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Abstract: Saving energy is a major challenge for the development and safety of the world. Researchers
at home and abroad have been continuously working on energy saving technology in the tunnel
ventilation for decades. Based on segmented longitudinal ventilation for extra-long road tunnels,
the main ventilation mode and utilization method of natural wind energy in extra-long road tunnel
were analyzed in this paper. In addition, the possible velocity distribution of natural wind in each
section under wind pressure was investigated. Principles of natural wind in each tunnel section
were studied based on long-term monitored meteorological factors. Accordingly, a fan equipment
configuration method with high guaranteed rate during tunnel operation was proposed. A calculation
method for energy-saving network ventilation in the tunnels was established. A feasible and efficient
optimized energy-saving ventilation strategy was proposed, which utilizes natural wind and reduces
the operation energy consumption. Thus, the annual energy saving in ventilation can reach up to
43.2% compared to previous energy costs when the intelligent ventilation system works. The research
results can properly combine natural wind energy with mechanical ventilation to realize the smart
self-energy saving in extra-long tunnels.
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1. Introduction

Climate separation zone usually means the transition region between two different climate
zones. Miles of towering mountains stand and interdict the extending of one climate from one side
of the mountain to the other side. Rich wind resources in these regions are available for further
exploitation but never fully used. Moreover, natural wind, inside the extra-long tunnels located in
climatic separation zone, shows more obvious effect on ventilation than in other regions [1,2] and its
velocity in the tunnels can be 4–7 m/s [3]. However, in the design phase, natural wind is assumed as
resistance in the tunnel ventilation modes [4]. Actually, the defect of the assumption is that natural
wind sometimes can be assistance. If the traditional ventilation method is applied in the design of
extra-long tunnel, the number of fans will be unreasonable. Consequently, traditional ventilation
design is not suitable for tunnels in climatic separation zone. In these extra-long tunnels, the control
strategy combining natural ventilation and mechanical ventilation together is of great significance.

According to our literature search, different from the abundant research of natural ventilation in
building, the application of natural ventilation in long tunnels is rarely reported. Yoon et al. reported
that the airflow caused by the natural ventilation pressure is large enough (up to 29.26% of mechanical
ventilation) to increase the efficiency of the ventilation system in tunnels with shaft [5]. Yan et al.
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analyzed the naturally ventilated urban vehicular tunnels with multiple roof openings and held the
view that piston effect exists in such tunnels but is weak [6]. Under traffic jam, thermal pressure is a
main factor which influences inside flow field [7]. Liu et al. simulated the piston effects in a subway
system. He found that a larger sectional area will result in smaller air velocity in shaft and less effective
air exchange between tunnel and outside ambient [8].

Mechanical ventilation usually takes up huge space in tunnel for ventilation equipment and
costs much for maintenance and electrical energy consumption in operation [9]. In semi-transverse
ventilation, the driving space is treated as an air delivery duct or air exhaust duct. If setting air delivery
ducts and air exhaust ducts in full-transverse ventilation, no longitudinal wind flow happens inside
the tunnel. Good ventilation results are obtained in extra-long tunnels after applying this ventilation
mode, but the drawback is high construction costs due to large occupied space in the tunnel [10]. Shafts
or inclined shafts serve as air inlets or outlets in segmented longitudinal ventilation, the extra-long
tunnel is divided into several segments [11]. Construction expense will obviously decline compared to
semi-transverse ventilation [12].

How can sufficient airflow in tunnels be provided with minimum energy consumption? With the
development of sensor technology, control strategies of intelligent ventilation were put forward [13,14].
Tunnel ventilation is optimized by controlling jet fans and dust collectors installed inside the tunnel [15].
Jet fans blow polluted air outside the tunnel and sensors measure the contents of pollutants in the
tunnel. By means of the approach, it was possible to reduce energy consumption while keeping the
degree of pollution within allowable range. Modern control methods in tunnel ventilation include
fuzzy control, neural networks, expert systems, etc. Several studies about the intelligent control on
tunnel ventilation were reported [16–24]. The development tendency of tunnel ventilation will be
comprehensive, systematic, intelligent and energy-saving [25].

The Nibashan tunnel is located in climatic separation zone of China. The law of natural wind
velocity in the tunnel was studied in this paper. According to the meteorological parameters on both
sides of the tunnel and the meteorological principles, the natural wind velocity inside the tunnel
was calculated. Then, the idea of different ventilation modes employed in different periods was
proposed. Based on the perennial monitoring, the change rules of natural wind in the tunnel were
obtained. By adjusting the number of the working fans, the intelligent ventilation will obviously
reduce construction investment and operation consumption.

2. Materials and Methods

2.1. Calculation Methods of the Natural Wind Velocity in the Tunnel

Natural wind pressure of an extra-long highway tunnel is influenced by several factors. These
factors include temperature, atmospheric pressure, wind velocity and direction at both ends of the
tunnel [26]. The differential pressures are affected by ultra-static pressure difference, thermal-potential
pressure difference and ventilation-wall pressure difference. Yoon et al. believed that the longer a
ventilation shaft is, the better natural ventilation will be [5]. Natural wind velocity inside a tunnel
is influenced by meteorological conditions at the tunnel portals as well as the boundary conditions
inside the tunnel [27].

2.1.1. Calculation Method of the Natural Wind Velocity in the Tunnel without Inclined Shafts

For tunnels without inclined shafts (Figure 1), the natural wind velocity inside can be calculated
as follows [28,29]. The calculation method of natural wind resistance for the tunnels without shafts is
shown in Equation (1).

∆P = (ξen + ξex + λr ·
L

Dr
) · ρi

2
· vi

2 (1)
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Figure 1. Calculation method of natural wind in the tunnel without shafts.

With the factors influencing the natural wind velocity in the tunnels, ∆P is composed of ultra-static
pressure difference (∆Pu), ventilation-wall pressure difference (∆Pw) and thermal-potential pressure
difference (∆Pt), as shown in Equation (2).

∆P = ∆Pu + ∆Pw + ∆Pt (2)

During the design phase, the natural wind velocity is often set as 2 m/s–3 m/s. Based on
Equations (1) and (2), Guo et al. proposed a new calculation method for the natural wind velocity
inside the tunnel, which is briefly introduced below [30].

If there is no airflow in a tunnel, the static pressure difference between the tunnel portals is
equal to the air pressure inside the tunnel produced by gravity. Otherwise, the equation will be false.
The differential pressure is called ultra-static pressure difference. The ultra-static pressure difference is
calculated as:

∆Pu = Pen − Pex − ρi · g · H (3)

The ventilation-wall pressure difference refers to the difference between dynamic pressure and
static pressure. After blowing to the tunnel entrance, the natural wind outside the tunnel is decelerated
by mountains and then part of the dynamic pressure is converted into static pressure, which is called
“ventilation-wall pressure difference”. It is calculated as follows [30]:

∆Pw = 0.35× ρen · (vαen · cos αen)
2 − 0.35× ρex · (vαex · cos αex)

2 (4)

The difference in the air temperature between inside and outside the tunnel results in different air
density. The temperature difference and the elevation difference between two portals of the tunnel
will cause pressure difference with airflow, which is called thermo-potential difference [31]. It can be
calculated as Equation (5):

∆Pt = (ρavg − ρi) · g · H (5)

Combining of Equations (1)–(5), the natural wind velocity inside the tunnel can be obtained as:

vi =

√√√√√2×
Pen − Pex − 2× ρi · g · H + 0.35×

[
ρen · (vαen · cos αen)

2 − ρex · (vαex · cos αex)
2
]
+ ρavg · g · H

ρi · (λr · L
Dr

+ ξe + 1)
(6)

2.1.2. Calculation Methods of the Natural Wind Velocity in the Tunnel with Inclined Shafts

Calculation Method of Ultra-Static Pressure Difference and Dynamic Pressure in the Tunnels with Shafts

As shown in Figure 2, point 3 at the shaft is set as the calculation reference point of ultra-static
pressure. The ultra-static pressure difference relative to point 1 at the lower tunnel entrance, point 2 at
the higher tunnel entrance and point 3 at the inclined shaft exit are ∆Pu1, ∆Pu2 and ∆Pu3, respectively
(∆Pu3 = 0). With the ultra-static pressure difference, the air in the tunnel and the shaft starts to flow
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and finally becomes steady. At this time, the ultra-static pressure differences in the tunnel will be
stable values. When the airflow is stable, ∆Pu4

′ stands for the sum of the ultra-static pressure ∆Pu4 and
dynamic pressure hv. Without the pressure losses of conflux and split flow taken into account, the value
of ∆Pu4

′ at the cross sections a-a′, b-b′ and c-c′ will be equal. Then, the pressure difference of the sum
of ∆Pu4 and hv at the two tunnel ends and the inclined shaft exit with respect to the inclined shaft
bottom are obtained (hereinafter referred to as differential pressure). When the airflow Qi (i = 1, 2, 3)
flows in Node 4, the value of Qi is positive, otherwise, it is negative.
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The laws of airflow resistance are shown as Equations (7)–(9).

∆Pu1
′ − ∆Pu4

′ = (R1 + R1
′) ·Q1 · |Q1| (7)

∆Pu2
′ − ∆Pu4

′ = (R2 + R2
′) ·Q2 · |Q2| (8)

∆Pu3
′ − ∆Pu4

′ = (R3 + R3
′) ·Q3 · |Q3| (9)

where Ri and Ri
′ (i = 1, 2, 3) is the frictional resistance and the local resistance of the tunnel, respectively.

For Node 1, in the ventilation network, when the air density changes little, the air quantity flowing in
Node i is equal to that flowing out of Node i, i.e., the algebraic sum at any node is zero, as shown in
Equations (10) and (11).

Q1 + Q2 + Q3 = 0 (10)

Qi = Si · vi{i = 1, 2, 3} (11)

As a middle node in the ventilation system, the air flows in and out. When the air flows from
Node i into Node 4, ∆Pu4

′ < ∆Pui. The calculation steps are listed as follows:

1. Suppose ∆Pu4
′ = min(∆Pu1

′, ∆Pu2
′, ∆Pu3

′).
2. Insert ∆Pu4

′ into Equations (7)–(9), then get the air quantities Q1, Q2 and Q3.
3. Calculate the sum of Q1, Q2 and Q3, if Q1 + Q2 + Q3 < ε, the calculation is over. ε is the control

accuracy and its value is very small, such as 0.1. The calculated Q1, Q2 and Q3 are the solutions
of the calculation. Otherwise, conduct Step 4.

4. Suppose ∆Pu4
′ = ∆Pu4

′ + 0.01, repeat Steps 2 and 3. The value of ∆Pu4
′ will not be

larger than all of ∆Pu1
′, ∆Pu2

′ and ∆Pu3
′, so another end condition of the calculation is

∆Pu4
′ = max(∆Pu1

′, ∆Pu2
′, ∆Pu3

′). When ∆Pu4
′ = max(∆Pu1

′, ∆Pu2
′, ∆Pu3

′), the calculation will
end with no results.

This calculation can be used for the air volume of each section in the tunnel. However, when it
involves a cyclic process, the calculation method is no longer appropriate.
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Calculation Method of Thermal-Potential Pressure Difference in the Tunnels with Shafts

Suppose that the air temperature in the tunnel is T3, the temperature at the tunnel entrance, exit
and (inclined) shaft exit are T1, T2 and T4, respectively. The corresponding air densities are ρ3, ρ1, ρ2

and ρ4. The elevation of the tunnel entrance, the exit, the shaft bottom and the shaft exit are H1, H2,
H3 and H4, as shown in Figure 3.
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Assume that the average air density out of the tunnel is ρavg, Equations (11) and (12) would find
thermal-potential pressure difference:

∆Pt1 = ρavg1 · g · H1−4 − ρi · g · H1−3 − ρi · g · H3−4 (12)

∆Pt2 = ρavg2 · g · H2−4 − ρi · g · H2−3 − ρi · g · H3−4 (13)

In the static atmosphere, the difference of barometric pressures between point m and point n
is the static pressure difference. If the air density in the tunnel is equal to the air density out of the
tunnel, the ultra-static pressure of point m relative to point n is zero, the air inside will not circulate.
On the contrary, if air flows in the tunnel, the driving force of air in the tunnel is the thermo-potential
difference only, whose effect is equal to ultra-static pressure. As a result, the thermo-potential pressure
difference can be treated as the ultra-static pressure difference. The equivalence results are shown
in Figure 3.

According to the ultra-static pressure difference calculation method, we can obtain the air quantity
(Qi) of each section under the influence of thermo-potential pressure difference. The principle is the
same for tunnels with many shafts, but multiple circulations are required, the circulation frequency is
equal to the number of shafts.

Generally speaking, an extra-long highway tunnel will be equipped with several shafts or inclined
shafts. Therefore, the calculation method of the ultra-static pressure difference, the thermal-potential
pressure difference and the ventilation-wall pressure difference of each tunnel section are obtained.
Insert the wind pressure value calculated into Equation (6), and we can get the natural wind velocity
of each section in the segmented longitudinal ventilation tunnel.

2.1.3. Additional Explanation about the Calculation Methods of the Natural Wind Velocity in the Tunnel

What needs to be made clear is that the pressure induced by vehicles Pt, the pressure induced by
ventilation equipment Pv and the pressure loss due to wind resistance ∆P (including local pressure
loss ∆Pεi and frictional pressure loss ∆Pr) are all important pressure drivers in operating tunnels.
The calculation methods of the three pressure drivers were introduced in many references such as
Chinese specification for design of ventilation and lighting of highway tunnel [4]. The values of loss coefficients



Appl. Sci. 2017, 7, 454 6 of 20

λr and ξe were also set as the specification required. However, when calculating the natural wind
velocity, the pressure resulted from cars and ventilation equipment is not within the research scope.

The air temperature inside a road tunnel will be affected by the geothermal heat from the tunnel
wall and the exhaust gas from the road vehicles. After the endothermic process of expansion, the air
density declines and the airflow increases accordingly. As a result, the natural wind velocity in the
tunnel will increase to a certain degree which improves natural ventilation. When considering the
slope in a tunnel without (inclined) shaft, the heated air will tend to flow to the upper portal of the
tunnel. Therefore, tunnel ventilation may also benefit from the heated air if the wind direction is from
the lower portal to the upper portal.

For tunnels without (inclined) shaft, the pressure difference between portals is equal to the
sum of ultra-static pressure and the air mass inside the tunnel as shown in Equation (3). The value
of thermo-potential pressure depends on the value of height difference between portals and air
density difference according to Equation (5). Generally, when ρaverage is approximately ρ0, the value
of thermo-potential pressure will be far smaller than the pressure difference between portals. Then,
the pressure difference between portals will be the main driving factor of airflow in the tunnel.

As to the tunnels without large altitude difference between portals, the value of thermo-potential
pressure will decline accordingly. The situation of the tunnels with (inclined) shafts is quite complicated
and certain principles should be given further research.

2.2. Validation on the Calculation Methods of Natural Wind

2.2.1. Overview of the Nibashan Tunnel

The Nibashan Tunnel is located in the Da’Xiang Ridge of Ya’an, China. The tunnel is 10,007 m
in length and the area of the tunnel cross section is 64.11 m2. The average altitude of the Nibashan
Tunnel is 3118 m; the altitude difference between the tunnel portals is 15 m. Two shafts, named Lugu
shaft and Ya’an shaft, are designed to improve the ventilation in the Nibashan Tunnel. Lugu shaft and
Ya’an shaft divide the Nibashan Tunnel into three sections. The number of fans in the tunnel is shown
in Table 1.

Table 1. Fan configuration in the Nibashan Tunnel.

Line Index Section 1 Section 2 Section 3
Supply Shaft Exhaust Shaft

Ya’an Lugu Ya’an Lugu

Left line
Number 6 17 0

512 kW 141 kW 97 kW 136 kWPower 37 kW 37 kW 37 kW

Right
line

Number 6 13 0
640 kW 188 kW 116 kW 138 kWPower 37 kW 37 kW 37 kW

The strike direction of the Nibashan tunnel is NE–SW. The angle between the main wind direction
at the tunnel portal and the central axis of the tunnel is big. The wind velocity outside the portal is small.
The effect of airflow in the external environment on the wind velocity in the tunnel is quite marginal.

2.2.2. Field Tests in the Nibashan Tunnel

In the design phase of the Nibashan Tunnel, four automatic meteorological stations were installed,
as shown in Figure 4. The stations mainly measured wind velocity, wind direction, atmospheric pressure,
temperature and humidity.

These parameters were automatically measured and stored every 30 minutes. From 18 March
2008 to 16 July 2009, the stations monitored the meteorological conditions outside the Nibashan Tunnel
for 485 days and stored 14,776 groups of data. Metrological properties of the instruments are listed in
Table A1. The wind velocity, pressure and temperature distribution graphs in the four stations were
obtained through statistical analysis, which are shown in Figures A1–A3.
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Based on the data from the meteorological stations of the Nibashan Tunnel, researchers calculated
the wind velocity in the tunnel and the inclined shafts with the theoretical calculation method described
in Section 2.1. In order to validate this calculation method, researchers also carried out a field test
on the natural wind velocity inside the tunnel. When the whole tunnel was not cut through but the
inclined shafts of Lugu section were done, researchers set six test points inside the main tunnel, at the
main tunnel entrance and exit, inside the inclined shaft and at the inclined shaft mouth for testing.
Then, the pressure, wind velocity, temperature and humidity in the inclined shafts of Lugu section
were obtained. The test points are shown in Figure 4. The field tests of wind speed in the tunnel were
conducted from 15:00 to 17:00 on 8 August 2008. Researchers collected 24 sets of wind speed data for
each test point. As the results show in Table 2, the indexes indicate that the theoretical calculation
method proposed in this paper is suitable for an extra-long tunnel.

Table 2. Analysis of the natural wind velocity.

Test Point 1 2 3 4

Average tested wind speed (m/s) 0.18 0.21 4.29 4.49
Average calculation wind speed (m/s) 0.2 0.2 4.4 4.4

Absolute error (m/s) 0.02 −0.01 0.11 −0.09
Coefficient of determination 0.83 0.91 0.83 0.77

Root mean square error 0.14 0.09 0.27 0.22
Willmott’s index of agreement 0.89 0.95 0.92 0.88

2.3. Utilization Modes of the Natural Wind

In order to make full use of the regular and observable natural wind for tunnel ventilation, it is
necessary to take use of the natural wind as the driving force for ventilation. The control principle
of the ventilation using natural wind is the main natural wind direction. The traffic wind direction
should be taken into consideration if discussing the wind direction of the mechanical ventilation.

2.3.1. Control Principles of the Natural Wind

The natural wind direction may or may not be the same as the ventilation direction. In the
former case, the natural wind in the tunnel contributes to the tunnel ventilation. If the wind velocity
is higher than the design wind velocity, natural wind can fully meet the requirement of the tunnel
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ventilation alone. If not, mechanical ventilation will be necessary to improve the tunnel ventilation
effect. The number of the operating fans can be calculated based on the natural wind resistance of zero.
In the latter case, the natural wind is regarded as the resistance. The modes of natural wind utilization
are shown in Table 3.

Table 3. Control strategy.

Strategy Vn (m/s) Natural Wind Function Opening Jet Fans

A Vn > V0 Driving Force None
B 0 < Vn < V0 Driving Force Some
C Vn < 0 Resistance All

2.3.2. The Natural Wind Control Modes

As implied in Section 2.3.1, the key of natural wind utilization is to master the natural wind
direction distribution. The distribution statistic of natural wind direction in the Nibashan tunnel
was made. When the natural wind directions and wind velocities are calculated, the natural wind
distribution in the left line, the right line and the shafts of the Nibashan Tunnel can be systematically
analyzed. Then, researchers set about formulating the control modes of natural wind according to the
distribution probability.

The division of control modes is based on natural wind probability statistic. Researchers divided
the main tunnel into three sections. The natural wind direction in each section may or may not be the
same as the ventilation direction. Considering the four shafts, there will be 128 possible combination
cases of natural wind directions in theory.

According to the statistic results, 18 combination modes exist in fact. When the natural wind
velocity is small, the ventilation effect of natural wind is quite small. Thus, if the natural wind
velocity in the main tunnel is below 0.5 m/s, the natural wind in the main tunnel can be ignored.
The combination modes with low probability are also removed in the study. As a result, eight modes
remain for the right line and the left line of the Nibasahn Tunnel.

When the modes of the natural wind in the Nibashan Tunnel are determined, the natural wind
resistance of the tunnel is clear. Aside from the natural wind resistance, the resistances in the Nibasahn
Tunnel also include the traffic wind resistance and frictional resistance [4]. The power of fans in each
section will be confirmed according to the resistance. Actual calculation methods of the resistance as
well as the fan layout are based on the specification [4]. The drawing of how the fans are connected to
the sensors and the control center is shown in Figure 5.
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3. Results and Discussion

The energy-saving network system applied in the Nibashan Tunnel, simple but effective, is similar
to fuzzy logic control system. Researchers established a complete set of wind velocity calculation
methods and changed the control strategy. For the fuzzy logic control system, the design wind velocity
in the tunnel is determined by CO concentration generally. CO concentration is involved in many
factors such as traffic volume, so the wind velocity in the tunnel will keep changing accordingly [15,32].
However, for the energy-saving network system in the paper, the design velocity in the tunnel is
determined due to statistics of the meteorological data. The air quality in the tunnel can be guaranteed
as long as the actual wind velocity in the tunnel is larger than the design velocity.

3.1. Design Velocity of Natural Wind

Chinese specifications for ventilation and lighting design of highway tunnel [4] specify that the natural
wind velocity can be determined by the meteorological data and the tunnel parameters. For most
tunnels, the natural wind velocity is set as 2–3 m/s. As to the Zhongnan Mountains, there were
three-day field tests for deciding the natural wind velocity [33,34]. However, at this was a short time
for monitoring, the data are not abundant enough to reflect the wind velocity rules inside the tunnel,
especially for tunnels located in the climate separation zones.

With the calculation correlation utilizing the natural wind velocity inside the Nibashan Tunnel,
the annual patterns of the natural wind inside the tunnel were figured out (illustrated by the case of
January). The main tunnel and shafts of the Nibashan Tunnel constitute a simple ventilation system.
Figure 6 shows how the wind velocity trend changes in the main tunnel on 30 December 2008. One may
see that the trends in each section vary greatly. In the first section, the wind direction is negative and
the wind velocity is large (the maximum velocity is 5 m/s). In the second and third section, the wind
direction changes often and the wind velocity is relatively small. Therefore, the designed wind velocity
of 2–3 m/s, which is recommended in the specification, does not agree with the wind velocity features
of the Nibashan Tunnel.

In the case of the Nibashan Tunnel, set the section from Lugu portal to the exhaust shaft #1 as
Section 1; the section from supply shaft #1 to the exhaust #2 as Section 2; and the section from supply
shaft #2 to Ya’an portal as Section 3. With calculation, it can be known that the main natural wind
direction is from Lugu to Ya’an. The annual probabilities of each section are 63.2% for the first section,
60.8% for the second section, and 61.5% for the third section. The situation in the inclined shafts is:
blowing-in from the inclined shaft at Ya’an portal, with annual probability of 62.0%; and blowing-in
from the inclined shaft at Lugu portal, with annual probability of 53.9%. The natural wind direction
inside the tunnel is shown in Figure 7.

According to the meteorological data in the whole year, it can be concluded that: the main wind
direction in the first section is negative and at a velocity of 2.4 m/s; the main wind direction in the
second section is positive and at a velocity of 2.4 m/s; and the main wind direction in the third section
is positive and at a velocity of 1.2 m/s, as shown in Figure A4.

The concept of wind velocity with guarantee rate is employed in the study. It refers to the wind
velocity ensuring a certain probability when natural wind is considered as resistance. When natural
wind velocity is below the velocity with the guarantee rate, the ventilation system can meet the
requirements of operation. To ensure that there is larger probability for the ventilation system to meet
the operational needs, the authors take 98% and 95% as guarantee rates of design wind velocity, as
depicted in Table 4.
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Figure 6. Wind velocity in the main tunnel in January: (a) wind velocity of Section 1; (b) wind velocity
of Section 2; and (c) wind velocity of Section 3.Appl. Sci. 2017, 7, 454  11 of 21 
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Table 4. Guaranteed wind speeds in the Nibashan Tunnel.

Guarantee Rate Section Right Line Left Line

98%
Section 1 2.17 m/s 3.32 m/s
Section 2 3.46 m/s 3.05 m/s
Section 3 2.94 m/s 2.41 m/s

95%
Section 1 2.01 m/s 3.14 m/s
Section 2 3.08 m/s 2.67 m/s
Section 3 2.69 m/s 2.23 m/s
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3.2. Division of Control Period

Period control is about dividing the whole year into different control periods. According to the
natural wind characters, researchers obtained the most unfavorable conditions within control period
through calculation. The better the period division is, the more precise the period control is, and the
higher the energy efficiency is.

3.2.1. Daily Control Strategy

Since there are large temperature differences between day and night, the control periods can be
different between day and night. In line with the natural wind velocity vs. time diagram, time is split
by two lines, namely the design wind velocity and wind velocity that are equal to zero. The period
statistics is made depending on the split. The control period is determined as day (from 07:00 to 19:00)
and night (from 19:00 to 07:00) in accordance with statistics results. Figure 8 shows the daily control
strategies in different sections of the left tunnel in January.Appl. Sci. 2017, 7, 454  12 of 21 
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and (c) control strategy in Section 3.
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According to the natural wind control modes, the ventilation mode of the left tunnel in January is
determined as shown in Table 5.

Table 5. Control strategy of the Nibashan Tunnel (left line).

Time Ventilation Mode
Working Conditions

Section 1 Section 2 Section 3

Daytime 18 SZ-1-B SZ-1-C SZ-1-C
Night 9 SZ-1-A SZ-1-C SZ-1-C

Note: S stands for jet fan; Z stands for left line; 1, 2 and 3 is the section number; A, B and C is the control strategy.

3.2.2. Hourly Control Strategy

Depending on the distribution of natural wind throughout the year, the hourly control strategies
can be different in control duration. One hour, two hours, three hours, four hours, five hours and
six hours may be feasible duration for the control strategies. Taking the control strategy of one hour
operating condition as an example, the ventilation mode of the left line of the Nibashan Tunnel is
obtained by analyzing various periods of natural wind throughout the year. Figure 9 shows the wind
velocity variation trend and design wind velocity of the left line.
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Figure 9. Control strategies by hour: (a) control strategy in Section 1; (b) control strategy in Section 2;
and (c) control strategy in Section 3.

3.3. Energy-Saving Analysis

For most short road tunnels, only few fans are installed in the tunnels and the mechanical
ventilation is not used as much as long tunnels. Thus, ventilation system occupies a small proportion
(10–35%) of the total energy consumption compared to the lighting system [35]. However, for extra-long
road tunnels, the effect of natural wind on tunnel ventilation is rarely sufficient for sustaining good air
quality without jet fans of large power. For example, the Nibashan Tunnel in Daxiang Range is 10 km
long. The installed power of its ventilation system is 6500 kW. The electricity costs will be 3.06 million
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dollars annually if the system operates eight hours a day, which takes up 65% of its operation energy
consumption (only 25% for illumination).

During the tunnel operation, the ventilation costs account for a large proportion of the overall
tunnel operation costs. A reasonable fan control strategy, which takes full advantages of the natural
wind dynamics, will lower the operation costs greatly [36,37]. The strategy of combining natural
ventilation with mechanical ventilation was implemented in the Yuanliangshan Tunnel empirically,
which has halved the number of jet fans in the tunnel but maintained the same ventilation effect [38].

3.3.1. Energy Saving at Different Wind Velocity

Based on the traffic volume of the left line in the Nibashan Tunnel in 2010, the power of fans at
different natural wind velocities was calculated. As the results listed in Table 6 show, the increase of
the natural wind velocity will remarkably increase the energy consumption. As the wind resistance
correlates with the square of the wind velocity, the wind resistance will obviously increase with the
wind velocity growth. Power of jet fans rises with the increase of wind resistance accordingly.

Table 6. Fan power at different velocities.

Natural Wind
Velocity

(m/s)

Resistance of
Natural Wind

(kPa)

Other Resistance
(kPa)

Percentage of
Natural Wind

Resistance

Total Power
(kW)

0 0.00 51.86 0 8.78
2 18.45 51.86 26.24% 41.26
4 73.80 51.86 58.73% 138.69
6 166.06 51.86 76.2% 301.08
8 295.22 51.86 85.06% 820.72

Considering the natural wind velocity and direction, there were favorable and unfavorable
conditions. If the natural wind can be exploited as power properly, much energy will be saved. Based
on the traffic volume of the Nibashan Tunnel in 2010, the power of fans was calculated when natural
wind is at 2.5 m/s and at a velocity with guarantee rat of 95%. The results are shown in Table 7.

Table 7. Fan power in different design wind velocity.

Design Wind
Velocity Line Section 1 (kW) Section 2 (kW) Section 3 (kW) Total Power

(kW)

Jet Fans Axial Flow
Fans

Supply
Fans Jet Fans Exhaust

Fans Jet Fans Axial flow
Fans

2.5 m/s
Left 148 24 193 296 45 0 122

1600Right 148 22 157 296 32 0 117
Total 296 46 350 592 77 0 239

95% guaranteed
probability

Left 148 24 193 370 45 148 122
1748Right 74 22 157 296 32 0 117

Total 222 46 350 666 77 148 239

From the results illustrated in Table 7, the installed power calculated by the wind velocity
with the guarantee rate of 95% is larger than that calculated by 2–3 m/s (as recommended in
specifications). However, setting the design wind velocity at the velocity with a guarantee probability
needs fewer operating jet fans. The ventilation effect is also better than traditional ventilation with the
recommended wind velocity in specifications. Assuming the electricity price is 0.18 dollar per kWh,
0.35 million dollars will be saved in tunnel ventilation every year.

3.3.2. Energy Saving with Different Control Strategies

Division of control period is vital for ventilation energy saving in extra-long tunnels. The shorter
the control period is, the closer the natural wind velocity will be to the actual condition. Based on the
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daily control strategy and the wind velocity with a guarantee rate of 95%, the power of fans and the
corresponding energy saving effect are given in Table 8. The energy saving effect in July and August is
the most obvious, totally 410.5 kW is saved in July and August, while the energy saving in January
and December is quite little. It can be explained by the natural wind distribution of the Nibashan
Tunnel in these months. The wind resource in summer is richer than in winter. Thus, more natural
wind contributes to the tunnel ventilation, and the energy saving effect is better.

Table 8. Energy-saving with the daily control strategy.

Time Intervals Total Power (KW) Energy Saving (%)

Daytime in January 1542 3.63
Nighttime in January 1764 0.00
Daytime in February 1542 3.63

Nighttime in February 1431 10.56
Daytime in March 1542 3.63

Nighttime in March 1431 10.56
Daytime in April 1283 19.81

Nighttime in April 1653 0.00
Daytime in May 1431 10.56

Nighttime in May 1542 3.63
Daytime in June 1431 10.56

Nighttime in June 1542 3.63
Daytime in July 1320 17.50

Nighttime in July 1394 12.88
Daytime in August 1320 17.50

Nighttime in August 1394 12.88
Daytime in September 1431 10.56

Nighttime in September 1542 3.63
Daytime in October 1283 19.81

Nighttime in October 1653 0.00
Daytime in November 1542 3.63

Nighttime in November 1431 10.56
Daytime in December 1542 3.63

The average power of jet fans in each period and condition, and the power of fans when wind is
at 2.5 m/s are given in Table 9 for comparison. Table 9 shows that the effect of hourly control strategy
is even better than the daily control strategy. If hourly control strategy were taken, it would lead to
frequent change in the operational status of fans, eventually shortening the life span of jet fans.

Table 9. The energy saving benefit in different working conditions.

Working Condition Power of Jet Fans (kW) Energy Saving (%)
Left Line Right Line

2.5 m/s 444 740 0
1 h 128.7 543.5 43.2%
2 h 166.8 633.2 32.4%
3 h 190.2 675.3 26.9%
4 h 223.6 683.2 23.4%
5 h 223.0 698.5 22.2%
6 h 231.7 710.1 20.5%

4. Conclusions

In this paper, an efficient ventilation method was proposed for the extra-long road tunnels in
climate separation zones and a case is the ventilation issue of the Nibashan Tunnel. Due to the different
climates existing at both ends of the tunnel, the natural wind has obvious effect in the tunnel ventilation.
The main natural wind direction is from Lugu to Ya’an. The velocities with a guarantee rate of 95%
in the sections of the main tunnel range from 2.01 m/s to 3.14 m/s. Taking daily control strategy,
the energy saving effect in July and August is the most obvious, totally 410.5 kW is saved, while the
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energy saving in January and December is quite little. Hourly control efficiently reduces the power
of jet fans. The best energy saving percentage is 43.2%. Such ventilation mode in tunnels can greatly
reduce the energy consumption of the tunnel operation and provide references for the other road
tunnels located in climate separation zones.
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Nomenclature

∆P natural wind resistance (Pa);
∆Pr frictional pressure loss (Pa);
∆Pεi local pressure loss in the tunnel (Pa);
vi natural wind velocity in the tunnel (m/s);
ξen loss coefficient at the tunnel entrance (0.5 in the Nibashan Tunnel);
ξex loss coefficient at the tunnel exit (1 in the Nibashan Tunnel);
λr loss coefficient of wall frictional resistance (0.02 in the Nibashan Tunnel);
L tunnel length (m);
Dr equivalent diameter of the tunnel cross-section (m);
ρi air density inside the tunnel (kg/m3);
∆Pu ultra-static pressure difference between the tunnel portals (Pa);
∆Pw dynamic pressure caused by natural wind (Pa);
∆Pt thermo-potential pressure difference (Pa);
Pen, Pex pressure at the tunnel entrance and exit (Pa);
Pt pressure induced by vehicles (Pa);
Pf power of fans (W);
Pv pressure caused by ventilation equipment (Pa);
g gravitational acceleration (m/s2);
H height difference between the tunnel portals or shafts (m);
hv dynamic pressure (Pa);
α the included angle between the tunnel axes and horizontal plane (◦);
S cross section (m2);
ρen air density at the tunnel entrance (kg/m3);
ρex air density at the tunnel exit (kg/m3);

vα
natural wind velocity outside the tunnel (m/s) and α is the angle formed by wind direction
and tunnel axial direction (◦);

ρavg average air density outside the tunnel (kg/m3);
Ten temperature at the tunnel entrance (◦C);
Tex temperature at the tunnel exit (◦C);

Rm

specific friction resistance when wind flows in the tunnel (kg/m7) [1]. The value of Rm is
equal to the frictional resistance caused by wind of single volume. It is involved in frictional
resistant coefficient λm , sectional area Sm and sectional perimeter Pm Rm =

λmρ
8 ·

Lm Pm
Sm3 ;

R′m
local wind resistance (kg/m7). It is decided by local loss coefficient ξe and sectional area Sm.
When the portal is entrance, Rm

′ = ρ
2 ·

ξe
Sm2 ; when it is exit, Rm

′ = 0;
ρavg1, ρavg2 the average air density outside the tunnel (kg/m3) and ρavg1 =

ρ1+ρ4
2 , ρavg2 =

ρ2+ρ4
2 .
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Appendix A

Four automatic meteorological stations were installed in the Nibashan Tunnel. The meteorological
parameters collected by the stations included wind velocity, atmospheric pressure, temperature
and humidity from 18 March 2008 to 16 July 2009. The probability distributions of wind velocity,
temperature, atmospheric pressure around the meteorological stations are described in Figures A1–A3.
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Appl. Sci. 2017, 7, 454 18 of 20

Table A1. Metrological properties of meteorological instrument.

Instrument Parameter Categories Technological Index

Data acquisition machine
Environment temperature −40~70 ◦C

Power supply 220 V AC
Data storage volume 64 K

Wind sensor

Test range of wind speed 0~40 m/s
Test range of wind direction 0~360◦

Test precision of wind speed ±(0.3 ± 0.03 V) m/s
Test precision of wind direction 0.1%

Temperature sensor
Test range −50~+50 ◦C

Resolution ratio 0.1 ◦C
Test precision ±0.2 ◦C

Humidity sensor
Test range 0~100% RH

Resolution ratio ±1% RH
Test precision 3% (T > 0 ◦C), ±5% (T ≤ ◦C)

Air pressure sensor
Test range 500~1060 hPa

Resolution ratio 0.1 hPa
Test precision ±0.5%

As shown in Figure 7, the main tunnel is divided into three sections. Based on the calculation
method described in Section 2.1 and the data collected from the meteorological stations, the wind
velocity in the sections were calculated. The wind velocity probability distributions in the sections are
shown in Figure A4.
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