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Abstract—The paper presents a one-dimensional transient A local distribution of basic flow parameters, whiare

mathematical model of compressible thermal multirponent gas
mixture flows in pipes. The set of the mass, momenénd enthalpy
conservation equations for gas phase is solvedrnidwphysical

properties of multi-component gas mixture are datea by solving
the Equation of State (EOS) model. The Soave-Redizong

(SRK-EOS) model is chosen. Gas mixture viscosityalksulated on
the basis of the Lee-Gonzales-Eakin (LGE) cormematiNumerical
analysis on rapid decompression in conventional dases is
performed by using the proposed mathematical mdded. model is
validated on measured values of the decompressire wpeed in
dry natural gas mixtures. All predictions show dbere# agreement
with the experimental data at high and low presstihe presented
model predicts the decompression in dry naturalrgixsures much
better than GASDECOM and OLGA codes, which are st

frequently-used codes in oil and gas pipeline fartsservice.

Keywor ds—Mathematical model, Rapid Gas Decompression

|. INTRODUCTION

EW technologies on natural gas production requiogem
intensive gas transmission from one place to amathe.

obtained by using the mathematical modeling,
significantly help in the pipeline design and flaasurance.

The information on the mathematical modeling and
experimental study of the decompression in natgas
mixtures is limited in the open source literatulumerous
experimental measurements of the decompression seed
in rich and dry natural gas mixtures are condudtgd CPL
(Trans Canada Pipe Lines) with a high order of ey last
time [3-7]. The influence of the shock tube innemdeter, gas
mixture composition, pressure, and temperatureaigfally
examined experimentally. Pressure values are vami¢dose
studies in the range between 10 MPa and 37 MP# [Bh@
temperature is varied from normal values to lovb [B]. Most
of the measurements are made by using the smatledéx
shock tube, where the friction force influencestha flow
behavior much stronger compared to large-diameépesp

The analytical GASDECOM [1] program is frequentsed
software in gas transport industry. The decompoessiave
speed values are successfully calculated by using

may

A rupture of the pipeline happens and brings nubmero GASDECOM [3,5]. The program predicts those valuéh &

problems for oil and gas engineers. The fractumpagation
control in gas transport pipeline service is usupkrformed
by using the Battelle two-curve method, which wasedoped
by the Battelle Columbus Laboratories in order éednine
of the fracture arrest toughness [1,2]. The frachropagation
speed in the pipeline wall and the decompressiorevepeed
in gas mixtures are required to be employed in Bagelle
analysis. The fracture propagation is arrested wiles
decompression wave speed in gas mixtures is quibkerthe
fracture propagation velocity in the pipeline walherefore,
the information on the decompression wave speadtiffierent
natural gas mixtures is very important for the fuae
propagation control and pipeline design. The preaafsthe
decompression in natural gases is very quick iretiffihe
liquefied fraction is appeared in the shock tubeemvhhe
temperature and pressure are low enough. Theoftictue to
the liquid appearance significantly changes thedgression
speed in natural gases. A transient mathematicalemof
single- or multiphase flows of multi-component éunixtures
in a shock tube is highly desirable in this case.
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Fusionopolis Way, 138632, Singapore (phone: +65964886; e-mail:
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reasonably good level of accuracy. However, thetifn force

is not accounted for in the analysis here. The @ispn
between measured data and GASDECOM's calculatiens i
usually poor and the values are over-predicted,thié
decompression wave speed is determined from thesyre
transducers locations, which are mounted far awasn fthe
rupture end of the pipe, and where the frictioluehces on
the flow behavior significantly. The over-predictiof the
decompression wave speed values is much strongéne i
liquefied fraction is appeared in the shock tube.

The commercial 1D OLGA code [8], which is develogsd
SPT-group, is the most well-known and frequenthedis
software in the field of oil and gas flow assuraridamerical
simulations of the rapid gas decompression proicessh and
dry gas mixtures are performed [5] by using OLGAleas
well. All predictions, which are made by using OLGB8],
show a significant over-prediction of pressure tifmstory
values and a poor comparison with the experimetztta.

The paper presents a one-dimensional transient
mathematical model of compressible thermal multiponent
gas mixture flow in pipes. Numerical analysis ofeth
decompression in dry natural gases is made onasis bf the
proposed mathematical model. The model is sucdbssfu
validated on the experimental data [5] and it sh@avgery
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good agreement with the measurements. Predictivhih
are made by using the proposed model, are compardt
paper with simulations, which are performed by gsthe
OLGA code and the analytical

from [5].

I1. ONE-DIMENSIONAL MATHEMATICAL MODEL OFTRANSIENT
SINGLE-PHASE FLOW

GASDECOM. Those
calculated values (i.e. OLGA and GASDECOM) are take
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Here,V is the volume of the gas mixtund;is the number of

The set of the mass, momentum and enthalpy cort&®Iva components in the gas mixtufEjs the temperature of the gas

equations for the gas phase is solved in the maitiesh
model. This set of equations for the single phase mixture
in general form is written as [9]:
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Here, a, is the volume fraction of the gas mixturg is
the density of the gas mixturél; is the velocity of the gas
mixture; P is the total pressure®,_,,,, is the friction termhg

is the enthalpy of the fluid, t is the time,is the axial co-
ordinate. The friction term is written as [10]:
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Here, /7 is the perimeter of the pipes is the cross-
sectional area of the pipe,,_,,, is the friction term (i.e. Gas-

Wall interaction); &;_,, is the friction coefficient;D . is

the diameter of the pipgy, is the viscosity of the fluid.

Ill.  THERMO-PHYSICAL PROPERTIES OFGAS MIXTURE

Thermo-physical fluid properties are modeled byisg of
the Equation of State (EOS) in the form of the SeRedlich-
Kwong model [11]. The set of equations and coriehet
(SRK-EOS) may be written as [11]:

RT a
N = RV ey ©
a:g%zzn/a_( k)b 2 . @)

mixture; R is the universal gas constardgy is the acentric
factor of the componerit R, T.; are critical values of the

pressure and temperature, correspondently;is the mole

fraction of the componerit The compressibility factor (Z) of
the gas mixture is calculated from the followingiation [11]:

z°-72+(A-B-B?)z- AB=0 (10)
aP bP
A=2"_ p=2— 11
RT? RT (1)
R
P=p—~TZ 12
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Here, M is the molar mass of a substance. The siigcof
gas mixture is calculated by using of the Lee-Gtasz&akin
(LGE) correlation [12]. The algorithm of solving tfe set of
One- Dimensional transient governing equationshef fluid
mixture flow in a pipe is based on the Tri-Diagomdtrix
Algorithm (TDMA), also known as the Thomas algonith
[13]. It is a simplified form of Gaussian eliminati that can
be used to solve tri-diagonal systems of equati®hs. set of
unsteady governing equations is transformed intostandard
form of the discrete analog of the tri-diagonalteys [13] by
using the fully implicit numerical scheme. In thisse the
equation is reduced to the steady state discrigtiz@iguation
if the time step goes to infinity.

IV. GAS DECOMPRESSIONPROGRAM

A 1D transient mathematical model of compressibémal
multi-component gas mixture flow in pipes was depeld
under the research project “Multi-component Gas tunex
flows in pipelines and wells” in PETROSOFT-DC. This
mathematical model was implemented into the FORTRAN
computer code and was named the “Gas Decompression
Program” (GDP code). More information is availalde
www.petrosoft-dc.com.

V.NUMERICAL ANALYSIS ON RAPID DECOMPRESSION INDRY
NATURAL GAS MIXTURES

The presented mathematical model was validated ¢14]
the experimental data on rapid decompression ie batural
gas mixtures [3]. The validation of the proposeddgi®mn dry
gas mixture experimental data of the same authB}sis
presented in this paper. The decompression wavedspe
measurements are made by TCPL (Trans Canada Rips)Li
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at TCPL Gas Dynamic Test Facility in Didsbury, Adtze
Canada [5] using the same test facility. The mast section
of the facility is the shock tube, which has altteagth of 172
m. The inner pipe diameter is 49.325 mm. The irstesnrface
of the tube has a roughness, which is better tharcion. A
rupture disc is placed at one end of the pipe, Wiscupon
rupturing. A decompression wave propagates up the
pressurized test section. High frequency respofsessure
Transducers (PT) are mounted into the tube partchwis
most close to the rupture end of the shock tubeyriter to
capture the time history of the expansion fan [Bpur
pressure-time tracers (PT-2, PT-3, PT-4 and PT-&ewsed
in order to determinate the decompression wavedspakies
in those experiments. Distances between pressamsducers
PT-2, PT-3, PT-4, PT-6, PT-7 and the rupture disc (06,
0.24, 0.44, 0.84, 1.24 meters, correspondently. Fighows
the schematic of the experimental decompressioa tub

Rupture disc
—
—
—

0.06m

Decompression tube

P=Pinitial & T=Tinitial

1.24m

0.84m

Closed end

Pressure
Transducers - PT

PT-7 0.44m

0.24m
PT—4 <

PT-3

Two cases (table 1) are simulated using the prapose
mathematical model. Predictions are started with itiitial
pressure of 10.58 MPa and temperature of 247.4 Kaich
computational cell of the pipe for the case 1. Neues of
the velocity, temperature, density and pressurecaleulated
after each time step. The upper limit of the timepsis
selected from the point of view of the numericalbdity of
calculations. The decompression is very quick mscend
basic parameters of gas mixture are changed vepiyllya
Therefore, the time step have to be small enougbrder to
simulate continues change of pressure and temperasilues
in time at every computational cell. The time siegqual to

2107 sec in those cases.

The comparison between measured and predictedupeess
time history values at PT-2 (fig. 2(a)) and PT-4 &T-7 (fig.
2(b)) locations are shown in fig. 2. The case blédl) is
simulated first. Experimental points are shown yaslmls in
all figures here. Continues lines represent caledlavalues.
Numerical predictions of the decompression progesisy gas
mixtures in the conditions of the considered céselé 1, case
1) were made by using the commercial 1D OLGA cd]ep
well. Those numerical values are taken from [5] aave
compared with calculations, which are performedibing the
proposed model (fig. 2).

‘E 11 I T T T T T T
ube outlet ®  Measured (PT-2)
(e ot 10 A GDP code (PT-2)f ]
Fig. 1 Schematic of the experimental decompressibe 9 ____OLGA code (PT-Z]
The computational decompression pipe, which hangth % 8
of 6 meters long, is simulated by using the progosedel. o 7
The set of governing equations is solved on thehniesing ﬁ 6.
800 grid nodes. The inner pipe diameter is 49.325. @ne c“f
end of the shock tube is selected to be the clesed The 51
rupture disc condition is modeled in the other ehthe pipe. 44
The following initial pressure, temperature and gas
compositions (table 1), which are identical to éxperimental 312 13 14 15 16 17 18 19 20
[5], are chosen to be simulated here: Time [msec] a)
12 T T T T T T
TABLE | 1 B Exp (PT-4
GAs COMPOSITION(MOLE %), INITIAL PRESSUREMPA) AND TEMPERATURE g DS GDP (PT-4
(K) 100 My oen T - - --OLGA (PT-4
Case 1 Case 2 . Y9 @ Exp (PT-7
P 10.58 20.55 @ 9 O N GDP  (PT-7
initial S \ L N OLGA (PT-7
Tonital 247.4 248.2 o 8
N2 0.569 0.565 @ 74
CO2 0.781 0.769 £ &l
c1 95.474 94.986 &
Cc2 2.936 3.423 5
C3 0.190 0.205 4]
i-C4 0.016 0.016 . . T T T
n-C4 0.025 0.026 14 16 T 20 22 24 26
i-C5 0.004 0.004 ime [msec] b)
n-C5 0.003 0.003 . ) )
C6+ 0.001 0.002 Fig. 2 Pressure time history at PT-2 (a) and PT-B&Rb), case 1
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Calculations, which are made by using GDP code,irare values are decreased from the initial temperatere!!| (-
good agreement with the experimental data. Pretijstessure 25.6°C) to the lowest one (-7&) within the time of 5-10
time history values is decreased under rupturingl the  msec. Numerical analysis shows, that the non-sqaiedicted
level, which is measured experimentally (i.e. 3.Bavat PT-2 yalues of the temperature have much stronger faleaease
and 4.5 MPa at PT-4 locations, fig. 2). The calmdalecrease and are decreased from the initial level to theestwalues
rate (i.e. the slope of the time-pressure curve)wsll ithin the time of 0.5-1 msec at the near ruptund ef the
correlated with the experimental points, too. Thespure time pijpe.
history values, which are calculated by using th&® code,  The pressure-temperature envelope is shown infighe
show a significant over-prediction (fig. 2). Fig(b shows |iquid fraction is appeared in dry gas mixture fbe case 1

that the pressure decrease rate of OLGA's predistis much \yhen the pressure goes less than 5 MPa and thetatug is
slower compared to the experimental data as welgjeineral,

the OLGA code shows a poor agreement with thﬁrst rapid decrease (fig. 2(a) PT-2 for the timenf 15 to 20
measurements.

ms; and fig. 2(b) PT-4 for the time from 20 to 26)ndue to
the liquid appearance at those locations of theclshabe.

=20 T T T T T T T L . .
Predictions, which are made by using GDP code, atonvell
304 - “Gﬂgi,sggedde ((SI_'ZZ l correlated with the experimental data in this rabgeause the
* Measured (PT-3 liquid appearance in the shock tube is not takeém &ccount
. -404 - - - - GDP code (PT-3)} | by the proposed model. An additional friction i®guced due
& to the liquid in the pipe.
pm}
£ 501 .
g 1.04 ' ' ' o
g -60- 7 @ Measured
= GDP code §”
* % R
704 N A GASDECOM
L} n n — 0.8 ]
-804+ T T T T T T T %
10 20 30 40 50 60 70 80 =
Time [msec] g
2 0.6 1
)
Fig. 3 Temperature time history values at PT-2RfeB, case 1 a
T T T T 04_ T
20_ /_/ p
—— Phase Envelop a T T T
----caselatPT-2 7 0 100 200 300 400
I case 2 at PT-2 7 Decompression Wave Speed [m/s] a)
i , .
- /
o ; 1.0A T T T T T -
=3 a @ Measured @Q
o 104 / PR GDP code
2 S - - - - GASDECOM
0] L PRl _ i
a 7 i
5 - 1 9
o i
>
0 ; . . . 2
-120 -100 -80 -60 -40 -20 &

Temperature’]

Fig. 4 Pressure-temperature envelope

o . o 0 100 200 300 400 500 600
The temperature time history is shown in fig. 3siBg on Decompression Wave Speed [m/s] b)

the fact that the confidence in measured tempearataiues is Fig. 5 Decompression wave speed as a functionesispre ratio,
low due to late response of the temperature prabeshe case 1 (a) and case 2 (b)

quick temperature change [5], predicted valueseated. The
collection of time values (i.e. time step) is muplied on the Another simulation of the decompression in dry natgas
selected number in order to change the rate ofedse; only. in the conditions of case 2 (table 1) is performed, Fig. 5
Predicted temperature values are not scaled. Fafno®is the shows measured and predicted values of the deceripne
calculations, which are made by using the GDP cdde wave speed, which are determined from PT-2, PTF34 Rnd
proposed model reaches measured temperature minimPm-6 pressure transducer locations. Pressure vahres
values with high order of agreement with each otfittose normalized on the initial pressure before rupturi@gntinues

lower than -68C . The pressure values are increasing after
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lines represent calculations, which are made uSB® code.

Broken curves represent GASDECOM numerical results. The author would like to acknowledge the support of
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GASDECOM [1], are taken from [5]. The proposed modeyng numerical analysis on the rapid decompressiodry
shows much better agreement with the experimestia than 5¢,ral gas mixtures in a shock tube.

GASDECOM predictions. The analytical model does not
account for the friction between the gas mixturd pipe wall.
The flow behavior is changed significantly in thea of the
pipe, which is far away from the rapture place doethe
friction. Therefore, GASDECOM does not calculatee th
decompression process in natural gas mixtureswelyin the (2]
case of small-diameter tubes, where the frictioncdois
important.The proposed mathematical model of teisi [3]
compressible thermal multi-component gas mixtuvflin
pipes predicts the decompression process in diyraagases 4]
much better than other analytical and mathematicadiels,
which are available from the open source literatuidl
simulations, which are made by using the presentéﬂ
mathematical model, are quick in time also.

(1]

VI. CONCLUSION (6l

The one-dimensional transient mathematical model of
compressible thermal multi-component gas mixtucevd in

) . . [7]
pipes is presented in the paper. The set of thesmas
momentum and enthalpy conservation equations fepgase
is solved in the model. Thermo-physical propertésnulti-
component gas mixture are calculated by solvinggtpeation (g
of State (EOS) model. The Soave-Redlich-Kwong (FEBS)
model is chosen. Numerical analysis on rapid decesgon
process in dry natural gas mixtures, which is magdasing of
the proposed mathematical model, is presentectipaper.

The proposed model is validated on the experimesiales
of the decompression wave speed in dry gases [tLhware
measured at low temperature. Two cases with highlaw
initial pressure before rupturing are simulatede froposed
mathematical model shows excellent agreement wlid t
experimental data in most of the pressure ratigeaexcept
the lowest part (case 1). The presented model cloegredict
well the decompression wave speed decrease at ressyre
ratio values (case 1) because it does not accdontshe
friction due to the liquid appearance in the shade. The
proposed mathematical model predicts the deconipress
dry gas mixtures much better than the analyticaSBECOM
and 1D OLGA code.

The presented model is highly necessary and useful
pipeline design and flow assurance. The minimurfradture
arrest toughness of the pipe wall material may &erdhined
on the basis of the Battelle two-curve method watking into
account of the proposed model together with fractur
propagation speed model. The model is successipityoved
on the experimental data on rapid decompressidrage [14]
and dry natural gas mixtures. The influence of phessure,
temperature, fluid composition, and pipeline disgnehay be
examined by using the presented model.

(9]
[10]

[11]

[12]
[13]
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