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Abstract

A mathematical model of accidental gas release in long transmission pipelines is given by using of computational fluid mechanics. It
was found that the existing hole model is suitable for predicting gas release through a small punctured hole while the other existing pipe
model is suitable to predict the gas release through a complete break in the pipe. In this paper, a new model was proposed for the hole that
lies between the above two situations. The results of an example show that when the initial inside pipe pressure is higher than 1.5 MPa, the
mass of gas released during sonic flow is more than 90% of the total mass of gas released. The total average release rate could be substitute
by 30% of initial release rate. This approximation would become more accurate with increasing of the initial inside pipe pressure.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction with a diameter approaching to that of the pipeline diameter.
Although there have been a number of studies on model-
The pipeline has proven to be one of the easiest and safesing intermediate leaks of a perfect gas within the last years
ways to transport fluid fuels such as natural gas. However, it [4-6], there is still no clear understanding of flowing natural
is often subjected to interference from third parties, corro- gas at high pressure and unsteady state release. This paper
sion, accidents and human error, etc. during operation. Wheninvestigated the gas release rate at a variety of hole sizes as
it is damaged, the natural gas will be released through anywell as the average release rate for unsteady state of gas.
breakin the pipeline, resulting in a hazardous situation devel-
oping from possible explosion, fire, injury and damage. The
safe operation of fuel pipelines is an important issue for op- 2. Release model
erators worldwide. Therefore, it is necessary to evaluate the
safety of pipelines and conduct quantitative risk assessment  Flowing gas in the pipeline can be considered as a com-
of their operation. Thus, pipeline managers can improve the pressible fluid with significant changes of density. Therefore,
overall safety of pipeline operation and decrease the risk.  the analysis of such systems involves several equations, such
The quantitative risk assessment of the pipelines ConSiStas the energy conservation equation, the momentum con-
of estimation of failure probablllty and failure consequences. gervation equa‘[ion and the Continuity equation_ In genera]y
In order to estimate the failure consequences, gas release ratghe flow of fluid can be described either as an isothermal
through the damaged pipeline must be known in advance.process or as an adiabatic process. The isothermal process
There are two common models to calculate gas release ratgnyolves fluid flowing through long, uninsulated pipelines
[1-3]. One is a hole moddlL], where gas releases through \yhile the adiabatic process is appropriate to short, insulated
a small hole and the pipeline is considered as a tank; thejines. Most of real processes behave between these two ex-
other is a pipe modé¢lL], where gas releases through a hole tremes. However, in many cases, especially long pipelines,
corresponding to a complete break in the cross-section ofthe two processes provide rather similar re§tilt
the pipeline. There is an obvious gap in knowledge between  According to computational fluid mechanics, flowing gas
the above models as no suitable model exists for the holejs considered as a reversible, adiabatic process of a perfect
size ranging from a relatively small hole uptoa Iarge orifice gas, Comp|ying with the state equation and Poisson equa-
tion. However, the state equation of perfect gas can only be
"+ Corresponding author. Tel:86-29-8382321. used for real gas at high temperature or low pressure, when
E-mail addressdyhydt@yahoo.com (G. Huilin). pressure is high, though, use of this equation will result in
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Nomenclature

sonic speed of gas (M)

area of hole (1)

area of cross-section of pipeline gn
empirical discharge coefficient, for subsonic
of Reynold number larger than 30,000,
Co = 0.61, for other situations witldg = 1
hole diameter (m)

pipeline diameter (m)

friction factor

friction force (= 2fu?dL/D) (N)

mass flux (kgm?s-1)

enthalpy of gas (kJ kgt)

length from regulation valve to the hole (km
equivalent length of pipeline (km)

gas mass (kg)

molecular weight (kg kmoi?)

Mach number

heat capacity ratioc(,/c,)

pressure (Pa)

release rate (kgs)

constant of gas (Patmol~1K~1)

time (s)

temperature (K)

velocity of gas (ms?)

volume of pipeline ()

defined byEq. (7)

compressibility factor

Greek symbols

o defined byEqg. (17)

e roughness of pipeline
n viscosity of gas (Pas)
0 density of gas (kg m3)
Subscripts

0 steady state

1 initial point

2 point inside the pipeline
3 release point

a point in the atmosphere
av average

cr critical

p pipeline

w whole

large error. In engineering calculation, a compressibility fac-
tor Z is introduced into the state equation of perfect gas in
order to decrease deviation from real &k Accordingly,

the state equation of gas is given as

P

hereZ is assumed to be constant over the pipe length.

_ pZRT

M

1)

A schematic diagram of gas release through a hole is
shown inFig. 1 [4], indicating a hole located in the distance
of L from a regulation valve of pipeline, through which the
release takes place. Various points are considered: point 1
near the regulation valve; point 2 inside the pipeline and on
a level with the hole; point 3 at the release point; point in
the atmosphere.

Several assumptions are made: (1) the gas flows adiabat-
ically in the pipeline and isentropically at the release point;
(2) the model of flow is considered as a one-dimension
model.

In order to delineate adiabatic flow of the gas in the
pipeline quantitatively, an equation can be obtained by using
of energy and momentum balance equations

k+1 [/PT M (P2 P2 4fL
SENESR (_z__1)+ ‘o @

k P>Ty RG \ T» T1 D

whereLe is the equivalent length of the pipeline, and the
friction factor f is a function of roughness of pipe)(and
Reynolds numberXe.

The expression of gas release rate can be obtained by sub-
stituting Eq. (1) Poisson equation and continuity equation
into Eq. (2)

O—Corarp oMk Pk NG
—0tor2 | ZRTLk—1 |\ P, P,
(3)

The value of the release rate at the orifice depends on
whether gas flow is sonic or subsonic. This will be decided
by the critical pressure ratio (CPR),

K/ (k—1)
cPr= 2 _ (2 @)
Pocr k+1

wherePy; is critical pressure of point 2. WheR, > P,

the gas release is sonic flow at the orifice. The release rate
is described by the following equation that can be got by
substitutingEq. (4)into Eq. (3)

M 2 (k+1)/(k—1)
= Aot P2 | =—k| —— 5
Q ort2 ZRTz (k+1> ( )

When P, < Py, the gas release is subsonic, and the
release rate is described Byj. (3)

In what follows, several gas release models will be de-
scribed.

2.1. Hole model

When the hole diameter is relatively small, the pipeline is
considered as a tank. Gas release rate would be calculated by
the hole model. Assumptions made are: pressure inside the
pipeline will not be affected by gas release; gas expansion
is isentropic. Therefore, the gas release rate is constant and
equal to the initial maximum release rate.
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Fig. 1. Schematic diagram of gas release.

When the ratio of atmospheric pressure to pressure atvelocity at the outlet will approximate to sonic speed. In this
point 2(Pa/P,) is less than CPR, the gas release is sonic at condition,May is equal to 1, causing thEgs. (7), (8) and
the hole and the initial maximum release rate is presented by(9) to change accordingly.

Eqg. (5) Otherwise, when the ratio of atmospheric pressure

to pressure at point P&/Py) is larger than CPR, the initial
maximum release rate is calculated by. (3)

2.2. Pipe model

This model is suitable for a complete break of the pipeline.

In this condition, the state of point 2 is similar to that of point
3, and isentropic expansion does not exist (therefBsex

2.3. Proposed model

Neither the hole model nor the pipe model would be suit-
able to be used when the orifice diameter is larger than a
small hole diameter but smaller than the pipeline diameter.
This condition can often exist in reality. There are several
situations about the gas release from the pipeline. If gas flow
is subsonic in the pipeline, gas release at the hole can either

P3 = Py). The adiabatic flow is described by the mechanical be sonic or subsonic, depending on the ratio of hole diame-
energy conservation equation and the energy conservatiorter to pipeline diameter.

equation that followed.
dpr
wdu + — + Z F=0
p (6)
dh +udu =0

Assuming that friction factor is same along the pipeline,
Octave[l] gave an analytical expression Bf. (6) that is

T2 _ Y1 P> _ Ma; |11 P2 Ma; | Y2

T1_ Yy’ Pl_Maz Yy’ pl_Maz Y1’
k=1 5 u [KZRT

Yl:1+ TMai, Ma = ;, a = 7 (7)

[ kM [ km
G =MayP | —— = Mao Py, [ ———
W ZRT 272\ ZRT,

_ 2M  k o —T1
~\V ZRk — 1(T1/P1)? — (T2/ P2)?

ReplacingP1, P2, T1, T2 and G with Egs. (7) and (8)
Eq. (2)is converted to

eray (vagn) (1 1
2o ) (o)

(8)

4k fLe
D

—0 (9)

When the pipeline is long enough, and pressure inside the
pipeline and outside the pipeline changes greatly, gas releasd” =

2.3.1. Subsonic flow in the pipeline, sonic flow at the hole
When the following conditions are met

Py > PiMag |22

2> 11 1

P k+1 (10)
-2 - CPR

P

gas flows subsonically in the pipeline and sonically at the
hole. Therefore, gas release rate can be calculatéd)b{b)
According to the continuity equation of gas flow, mass flux
of the gas flowing through any cross-section of the pipeline
is equal. So

Aor KM 2 (k4+1)/(k—1)
G="2p | — (=
A NZRR \k+1

= Maz P KM = May P KM
— W ZRT T P ZRT
The state equation of gas flow is the sameEas (9)

The parameters relationship between point 1 and point 2 is
referred toEq. (7) And the parameters of point 3 are

py = (2 k/(kil)P _rn— (2 \r
= \k+1 2=8=\k+1)*

5 \ V-1
(k T 1) p2

(11

(12)
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2.3.2. Subsonic flow both in the pipeline and at the hole  Eq. (16)
When the following conditions are met

P(1) _ ()
—- =g/, = =[],
2Y, Py To
Pz > PiMay k+1 p(0) 2/(k—1 k+1)/(k—1
) - =ls0l /&0 Q@) = Qo[g(n)]*HH/ED,
Pa
P, =R m() = mol — g0? ¢V, g(0) = A+anL
_ Qok—1) 17
gas flows subsonically both in the pipeline and at the orifice. ¢ = 2mo (17)
The release rate is expressedty. (3) Mass flux through i .
any cross-section of pipeline is Thus, the critical time is
o = 1 [ 1 1] (18)
Aor M 2% [/ \ZE KD/ 7 a L[tk + 1)/2]2(Pa/ Po) *- /%
G= P ZRLk—1 (E) B <Fz> As for the subsonic flow, a differential equation of pres-

sure and time can be got by substitutibg. (3)into Eq. (16)

[ kM [ kM
=Ma P, | — =MarPy, | —— 14 (k=1 /k _ pk=1/kq1/2 p(k—1)/k
mo

dr [1 — (Pa/ Po)k=D/K]1/2
Eq. (9)is used to express the state equation of gas flow. Due (19)
to subsonic release of gas at the orifice, point 3 is at the
same state as atmosphers & P), then

This equation cannot be solved analytically. The fourth
order Runge—Kutta method can be used to get pressure, tem-
JANGEL P\ Yk perature and density of gas at any moment of subsonic flow
T3=( ) Iy, ,03=< ) P2

P

15 .
b (15 9]
Newton iteration method is used to sokzg. (9) Because
of complexity, its implementation needs to be done on a

computer.

4. Example

In order to verify the validity of above models, an example
is given. Suppose that a gas pipeline has an inter diameter of
0.66 m. Gas pressure at initial point of the pipelifg)(is
3. Averagerelease rate at unsteady state 5MPa, gas temperaturé() is 293 K, and molecular weight

ofthe gas is 17.1 kg kmot, viscosity of the gas() is 1.01x

The above models are suitable for estimation of the 10~°Pas, compressibility factaZ is 0.9. There is a hole
gas release rate at steady state, where the release rate & the equivalent distance of 126 km from the initial point.
a constant. Actually, if hole diameter is small, gas release It is considered that gas release rate is always smaller than
has little effect on the pressure inside the pipeline and maximum release rate allowed in the pipeline. Therefore,
release rate can be considered to be constant with timethe release rate at different holes can be calculated using the
However, when the hole diameter is large or even equal to above relevant equations.
the pipeline diameter, the upstream regulation valve will  The results are shown frig. 2 It can be seen that when
be closed automatically, so the pressure inside the pipelinethe hole is relatively small, the release rate calculated by the
will decrease gradually, and the release rate is a function
of time.

d —e+—hole model
p(1)
Q(t) = _Vpd_ (16) —=a— proposed
t model
. . . T - U A e pipe model
Even if the initial gas release at the hole is sonic before (@=D)

closing the valves, the release will gradually become sub-
sonic because of the pressure decreasing in the pipeline.
When the upstream valve is closed, the transition from sonic
to subsonic will take place if the conditia®,/P = CPR is
met. The time from closing of the valves to the occurring of
the transition is defined a critical timé.).

For the state of sonic flow, the parameters at any period of
unsteady state can be achieved by substitufigg(5) into Fig. 2. Relationship between hole diameter and release rate.

release rate (kg/s)

0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.66
hole diameter (m)
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Fig. 3. Relationship between hole diameter and pressure of gas. Fig. 5. Various ratios at different ratio of initial pressure to atmospheric
pressure.

hole model is similar to that by the model proposed here. As )
the hole diameter increases, the hole model overestimateé)e evalqated. Moreover, it can be seen f“’”? E@ 5that
the release rate. When the hole diameter approximates to thé?a"/QO lies between 20 and 40% when the |n|t|al_ pressure
pipeline diameter, the model proposed here gives the samdS 1ar9€r than 1.5 MPa. Therefoi@qy can be approximately
result as that of the pipe model. In addition, the relationship SuPstituted by 30% of theo.
between pressure and the temperature at point 2 and 3 and
the hole diameter are shownigs. 3 and 41t can be seen
that the hole diameter of 0.62 m is a transition point between
sonic and subsonic flow.

If it is assumed that the hole diameter is 0.1 m. It can be

assumed that the gas flows subsonically in the pipeline and(1) When the hole is small, gas release rate can be predicted

5. Conclusions

Several conclusions can be drawn from the analysis.

sonically at the orifice. Combininggs. (7), (9), (11), (12), by the hole model; when the hole diameter approximates

(17), and (18) the critical time {), the critical average to the pipeline diameter, the pipe model can be used;

release ratecr ay) and the mass of gas releasew, at the while the hole lies between the above two situations, the

sonic period, as well as the total mass of gas releasg)l ( model proposed in this paper can be used.

and average release rat@q() of the total release process (2) When the initial pressure inside the pipeline is higher

can be calculated. than 1.5 MPaR4/ P, > 15), the total average release rate
At different ratios of initial pressure to atmospheric pres- (Qav) can be substituted by the average release rate of

sure P1/Pa), the ratio ofQcrav Qayv t0 the steady state re- the sonic period@cr av). TheQay can also be substituted

lease rateQp, i.e. Qcra/Qo, Qav/Qo, as well asm,/my, are by 30% of the release rate at steady st&e)(

given inFig. 5. (3) Gasrelease atasmall hole can be considered as a steady
From theFig. 5, it can be seen that when the initial pres- state process.

sure P1) is larger than 1.5 MPa/ P, > 15), theme,/my, is

more than 90%. Therefore, it can be considered that gas re-

lease almost finishes as soon as sonic flow terminates. Wherﬁeferences
the initial pressureR;) is less than 1.5 MPaPg/ P, < 15),
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