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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 multiiponent gas
mixture flows in pipes. The set of the mass, momenand enthalpy
conservation equations for gas phase is solvedrnidwphysical

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

(SRK-EOS) model is chosen. Gas mixture viscosityalkulated on
the basis of the Lee-Gonzales-Eakin (LGE) corrematiNumerical
analysis on rapid decompression in conventional dagses is
performed by using the proposed mathematical mdde. model is
validated on measured values of the decompressare wpeed in
dry natural gas mixtures. All predictions show dbere agreement
with the experimental data at high and low pressilibe presented
model predicts the decompression in dry naturalrgasures much
better than GASDECOM and OLGA codes, which are mhest

frequently-used codes in oil and gas pipeline fartsservice.

Keywords—Mathematical model, Rapid Gas Decompression

. INTRODUCTION

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

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

The information on the mathematical modeling and
experimental study of the decompression in natigas
mixtures is limited in the open source literatuNumerous
experimental measurements of the decompression sgeed
in rich and dry natural gas mixtures are condudted CPL
(Trans Canada Pipe Lines) with a high order of eamulast
time [3-7]. The influence of the shock tube innemdeter, gas
mixture composition, pressure, and temperatureaigfally
examined experimentally. Pressure values are vamiedose
studies in the range between 10 MPa and 37 MP& [Bie
temperature is varied from normal values to lové [B]. Most
of the measurements are made by using the smatiedé
shock tube, where the friction force influencestba flow
behavior much stronger compared to large-diamepesp

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

may

A rupture of the pipeline happens and brings numeero 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 weseloped
by the Battelle Columbus Laboratories in order éedmine
of the fracture arrest toughness [1,2]. The frachnopagation
speed in the pipeline wall and the decompressiorevepeed
in gas mixtures are required to be employed inBha&elle
analysis. The fracture propagation is arrested wiies
decompression wave speed in gas mixtures is qutbkerthe
fracture propagation velocity in the pipeline walherefore,
the information on the decompression wave speadtiffi@rent
natural gas mixtures is very important for the fuae
propagation control and pipeline design. The precasthe
decompression in natural gases is very quick iretiffihe
liquefied fraction is appeared in the shock tubeemtihe
temperature and pressure are low enough. Theofnictue to
the liquid appearance significantly changes thedgression
speed in natural gases. A transient mathematicalemof
single- or multiphase flows of multi-component 8unixtures
in a shock tube is highly desirable in this case.
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reasonably good level of accuracy. However, thaifm 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 frictioduefices 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 develogmsd
SPT-group, is the most well-known and frequenthedis
software in the field of oil and gas flow assurangamerical
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 OLGB3],
show a significant over-prediction of pressure tilmstory
values and a poor comparison with the experimelatta.

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 sucdgssfu
validated on the experimental data [5] and it shavegery
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good agreement with the measurements. Predictiohigh
are made by using the proposed model, are compartte
paper with simulations, which are performed by gsthe
OLGA code and the analytical

from [5].

Il. ONE-DIMENSIONAL MATHEMATICAL MODEL OF TRANSIENT
SINGLE-PHASE FLOW

GASDECOM. Those
calculated values (i.e. OLGA and GASDECOM) are take

21 2

RTE
8 =042748— <

Ci

ol

(8)
RT;
b =0.08664—-"
Ci
m = 048+ 1574w — 01764} 9)

Here,V is the volume of the gas mixtumd;is the number of

The set of the mass, momentum and enthalpy cors®va components in the gas mixtufBjs the temperature of the gas

equations for the gas phase is solved in the mattieah
model. This set of equations for the single phase mgixture
in general form is written as [9]:

aa’GpG +aaGpGUG =0 (1)
ot 0z
0ac psUc , 906 psUs P
=- - 2
at aZ RGfWaII ( )
00 Pss , 006 psYshs _ , (0P, OP 3)
at 9z 9t %oz

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 pressureR;_,,,, is the friction term hg

is the enthalpy of the fluid, t is the time,is the axial co-
ordinate. The friction term is written as [10]:

__n Eoowan Ps Y&
~ Roowar =~ S = Te-wal +T-wal % )
&wu = 64/Re, , Re <1600 )
& v = 0316 /RE? | Re, >1600
RQ; = pGUGDpipe/ IUG (5)

Here, /7 is the perimeter of the pipes is the cross-
sectional area of the pipey,_,,,, 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.

-Wall

Ill.  THERMO-PHYSICAL PROPERTIES OFGAS MIXTURE

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

_RT___ a
P20 VD) ©)
a=Y>"7z,[aa (1-k)b=> 2b )
i=1 j=1 i=1
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mixture; R is the universal gas constaryy is the acentric
factor of the componerit R, T., are critical values of the

pressure and temperature, correspondent]y;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=—— B=— 11
RZTZ RT ( )
R
P=p—TZ 12
pM (12)

Here, M is the molar mass of a substance. The sitgcof
gas mixture is calculated by using of the Lee-Gts&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-Diagom&trix
Algorithm (TDMA), also known as the Thomas algomith
[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 discretizaiguation
if the time step goes to infinity.

IV. GAS DECOMPRESSIONPROGRAM

A 1D transient mathematical model of compressibirmnal
multi-component gas mixture flow in pipes was depeld
under the research project “Multi-component Gas tune
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 availalbe
www.petrosoft-dc.com.

V.NUMERICAL ANALYSIS ON RAPID DECOMPRESSION INDRY
NATURAL GAS MIXTURES

The presented mathematical model was validated ¢i4]
the experimental data on rapid decompression ie batural
gas mixtures [3]. The validation of the proposedigiamn dry
gas mixture experimental data of the same auth®}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, Aftae

Canada [5] using the same test facility. The mast section
of the facility is the shock tube, which has altteéagth of 172
m. The inner pipe diameter is 49.325 mm. The irtesnrface
of the tube has a roughness, which is better thamcion. A

rupture disc is placed at one end of the pipe, Wicupon
rupturing. A decompression wave propagates up the
pressurized test section. High frequency respofsessure
Transducers (PT) are mounted into the tube parichwis

most close to the rupture end of the shock tubegriter 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
—
—
—

Decompression tube

P=Pisitial & T=Tinitial

124m

0.84m

[ closed end | [p1-7 ] [od4m

0.24m

Pressure PT_ﬂ s 0.06m "
PT—3 « >
Transducers - PT

Fig. 1 Schematic of the experimental decompressibe

The computational decompression pipe, which hangth
of 6 meters long, is simulated by using the progosedel.
The set of governing equations is solved on thehntesing
800 grid nodes. The inner pipe diameter is 49.325. @ne
end of the shock tube is selected to be the cleseld The
rupture disc condition is modeled in the other efthe pipe.
The following initial pressure,
compositions (table 1), which are identical to éxperimental
[5], are chosen to be simulated here:

TABLE |
GAS COMPOSITION(MOLE %), INITIAL PRESSUREMPA) AND TEMPERATURE
K

Case 1 Case 2
P, 10.58 20.55
Tt 247.4 248.2
N2 0.569 0.565
CO2 0.781 0.769
C1 95.474 94.986
Cc2 2.936 3.423
C3 0.190 0.205
i-C4 0.016 0.016
n-C4 0.025 0.026
i-C5 0.004 0.004
n-C5 0.003 0.003
C6+ 0.001 0.002
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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. Nelues of
the velocity, temperature, density and pressurecaleulated
after each time step. The upper limit of the tintepsis
selected from the point of view of the numericalldlity of
calculations. The decompression is very quick pscend
basic parameters of gas mixture are changed vepigllya
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

210°° sec in those cases.

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

11 T T T T T T T

®  Measured (PT-2)
\ GDP code (PT-2)
9 - - --OLGA code (PT-2

Pressure [MP:

15 16 17 18 19 20
Time [msec] a)

12 13 14

Pressure [MP:

14 16 18 20 22 24 26
Time [msec] b)

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 temperatesell (-
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 yajues of the temperature have much stronger fade@ease
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)wisll  jithin the time of 0.5-1 msec at the near ruptund ef the
correlated with the experimental points, too. Thespure time  pipe.
history values, which are calculated by using th&@ code,  The pressure-temperature envelope is shown indfighe
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 \when the pressure goes less than 5 MPa and thetatue is
slower compared to the experimental data as weljelneral,

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

measurements. ms; and fig. 2(b) PT-4 for the time from 20 to 268)ndue to
20 the liquid appearance at those locations of theclstabe.
L. Predictions, which are made by using GDP code, atovell
304 " ggfgg‘zde ((EI_'ZZ | correlated with the experimental data in this rabgeause the
* Measured (PT-3 liquid appearance in the shock tube is not takém &ccount
. -40- - - - - GDP code (PT-3) | by the proposed model. An additional friction i®guced due
og‘ to the liquid in the pipe.
% -50 -
8 1.0_ T T T ° |
g -60+ 7 @ Measured
= . GDP code G
704 R A A - - - - GASDECOM
r [ [ — 0.8 i
'80 T T T T T T T T T T T T T T T %
10 20 30 40 50 60 70 80 =
Time [msec] g
2 0.6 -
3
Fig. 3 Temperature time history values at PT-2RfieB, case 1 a
T T T T 0'4- 7
20 /.’ -
—— Phase Envelop| / T T T
----caselatPT-2 7 0 100 200 300 400
15 === case 2 at PT-2 // | Decompression Wave Speed [m/s] a)
. /'
o /‘ 10_ T T T T T ||
= / @ Measured w@
L 10- / P GDP code
? S - - - - GASDECOM
8 L __ 0.8 -
6: 4 _ - - L
5 P - RS
7 8
o 0.61 i
5
0 ; . : : 2
-120  -100  -80 -60 -40 -20 5
Temperature’C] 0.4 _
Fig. 4 Pressure-temperature envelope 02
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 temperatailues is Fig. 5 Decompression wave speed as a functionesispre ratio,
low due to late response of the temperature praeshe case 1 (a) and case 2 (b)

quick temperature change [5], predicted valueseated. The

collection of time values (i.e. time step) is mplied on the  Another simulation of the decompression in dry ratgas
selected number in order to change the rate ofedser only. in the conditions of case 2 (table 1) is performted, Fig. 5
Predicted temperature values are not scaled. Fafno®/s the shows measured and predicted values of the decesipne
calculations, which are made by using the GDP cdd® wave speed, which are determined from PT-2, PTF34 And
proposed model reaches measured temperature minimPm-6 pressure transducer locations. Pressure valres
values with high order of agreement with each otfithose normalized on the initial pressure before rupturi@gntinues
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lines represent calculations, which are made uSiB& code.
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GASDECOM [1], are taken from [S]. The proposed modeyng numerical analysis on the rapid decompressiodry
shows much better agreement with the experimeatial than 5t 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 tearisi [3]
compressible thermal multi-component gas mixtumvflin
pipes predicts the decompression process in diyralagases 4]
much better than other analytical and mathemativadiels,
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 (6]

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 femppase
is solved in the model. Thermo-physical properté&snulti-
component gas mixture are calculated by solvingHtyeation (g
of State (EOS) model. The Soave-Redlich-Kwong (SRBS)
model is chosen. Numerical analysis on rapid decesgon
process in dry natural gas mixtures, which is magdasing of
the proposed mathematical model, is presenteckipaper.

The proposed model is validated on the experimefatales
of the decompression wave speed in dry gases [fhware
measured at low temperature. Two cases with highlew
initial pressure before rupturing are simulatede Fimoposed [12]
mathematical model shows excellent agreement wlit t[13]
experimental data in most of the pressure ratigeaexcept
the lowest part (case 1). The presented model niategredict
well the decompression wave speed decrease at Hessyre
ratio values (case 1) because it does not accdontshe
friction due to the liquid appearance in the shbodke. The
proposed mathematical model predicts the decompress
dry gas mixtures much better than the analyticaBGECOM
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 successiplbyoved
on the experimental data on rapid decompressidrage [14]
and dry natural gas mixtures. The influence of phessure,
temperature, fluid composition, and pipeline diagnehay be
examined by using the presented model.

(9]
(10]

[11]

[14]
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