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Abstract: The ventilation effect has a direct influence on the efficiency and security of the construction
of an underground cavern group. Traditional forced ventilation schemes may be ineffective and result
in resource wastage. Based on the construction ventilation of the Jinzhou underground oil storage
project, an axial flow gallery ventilation mode using shafts as the fresh air inlet was proposed. A 3D
steady RANS (Reynolds Averaged Navier-Stokes) approach with the RNG (Renormalization-group)
k-ε turbulence model was used to study airflow behavior and hazardous gas dispersion when different
ventilation schemes were employed. Field test values of the air velocity and CO concentration in
the main cavern and construction roadway were also adopted to validate the RNG k-ε turbulence
model. The results showed that the axial flow gallery ventilation mode can ensure that the direction
of air flow is the same as that of heavy trucks, fresh air is always near the excavation face, and the
disturbance of the construction process is greatly reduced. The scheme is suitable for large-scale
caverns with a ventilation distance less than 2 km, and an intermediate construction shaft is not
needed. When the ventilation distance exceeds 2 km, it is possible to use jet fans to assist the axial
flow gallery ventilation mode or to completely adopt jet-flow gallery ventilation.

Keywords: underground cavern group; construction ventilation; air velocity distribution;
CO distribution; ventilation test; 3D steady RANS

1. Introduction

The large water sealing cavern is an underground space system for storing crude oil, gasoline,
diesel and other energy sources under the stable groundwater level [1]. Compared with the traditional
way of storing crude oil, the underground water sealing cavern has the advantages of less investment,
less land occupation, minor pollution, little wastage, high safety performance, low cost of operation
and management, fast loading and unloading. It has been widely used to store petroleum and
petrochemical products [2]. The drilling and blasting method, a traditional and cost-effective
construction method, has been widely used in the excavation of underground caverns [3]. Ventilation is
the only means of air exchange inside and outside the cavern, and it is an indispensable key technology
during the construction process [4]. Ventilation effect not only restricts the whole construction
process, but also relates to the quality of construction and the efficiency of mechanical equipment
and affects the health of the construction workers [5,6]. However, the construction ventilation of
large-scale underground engineering is often characterized by large sections, variable cross-sections,
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multiple caverns, internal combustion operations, trackless transportation, and a large amount of
pollution, and there is no systematic method to solve these construction ventilation problems [7].
Forced ventilation or new-built vertical shafts are mainly used to solve ventilation problems in large
underground cavern groups. However, it is impossible to increase the air supply due to the size
restrictions of the construction channel, resulting in ventilation deterioration [8,9]. The design of the
shaft is not scientific, it relies on experience or site conditions to set up in a shallow depth of the
underground cavern, and also, the ventilation path is difficult.

With the rapid development of computational fluid dynamics (CFD) and computing technology,
the CFD technique is used to simulate the ventilation of underground engineering during the
construction period [10–13]. The air flow organization and the change characteristics of harmful gas in
the underground cavern group are studied to solve the ventilation problems in the construction process
and to optimize the ventilation scheme. Wang et al. [14] proposed 3D unsteady quasi-single-phase
models to optimize the ventilation time with different tunneling lengths. The effect of buoyancy is
considered in the momentum equation of the CO transport model while the effects of inter-phase drag,
lift force, and virtual mass force are considered in the momentum source of the dust transport model.
Torno et al. [15] developed a model of gas dilution after blasting and the conditions in which workers
can return to the blasted area based on CFD. They validated the correctness of the k-ε turbulence model
based on Reynolds-Averaged Navier-Stokes (RANS) equations by experimental measurements and
found that the CFD results were in satisfactory agreement with the experimental data. Shao et al. [16]
used the RANS approach and the standard k-ε turbulence model to simulate the fluid dynamics in
tunnel groups when different ventilation schemes are employed. The study revealed that flow vortices
appear in the tunnels with a long axis length ranging from 5 m to 20 m. Xia et al. [17] adopted a RANS
approach to study the characteristics of the ventilation and dust suppression system for open-type TBM
tunneling work area in a Ø8.53 m diversion project. When the main vent was located 70–80 m away
from the working face, the ventilation in the TBM tunneling work area was optimal; when the air baffle
is as long as the main beam, the dust collection efficiency was highest. Nan et al. [18] employed RANS
approach and the RNG k-ε turbulence model to investigate the flow pattern of air backflow in ventilated
tunnels. Semi-empirical equations of the mean velocity distribution law of air backflow were derived
based on the numerical results. Hargreaves et al. [19] constructed a series of steady-state models
by using a RANS approach and the standard k-ε turbulence model to replicate the ventilation flow
patterns at the head end of a drivage. Klemens et al. [20] established a two-dimensional laminar model
and adopted a RANS approach to simulate the dust deposition in a rectangular coal mine roadway
with upper obstacles. Toraño et al. [21] used a RANS approach and the standard k-ε turbulence
model to perform a two-phase numerical simulation of airflow and dust in mining roadways with the
Euler-Lagrange method. Diego et al. [22] proposed some semi-empirical equations to calculate the
effective length of the airflow impacting (Le) by means of CFD. Previous works show that the RANS
approach and the k-ε turbulence model are most used to simulate airflow and pollutants in tunnels
and roadways.

However, fewer studies have focused on construction ventilation in underground storage cavern
group, especially those with an excavation area more than 400 m2. This paper aims to optimize
construction ventilation schemes for large-scale underground oil storage caverns. Based on the
analysis of the distribution of air velocity and the CO concentration with time under forced ventilation,
the axial flow gallery ventilation scheme by using shafts as air inlet is proposed. The effectiveness of the
optimized ventilation scheme is validated by field test values of the air velocity and CO concentration
in the main cavern and construction roadway. The results provide a useful reference for construction
ventilation in large-scale underground storage caverns.

This paper is organized as follows. Section 1 describes some previous works related to CFD study
on construction ventilation. Section 2 displays the cavern layout in the oil storage project and the two
ventilation schemes in different construction periods. Sections 3 and 4 explain the methods used in the
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current study. Section 5 discusses the findings on air velocity and CO concentration. Finally, Section 6
concludes the current study.

2. Project Description

The Jinzhou oil storage cavern is located in Liaoning province, the northeast area of China.
Underground water-sealing technology is used to store oil in this project, the designed storage capacity
is 300 × 104 m3, which is mainly divided into two parts: underground engineering and ground
engineering. The underground engineering is mainly composed of the oil storage cavern, water curtain
system, connecting roadway, construction roadway, sealing plug, shaft and pump pit as shown in
Figure 1a. Eight east-west direction and parallel-arranged oil storage caverns with a length of 934 m
are connected by connecting roadways. The span and height of the cross-section is 19 m and 24 m,
respectively, a three-center arch straight wall type is adopted in the section design, and the bottom is
provided with a chamfer of 1m wide and 3 m high. The section area is 436.2 m2, the bottom elevation
of the cavern is −80 m, the top elevation is −56 m, and the ground elevation is 0 m. There are four
oil-inlet shafts with 3 m in diameter and four oil-outlet shafts with a diameter of 6 m. The water curtain
system is arranged above the caverns, two construction roadways are set up to enter the main caverns,
the profile of the oil storage caverns is shown in Figure 1b. The oil storage cavern is divided into three
layers for construction, the excavation height of each layer is 8 m, 12 m and 4 m respectively, as shown
in Figure 1c. Before the completion of the upper layer construction, SDZ-12.5 axial flow fans with
Φ1.8 m duct arranged at the entrance of the construction roadway are used for forced ventilation as
shown in Figure 2a.
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Figure 1. (a) Three-dimensional layout of underground structures; (b) The profile of oil storage 

caverns; (c) The shape and size of each cavern section. 
Figure 1. (a) Three-dimensional layout of underground structures; (b) The profile of oil storage caverns;
(c) The shape and size of each cavern section.
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Figure 2. (a) The plan for the forced ventilation scheme; (b) The plan for axial-flow gallery ventilation
scheme; (c) The profile of the axial-flow gallery ventilation scheme.

During the excavation of the middle and bottom layer, the pollution sources such as blasting
dust and internal combustion engine waste are generally larger than the upper layer excavation due
to the increase in the amount of excavation and the increase in the working face. It is necessary to
increase air duct diameter and air volume to maintain forced ventilation. However, due to the size of
the construction roadway and the clearance requirements for transportation, the duct diameter and air
volume cannot be increased, resulting in the deterioration of ventilation effect. Therefore, it is crucial
to optimize and adjust the existing ventilation method. We present the axial-flow gallery ventilation
scheme after the upper layer excavation of the cavern is completed and connected with the shaft.
This scheme utilizes the shafts as the fresh air inlet and the construction roadway as the polluted air
outlet to form the gallery ventilation as shown in Figure 2b,c.
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3. Field Test

In order to evaluate air quality and ventilation performance in the caverns, a field test of the air
velocity, dust, and poisonous gas (methane, CO, SO2, H2S) in the main cavern and the construction
roadway was carried out. The main cavern was organized with a test cross-section every 100 m in the
longitudinal direction, with a total of 9 test cross-sections. The test instruments and related parameters
of air velocity and harmful gas are shown in Table 1. As the air velocity and harmful gas concentration
vary with the location, it is important to increase the number of measuring positions to obtain the
average air velocity and harmful gas concentration of the cross-section (the average values only refer
to the space). Consequently, the cross-section of the main cavern is divided into nine parts, and the
cross-section of the construction roadway is divided into four parts as shown in Figure 3. The air
velocity and harmful gas concentration in each part are averaged to be Va and Ca separately. Hence,
the value of Va and Ca can be calculated by the flowing equation:

Va =
∑ Ai × Vi

∑ Ai
(1)

Ca =
∑ Ai × Ci

∑ Ai
(2)

where i = 1, . . . , 6 for the section of the upper layer and middle layer, i = 1, . . . , 9 for the full section of
the cavern, and i = 1, . . . , 4 for the construction roadway, and Ai is the area of part i in the cross-section.

Table 1. Test content and related parameters.

Test Content Test Instrument Test Resolution Control Value

Air velocity Hot wire anemometer 0.01 m/s /
CO M4 gas detector 0.1 ppm ≤30 mg/m3

SO2 M4 gas detector 0.1 ppm ≤14.3 mg/m3

H2S M4 gas detector 0.1 ppm ≤10 mg/m3

Above 10% free SiO2 dust CCZ-1000 direct-reading dust detector 0.1 mg/m3 ≤2 mg/m3

Below 10% free SiO2 dust CCZ-1000 direct-reading dust detector 0.1 mg/m3 ≤4 mg/m3
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Figure 3. Layout of test points in each section: (a) Section of the upper layer; (b) Section of the middle
layer; (c) Full section of the cavern; (d) Construction roadway.

Figure 4 depicts the field test of the ventilation environment in the caverns. It can be seen that the
air quality is satisfactory after 20 min of axial-flow gallery ventilation. The excavation face is clearly
visible in the range of 200 m, and the visibility in the cavern is more than 300 m when mucking.
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(c) Air quality after ventilation.

4. CFD Simulations

4.1. Computational Domain and Grid

Since the construction of the cavern group is divided into two contract sections, the computational
domain of this paper is the first section, including cavern 1 to cavern 4, shafts, the construction roadway,
and the connecting roadway. In order to compare the air quality between the original ventilation
scheme and the improved ventilation scheme, the 3D modelling software Space Claim 17.0 was first
used to establish the geometry of forced ventilation and axial-flow gallery ventilation by using the shaft
as shown in the Figure 5. The X direction is the axis direction, the Y direction is the width direction,
the Z direction is the height direction of the cavern, and the three-dimensional dimension is exactly
the same as the actual project.
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Figure 5. Three-dimensional geometrical model: (a) Forced ventilation scheme; (b) Axial-flow gallery
ventilation scheme.

Then, the ICEM 17.0 was employed to generate the grids of the geometry. In consideration of
the computing scale, stability and convergence of the simulation, a regular hexahedron grid with a
quality of 0.5 and 0.52 was used in the geometrical model meshing. In general, quality values above
0.3 are acceptable for most solvers [23]. The grid density near the outlet of the air duct was properly
increased due to its large airflow velocity and pressure gradient. Figure 6 shows the meshing details of
the local geometrical model of the two ventilation schemes. In the forced ventilation scheme, the mesh
size of the longitudinal direction (X direction) is 1.15 m, and in the cross section (Y direction), it ranges
from 0.2 m to 0.6 m, with a total of 1,755,658 elements. In the axial-flow gallery ventilation scheme,
a longitudinal mesh size from 0.5 m to 1 m and cross mesh size from 0.3 m to 0.6 m were selected,
which includes 2,645,122 elements.
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4.2. Boundary Conditions

In general, air flow in an underground cavern is a complex three-dimensional turbulent
flow [17,24,25]. However, the length of most caverns is much larger than their hydraulic diameter.
It can be considered that the wind flow parameters are approximately evenly distributed in the
cavern section, that is, the parameters such as the pressure, flow velocity and density of the wind
flow are regarded as constants in the same section [26]. During construction ventilation, the air
velocity in the cavern is under 7 m/s, and the air velocity in the ventilation duct is no more than
30 m/s. The diffusion of harmful gas caused by drilling and blasting is an unsteady process over
time. Therefore, the following basic assumptions are used in the numerical calculation. (1) The air
airflow field in the cavern is assumed as a three-dimensional, viscous and incompressible Newtonian
fluid. (2) The air leakage rate of the duct and the pressure loss of the airflow in the duct are not
considered. (3) The heat exchange between the airflow and the cavern wall is not considered and the
heat dissipation caused by viscous fluid work is ignored. (4) The disturbance of the flow field induced
by the equipment and obstacles in the cavern is not considered.

According to the actual project situation, there are three types of boundary conditions in the
simulations: wall, inlet and outlet [27–29]. (1) A non-slip stationary wall boundary is applied to the
cavern surface, heading face and air duct surface, and the standard wall function method is used.
The roughness constant (Cs) is set as 0.57 and the equivalent sand-grain roughness height (Ks) is used
for roughness height, Ks = 0.07 m [30]. The distance from point P in the first near-wall cell to the
wall (yp) is 0.52 m. (2) The outlet of the air duct is considered to be a velocity-inlet with an airflow
velocity of 15 m/s in Figure 5a. There are four velocity-inlets located at the entrance of the shaft in
Figure 5b, the value is 5 m/s in the oil-inlet shaft and 10 m/s in the oil-outlet shaft. (3) The pressure
outlet boundary is adopted at the entrance of the construction roadway in the two schemes.

A large amount of gas is generated after blasting, and carbon monoxide (CO) and oxides of
nitrogen are highly toxic. Because of the superior stability of chemical and physical properties of CO
compared to nitrogen oxide, CO was used as an evaluation index in ventilation calculation. The amount
of nitrogen oxide was converted to the equivalent carbon monoxide at a ratio of 1:6.5 [31]. The initial
throwing length and average CO concentration were calculated by the following equation and are
shown in Table 2.

(1) The CO throwing length:
LOT = 15 + G/5 (3)

(2) The initial average CO concentration:

C0 =
G × b

LOT × A
(4)
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where, C0 is the initial CO concentration (mg/m3), G is the amount of explosive (kg), LOT is the
throwing length (m), b is toxic gas produced per kilogram of explosive (m3/kg), b is generally valued
at 0.04, and A is the excavation area (m2).

Table 2. The initial concentration of CO after cavern blasting.

Section A (m2) G (kg) LOT (m) The Amount of CO (m3) C0 (mg/m3)

Upper layer 135.1 320 79 12.8 1499.1
Middle layer 228 420 99 16.8 930.4

4.3. Others Computational Settings

The finite volume method (FVM) was used to discretize the incompressible RANS equations.
The RNG k-ε turbulence model was adopted in this study. The CFD code ANSYS FLUENT 17.0 was
employed to solve the continuity, the momentum and the energy equations, together with the
turbulence model in the present work. The time-dependent terms were handled through an
implicit second-order backward differentiation in time. The second-order upwind scheme was
used to approximate the convective terms at the faces of the control volumes. The pressure
implicit with splitting of operators (PISO) algorithm was employed as the pressure velocity coupling
method [32]. The convergence criterion is 10−6 for the energy equation and 10-4 for other equations [33].
The computer with Core i7-8700 CUP and 32 G memory was used to perform all the simulations.
The governing equations solved in FLUENT for the present problem can be found in the FLUENT
manual [34].

4.4. Validation

The field test values for air velocity and CO concentration in the Jinzhou oil storage cavern were
used to validate the CFD results. The simulated values were compared to the measured values
as shown in Figure 7. It can be seen that the air velocity in the main cavern and construction
roadway obtained by the CFD simulation fit the field test well. The average errors in the main
cavern and construction roadway are 7.4% and 8.3%, respectively. Moreover, the simulation results
of the average CO concentration in 2 test sections are in good agreement with the measured values.
The average relative errors of the CO concentration in Sections 2 and 4 are 9.5% and 13.2% respectively.
The validation results indicate that the 3D steady RANS coupled with the RNG k-ε turbulence model
can give a satisfactory prediction of the flow ventilation in the Jinzhou oil storage caverns.
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5. Results and Discussion

5.1. Original Scheme of Forced Ventilation

5.1.1. Air Velocity Field

During forced ventilation in a cavern, the jet flow and backflow exist at the same time, which plays
a role in the dilution and discharge of harmful gases generated during construction; hence, the airflow
distribution near the heading face is more complicated. In order to show the characteristics of the jet
flow and backflow more clearly and intuitively, the velocity vector at profile y = 18 m and horizontal
section z = 5.5 m were analyzed. It can be seen from Figure 8 that there are several obvious zones in the
duct jet flow field, namely, the wall-attached jet zone, impinging jet zone, eddy zone, backflow zone.
In the process of airflow from the air duct, the surrounding air is continuously entrained by the jet flow,
and the jet distance and range are increased. However, due to the limited space of a blind heading
cavern and the continuity of airflow, the backflow is formed at the working face, and the zone is larger
than the jet area. The backflow interacts with the jet flow to form the eddy zone in the middle zone.
The eddy zone has adverse effects on the discharge of harmful gas near the heading face, and some
harmful gas circulates in the eddy zone and needs to be diluted and discharged for a long time,
which also can be observed in Wang et al.’s study [35].

Appl. Sci. 2018, 8, x FOR PEER REVIEW  9 of 16 

0 200 400 600 800 1000 1200
0

20

40

60
200
400
600
800

1000

0 200 400 600 800 1000 1200

0

20

40

200
400
600
800

C
O

 c
on

ce
nt

ra
ti

on
 (

m
g/

m
3
)

 Simulated results

 Test vaules

Test section 2

Test section 4

 
C

O
  c

on
ce

nt
ra

ti
on

 (
m

g/
m

3
)

Ventilation time (s)

 Simulated results

 Test vaules

200m 400m 334m

Excavation face

2 4

Test section
200m 200m

 
(b) 

Figure 7. The comparison between the simulated result and field test: (a) Air velocity in the main 

cavern and construction roadway; and (b) The change of CO concentration with time. 

5. Results and Discussion 

5.1. Original Scheme of Forced Ventilation 

5.1.1. Air Velocity Field 

During forced ventilation in a cavern, the jet flow and backflow exist at the same time, which 

plays a role in the dilution and discharge of harmful gases generated during construction; hence, 

the airflow distribution near the heading face is more complicated. In order to show the 

characteristics of the jet flow and backflow more clearly and intuitively, the velocity vector at 

profile y = 18 m and horizontal section z = 5.5 m were analyzed. It can be seen from Figure 8 that 

there are several obvious zones in the duct jet flow field, namely, the wall-attached jet zone, 

impinging jet zone, eddy zone, backflow zone. In the process of airflow from the air duct, the 

surrounding air is continuously entrained by the jet flow, and the jet distance and range are 

increased. However, due to the limited space of a blind heading cavern and the continuity of 

airflow, the backflow is formed at the working face, and the zone is larger than the jet area. The 

backflow interacts with the jet flow to form the eddy zone in the middle zone. The eddy zone has 

adverse effects on the discharge of harmful gas near the heading face, and some harmful gas 

circulates in the eddy zone and needs to be diluted and discharged for a long time, which also can 

be observed in Wang et al.’s study [34]. 

Jet zone Eddy zone

Working face

Air duct

Backflow zone

velocity-magnitude (m/s): 0.00 1.44 2.89 4.33 5.78 7.22 8.67 10.11 11.56 13.00

 
(a) 

Figure 8. Cont.



Appl. Sci. 2018, 8, 1952 10 of 16
Appl. Sci. 2018, 8, x FOR PEER REVIEW  10 of 16 

Working faceAir duct Jet zone

Eddy zone

 Wall-attached jet zone

velocity-magnitude (m/s): 0.00 1.44 2.89 4.33 5.78 7.22 8.67 10.11 11.56 13.00

Backflow zone

 
(b) 

Figure 8. Distribution of airflow field near the working face: (a) Velocity vector at z = 5.5 m; (b) 

Velocity vector at y = 18 m. 

Figure 9 shows the axial air velocity distribution at different locations in the cavern. There is a 

large fluctuation in air velocity near the heading face and the velocity is basically stable after more 

than 150 m from the heading face. In the stable airflow zone, the air velocity in the middle of the 

cavern section is high and the velocity in the area closer to the tunnel wall is smaller, which is 

completely consistent with the basic theory of fluid mechanics. 

0 100 200 300 400 500 600 700 800
-1.00

-0.75

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

 

A
ir

 v
el

o
ci

ty
 (

m
/s

)

Distance from the left excavation face (m)

 Line 1: Z=1m

 Line 2: Z=4m

 Line 3: Z=7m

Line 3

·

7
 m

4
 m

1
 m

Line 2

Line 1

The  upper layer of 
oil storage cavern

 

Figure 9. Air velocity distribution along the cavern. 

5.1.2. CO Concentration Field 

The distribution of CO mass concentration in the central axial plane within 30 min of 

ventilation after blasting is shown in Figure 10. It can be seen that in the early stage of ventilation, 

the CO near the excavation face cannot be moved to the connecting roadway in time due to the 

eddy zone in this area. The connecting roadway is located 678 m away from the left excavation face 

as shown in Figure 2a. With the increase in ventilation time, CO is continuously diluted and 

moving towards the connecting roadway. The maximum mass concentration of CO in the cavern 

decreases and the air volume containing CO expands continuously. The CO migration velocity in 

the middle of the cavern is faster and near the wall surface, it is slower, showing a U-shaped 

distribution in the cavern. 

In order to investigate the air quality at the breathing height of field workers in the cavern, the 
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Figure 9 shows the axial air velocity distribution at different locations in the cavern. There is a
large fluctuation in air velocity near the heading face and the velocity is basically stable after more than
150 m from the heading face. In the stable airflow zone, the air velocity in the middle of the cavern
section is high and the velocity in the area closer to the tunnel wall is smaller, which is completely
consistent with the basic theory of fluid mechanics.
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5.1.2. CO Concentration Field

The distribution of CO mass concentration in the central axial plane within 30 min of ventilation
after blasting is shown in Figure 10. It can be seen that in the early stage of ventilation, the CO near
the excavation face cannot be moved to the connecting roadway in time due to the eddy zone in
this area. The connecting roadway is located 678 m away from the left excavation face as shown in
Figure 2a. With the increase in ventilation time, CO is continuously diluted and moving towards the
connecting roadway. The maximum mass concentration of CO in the cavern decreases and the air
volume containing CO expands continuously. The CO migration velocity in the middle of the cavern
is faster and near the wall surface, it is slower, showing a U-shaped distribution in the cavern.
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Figure 10. CO mass concentration distribution in the central axial plane. (a) Ventilation for 5 min;
(b) Ventilation for 10 min; (c) Ventilation for 15 min; (d) Ventilation for 20 min; (e) Ventilation for 25 min;
(f) Ventilation for 30 min.

In order to investigate the air quality at the breathing height of field workers in the cavern, the
CO mass concentration distribution at a height of 1.6 m from the ground was studied as shown in
Figure 11. The CO near the excavation face and the maximum CO concentration in the cavern decrease
with the ventilation time, and the distribution span of CO air mass increases gradually. Ventilation
time has a great impact on construction ventilation effect. Although the “Safety Operation Regulations
for Tunnel Drilling and Blasting” stipulates that the ventilation time after blasting should not be less
than 15 min [36], the specific ventilation time is not clearly defined in the code and the industry usually
takes 30 min into account. If the ventilation time is too short, the air volume and ventilation equipment
configuration capability need to be increased, resulting in an increase in ventilation costs; if it is too
long, it will affect the subsequent working procedures. It can be seen from Figure 11 that the CO only
moves to the vicinity of the connecting roadway after 30 min of forced ventilation, and its concentration
value is much higher than the safety standard value of 30 mg/m3.
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5.2. Axial-Flow Gallery Ventilation Scheme

5.2.1. Air Velocity Field

Although the type and power of the axial-flow fans arranged at the shaft inlet are the same,
the difference in diameter between shaft 1 and shaft 2 will cause different air velocity in the shaft and
within a certain range of the cavern. Therefore, the average air velocity on the central lines of cavern
1 and cavern 2 were monitored in the CFD simulations, and the velocity distribution in the cavern
is shown in Figure 12. There is a large velocity fluctuation at the intersection of the shaft in the two
caverns, and the velocity in the upper excavation area is basically stable after 50 m. The values for
cavern 1 and cavern 2 are 1.4 m/s and 1.0 m/s, respectively.
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The cross-section area increases from 135 m2 to 363 m2 after entering the middle layer excavation,
causing a sharp drop in the air velocity. The value near the middle bench is approximate 0 m/s due to
the height of the middle bench, and then it tends to be stable after about 50 m. The air velocity in the
middle bench of the two caverns is not very different, about 0.4 m/s. The cross-section area further
enlarges to 436 m2 after entering the bottom layer excavation and the steady air velocity of the two
caverns further decreases to 0.35 m/s. Since large-scale caverns generally adopt the method of layered
excavation, the air velocity presents a more obvious step-like distribution. The current “Technical
Specifications for Construction of Highway Tunnel” (JTG F60-2009) [37] and “Safety Regulations for
Coal Mines” [38] stipulate that the minimum air velocity in the cavern must reach 0.15 m/s. Thus,
the axial-flow gallery ventilation scheme, by using shafts for the fresh air, can meet the air velocity
requirements of the relevant regulations.

5.2.2. CO Concentration Field

Figure 13 displays the CO concentration distribution with time under the axial-flow gallery
ventilation scheme. With an increase in ventilation time, the CO gas distributed near the middle bench
moves continuously towards the connecting roadway. After 20 min of ventilation, it is transported
to the vicinity of the connecting roadway and gradually discharged out of the cavern through the
construction roadway. It can be seen that the overall CO concentration of the cavern has dropped
below the safety standard value of 30 mg/m3 after 25 min of ventilation. The velocity of pollutant
discharge in the construction roadway is greater than the main cavern due to its smaller section area
and the airflow collection of four caverns, thus, the CO gas can be quickly discharged outside.
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In order to inspect the variation in CO with ventilation time in the working area (about 300 m
to 400 m away from the excavation face), four cross-sections with a spacing of 100 m in the middle
bench were monitored in the numerical calculation, as shown in Figure 14a. The CO concentration
in the working area was decreased below the safety standard value of 30 mg/m3 after 15 min of
ventilation, which meets the requirements for safe and rapid construction. Figure 14b presents the CO
concentration distribution at breathing height (1.6m from the ground) with ventilation time. It can
be seen that the high concentration of CO in the cavern continues to migrate toward the connecting
roadway with the increase of ventilation time, and the maximum CO concentration decreases gradually.
The CO concentration of the whole cavern decreases below the safety standard value after 30 min of
the axial-flow gallery ventilation scheme, which is much better than the effect of forced ventilation.



Appl. Sci. 2018, 8, 1952 14 of 16
Appl. Sci. 2018, 8, x FOR PEER REVIEW  14 of 16 

0 200 400 600 800 1000 1200 1400 1600 1800

0

200

400

600

800

1000
C

O
  m

as
s 

co
nc

en
tr

at
io

n 
(m

g/
m

3 )

Ventilation time (s)

 Section 1

 Section 2

 Section 3

 Section 4

 CO control standard

30mg/m3

100m 100m 100m 100m

200m 400m 334m

Excavation face

1 2 3 4

Test section

 

0 100 200 300 400 500 600 700 800

0

100

200

300

400

500

600

700

800

 

C
O

  
m

as
s 

co
nc

en
tr

at
io

n 
(m

g
/m

3 )

Distance from the middle layer excavation face (m)

 5 min

 10 min

 15 min

 20 min

 25 min

 30 min

The position of the bottom 
layer excavation 

 
(a) (b) 

Figure 14. (a) CO concentration in monitoring section with ventilation time; (b) CO concentration 

distribution at the breathing height. 

6. Conclusions 

This paper proposed a new technology for construction ventilation in large-scale underground 

oil storage caverns using the shafts as the fresh air inlet. The RNG k-ε turbulence model was firstly 

validated with the field test values, and it was found that the simulated results agreed well with the 

test results. Then, the distribution of air velocity and the CO concentration in the forced ventilation 

scheme and axial-flow gallery ventilation scheme were investigated. The main results are as 

follows: 

(1) The construction of large underground caverns usually adopts layered excavation, and the 

forced ventilation method is mostly applied in the upper layer construction. Due to the 

restriction of the construction roadway size and the clearance requirements for transportation, 

the duct diameter and air volume cannot be increased Consequently, the ventilation quality 

cannot meet the requirements of the cavern environment. Because the ventilation distance 

exceeds 1500 m, the stable air velocity in the cavern is only 0.15 m/s, which is below the 

minimum air velocity requirement of the relevant standards. In addition, there is a very 

complicated eddy zone in the area of about 20 m from the heading face. 

(2) The axial-flow gallery ventilation scheme is carried out when the excavation of the cavern 

upper layer is completed and connected with the shaft. The scheme utilizes the shafts as the 

fresh air inlet and the construction roadway as the polluted air outlet to create the gallery 

ventilation. It can ensure that the direction of the airflow is the same as that of heavy trucks, 

fresh air is always near the excavation face, and the disturbance of the process is greatly 

reduced. It reduces energy consumption and has good prospects for popularization and 

application. 

(3) There is no need to set up the air duct in the axial-flow gallery ventilation scheme, which 

greatly facilitates the cavern construction and avoids duct damage caused by blasting. The 

scheme is suitable for the large-scale caverns with a ventilation distance less than 2 km, each 

channel is effectively used, and the intermediate construction shaft is not needed. If the 

ventilation distance exceeds than 2 km, it is possible to use jet fans to assist the axial flow 

gallery ventilation mode or to completely adopt jet-flow gallery ventilation. 

(4) The power of the axial fan and the jet fan should be no less than 135 kW and 75 kW, 

respectively. The jet fan should be arranged at the airflow steering place. The axial fan placed 

at the top and bottom of the shaft has little impact on the field ventilation effect, so the position 

can be selected independently according to the convenience of the fan installation. 
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6. Conclusions

This paper proposed a new technology for construction ventilation in large-scale underground
oil storage caverns using the shafts as the fresh air inlet. The RNG k-ε turbulence model was firstly
validated with the field test values, and it was found that the simulated results agreed well with the
test results. Then, the distribution of air velocity and the CO concentration in the forced ventilation
scheme and axial-flow gallery ventilation scheme were investigated. The main results are as follows:

(1) The construction of large underground caverns usually adopts layered excavation, and the forced
ventilation method is mostly applied in the upper layer construction. Due to the restriction
of the construction roadway size and the clearance requirements for transportation, the duct
diameter and air volume cannot be increased Consequently, the ventilation quality cannot meet
the requirements of the cavern environment. Because the ventilation distance exceeds 1500 m,
the stable air velocity in the cavern is only 0.15 m/s, which is below the minimum air velocity
requirement of the relevant standards. In addition, there is a very complicated eddy zone in the
area of about 20 m from the heading face.

(2) The axial-flow gallery ventilation scheme is carried out when the excavation of the cavern upper
layer is completed and connected with the shaft. The scheme utilizes the shafts as the fresh air
inlet and the construction roadway as the polluted air outlet to create the gallery ventilation.
It can ensure that the direction of the airflow is the same as that of heavy trucks, fresh air is
always near the excavation face, and the disturbance of the process is greatly reduced. It reduces
energy consumption and has good prospects for popularization and application.

(3) There is no need to set up the air duct in the axial-flow gallery ventilation scheme, which greatly
facilitates the cavern construction and avoids duct damage caused by blasting. The scheme is
suitable for the large-scale caverns with a ventilation distance less than 2 km, each channel is
effectively used, and the intermediate construction shaft is not needed. If the ventilation distance
exceeds than 2 km, it is possible to use jet fans to assist the axial flow gallery ventilation mode or
to completely adopt jet-flow gallery ventilation.

(4) The power of the axial fan and the jet fan should be no less than 135 kW and 75 kW, respectively.
The jet fan should be arranged at the airflow steering place. The axial fan placed at the top and
bottom of the shaft has little impact on the field ventilation effect, so the position can be selected
independently according to the convenience of the fan installation.
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