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,e leakage rate is an essential parameter for the risk assessment and failure analysis of natural gas pipelines. ,e leakage rate of a
natural gas pipeline should be calculated quickly and accurately to minimize consequences. First, in this study, models to estimate
the leakage rate of natural gas pipelines are reclassified, and the theoretical range of application for each model is also analysed.
Second, the impact of the leakage on the flow rate upstream of the leak point is considered, and the method of successive
approximation is used to realize this feedback effect of flow rate change.,en, amodified hole-pipemodel is developed to calculate
the natural gas leakage rate in this paper. Compared with the leakage rate calculated by the hole-pipe model, the leakage rate
calculated by the modified hole-pipe model is smaller and closer to the actual leakage rate due to the consideration of the feedback
effect of the flow rate change. Finally, the leakage rate curves of the hole-pipe model and the modified hole-pipe model under
different d/D conditions are obtained through simulation. ,e simulation results show that the modified hole-pipe model is able
to calculate the leakage rate of any leak aperture, such as the hole-pipe model, and also at a higher accuracy level than the hole-
pipe model.

1. Introduction

Natural gas is a high-quality, efficient, and clean source of
energy. Since the 1970s, worldwide consumption of natural
gas has accelerated, and research on natural gas exploitation,
transportation, and storage has also increased to meet de-
mands [1–10]. Pipeline infrastructure has been erected
around the globe to support the natural gas operations. ,e
sheer lengths of pipeline laid in a wide variety of environ-
ments inevitably lead to accelerated pipeline damage and
failures in certain situations. International statistics of
natural gas pipeline accidents show that artificial damage,
construction errors, material defects, and corrosion are the
common causes of natural gas pipeline leakages. Leakages
can lead to fires and even deadly explosions; therefore, it is
crucial to rapidly mitigate any pipeline accidents to reduce
human, environmental, and corporate losses. Estimating the

leakage rate of a damaged natural gas pipeline is the first step
for predicting the area affected by the leakage and guiding
any needed personnel evacuation.

Due to the importance of rapid leakage detection and
analysis, many researchers have contributed to the devel-
opment of leakage models. Montiel et al. first proposed the
concept of the hole-pipe model and discussed the usage of
small hole, large hole, and pipe models of pipeline leakage
[11]. Zhou analysed the thermal process of slow discharge of
natural gas storage tanks and established a corresponding
mathematical model [12, 13]. Woodward and Mudan
proposed an ideal fluid leakage model for small holes in
compression vessels [14]. Based on their model, the Center
for Chemical Process Safety (CCPS) proposed several ap-
proximate formulas for calculating leakage rates under
certain conditions [15]. Young et al. proposed a simplified
calculation model for the small hole leakage rate of high-
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pressure gas pipelines while considering the safety margin
often required in practical situations, and due to the margin,
the calculated results were larger than the actual results
[16, 17]. Arnaldos et al. performed a simple analysis of the
leakage rate calculation for both the pipe model and the
small hole model [18]. Levenspiel developed a leakage model
for when the pipeline is completely fractured and analysed
the pressure drop along the pipeline. However, the model
was developed based on the assumption that the pressure at
the starting point remains constant and the gas flow and
leakage in the pipe are adiabatic processes [19]. Dong cal-
culated the steady state gas leakage of the long-distance
pipeline [20]. Yang et al. established a steady state leakage
model of a nonisothermal long-distance pipeline [21].

From these studies, the following conclusions can be
drawn: ,e leakage models are usually classified into three
types: (1) a small hole model which can be used to calculate
the leakage rate of small holes. ,is model not only ignores
the friction along the pipelines but also does not consider the
effect of leakage on the pressure in the pipelines. ,erefore,
the error of this model is large, especially when the leak point
is not small. (2) A pipe model to calculate the leakage rate of
a natural gas pipeline when the pipeline is completely
broken. ,is model assumes isentropic release, and a con-
stant pressure is assumed at an initial point in the pipe. ,e
pressure drop along the pipe is taken into account. ,is
model provides accurate predictions for the case where the
natural gas pipeline is completely broken, but it cannot be
applied to the flow through holes with a diameter smaller
than the pipe diameter. (3) ,e hole-pipe model, which was
first proposed by Montiel et al., then became the critical
cornerstone of the field. ,eoretically, this widely used
model can calculate the leakage rate for various apertures.
,e friction along the pipelines and the effect of leakage on
the pressure in the pipelines are both taken into account in
this model. However, the effect of leakage on the flow rate of
natural gas pipelines is not considered. When the hole di-
ameter is larger than the typical small hole diameter and
smaller than the pipeline diameter, the error still cannot be
ignored.

Based on the above analysis, this paper reclassifies the
original leakage models. Furthermore, four newmodels for
calculating the leakage rate are developed: the storage tank
model, small hole model, modified hole-pipe model, and
pipe model. ,e characteristics of each model and the
specific conditions of their application are detailed.
Considering how flow rate changes in natural gas pipelines
can cause a feedback phenomenon, a modified hole-pipe
model is proposed in this paper for calculating the leakage
rate of various apertures, and an example is used to verify
the superiority and rationality of the models.

2. Reclassification of the Leakage Rate
Calculation Models

In the traditional classification, leakage rate calculation
models are usually divided into three categories. According
to the actual situations, this paper reclassifies them into four
categories and gives the applicable scope of each model.

,e system analysed is shown schematically in Figure 1
[11]. As shown in this figure, there is a length of pipeline Le
after which there is a hole with a certain diameter through
which the pressure release takes place.

Locations of interest include point 1, at the beginning of
the pipe
Point 2, at the center of the pipeline, on the same
vertical axis as the leak point
Point 3, at the leak point
Point 4, at the outside of the pipe, exposed to atmo-
spheric pressure

To calculate the leakage rate, the following hypotheses
are assumed: (a) a model of essentially one-dimensional
flow; (b) isentropic flow at the release point and adiabatic
flow in the pipe; and (c) the gas behaves as an ideal gas. An
air compression factor is added to the ideal gas equation of
state to reduce the difference from the actual gas.

By applying the energy and momentum equations to the
adiabatic flow through a pipeline, the following equation is
obtained [22]:

k + 1
k

ln
P1T2

P2T1
  +

M

RG
2

P
2
2

T2
−

P
2
1

T1
  +

4λXe

D
  � 0. (1)

In this expression, λ is the Fanning friction factor. ,e
natural gas leakage rate K at the hole can be calculated using
the following expression, which is obtained from the con-
tinuity equation and the law of ideal gases for an isentropic
expansion:
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whereCD is the flow correction coefficient of the leaking hole
[23] and is usually set to a value between 0.6 and 1.0. ,is
coefficient is classified according to the shape of the hole.
When the exact shape of the hole is unknown, a conservative
value of 1.0 is usually recommended. ,is value was used in
this paper [11].

,e flow rate at the leak point depends on whether the
flow is sonic or subsonic, which can be determined by the
critical pressure ratio (CPR):

CPR �
Pa

P2c

�
2
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k/k− 1
, (3)

where P2c is the critical pressure at point 2. If the pressure P2
at point 2 increases gradually, the speed of gas leakage will
increase until it is equal to the local sound speed. At this
moment, if P2 continues to increase, then the gas leakage
rate remains constant and is always equal to the local sound
speed and demarcates a critical stage of flow.

When Pa/P2 <CPR, then critical flow leakage has been
reached, and equation (4) is substituted into equation (2) for
the expression of the leakage:
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When Pa/P2 ≥CPR, the leakage is at subcritical flow, and
the leakage can be calculated by equation (2). Equations (2)
and (4) are general formulas for calculating the natural gas
leakage rate.

According to different but approximate conditions,
natural gas pipeline leakage models (i.e., storage tank model,
small hole model, modified hole-pipe model, and pipe
model) are established in this paper. ,ese four models will
be detailed in the upcoming section.

2.1. Storage Tank Model. When a gas storage tank leaks, the
following approximate assumptions can be made because of
the large size of the tank: (a) the pressure inside the storage
tank is not affected by the leakage, and the parameter values
at point 2 remain unchanged both before and after the
leakage. (b) ,e pressure loss caused by the friction between
the container and the gas flow after the leakage is ignored. By
these two assumptions, the parameters of point 1 are used to
replace the parameter value of point 2, and the leakage rate
can be calculated by formulas (2) and (4), which comprise
the storage tank model. ,is model has been widely used in
the accurate calculation of the leakage of large containers,
such as storage tanks [18].

All these aspects make this model adequate for the
prediction of release through a hole in a tank but not for
leakages in natural gas pipelines. Because the gas pipeline is
different from the storage tank, especially when point 2 is
far from point 1, the pressure loss and velocity caused by
internal friction must be considered. ,e related param-
eters of point 2 are not exactly the same as those at point 1.
,e leakage rate calculated by this model is larger than the
actual leakage rate. ,erefore, in general, the storage tank
model is not suitable for the calculation of the natural gas
pipeline leakage rates. Only when point 2 is close to point 1
and the hole diameter is very small can the storage tank
model be used to calculate the leakage rate for natural gas
pipelines.

2.2. Small Hole Model. A small hole model is used to cal-
culate the natural gas pipeline leakage rate when the hole is

small. ,is model takes into account the effect of friction in
the natural gas pipeline. Because the leakage is small, the
effect of leakage on the pressure and flow rate in the natural
gas pipeline is neglected. Assuming that the coefficient of
friction is the same along the whole pipeline, the relationship
between point 1 and point 2 can be defined by the following
equations [11].
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where
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In these expressions, Ma is the Mach number, which can
be calculated as follows:
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Under these conditions, the following relationships
apply:

When Pa/P2 <CPR, there is a critical flow at the leak
point, and the leakage rate can be calculated by equation (4).

When Pa/P2 ≥CPR, there is a subcritical flow at the leak
point, and the leakage rate can be calculated by equation (2).

,e small hole model considers the pressure loss caused
by the friction of the natural gas pipeline and is more ac-
curate than the storage tank model. However, because the
small hole model neglects the effect of leakage on the
pressure and flow rate in a natural gas pipeline, the pa-
rameters at point 2 remain unchanged upstream and
downstream of the leakage. ,is hypothesis is still different
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Figure 1: Schematic diagram of gas pipe leakage.
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from the actual situation. ,erefore, only when the leakage
hole is very small can the small hole model be used to
calculate the leakage rate.

2.3. Pipe Model. ,e pipe model is used for the case of the
complete rupture of the natural gas pipeline or when the
leakage diameter is close to the pipe diameter. ,e state of
the natural gas in the pipe is the same as if the gas is in
atmospheric conditions. According to the conservation of
flow rate, the leakage rate is equal to the flow rate in a natural
gas pipeline.,us, the formula for calculating the natural gas
leakage rate is as follows [18]:

K � Q � CDAor
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At this time, because the pipeline is completely bro-
ken, P2 � P3 � Pa, and T2 can be obtained by using
equation (6). ,e model gives good predictions for the
case of the complete destruction of the natural gas
pipelines, but it cannot be applied to the flow through
holes with a diameter smaller than the natural gas pipeline
diameter.

2.4. Modified Hole-Pipe Model. Before introducing the
modified hole-pipe model, the hole-pipe model should be
introduced first. Two aspects have been taken into account
by the hole-pipe model: the pressure loss caused by the
friction of the pipeline and the effect of leakage on the
pressure in the pipeline. However, the effect of the leakage
on the flow rate upstream of the leak point is not
considered.

In the hole-pipe model, the leakage rate is also calculated
by equations (2) and (4). Equations (5)–(10) express the
relationship of parameters between points 1 and 2, and these
equations are substituted into equations (2) and (4) to reflect
the consideration of pressure loss caused by the friction of
the natural gas pipeline.

For the critical flow at the leak point hole, the rela-
tionship of parameters between points 2 and 3 is defined as
follows:
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For the subcritical flow at the leak point hole, the
pressures at point 3 and the environment are same, so the
relationship of parameters between points 2 and 3 is defined
as follows:
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Equations (12) and (13) are used to calculate P2 after
leakage occurs, and this can reflect the effect of leakage on
the pressure, but the calculations are complicated.

,e above is the main introduction of the hole-pipe
model.

,e modified hole-pipe model proposed in this paper is
also used to calculate the gas leakage rate when the leak point
hole diameter is larger than that of the small hole model.
Because the hole diameter and leakage rate are larger, the
influence of the following two aspects are considered:

(a) ,e effect of leakage on the pressure in the natural
gas pipeline. ,e pressure at leak point P2 will be
reduced after leakage occurs, and the corresponding
leakage rate will change. ,is effect has been taken
into account by the hole-pipe model, but it requires
complicated calculations. ,is effect is also consid-
ered in the modified hole-pipe model, and the
successive approximation method is used to avoid
complicated calculations.

(b) ,e effect of leakage on the flow rate upstream of the
leak point. According to the law of conservation of
mass, the flow rate upstream of the leak point should
be equal to the sum of the leakage rate and the flow
rate downstream the leak point. ,us, the flow rate
upstream of the leak point will change, leading to a
change in the pressure in the pipeline. ,e change in
pressure further affects the leakage rate, which in
turn affects the flow rate upstream of the leak point.
,is series of events acts as a feedback loop. ,e
effect of leakage on the flow rate upstream of the leak
point will extend to the vicinity of the source, and
this is not taken into account by the hole-pipe model
but is considered in the proposed modified hole-pipe
model.

For convenience of calculation, the pressure P4 at the
end of the pipe is assumed to be a fixed value. In this model,
the method of successive approximation is used to calculate
the natural gas leakage rate.,e concrete steps are as follows:

(1) ,e flow rate upstream of the leak pointQ− is known,
and the leakage rate K and the pressure of point 2 P2
are calculated by the small hole model

(2) If P2 >P4, then the pipe flow rate after the leak point
Q+ can be obtained according to pressures P2 and P4.
According to mass conservation, the natural gas
pipeline flow rate before the leak point can be ob-
tained by Q−’�K+Q+’, and Q−’ is inserted into step
1 to calculate the new K’ and P2’. ,is process is
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iterated until the calculation results of the natural gas
leakage rate tend to be stable.

(3) If P2 ≤P4, then the natural gas pipeline flow rate after
the leak point Q+ is 0. According to the mass con-
servation, Q− ′ � K can be obtained, and Q− ′ is
inserted into step 1 to calculate the new K’ and P2’.
,is process is continued until the calculation results
of the natural gas leakage rate are stable.

,e flowchart of the modified hole-pipe model is shown
in Figure 2, where σ represents the threshold.

,rough the above specific steps, it can be found that the
P2’ and P2 obtained after a cycle will inevitably change.,us,
the influence of the change in P2’ on the flow state in the pipe
should be considered. ,e flow at the leak point hole can
then be classified as critical flow and subcritical flow, and the
three states of flow in the pipeline and at the hole can be
obtained:

(a) Subcritical flow in the pipeline and the critical flow at
the leak point hole
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At this point, the formula for calculating the leakage
rate by the small hole model in step 1 is equation (4)

(b) Subcritical flow in the pipeline and the subcritical
flow at the leak point
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At this point, the formula for calculating the leakage
rate by a small hole model in step 1 is equation (2)

(c) Critical flow in the natural gas pipeline and the
critical flow at the leak point

P2′ <P1Ma1
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At this point, the formula for calculating the leakage rate
by a small hole model in step 1 is equation (4)

Similarly, the pressure P2’ at point 2 obtained in each
cycle should be selected as described above. ,e modified

hole-pipe model takes into account the effect of leakage on
the flow rate of the natural gas pipeline upstream and
downstream the leak point, which is more in line with the
actual situation. Moreover, the iterative approximation
method used in this model can avoid the need for com-
plicated mathematical derivations.

3. Comparison between Models

Due to the flammable and explosive character of natural gas,
it is impractical to carry out leakage rate measurement
experiments on real natural gas pipelines. Even if com-
pressed air is used for the experiments, it is difficult to
simulate several leakages of different aperture sizes to obtain
different d/D (the ratio of the leak point hole diameter to the
pipeline diameter) values. ,erefore, simulations are used in
this paper to do a comparison between models.

3.1. Introduction of Calculation Example. To verify the ef-
fectiveness of the models, especially to compare the hole-
pipe model and the modified hole-pipe model, this paper
applies these models to the following accident scenarios. ,e
parameters are shown in Table 1.

Start

Set the pipe flow rate before
the leakage point (Q–)

Calculate K and P2 by the
small hole model

P2 > P4
No

Yes

Q–
′ = K + Q+

′ Q–
′ = K

Calculate K′ and P′2 by the
small hole model

No
K′ – K < σ

Yes

Stop

Figure 2: Flow chart of the modified hole-pipe model.
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3.2. Discussion and Comparison. Based on the above pro-
posed models as well as the parameters, the relationship
between the natural gas leakage rate and d/D of different
models under steady state conditions is shown in Figure 3.
,e natural gas leakage rates calculated by the storage tank
model and the small hole model increase rapidly with in-
creasing d/D. Only when the d/D is small are the leakage
rates of these two models close to the leakage rate of the
modified hole-pipe model, which conforms to the scope of
application of these two models. Only when the leakage
point is very close to point 1 of the natural gas pipeline and
the leakage hole is very small can the storage tank model be
applied. It can also be seen from Figure 3 that the leakage
rates of the modified hole-pipe model and the hole-pipe
model show the same trend, both of which are very close.
However, the leakage rate of the modified hole-pipe model is
smaller than that of the hole-pipe model. ,e leakage rate
difference at different d/D values are shown in Figure 4. As
d/D increases, the difference between these two models first
increases and then decreases.

When the leakage hole is very small, the small hole
model can be applied. ,e diagram also shows that the
natural gas leakage rate calculated by the storage tank model
is larger than that of the small hole model, which is also
consistent with the effect of the internal friction of the small
hole model; therefore, the small hole model is more accurate
for calculating the natural gas leakage rate than the storage
tank model. Because leakage occurs, the pressure of point 2
will decrease (but will not decrease indefinitely), which
makes the leakage rate calculated by the hole-pipe model
smaller than the leakage rate calculated by the small hole
model; but the difference is not significant. ,erefore, when
the aperture is small, the leakage rates of the two models are
very close. When the aperture increases, the effect of the
decrease in the pressure at point 2 on the leakage rate will
also increase. ,us, the leakage rate will not continue to
increase but will tend towards being smooth and steady and
will eventually be equal to the predictions of the pipeline
model.

In the case of a real leak, once a leak occurs at a certain
point, the flow rate (flow velocity) upstream of the leak point
must increase. According to Bernoulli’s equation, the flow
pressure will decrease as the flow velocity increases. ,is
effect is not considered in the hole-pipe model; thus, the
leakage rate calculated by the hole-pipe model is larger than
the actual leakage rate. When d/D is small, the leakage rate is
small, the change in flow rate is small, and the pressure of
point 2 experiencesminimal change compared to the healthy
state. ,erefore, the feedback effect typically brought on by
leakage to the pressure in the pipeline upstream of the

leakage point can be neglected. However, as the aperture
gradually increases, this feedback cannot be neglected. In the
modified hole-pipe model, considering the occurrence of
leakage at point 2 (as shown in Figure 1), the flow velocity in
the pipeline upstream of point 2 will increase while the
upstream pressure decreases. At this time, the iterative
model in Figure 2 is used to calculate the new pressure and
leakage rate of point 2.,e iterative model is looped until the
relevant parameters of natural gas in the pipeline down-
stream of leakage are close to the actual situation. ,us, the
leakage rate calculated by these parameters is closer to the
actual leakage rate, which explains why the leakage rate
calculated by the modified hole-pipe model is smaller than
the leakage rate calculated by the hole-pipe model (Figure 3).
With increasing d/D, the aperture size increases, and then,
the leakage rate increases. Furthermore, the feedback effect
of leakage on gas parameters (flow rate, velocity, and
pressure) in pipelines becomes increasingly obvious, which
makes the leakage rate difference between the modified pipe-
hole model and the pipe-hole model increasingly larger.

Table 1: Basic computational parameters.

Q (kg/s) k R (J/(mol·K)) Re
108 1.334 8.314 3000
D (m) E (mm) Pa (pa) M (kg/mol)
0.216 0.045 105 16.48×10−3

P1 (MPa) P4 (MPa) T1 (k) Le (m)
18 6.8 293 1300
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Figure 3: Relationship between leakage rate K and d/D under
different models.
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When d/D approaches 1, the aperture size is close to the
diameter of the natural gas pipeline, and the pressure P2 of
point 2 is decreased and close to Pa. Subsequently, the
leakage rate formula turns to equation (4), so the leakage
rates calculated by these two models finally converge to a
stable value together, further reducing the difference. ,is
explains why the difference first increases and then decreases
in Figure 4.

,e natural gas leakage rate calculated by the pipe model
is a straight line and does not vary with a change in the
leakage aperture. Only when the leakage diameter is close to
or equal to the diameter of the natural gas pipeline can the
pipe model be applied. When the hole diameter is small, the
gas leakage rate of the modified hole-pipe model is very close
to the leakage rate calculated by the storage tank model or
the small hole model. As d/D increases, the natural gas
leakage rate increases quickly and then slowly flattens. When
the leakage aperture is close to the diameter of the natural
gas pipeline, the leakage rate calculated by themodified hole-
pipe model coincides with the leakage rate calculated by the
pipe model. ,is result indicates that the modified hole-pipe
model is suitable for any leakage aperture.

Figure 5 shows the relationship between the natural gas
leakage rate K and Le (distance between point 1 and the
leakage point) of the modified hole-pipe model
(P1 �18MPa) for different d/D. As the Le increases, the
natural gas leakage rate exhibits a nonlinear downward
trend. ,is downward trend is due to the reduction of
pressure caused by friction inside the pipeline. Moreover,
different leakage d/D ratios have different severities. Spe-
cifically, when d/D is small, the influence of the leakage on
the parameters of natural gas in the pipeline is small, and the
decrease in the leakage rate is smooth.When the leakage d/D
decreases below a certain extent, the influence of the leakage
on the parameters of natural gas in the pipeline can be
neglected, and the decrease in the natural gas leakage rate
becomes insignificant. When the leakage d/D increases, the
curve becomes flatter. Figure 6 shows the relationship be-
tween the K and d/D as predicted by the modified hole-pipe
model (P1 �18MPa) under different Le. It can be seen from
this figure that leakage rate curves under each Le are similar
to the leakage rate curve predicted by the modified hole-pipe
model in Figure 3. Figure 6 also shows the leakage rate of the
pipe model for each Le. ,e figure further verifies the
correctness of the modified hole-pipe model. At the same
time, it can be seen from the figure that the leakage rate
decreases with Le. When d/D is small, the leakage rate de-
creases slowly, and as the d/D increases, the leakage rate
decreases more rapidly. ,is is consistent with the results
shown in Figure 5.

Figure 7 shows the relationship between K and P1 (the
pressure of point 1) of the modified hole-pipe model
(Le � 1300m) under different d/D. ,e natural gas leakage
rate increased linearly with increasing P1. Additionally,
different leakage d/D ratios lead to different levels of se-
verities. Small d/D leads to minimized increases in leakage
rate from increases in pressure. Conversely, larger d/D leads
to higher sensitivity between pressure and leakage rate. ,is
is because when d/D is small, the influence of the leakage on

the parameters of natural gas in the pipeline is small; when
the d/D is large, this influence is large. Figure 8 shows the
relationship between the natural gas leakage rate K and d/D
of the modified hole-pipe model (Le � 1300m) under dif-
ferent P1. It can be seen from this figure that the leakage rate
curves under each P1 are similar to the leakage rate curve
predicted by the modified hole-pipe model in Figure 3.
Figure 8 also shows the leakage rate of the pipe model under
each P1. ,e leakage rate decreases as P1 decreases. When
the d/D is small, the leakage rate decreases less obviously,
and as the d/D increases, the leakage rate decreases more
obviously. ,is is consistent with the results of Figure 7. ,e
above further verifies the modified hole-pipe model.

Figures 5–8 further demonstrate the correspondence
between the parameters of equation (2) and equations
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(4)–(10).,e relationship between P2’ and d (diameter of the
leak point hole) is shown in Figure 9.

According to the algorithm of the modified hole-pipe
model shown in Section 2.4, as d increases, the leakage rate K
increases, and therefore, the flow rate (flow velocity) upstream
of the leakage point must increase because of the mass
conservation. According to Bernoulli’s equation, the flow
pressure decreases as the flow velocity increases. From what
has been discussed above, P2’ decreases as d increases, which
is consistent with the trend shown in Figure 9. Furthermore,
according to equations (12)–(14), before P2’ drops to P2c, the
flow at the leakage point is in a state of critical flow. Once P2’
drops below P2c, the flow at the leakage point becomes
subcritical flow. ,e demarcation point between critical flow
and subcritical flow is about d� 195mm.

4. Conclusions

,is paper reclassifies the natural gas leakage models into
four kinds. (a) Storage tank model—in this model, the
parameters of the natural gas are considered the same as
the parameters of the start point and there is no change
when the leak occurs. ,erefore, this model is applicable to
the case where the leak point is close to the beginning of
pipeline, and the leak point diameter is small; (b) small
hole model—unlike the storage tank model, this model
takes into account the influence of friction along the
natural gas pipeline, but the pressure P2 at point 2 is
assumed to remain constant after the leakage. ,erefore,
this model is applicable to the case where the leak point
diameter is small; (c) pipe model—this model is used for
the case of the complete rupture of the natural gas pipeline
or when the leak point diameter is close to the pipeline
diameter; and (d) modified hole-pipe model—this model is
a general model that can calculate the leakage rate at any
leak point diameter.

,e above classifications are more representative of the
actual situation. Once the size of the leakage point can be
determined, the appropriate model can be selected to
estimate the leakage rate. However, the goal of most
natural gas pipeline leakage problems is to determine the
leakage rate as early as possible, and the leak point di-
ameter cannot be known ahead of time. ,erefore, the
general model is used to estimate the leakage rate most of
the time. In this case, the accuracy of the general model to
calculate the leakage rate is crucial for risk assessment and
failure consequence analysis. In this paper, a modified
hole-pipe model is proposed, and the innovations of this
modified model are as follows: (1) considering the influ-
ence of leakage on upstream flow rate change, flow rate
change will produce flow velocity change. According to
Bernoulli’s equation, flow velocity change will produce
pressure change, and pressure change will further affect
the leakage rate, which is a loop problem. ,is influence is
not taken into account in the hole-pipe model, but it is
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taken into account in this modified model by using the
loop iterative algorithm of successive approximation. (2)
In the hole-pipe model, the influence of leakage on the leak
point pressure has been considered, but complex hydro-
dynamics and thermodynamics calculations are required.
In this modified hole-pipe model, the successive ap-
proximation iterative loop algorithm can take the influ-
ence of leakage on the leak point pressure into account and
avoids complex computation due to the advantages of the
algorithm. A comparison and analysis of the calculation
results in this paper shows that the modified hole-pipe
model, like the hole-pipe model, is a general model that
can calculate the leakage rate at any leak point diameter,
and the leakage rate calculated by the modified hole-pipe
model is lower than that calculated by the hole-pipe model,
which conforms to the theoretical analysis and should be
closer to the actual leakage rate. ,erefore, the modified
hole-pipe model proposed in this paper can calculate the
leakage rate more accurately.

Nomenclature

P: Pressure (Pa)
Pi: Pressure for each point (Pa)
Pa: Pressure for surrounding (Pa)
P2c: Critical pressure at point 2 (Pa)
T: Temperature (K)
Ti: Temperature for each point (K)
ui: Flow velocity (m/s)
G: Mass flux (kg/m2·s)
k: Heat capacity ratio
Q: Flow rate before leakage point (kg/s)
Q+: Flow rate after leakage point (kg/s)
K: Leakage rate at the leakage point (kg/s)
M: Molar mass (kg/mol)
R: Ideal gas constant (J/(mol.·K))
Xe: Equivalent between point 1 and point 2 (m)
D: Inner diameter of pipes (m)
ρ: Density of gas (kg/m3)
E: Roughness of pipes (mm)
Re: Reynolds number
λ: Fanning friction factor
Aor: Hole area (m2)
CD: Hole flow correction coefficient
Z: Air compression factor
CPR: Critical pressure ratio
Le: Distance between point 1 and point 2 (m)
D: Diameter of the pipeline (mm)
D: Diameter of the leak point hole (mm).
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