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a b s t r a c t

Oil storage in cavern tank is one of the important ways of oil storage. More than 80% of the oil tanks in
the cave storage have been used for around 30 years in China and leakage accidents are likely to occur.
When it occurs, the motor closing facilities preventing leakage spreading should be set up. The leaking oil
flow characteristic in tunnel must be known for setting up the motor closing facilities. Based on the
open-channel unsteady flow theory, a numerical model of tank leakage coupling the oil flow in tunnel
was developed, and the characteristic line method was used to solve the model under the given initial
condition and boundary condition. The variation of the depth and flow rate with time of oil flowing in
the tunnel can be obtained. In order to verify the accuracy of model, the measurement data of high
accuracy experimental system for unsteady open-channel flow were conducted to compare with the
calculation. It fully confirms the high precision of the numerical model and reflects the variation char-
acteristics of each hydraulic parameter in the numerical model of unsteady open channel flow truly. And
then, the leaking oil flow characteristic in tunnel was obtained. It is that the farther from the leaking
tank, the lower depth and flow rate of the oil in the tunnel revealed. Furthermore, the effect of the size of
oil tank crack on the depth and flow rate was investigated. The greater size of crack makes the oil flow
rate higher and the oil deeper in the tunnel and flow faster.

© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Oil storage in cavern tank is one of the important ways of oil
storage [1,2]. The cavern oil storage structure is shown in Fig. 1.
More than 80% of the oil tanks in the cave storage have been used
for around 30 years and at the end of service life in China [3,4]. The
tank foundation settlement, tank wall plate rupture, and leakage
accidents are likely to occur, which may cause fire, explosion and
environmental pollution accidents [3,5]. Themotor closing facilities
preventing leakage spreading is one of the main safety facilities in
oil depot [6e8]. The leaking oil flow characteristic in tunnelmust be
known for setting up the motor closing facilities [1]. The leaking oil

flow in tunnel belongs to unsteady open channel flow [9,10]. The
one-dimensional steady hydraulic open channel flow theory was
usually used formerly [11,12] for oil flow in the tunnel. The char-
acteristic of unsteady flow is ignored and the calculating accuracy
of these methods was unsatisfactory.

Because of the complexity of unsteady flow and the difficulties
in experiment, the early research is confined to pressure conduit.
Compared to the unsteady pipe flow, the boundary condition of
unsteady open channel flow is more complex, so the research
progress on it is slow. Benefit from the continuous improvement of
experimental technology, some important investigations were
developed for unsteady open-channel flows. Nezu et al. [13] com-
bined theManning-Chezy formulawith the one-dimensional Saint-
Venant formula, to deduce that the relationship between discharge
and water level of an unsteady flow was a loop. Venutelli [14]
studied the velocity distribution, the sediment transport, the arrival
order for the hydraulic parameters of wave peak for unsteady open-
channel flows. Hu et al. [15] established a high accuracy experi-
mental system for unsteady open-channel flow and conducted 40
experiments to study the propagating characteristics. Pothanna
and Aparna [16] examined the unsteady flow of a fluid of finite
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depth with an oscillating bottom, assumed in the absence of
viscous dissipation. Wang [17] used the method of eigenfunction
superposition to solve the unsteady (starting and oscillatory) flows.

In this paper, it is the aim that based on the open-channel un-
steady flow theory, a numerical model of tank leakage coupling the
oil flow in tunnel was developed, and the characteristic line
method was used to solve the model under the given initial con-
dition and boundary condition. The variation of the depth and flow
rate with time of oil flowing in the tunnel can be obtained.

2. Mathematical model

The leaking oil flows along the tunnel, as shown in Fig. 2. The
tunnel is straight wall circular arch construction. The basic equa-
tions describing the flow include continuous equation and mo-
mentum equation. The premise of derivation is that the oil density
is assumed to be uniform, and the velocity of cross section is uni-
form. The flow rate, Q and the liquid depth, h are variables of the
equations [18]. The continuity equation as:

B
vh
vt

þ vQ
vs

¼ 0 (1)

The momentum equation is given as:

vQ
vt

þ2v
vQ
vs

þ
h
gA�Bv2

i vh
vs

¼N¼ gAi� g
Q2n2X4=3

A7=3 (2)

where Q is the flow rate of oil in tunnel, m3/s. h is the depth of oil in
tunnel, m. B is the width of oil, m. A is the area of cross section, m2. s
is the length of location of the leaking tank in tunnel, m. t is the
leaking time, s. i is the slope of tunnel bottom. n is the roughness
coefficient of tunnel bottom, m. C is the Ch�ezy coefficient. R is the
hydraulic radius, m. X is wetted perimeter, m. v is the average ve-
locity of cross section, m/s.

The equations are the first order quasilinear hyperbolic partial
differential equation. It is unable to get the accurate analytical so-
lutions. Numerical calculation method is often used in practice to
obtain its solution. Characteristic equation along the characteristics

line can be achieved by linear combination. The detailed basis and
description are mentioned in the work of Yuan [19,20] and Fukuda
et al. [19,20].

Characteristic line equation is given as:

ds
dt

¼±u ¼ v±
ffiffiffiffiffiffi
gh

p
(3)

Characteristic equation is given as:

±uBdh� dQ ¼ �Ndt (4)

where u is the absolute wave velocity of cross section in tunnel, m/
s.

3. Methodology

3.1. Computational grid structure

In the method of characteristics, the equations are transformed
into a set of characteristic equations, and then the characteristic
equations are solved approximately by the finite difference
method. Because the function expressed by partial differential
equation is continuous and smooth. The continuous function
transformed into the discrete type is the differential equation
replaced by the difference equation. Fig. 3 shows the schematic
diagram of the characteristics computational grid [21]. As shown in
Fig. 3, the differential equations of the interior and boundary points
are established for the characteristic line equation and character-
istic equation.

3.2. Interior point P

Suppose j as known layer, j þ 1 as unknown layer. Two char-
acteristic lines PL and PR are drawn through point P of unknown
layer, which are respectively called along the characteristic line and
inverse characteristic line. Their slopes are calculated by the hy-
draulic factor of point M of the layer j. Since the hydraulic factor of
points A, M and B of the layer j are known, the hydraulic factor
values of point L and R are obtained by the linear interpolation
[22,23].

hl ¼hm þ ðuþÞmDt
Ds

ðha �hmÞ (5)

Fig. 1. Schematic diagram of cave storage structure.

Fig. 2. Flow diagram of leaking oil in the cave storage tunnel. Fig. 3. Difference scheme for unsteady flow of oil in tunnel.
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Ql ¼Qm þ ðuþÞmDt
Ds

ðQa �QmÞ (6)

hr ¼hm þ ðu�ÞmDt
Ds

ðhm �hbÞ (7)

Qr ¼Qm þ ðu�ÞmDt
Ds

ðQm �QbÞ (8)

Characteristic equations are written with difference form, as
follow

ðBu�Þm
�
hp�hl

��QpþQl ¼ �ðNÞmDt¼ðN0ÞmDt (9)

ðBuþÞm
�
hp�hr

��QpþQr ¼ �ðNÞmDt¼ðN0ÞmDt (10)

The hp and Qp can be obtained by solving equations.

hp ¼ 1
ðBu�Þm � ðBuþÞm

� ½Qr �Ql þðBu�Þmhl �ðBuþÞmhr�

(11)

Qp ¼Ql þðBu�Þm
�
hp �hl

�� ðN0ÞmDt (12)

3.3. Upstream boundary point P

For upstream boundary point P, characteristic line PR can only
be drawn. The equation applied to the inverse characteristic line
can be solved [24].

hp ¼hr þ
�
Qp �Qr þðN0ÞmDt

� � ðBuþÞm (13)

Combined with the upstream boundary condition, hp and Qp can
be obtained.

The upstream boundary of the tunnel depends on leakage the-
ory of the tank. The hole leaky mode of the tank is taken as the
research object, where the hole (area is A) is below the liquid level
hL. The gauge pressure of the liquid surface in the tank is Pg, the
outside gauge pressure is 0, the liquid velocity is 0, so the instan-
taneous mass flow rate of the tank is

Qm ¼ ruA¼ rAC0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
�
pg � p

	.
rþ 2ghL

r
(14)

where Qm is leakage rate of liquid mass, kg/s. C0 is leakage coeffi-
cient of liquid. A is area of the hole, m2. r is density of leaking liquid,
kg/m3. Pg is medium pressure in the container, Pa. P is environ-
mental pressure, Pa. hL is liquid level height above the hole, m.

Internal and external pressure of normal pressure oil tank is
consistent, so Pg-P ¼ 0. Eq. (14) can be transformed to

Qm ¼ ruA ¼ rAC0
ffiffiffiffiffiffiffiffiffiffi
2ghL

p
(15)

As the tank gradually becomes empty, the fluid height reduces,
and the leakage rate and the mass flow of the liquid in tank
decrease. Suppose gauge pressure p of the liquid surface is constant,
the mass flow rate of the tank at time t, whose constant sectional
area is At and initial height is hL0, given as [25,26].

Qm ¼ ruA¼ rAC0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
�
pg � p

	.
rþ 2ghL0

r
� rgC0

2A2t
.
At (16)

Thefirst iteminEq. (16) right side is initialmassflowrateof the tank
when hL ¼ hL0. At time t, liquid height above the tank leaking hole is

hL ¼hL0 �
C0At
At

ffiffiffiffiffiffiffiffiffiffiffiffi
2ghL0

p
þ g
2



C0A
At

t
�2

(17)

Thus the leaking liquid mass can be obtained at time t.

m¼ rAC0t
ffiffiffiffiffiffiffiffiffiffiffiffi
2ghL0

p
� 1
2
rgC0

2A2t2
�

At (18)

If the hole of the leakage container is regular, the hole's size and
thermodynamics, the physical and chemical properties and pa-
rameters of the leakage are known, leakage can be calculated by
hydrodynamics equations; If the hole is irregular, the equivalent
dimension can be replaced. If there is pressure change in the
leaking process, the empirical formula is used.

Suppose the liquid leakage hole is in a regular shape, experi-
mental research is carried out with the leaking process of no
pressure change. Shape of leakage hole of the tank is different, and
its leakage coefficient is different as well, as shown in Table 1.

3.4. Downstream boundary point P

For downstream boundary point P, characteristic line PL can
only be drawn. The equation applied to the characteristic line can
be solved.

Qp ¼Ql þðBu�Þm
�
hp� hl

�� ðN0ÞmDt (19)

Coupled with the downstream boundary condition, the solution
hp and Qp can be obtained.

In addition, time step is required by Courant stable condition,
given as

Dt � Ds

vþ ffiffiffiffiffiffiffiffiffiffiffi
gA=B

p (20)

3.5. Calculation steps

The detail calculation program flow chart is as shown in Fig. 4.

(1) The space interval Ds is set based on the given form of the
cave tunnel, and the time step Dt is determined according to
the Courant condition.

(2) The initial conditions of the oil unsteady flow in tunnel are
set, that is, the flow state of the oil (Q ¼ 0, h ¼ 0) in tunnel
when the leakage is not started, and geometric parameters of
the tunnel are set.

(3) By the characteristic equation and the given boundary con-
ditions, the flow rate and the depth of the oil surface of the
upper boundary point, interior point and lower boundary
point at the same time are calculated respectively.

(4) Repeat step (3) until simulation time reaches set value.

3.6. Model verification

The Hu et al.‘s experiment data [15] is used to verify the accuracy
of the model. They established a high accuracy experimental

Table 1
Liquid leakage coefficient of normal pressure vertical tank.

Reynolds number Circular (Polygon) Triangle Rectangle

＞100 0.65 0.60 0.55
�100 0.50 0.45 0.40
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system for unsteady open-channel flow, as shown in Fig. 5, which
includes a 28 m rectangular variable slope flume, a water pump, a
frequency converter, an electromagnetic flow meter, eight ultra-
sonic water level gages, and automatic control procedures of water
level and flowmeasurement. The stable unsteady flow is formed by
adjusting water pump speed. The automatic control system gives
instructions to a frequency converter through a computer. The
discharge is measured continuously by an electromagnetic flow
meter. The flow depth is measured by eight ultrasonic water level
gages. The total system has not any disturbance to the flow, because
all measure devices don't need to be put into the flow when
measuring.

The sinusoidal unsteady flow in the flume is automatically

controlled continuously by the inverter. The comparison of the
water depth betweenmeasured values fromwater gages 4# to 7# at
different position in theflumeand calculate values is shown in Fig. 6.
The variationprocess ofwater depthwithin a period ismeasured for
a typical experiment, the sinusoidal unsteady flow (L/s) is

Q ¼27:5þ 12:5 sin


pt
10

�p

2

�

and the bed slope is 3‰. The estimated value is obtained by using
Eqs. (11) and (12), and the boundary condition of the fist upstream
node is replaced by the sinusoidal unsteady flow.

The water depth calculated by the numerical model accord well
with the measured date both in wave shape and time direction. It
fully confirms the high precision of the numerical model and re-
flects the variation characteristics of each hydraulic parameter in
the numerical model of unsteady open channel flow truly. The
farther the propagation distance, the shorter time the rising stage
of the unsteady flow, but the total time of each wave shape remains
unchanged within a period of T, 20 s.

4. Results and discussion

4.1. Leak size of the tank is constant

The cave tank volume is 3000m3, which is 15m in diameter,13m
high. There is 2500 m3 oil in the tank. The liquid level height is
15.5 m. Due to the tube wall damage, leak area is 30 cm2, and the
location of the leak hole is 0.5 m away from tank level. The leaking
0# diesel oil (m ¼ 5 mm2/s) flows along the tunnel. Length of the
tunnel l is 1500 m, the bottom width of the tunnel b is 3.0 m, the
rough coefficient n is 0.001, and the bottom slope i is 2‰. The leaking
oil flows into the oil blocking pool at the entrance of the cave.

(1) The depth and flow rate of oil in tunnel at different leak time
points

Figs. 7 and 8 respectively show the variation of depth and flow
rate of leakage oil with different positions of the tunnel, which the
leak area is 30 cm2, at 10min, 30 min,120min and 300min after oil
tank leakage. The depth and leakage flow rate in tunnel from the
leaking tank to the cave entrance are decreasing. The depth and
leakage flow rate from the oil tank to the cave entrance in tunnel
are not always increasing to a stable value as the leak time is pro-
longed. When the leak time is 120 min, the depth of oil in tunnel
which is 35 m away from the oil tank decreases with time, while
the depth of oil in tunnel which is out of 35 m increases with time.
When the leak time is 300 min, the depth of oil in tunnel which is
410 m away from the oil tank decreases with time, while the depth
which is out of 410 m increases with time. The turning point
changes with time from the leakage tank to the cave. At the same
time, the flow rate of oil has a similar law, only the turning point is
different.When the leak time is 30min, the turning position is 50m
from the leakage tank. When the leak time is 120 min, 300 m from
the tank. When the leak time is 300 min, flow rate in tunnel is al-
ways lower than that of the leak time at 120min. Mainly because
the leakage flow rate of the tank decreases with time. And this
smaller disturbance will propagate with leaking oil from the oil
tank slowly along the tunnel toward the entrance of cave, Where
the disturbance reaches, the depth and flow rate of the oil are
reduced.

(2) Variation of oil flow law with time at different position in
tunnel

Fig. 4. Calculation program flow chart of unsteady flow in tunnel.

Fig. 5. The Hu et al.‘s experiment system for unsteady open-channel flow [15].
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Figs. 9 and10 respectively showthevariationof depthandflowrate of
leakage oil with time, which the leak area is 30 cm2, at 50 m, 150 m,
700m and 1500m from the leaking oil tank in tunnel. The depth and
flow rate of oil at different positions in tunnel show a tendency to
decrease after the first increase with time. Meanwhile, the closer to
the leaking tank, the earlier thedepthandflowrate turningpoints are
reached from an increase to a decrease. The turning point time of
depth of oil is 66.91min,116.20min, 245.91min and (354.63min), at
the positions of 50m,150m, 700mand 1500m from leakage oil tank
in tunnel respectively. And turning point time of oil flow rate is
17.25 min, 35.75 min, 98.50 min and 162.08 min respectively.

(3) The oil flow reaches the position in the tunnel at different
leak time

Table 2 shows the position of oil flow in tunnel at different leak
time. After 17.5 min of leakage, the oil can flow out of the cave along
the tunnel. It is crucial to the sealing after the oil leakage. According
to the position of the oil flow reaches in tunnel, the leakage time

and the total amount of the leaking oil can be obtained, and provide
necessary technical parameters for the subsequent oil sealing.

4.2. Different leak size of oil tank

After the oil tank leakage, the leakage flow rate will vary ac-
cording to the leak size. In order to get flow laws of leaking oil in
tunnel at different leak size, the leak area of 5 cm2, 10 cm2, 30 cm2,
50 cm2 are set respectively, and unsteady flow law of oil in tunnel is
calculated.

(1) Variation of leakage flow rate with time at different leak size
of oil tank

Fig. 11 shows the variation of instantaneous flow rate of leaking
oil with time and different leak area. With the change of leak time,
instantaneous flow rate of the leak hole decreases, and the larger
the leak area, the larger the decrease. After 120min of the leakage,
the instantaneous leakage flow rate of oil tank is 19.90 m3/h,

Fig. 6. Comparison of water depth between calculation and measurement at different positions.

Fig. 7. The depth of oil leakage in the tunnel is the change of the location of the tunnel. Fig. 8. Variation of flow rate of the leakage oil in tunnel at different position.
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39.51 m3/h, 114.90 m3/h, and 185.42 m3/h respectively, with the
leak area of 5 cm2,10 cm2, 30 cm2 and 50 cm2. The leak energy of oil
comes from height difference between oil tank liquid level and the
leak hole. As the oil continues to leak out of the tank, liquid level is
decreasing, height difference between the oil liquid level and leak
hole is narrowing, energy of the leaking oil keeps dropping, and the
instantaneous leakage flow rate at the leak hole is falling. The larger
the leak area, the faster the leakage oil flow. The more the leakage,
in the same time the faster the drop of liquid level. Therefore, the
larger the leak area, the greater the amplitude of instantaneous
flow rate of the leak hole decrease.

Fig. 12 shows the variation of cumulative volume of leaking oil
with leak time under different leak size. The leakage cumulative
volume increases with time, and the larger the leak area, the larger
the increase. After 120min of the leakage, the cumulative leakage
flow of oil tank is 39.97 m3, 79.63 m3, 235.26 m3, and 386.04 m3

respectively, at the leak area of 5 cm2, 10 cm2, 30 cm2, 50 cm2. After
260min of the leakage, the cumulative leakage flow of oil tank is

86.21 m3, 171.01 m3, 495.93 m3, 798.04 m3 respectively, which in-
creases 46.24 m3, 91.37 m3, 260.66 m3 and 412.00 m3 respectively.

(2) Variation of leaking oil in tunnel under different leak size

Figs. 13 and 14 show the variation of depth and flow rate of oil in
tunnel after 30min of oil leakage. The larger the oil tank leak size,
the larger the leaking oil flow rate in tunnel, the greater the depth
of the oil, and the longer the distance of oil flow in the same time.
As the distance from the leakage oil tank is farther, the differences
of depth and flow rate of oil under different leak size are smaller.
The leakage flow rate of 150 m away from the tank in tunnel is
19.40 m3/h, 39.17 m3/h, 117.83 m3/h, 195.43 m3/h respectively, the
difference between adjacent is 9.77 m3/h, 78.66 m3/h, 77.59 m3/h.
The leakage flow rate of 1200 m away from the tank in tunnel is
1.29 m3/h, 10.11 m3/h, 65.44 m3/h, 129.06 m3/h respectively,
129.06m3/h, and the difference between adjacent is 8.83 m3/h、
55.33 m3/h、63.62 m3/h.

(3) Variation of leaking oil flow with time at the end of tunnel

Figs. 15 and 16 show the variation of depth and flow rate of oil with
time at the end of tunnel under different leak size. The larger the
leak size, the shorter the oil flow to the hole, and the larger the flow
rate and depth of the oil. When the leak area is 50 cm2, 30 cm2,
10 cm2 and 5 cm2, time of the leaking oil flow to the cave entrance
along the tunnel is 14.75 min, 17.50 min, 25.25 min, 31.75 min
respectively. After 60 min of the leakage, the depth of oil at the end

Fig. 9. Variation of the depth of the leakage oil in tunnel at different leak time.

Fig. 10. Variation of flow rate of the leakage oil in tunnel at different leak time.

Table 2
The oil flow reaches the position in the tunnel at different leak time.

Time min 1 5 10 15 17
Distance m 85 425 855 1285 1455

Fig. 11. Variation of instantaneous flow rate of leaking oil with time.

Fig. 12. Variation of cumulative volume of leaking oil with time.
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of tunnel (cave entrance) is 1.80 cm, 1.14 cm, 0.38 cm and 0.15 cm
respectively, the instantaneous flow rate is 163.24 m3/h, 93.29 m3/
h, 24.64 m3/h, 9.13 m3/h respectively.

5. Conclusions

The study on flow law of the leaking oil of cave tank in tunnel is
developed, law of the total amount of leaking oil and oil stocks in
the tunnel can be obtained.

(1) The depth and flow rate of the oil in the tunnel from the
leakage tank to the cave entrance show a tendency of
decrease. As the leak time goes on, the depth and flow rate do
not always increase to a stable value.

(2) The depth and flow rate of oil at different positions in the
tunnel show a tendency of decrease after the first increase
with time. Meanwhile, the closer to the leaking tank, the
earlier the depth and flow rate turning points are reached
from an increase to a decrease.

(3) With the change of leak time, instantaneous flow rate of the
leak hole decreases, and the larger the leak area, the larger
the decrease.

(4) The larger the oil tank leak size, the larger the leaking oil flow
rate in tunnel, the greater the depth of the oil, and the longer
the distance of oil flow in the same time. As the distance from
the leakage oil tank is farther, the differences of depth and
flow rate of oil under different leak size are smaller.
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