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Numerical Analysis of Rapid Gas
Decompression in Pure Nitrogen using 1D and
3D Transient Mathematical Models of Gas Flow
In Pipes
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Abstract—The paper presents a numerical investigation on the The decompression process in natural gas mixtsreery

rapid gas decompression in pure nitrogen whichaderby using the
one-dimensional (1D) and three-dimensional (3D) hmatatical
models of transient compressible non-isothermadi ffllow in pipes.
A 1D transient mathematical model of compressiblermal multi-
component fluid mixture flow in pipes is presenté@the set of the
mass, momentum and enthalpy conservation equditorgas phase
is solved in the model. Thermo-physical propertiels multi-
component gas mixture are calculated by solving Eljeation of
State (EOS) model. The Soave-Redlich-Kwong (SRK-E@&del is
chosen. This model is successfully validated orettperimental data
[1] and shows a good agreement with measuremen®® &ansient
mathematical model of compressible thermal singieqmonent gas
flow in pipes, which is built by using the CFD Fhueode (ANSYS),
is presented in the paper. The set of unsteady dkisHaveraged
conservation equations for gas phase is solvedrnidwphysical
properties of single-component gas are calculayesblying the Real
Gas Equation of State (EOS) model. The simplest azfs gas
decompression in pure nitrogen is simulated usiottp UD and 3D
models. The ability of both models to simulate fitecess of rapid
decompression with a high order of agreement wébheother is
tested. Both, 1D and 3D numerical results show edgagreement
between each other. The numerical investigationvshtbat 3D CFD
model is very helpful in order to validate 1D simtitn results if the
experimental data is absent or limited.
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I. INTRODUCTION
THE fracture propagation control is usually madetbe

rapid non-isothermal process. A transient matherabthodel
of compressible thermal multi-component fluid mpgulow
in pipes helps to study the flow behavior in a widege of the
operating parameters. Extensive experimental measmnts
of the decompression wave speed in rich and baseahgas
mixtures were made last years [1, 4-7]. The infageaf shock
tube inner diameter, gas mixture composition, pressand
temperature was carefully examined in details erpentally.
Most of measurements were made on a small-diansatark
tube, where the friction force influences on th@nlbehavior
much stronger compare to large-diameter pipes. Memyé¢he
information on the decompression wave speed measumts
is extremely limited in the open source literatuP@pers on
the experimental measurements of the gas decongress
carbon dioxide mixtures are absent in the open cgour
literature too.

The program GASDECOM [8], which is based on the
analytical solution of the decompression wave speed
determination, is used by oil and gas engineersrder to
calculate the decompression wave speed values 4%, 5lell.
The program predicts the decompression wave speakks/
with a reasonably good level of accuracy. Howewvbe
friction force is not accounted for in the analybisre. The
comparison between measured data and GASDECOM
calculations is very poor, when the gas decomprasaiave

basis of the Battelle two-curve method, which wasgpeed is determined from pressure transducers,hwhie

developed by the Battelle Columbus Laboratorie3]]2This
method helps to determine the fracture arrest toegh when
a pipeline is ruptured. The fracture propagatioeespin a

located far away from the rupture end of the paged where
the friction influences on the flow behavior sigcéintly.
The paper presents a numerical investigation onrdpél

pipeline wall and the decompression wave speed aa ¢3S decompression in pure nitrogen which is madediyg

mixtures are required to be used in the Battell®yais. The
fracture propagation is arrested, when the decossjme

wave speed in gas mixtures is quicker than thetudrac
propagation velocity in a pipeline wall materiahérefore, the
accuracy in the calculation of the decompressionenwspeed
in gas mixtures is very important in fracture prga@on

control analysis.
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1D and 3D mathematical models of transient comjfbkess
thermal fluid flow in pipes. A 1D mathematical modsf
compressible thermal multi-component fluid mixtdiev in a
pipe is presented. The model is validated [9,10] tba
experimental data [1] and shows a good agreemehttivose
measurements. A 3D mathematical model of compressib
thermal single-component gas flow in pipes, whiehuilt by
using the CFD Fluent code (ANSYS), is presentedhia
paper. The simulation of rapid gas decompressiompure
nitrogen is made by using the 3D model and resafts
calculation are compared with 1D prediction. Thditgbof
both models to simulate the decompression process av
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high order of agreement between each other isctestethe
simple gas flow case. Both, 1D and 3D numericallteshow
a very good agreement between each other.

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

2517-9934
No:1, 2012

Here,V is the volume of the gas mixtund;is the number of
components in the gas mixturgjs the temperature of the gas
mixture; R is the universal gas constardy is the acentric

factor of the componerit R; T, are critical values of the
pressure and temperature, correspondently;is the mole

The set of the mass, momentum and enthalpy cort&®Iva fraction of the componerit The compressibility factor (Z) of

equations for the gas phase is solved in the maitiesh
model. This set of equations for the single phas mgixture
in general form is written as [11]:

00¢ Po +aaGpGUG

=0 1
ot 0z @
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Here, a is the volume fraction of the gas mixturgg is
the density of the gas mixturél; is the velocity of the gas
mixture; P is the total pressureR,_,,, is the friction term hy

is the enthalpy of the fluid, t is the time,is the axial co-
ordinate. The friction term is written as [12]:

Eswa PV
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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 IN
ONE-DIMENSIONAL MATHEMATICAL MODEL

Thermo-physical fluid properties are modeled byisg of
the Equation of State (EOS) in the form of the $eBRedlich-
Kwong model [13]. The set of equations and corieat
(SRK-EOS) may be written as [13]:

) (6)
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the gas mixture is calculated from the followingiation [13]:

Z3—Zz+(A—B—BZ)Z—AB:0 (10)
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A=—— B=— 11
RZTZ RT ( )

The viscosity of gas mixture is calculated by usgighe
Lee-Gonzales-Eakin (LGE) correlation [14]. The aithon of
solving of the set of One- Dimensional transienvegaing
equations of the fluid mixture flow in a pipe issea on the
Tri-Diagonal Matrix Algorithm (TDMA), also known athe
Thomas algorithm [15]. It is a simplified form ofa@Gssian
elimination that can be used to solve tri-diagosyatems of
equations. The set of unsteady governing equatisns
transformed into the standard form of the discaatalog of
the tri-diagonal system [15] by using the fully ilicf
numerical scheme. In this case the equation iscesito the
steady state discretization equation if the timep sgoes to
infinity.

IV. GAS DECOMPRESSIONPROGRAM

A one-dimensional transient mathematical model of
compressible thermal multi-component fluid mixtdiew in a
pipe was developed under the research project tMult
component Gas mixture flows in pipelines and welis”
PETROSOFT D&C. This mathematical model was
implemented into the FORTRAN computer code and was
named the “Gas Decompression Program” (GDP codejeM
information about the GDP code is available on
www.petrosoft-dc.com.

V.THREEDIMENSIONAL MATHEMATICAL MODEL OF
TRANSIENT SINGLE-PHASE FLOW USING THEFLUENT CODE
(ANSYS)

Transient simulations of rapid gas decompressiopure
nitrogen are performed by using the CFD Fluent code
(ANSYS). The unsteady Reynolds-averaged conservatio
equations are solved in order to simulate the Earefluid
flow field. For unsteady flow case, the set of guoweg
equations is written as:

0 0

_af+_axj (puj):O (12)
d 0 0

sl g louu -n)=-35 (13)

Where, X; is the Cartesian coordinate=(1, 2, 3),u, is the
absolute fluid velocity component in directior, §, p is the
pressure,p is the fluid density, and;; is the stress tensor
component. For the turbulent flow case, the sttessor is
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written as:

2 o0u s
7 =2usj—§uﬁ5.j-puuj (14)
Here, S, is the rate of strain tensc 4/ is the molecular

dynamic viscosity of the fluid,d; ; is the “Kronecker delta

function (which is unity whem = j and zero otherwise), ai
q'_u'jare the fluctuations of the fluid velocity as aulesf the

Reynolds averaging procedure. These fluctuatiopsesen
the additional Reynolds stress due to the turbutestion. In
order to model the turbulent structure of the flpigase, th

q'_u’jcomponent is determined using the Boussit

hypothesis. The conservation equations are closat uhe
Realizablek-¢ turbulence model, which is used together v
the enhanced Wlafunction treatment for moding boundary
conditions at the wall.

VI. EXPERIMENTAL VALIDATION OF 1D GDF CODE ONRAPID
DECOMPRESSION INNATURAL GAS MIXTURES

The presented mathematical model was success
validated [9, 10]on the experimental data on the rapid
decompression in base natural gas mixtu[l]. Those
experimental measurements were conducted by TCPRAn§
Canada Pipe Lines) at TCPL Gas Dynamic Test Fpditi
Didsbury, Alberta, Canada [1The main test section of t
facility is the shock tube, which is 30 meters lofge innel
pipe diameter is 4925 mm. The internal surface of the tt
has a roughness, which is better than 40 r-inches. A
rupture disc is placed at one end of the pipe, Wwicupor
rupturing. A decompression wave propagates up the
pressurized test section.

A few high frequecy responses Pressure Transducers
are mounted into the tube in order to capture ithe thistory
of the expansion fan [1]Decompression wave speed val
were determined from the time between signals fRF-P1
and PT-P8 as well as from PT-P5 d@@P6 (fig. 1). Fig. 1
shows the schematic of the experimental decommessbe
The computational decompression pipe has a lengtB0:
meters longThe inner pipe diameter is 49.325 mOne end
of the shock tube is selected to be the closed Emelripture
disc is introduced into other end of the pipe. &ises
between the rupture disc and pressure transducershawr
on fig. 1.

LT

Fig. 1 Schematic of the experimental decorhpressnor

Three different experimental cases having a diffeigas
compodgtion, initial pressure, and temperature values

simulated using the GDP co(9, 10]. Simulation results of

one test case (Tablg &re shown. The following gas mixtL
composition, initial pressure and initial temperatwere use
to perform the simulation @blel):

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

Case 1
Pinitial 2067
Tinilial 26472
N2 0.699
CO2 1.279
C1 92.757
Cc2 4.075
C3 0.861
i-C4 0.103
n-C4 0.146
i-C5 0.053
n-C5 0.027

Rapid gas decompression in base natural gas m®
having the inlet and boundary conditioiTable 1), which are
identical to the experimental one, is simulatedusing the
presented mathematical model. Predictions areestavith the
initial pressure of 20.67 MPa in each computatiamdl of the
pipe. New values of the velocity, temperature, dgnand
pressure are calculated after each time step. pperdimit of
the time step was selected from the point of vigwthe
numerical &bility. Pressure values were collected at
locations P1, P8, P5 and P6 after each time stefedtfrom
the beginning. Fig. 2 shows the evolution of pressalues a
P1&P8 (fig. 2(a)) and P5&P6 (fig. 2(b)) PT locats.
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Fig. 2 Pressure time historyRT-P1&P8 (a) and PT-P5&P6 (b) case
1
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Fig. 3 shows the decompression wave speed, which
determined from P1&P8 (fig. 3(a)) and PP6 (fig. 3(b))
locations, correspondently. Pressure values anmalaed or
the initial pressure before rupturing. Experimergaints are
shown in all figures as symbols. Continues linegresen
predictions, which are made by using the proposb& Goce.
Calculations of the decompression wave speed bng!
analytical GASDECOM [8]are made by[1] setting up the
same gas composition, initial pressure and tempefiat.
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- - --GASDECOM
_ 0.8+
£ 0.71
o
2 0.6
>3
@
o 0.51
o
0.4
0.3+
50 100 150 200 250 300 3580C 450 500 550
Decompression Wave Speed [n
a)
1.C
B experiment (calc. from P5&P =
0.9 GDP code (calc. from P5&P
- - - GASDECOM
0.8
2 0.71
s
“5’ 0.6 .
%) e
$ 0.5 L7
s e
0.4+ L e
03 7

50 100 150 200 250 300 3580C 450 500 550
Decompression Wave Speed [r

b)
Fig. 3 Decompreson wave speed as a function of pressure

Those analytical data are taken frfithin order to compare
those predictions with the GDP calculations . 3). Broken
curves represent GASDECOM numerical rest1]. All
predictions on the timeevolution of pressure values
different PT locations, which are performed by gsihe GDF
model, are in good agreement with the experimeddtd. The
presented 1D model predicts the decompression wpged
which is determined from P5 and P6 PT lcons, much better
than the analytical GASDECOMP.

The analytical gas decompression model GASDEC[8]
is one of the most commonly used engineering soéwaoil
and gas field applications. However, the frictiogtvioeen the
gas and the pipe wall is not acewed for in the model. Th
fact is significantly limited the application of G®ECOM to
the decompression wave calculation. The presentBc
mathematical model of transient compressible themmaiti-
component gas mixture flow in pipes predicts

No:1, 2012

deconpression process in base natural gases much Hwdte
other analytical and mathematical models, whichaaaglable
from the open source literature. However, experialedats
on the rapid gas decompression process in gasdsréte.
Therefore, the geer proposes to use 3D CFD model &
validation tool for 1D model calculations when espental
measurements are absent.e idea to conduct a numerical
study of a simple gas flow in a pipe by using of &id 3D
models is tested here.

VII. NUMERICAL ANALYSIS OF RAPID GAS DECOMPRESSION
IN PURE NITROGENUSING 1D AND 3D MODELS

The numerical analysis of rapid gas decompression e
nitrogen using 1D and 3D models is performed.
comparison of both predicted results will show #iglity of
both approaches (1@nd 3D) on successful simulation
simple flows with a high level of agreement betwesach
other. It will give the additional confidence in Iddmulation
in cases when experimental measurements are alos
limited.

The same decompression tubTable 1) is selected for
simulations using both 1D and 3D codes. The priediaif the
decompression flow starts from-flow stagnant conditions in
the pipe. The initial pressure is 10 MPa. The ah
temperature is 260 K. The PT locations -1, 2, 3, 4) for the
case of pure nitrogen simulation are differed carapa the
previous case (figd). All PT are located near the rupture «
of the pipe. The flow through the rupture disc Insgafter
when rupturing is started.

Shock/decompression tube

Rupture disc

I

P=100 bara & T=260 K

D,=1.24m

D4=0.84m

Closed end

D,=0.44m

D,=0.24m
|

Pressure
Transducers - PT ‘ PT-4 ‘ | PT-3 ‘ ‘ PT-2 | ‘ Tube outlet ‘

Fig. 4Schematic of the decompresstube

Basic simulations of the decompression process ure
nitrogen by using CFD Fluent code (ANSYS) are penfed
on the computational domain having totally 300,
computational cells. The length of the computatiquipe is
10 meters long. A mesh rnement study was performed.
Simulations, which are made on the refined comjmrtat
mesh show grid independence compare to predictishigh
are performed on the basic computational mesh.i®ius of
the decompression in pure nitrogen are performeth
different time steps too. Time step refinement gtsigows the
time-step independence of the results starting fromtithe

step, which is equal t40° seconds. Most of simulations are
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made with the time step equal 1®° seconds. The real gas A 1D mathematical model of compressible thermaltimul

Redlich-Kwong (RK-EOS) model is chosen for predios.

component fluid mixture flow in pipes is present€tle set of

Predictions, which are made using 1D GDP code, afge mass, momentum and enthalpy conservation eqsaor

shown as symbols in fig. 5. Continues and brokewsli
represent calculations, which are performed byg8ib CFD
model.

PT-1 GDP codd]

10 °
A 1 B PT-2 GDP codg
90- .| \ '\_ A PT-3 GDP coddgf
\ ‘* ‘}' * PT-4 GDP codg
_ 804 . ‘ —— PT-1 CFD Fluel
[T L T L B
= 701
5
2 60
o
& 50
40- -----------
30 T T T T T 1
0 2 4 6 8 10 12
Time [ms]
a)
1.04 =
@ pred (GDP code) o/
0.94 | --- - pred (CFD Fluenf 9’
- 4
9/
5081 .
€07 ~
B D
50
5
79
£ 0.64 o6
e .3°
0.5 .30
04] wo 09°°
0 50 100 150 200 250 300 350

Decompression Wave Speed [m/s]
b)
Fig. 5 Predicted pressure time history at diffef@fhtlocations (a) and
decompression wave speed as a function of pressiimegb)

Predicted values of the pressure time evolutiorfoar
different PT locations are shown in fig. 5(a). Céddions,
which are performed by using the 1D GDP code andCBD
code, show a good agreement between each otheadbrPT
location. The decompression wave speed is detedhfioen
PT-1 and PT-2 (fig. 4). The distribution of the degpression
wave speed values in pure nitrogen is shown in 5idp).
Simulation results, which are performed by using GBD

code and 1D GDP code, are shown in figure both.s&ho

numerical results are in a very good agreement @atth other
in a wide range of pressure values.

VIIl. CONCLUSION

A numerical investigation of the rapid gas decorapian in
pure nitrogen, which is made by using the 1D andrabsient
mathematical models of compressible thermal fldavfin
pipes is performed. Results of this numerical stuahe
presented in the paper.

gas phase is solved in the model. Thermo-physicaigrties
of multi-component gas mixture are calculated blyiag the
Equation of State (EOS) model. The model validabonthe
experimental data [1] shows a good agreement witisd
measurements. Presented 1D mathematical modekiwede
decompression in natural gas mixtures much bef@n the
analytical GASDECOM. A commercial 3D transient
mathematical model of compressible thermal single-
component gas flow in pipes is presented in thepam. The
set of unsteady Reynolds-averaged conservationtieqador
the gas phase is solved. Thermo-physical propesfisingle-
component gas are calculated by solving the Reat Ga
Equation of State (EOS) model.

The simplest case of the gas decompression inrpuicgen
is simulated using both 1D and 3D models. The tytili both
models to simulate the process of the rapid decesgpon in
pure nitrogen with a high order of agreement wilcteother
is tested. Both 1D and 3D numerical results shogoad
agreement between each other. This numerical iigesn
shows that 3D CFD model is very helpful in ordevédidate
1D simulation results if the experimental data sent or
limited.
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