-
ditions, based on the above measured results, it can be predicted that the area where the
temperature in the tunnel exceeds the limit will be close to the tunnel exit, and the time
when this most unfavorable working condition occurs is extremely limited. For China’s
newly-built super-long tunnels such as the Haitai Tunnel, their length is longer than the
Shanghai Yangtze River Tunnel and their designed traffic volume is greater. Under the
premise of extremely small traffic winds caused by extreme congestion, conventional tunnel
jet ventilation alone is difficult to meet the local temperature control requirements near
the tunnel’s exit. If high-temperature areas in similar tunnels that have already been built
can be identified through long-term measurements, the cooling capacity required for local
overheating areas can be predicted by combining numerical simulation results of the tunnel
temperature field. Local air conditioning and refrigeration facilities can be installed on
sections of the tunnel where there is a risk of overheating.

Based on the principles of conservation of energy and mass, the cooling capacity
required for local cooling in the tunnel can be calculated using the following formula:

Q:(Tout_TO)'P'Cp'U'A (1)
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where Q represents the required cooling capacity of the cooling equipment, W. T repre-
sents the average temperature at the tunnel exit section, °C. T represents the temperature
limit of the tunnel, °C. p represents the air density, kg/m?>. c, represents the specific heat
capacity of air at constant pressure, J/(kg-°C). v stands for air velocity in the tunnel, m/s.
A represents the cross-sectional area of the tunnel, m?.

The fan of the air purification system (previously designed and installed) at the end of
the tunnel can be used to deliver the cooled air to the overheating area in a short period
of time. This approach is expected to save initial investment and operating costs while
ensuring that the local temperature does not exceed the limit.

5. Conclusions

In conclusion, proper ventilation and temperature control are crucial for the normal
operation of tunnels, especially in long tunnels with high traffic flow. The heat generated by
vehicles released into the tunnel can cause the air temperature to rise, leading to discomfort
for occupants, low vehicle performance, and potential damage to the tunnel infrastructure.

Research on temperature distribution in tunnels has primarily focused on tunnel
construction and fire scenarios, with limited studies on temperature rise during normal
tunnel operations. The accumulation of heat from vehicles, particularly during congested
periods, can result in high temperatures at the tunnel exit. Actual measurement data are
urgently needed to support the time-sharing and staged operation of tunnel mechanical
ventilation and routine maintenance of similar ultra-long tunnels.

This study, conducted in the Shanghai Yangtze River Tunnel, provides valuable mea-
sured data for understanding temperature and air velocity patterns throughout the year.
The analysis reveals that the temperature at the tunnel exit is influenced by outdoor tem-
perature and traffic volume, with higher temperatures observed during peak traffic hours.
This work also demonstrates that the air temperature rises by approximately 11 °C from the
tunnel entrance to the exit, while the wall temperature increases by about 15 °C. In contrast,
during the summer, the air temperature only increases by 2.7 °C, and the wall temperature
increases by around 3 °C. As a result, the humidity decreases along the tunnel, and this
decrease is correlated with the magnitude of the temperature increase. Furthermore, mea-
surements of air velocity indicate that both natural and traffic-induced winds contribute
to the overall airflow inside the tunnel. A temperature data logger installed in the tunnel
recorded temperature changes during the period of pandemic lockdown and subsequent
recovery, spanning the spring and summer seasons. During the lockdown period, there
was a relatively small increase in temperature along the tunnel, suggesting that vehicle
heat dissipation is the primary factor contributing to the temperature rise inside.

Based on the findings, a simple method is proposed to predict the cross-sectional
temperature of the tunnel using measured air velocity. The study suggests integrating the
tunnel’s end ventilation and purification system with local air conditioning cooling as an
efficient approach to controlling temperature rise in extremely high-temperature conditions
of extra-long tunnels, while considering economic and energy-saving factors.

In summary, understanding temperature distribution in tunnels and implementing
effective cooling strategies are essential for ensuring safe and comfortable tunnel opera-
tions. Further research and data collection are needed to improve the understanding of
temperature dynamics in tunnels and support the development of efficient and sustainable
cooling solutions.
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