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1. Introduction

Condensate gas is mainly demonstrated by methane. However, it also contains a lot of
heavier contents like Cs or Cs+ and some non-hydrocarbon mixture as well (Mokhatab et al,
2006). After recovering from gas wells, condensate gas needs liquid separation, gas
purification and condensate stabilization treatment in the processing plant to meet the
quality requirements. Processing plants far away from the gas well with long distances of
two-phase flow in one condensate gas pipeline will take less investment than adjacent
process plant with two single phase pipelines which are dry gas pipeline and liquid phase
pipeline (Li, 2008).

If the operation temperature somewhere in the condensate gas pipeline is lower than the gas
dew point, liquid condensation would occur, subjecting the pipeline to two phase flow
(Potocnik, 2010). While gas and its condensate flow simultaneously, mass transfer takes
place continuously due to the change in pressure and temperature conditions. This leads to
compositional changes and associated fluid property changes and also makes the hydraulic
and thermal calculations of condensate gas more complex than normal gas. The condensate
gas pipeline model which is established and solved based on the principle of fluid
mechanics can simulate hydraulic and thermal parameters under various operation
conditions. By means of technical support, this model is of great importance in the pipeline
design and safety operation aspects (Mokhatab, 2009).

2. Thermodynamic model

The purpose of the thermodynamic model is three-fold. First, it defines the transition
between single phase/two phase conditions (point of condensate inception in the pipeline
or gas dew point). Second, it is used for the prediction of properties for the flowing fluids
(gas and its condensate). And lastly, it derives the mass exchange between the flowing
phases (Adewumi et al, 1990 ; Estela-Uribe et al, 2003). This work uses the BWRS equation
of state (EOS) to implement the thermodynamic model as it has proven reliable for
gas condensate system (McCain et al, 1990). Most property predictions are derived from
the equation of state (i.e., densities values, densities values and their derivatives with
respect to pressure and temperature, departure enthalpies, heat capacities, and Joule-
Thompson coefficients). Additionally, phase equalibria are calculated on the basis of flash
calculation method. Expressions for such parameters as fugacity are elaborated in
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66 Thermodynamics — Kinetics of Dynamic Systems

standard textbooks, where the theory and relevant procedures for flash calculation are
well documented (API, 2005).

3. General model of condensate gas pipeline

3.1 Basic assumptions

One of the most fundamental approaches used to model two phase flow is the two-fluid

model (Ayala et al, 2003). It consists of separate mass, momentum and energy conservation

equations written for each of the phases. This results in up to six differential equations.

Furthermore, the model is more complicate as relating parameters in the equations vary

with the fluid flowing. Thus, simple and reasonable assumptions could help to reduce the

unknowns in the model (Hasan et al, 1992). The hydrodynamic model has three major

inherent assumptions:

1. Gas and liquid average flow velocities are calculated according to the section area
occupied by each phase respectively.

2. Mass transfer takes place between gas and liquid phase. However, two phases are
assumed to be at thermodynamic equilibrium at every point within the pipe.

3. In the transient process, the pipeline assumed to be isothermal. The liquid hold up
within pipeline, the wall friction force of each phase, the drag force between two phases
are assumed to be the same as steady state.

3.2 Description of general model

The general model for two phase flow is built on the basis of mass, momentum and energy
conservation equations of each phase (Li et al, 2009; Ayala et al, 2003).

Gas phase continuity equation:

0 0 .
a(pgg”A)J’a(pg(”Awg) = Aitgg (1)
Liquid phase continuity equation:
0 0 .
a(szLA)Jra(PzHLsz) = Ariyy, )

Where, Arir) is mass rate of phase change from gas to liquid, (kg/s.m); A, is mass rate of
phase change from liquid to gas, (kg/s.m). Hy is liquid hold up; ¢ is gas hold up; .. p, ..is
density of the gas phase, kg/m3; p,is density of the liquid phase, kg/m3; A is pipe cross
sectional area, m?; t is time, s; x is length along the pipe length, m; w, is velocity of the gas
phase, m/s; w; is velocity of the liquid phase, m/s.

Arirg is defined as (3).

. oY,) oP (0Y,\ oP ot 0Y,\ oI (0Y,\ oT ot
Aty = —+ — -(mg+ml)+ —+ —_— -(mg+ml) 3)
§ oP )r ox \ OP ); ot Ox oT Jpox \ 0T )p ot Ox

Y, =—3 . 4)
mg+ml
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My = PewopA )
my = plngLA (6)

Where, P is pressure, Pa; T is temperature, K; m, is gas mass fraction in two-phase fluid
system; m; is liquid mass fraction in two-phase fluid system; Y;is mass fraction of gas.
Gas phase momentum equation.

D) oP \ .
(,oggpng)+Aga:Amglwbz —Fgy —Fy —pgggoAsmH (7)

0 0
5(/’ (P A) + o
Where, A, is pipe cross sectional area occupied by gas phase, m?Fg, is wall shear force of gas
phase, N/m3; F; is interfacial drag force on gas phase, N/m?3; g is acceleration of gravity,
m/s?2; 0 is pipeline slope, rad.

Liquid phase momentum equation.

0 0 2 orP . .

E(PZHLwlA) + a—x(PzHsz A) + A o Ariyew, — by, — B — pgH; Asin @ (8)
Where, A is pipe cross sectional area occupied by liquid phase, m2; Fy, is wall shear force of
liquid phase, N/m3; Fj; is interfacial drag force on liquid phase, N/m?3 w, is transition
velocity between the gas phase and liquid phase, m/s.

Gas-liquid phase mixture energy equation

o wg w?
o Apg(D hg+7+g2 +AleL hl+7+82

+KzD(T ~Ty) =0

2 2
+—| Ap,pw,| h +&+gz +ApHyw; | h +w—l+gz
ox g gl "*g 2 FELT T 7

Where, K is overall heat transfer co-efficiency, W/(m? K); D is external diameter, m; Ty is
environmental temperature, K; Iy is enthalpy of liquid phase in pipeline, kJ/kg;, h, is
enthalpy of the gas phase in pipeline, k] /kg; z is pipeline elevation, m.

Add (7) and (8), obtain:

o 0 0 2 0 2 oP
a(pg(png) + E(PIHLWZA) + a(ﬂg(ﬂng) * a(PlHLwl A) " Aa (10)
=~Fy = Fy —(pg(0+ PlHL)gASin'g

Equation (10) is transformed into (11) through eliminating the pressure terms.

5 5 8/ o\ O/ o
el pses) = gl 2 )= et )=

11)
AmngUIZ{A—'F—J—A—g—A—g+T7J;)+Xll—(leL —pg(p)gsm9
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68 Thermodynamics — Kinetics of Dynamic Systems

In view of the slow transient behaviour in condensate gas pipeline, we can obtain equation
(12) by ignoring velocity variation terms in equation (11)(Li et al, 1998):

F 1 1 F
gw lw 3
- _F|l—y— |+ _(pH p,¢)gsind =0 12

Equations (1), (2), (9), (10), (12) construct the basic model for condensate gas pipe flow
simulation.

4. Constitutive equations

The condensate gas flow model is one dimensional two-fluid multiphase hydrodynamic
model which adapts to different flow patterns in pipeline. According to Cindric and
Shoham, the flow patterns in horizontal pipeline are stratified flow, intermittent flow,
annular flow, dispersed flow and these in vertical pipeline are bubble flow, slug flow, churn
flow, annular flow (Mokhatab et al, 2006). Because of the constitutive equations is dependent
on the flow pattern, one of the greatest difficulties in the analysis of two-phase flow in
pipeline is defining appropriate constitutive equations for relating relevant forces-such as
the steady drag force and interfacial force.

Considering low liquid hold up, the flow pattern in the condensate gas pipeline is stratified
flow which has explicit interface between the liquid and gas phase, as depicted in Fig.1.
Then, we can obtain the calculation methods of unknowns which dependent on the
constitutive equations (Taitel ef al, 1995 ; Chen et al, 1997 ).

1

Fig. 1. Stratified flow in condensate gas pipeline
Wall shear force of each phase is expressed as follow.
Fiw = =ThwSk (13)

Where, k=¢ when the equation is applied for the gas phase; k=] when the equation is applied
for the liquid phase; Siis defined as follow:

S = total wall area wetted by phase k (14)
: Totoal volume

iy 1S defined as:
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1
Tkw ZE K Pk |wk|wk (15)

In which, 4 is Fanning factor which is calculated by Colebrook & White empirical

correlation.
If Reynolds Number Re< 2000

16
= 16
Re ( )
If Re> 2000
1 2¢ 935
=348 -4lg| =2+ (17)
VA g( D Re\//lJ

Where, ¢ is absolute roughness of pipeline wall, m.
Interfacial force between phases is defined as follow:

Foi =—F; =-1;5; (18)
Where
S Total surface area of contact between phases (19)
' Totoal volume
L 20
Ti:E ipg‘wg—wl‘(wg—wl) ( )
The interfacial friction factor 4; is calculated with Hanrrity correlation.
If wy, <wgg,
Jy=A (21)
If Wy 2w,
w
A=A 1+15\/E —% 1 (22)
D wsg-t
Where,
Qe
sg A
101325

Where, ws; is reduced velocity of the gas phase, m/s; ws.; is reduced velocity for
indentifying the transition from stratified flow pattern to smooth stratified flow pattern,
m/s; Qg is flow rate of the gas phase, m3/s.
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70 Thermodynamics — Kinetics of Dynamic Systems

5. Steady state analysis of condensate gas pipeline

5.1 Basic equations

While steady operation, the variation of each parameter in equations (1), (2), (9), (10) with
time can be ignored. Expand the equations above and the following equations used for
steady state simulation can be obtained (Li ef al, 2009):

Gas phase continuity equation:

Py dP Py dT dw, do
Aw () —+ Aw,p(—2)p—+ A E+A = iy 25
g(o( oP )T dx g(o( oT )P dx pg@ dx pg g dx ( )
Liquid phase continuity equation:
AwH; (—)r —+ Aw,H +ApH L+ Apjo, —L = A 26
I L(aPde ! L(aT) I Pl Ld P Iy Ig (26)
Gas-liquid phase mixture momentum equation:
dapr dw, dw, .
A+ pglugpA— = +lelHLAE=—Fgw ~ —(Pg¢+P1HL)8A5m9 (27)
Gas-liquid phase mixture energy equation:
ohg ol |dP
A +pwH Al =L 1=
l:pg g(o (apJT Py, [8.[)] :ldx
oh o\ |dT dw dw
+ pow,pAl =5 | + pwH A l) + pwipA—=E + pwfH A—L 28
[pg g? (aTJP Py, (GT }d gcﬂ Ix P 17, Ix (28)
dz w2 - wl
——(pggwg(pA+plgleLA)E—K7zD(T—TO) he —hy + T

The system of simultaneous differential equations composed of (25)-(28) can be written in
their non-conservative form.

au
A4 _p (29)
dx
Where
a11 A1 M3 A1 Dy p
a a a a D T
Al T2 03 G| o (Dol ’
a3y A3y Azz A3y Ds We
Agp Ogp Qg3 (g Dy w,

8 0Py opy
4y = Awg(/’(a—P)T sy = Awg(D(G_T)p 1013 = Apgf s 1y =0, 1y = AwH () s
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0
Ay = AleL(a_/;l)Pl a3 =0 ,apy =ApHp a3 =A ;a3 =0 , 033 = pwepA, a3y = pwH A,

Ohg ohy Ohg ohy 2
Ay = pgwg(DA(E)T + plleLA(ﬁ)T Ay = pgwggoA(E)P + plleLA(E)P /043 = PWPA ,
Agq = leleLA
. d . dH .
Dy = Arg — Apgwgd—i) , Dy = Ariyg — Apjw, d_xL D3 =—Fp, =By, —(pg(p + leL)gAsmH
dz . wj —wf
Dy =—(pggw,pA+ PlgleLA)a ~KaD(T =To) = Atitgy (g = hy +———)

5.2 Model solving

Steady state condensate gas model is formed by 5 equations which are (29) and (12). There

are five unknowns, liquid holdup (H), pressure (P), temperature (T), gas and liquid velocity

(wg and wy), in the model. Thus, the closure of the model is satisfied.

To solve the model, the liquid hold up is obtained by solving (12) firstly. And then, pressure

(P), temperature (T), velocity of the gas phase (w;), and the velocity of the liquid phase (w;)

are obtained by solving (29). The procedures for solving (29) are presented in details as

follow:

Step 1. Suppose the pipeline is composed of a lot of pipes with different slope. Divide each
pipe into small blocks with the step length of Ax and input the start point data.

Pia P; Pis1
Ti-1 Tl Ti+1
—_— —_—
Vgi-1 Vi Vigir1
Vii-1 Vi Viis1
Hiiq Hy Hyiva

Fig. 2. Pipeline blocks for steady-state simulation

Step 2. Establish steady equation (29) on each block section. Input the boundary conditions
at the initial point of pipeline (pressure, temperature, gas velocity, and liquid
velocity). According to the thermodynamic model, calculate the thermophysic
parameters such as density of the gas and liquid phase, gas fraction. Because there
is no slip between the two phases at initial point, the liquid hold up can be gained
by its relationship with mass flow rate of the gas phase and liquid phase.

Step 3. Set dU/dx as unknowns, and simplify (29) with Gaussian elimination method, then
we can obtain more explicit form of (29).
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%zfl(P,T,ug,ul)

Z—szz(P,T,ug,ul)

. (30)
Yg

E:f?)(P'T'Ug/Ul)

%—f4(P,T,ug,ul)

Step 4. Work out pressure (P;), temperature (T;), gas and liquid velocity (wg and wj;) by
four-order Runge - Kutta Method.

Step 5. Figure out liquid holdup (Hy) by equation (12).

Step 6. Resolve equations (29) by Adams predictor-corrector formula until the reasonable
unknowns of this grid section are all gotten.

Step 7. Repeat the second step to the sixth step until reach the last block section which is
also the end of this pipeline.

In order to make the numerical calculation converges more quickly, the Adams predictor-

corrector and Runge - Kutta Method should be applied simultaneous. As the two methods

have four-order accuracy, the desired accuracy also can be improved. The flow chart of the

whole solving procedures is depicted in Fig.2.

‘ Divide the pipeline into grids ‘

‘ Input boundary conditions ‘

‘ Set grid section number K=0 ‘

v

ﬂ Calculate the thermophysic parameters at K section ‘

<7

‘ Calculate the liquid hold up at K section ‘

<7

Calculate the A,

v

‘ Calculate matrix A and D ‘

v

‘Calculate P, T, vg, v at K+1 section ‘

‘ Save results ‘

v
K=K+1
| |

K>Kmax

Yes
‘ Output the results ‘

end

Fig. 2. Solving procedures of steady state model
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6. Transient analysis of condensate gas pipeline

6.1 Basic equations of transient analysis

Opposite to the steady state simulation, the parameters in the general model are dependent
on time. Expand (1), (2) and (10), and the following equations can be obtained (Masella et al,
1998).

Gas phase continuity equation:

0p, . 0P op Op,. P ow, op
Ap(—E)r —+ Ap,—+ Aw g +A $+A = Niing
Aop T o AP AW G I AL T ALt T (1)
Liquid phase continuity equation:
op,. OP oH; op,. oP ow, oH,
r—+Ap—=+ AwH r—+ApH Ly Apw;—L = A
(ap) Py P Py I L(ap) o Py o PIw] o Ig (32)

Momentum equation

ow ow oP 8w ow

A—S 4+ pH AL+ A+ A—38 ¢ paoH, ALY
,Og@ ot Py or A pg g¢ A Py ox (33)
=—Fey = Fi —(pg<0+szL)gAsin9

The transient flow model can be represented by (31) ~ (33) and (12). The unknowns are the
pressure P, flow velocity of the gas phase w, , flow velocity of the liquid phase w; and liquid
holdup H; . Notice that (31) ~ (33) are a set of partial differential equations so that they can
be recast to the following matrix form.

ou ou
B, A% _p
ot ox (34)
Where,
i1 412 @3 by bip bis D, p
A=|ay ay ay|,B=|by by by |,D=|Dy|, U= |w,
A3 Az d33 by bz Dbs Dj w,
Pg opy
11 = AW p(—= 2P N a1y =Apgh  a13=0, a1y = Apgwg , ay = AwHy (= 2P D, =0,

D
yy = ApHp apy = Apjwy, a31 = A, a3y = pWepA , a33 = pofH A .34 =0, byy = A¢(a_1§)T/

op
b12:0'b13:0'b14:Apg'b21:AHL(a_Pl)T'bZZ=0/b23:0/b24:Apl'b31:0'b32:pg¢A/

o

: op oH
bys = pHLA b3y =0 Dy = Ating 47145 —+

o .
—“14§/D2:Ang—b24 o Y 0y L vl

D3 = ~Fgy ~ Fyp — (0 + piH 1) gAsinG
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The characteristic determinant of (34) is as follow:

op op
ﬂowgw(a—lfl + /W{a—lfl o 0
[ [92] _
/”toleL( = )T + leL( = JT 0 J |=0 (35)
Ao dgwg + 4 Awp + 4

Where, 4y and 4; are the eigenvalues of A and B. If 41 =4, /A established, one solution of

Ais 0 and the other two non-zero solutions should be expressed as follow:

) )
o L8 +HL(%j 22 42| gw, | 28 +HLwl(%j A
oP ). oP ); flop ). oP )y
a p—

(36)
0
+w12HL( plj 20| L8| _1-0
T oP ).
The condition for having real solutions of (36) is:
g~ < L[Ej L1 op )
Hi\Op1 )y ¢\ 9P ),
op opP oo . o
In (37), | — | and | — | represent square of liquid and gas isothermal wave velocities
apl T apg T

separately. Thus the right side of (37) is greater than the wave velocity, which means (37)
can be established for raw gas pipelines.

According to the analysis above, it can be concluded that under the giving range of
operation conditions, all the eigenvaluse of (35) are real different number. Therefore, (34) is
strictly hyperbolic and this type will not change as its well posedness.

6.2 Boundary conditions

The boundary conditions include the input and output conditions as well as conditions,
such as valves shut off, compressors shut down and etc., which will lead to operating
changes. For this transient model, the boundary conditions are considered as: the starting
pressure and flow rate over time, ending pressure and flow rate over time.

Pl o= fp(t) (38)
Qleg=Ffn(t) (39)
P|x=L = fp2(t) (40)
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Q|x:L :fqz(t) (41)

6.3 Solutions of the transient model

Equation (34) is a set of non-liner partial differential equations and the method of
characteristic (MOC) and implicit difference method are always adopted to gain numerical
solutions. By both methods have advantages and disadvantages. There is strict restriction
with the time length of each step (Fig.4), thus the stability of the implicit difference method
is better. But at each time layer, differential equations of all the grids should be solved
simultaneously, which causes the computing time is large. Different with the implicit
difference method, for MOC, the time length of each step is restricted in a relatively short
range by its stability conditions. The advantage of MOC is the unknowns of each grid at
each time layer can be solved dependently, and the amount of equations solved
simultaneously is reduced. Considering the transient feature of low-liquid loading
multiphase flow in pipeline is slow transient behaviour which means the transient process
lasts long time, the former method is adopted.

Mesh the length variable x and time variable ¢ into grids as shown in Fig. 4. In each block,
the differential equations of (31) ~ (33) can be obtained by the implicit different method
(Li et al, 2011).

A
At

ijrl ] i1+l

ij i+1;j

=Y

x—Ax X X+ Ax
Fig. 4. Differential blocks of pipelines

Gas phase continuity equation:

n+1 n+1 n n
b1111Pi +b5 —P - B

1 1

1y H}" +H} —H[; - H[i 4 N

2At 14 DAt

P -ph+A-&(P" - PY)

1 +1 A (42)
+

S(wgi™ —weisq) + (1= &) (wgi —weig)
Ax

EH -H) + (- &)(H]; - H;4)
Ax

+ﬂ?171

+al,

n .
—l14 = Amgl

. . . .. 2At .
In which ¢ is the weight coefficient. Set A = v then above equation reduces to:
X
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(i -, AE)PT — alp A8 wgf_ﬁ — by — A AEHTY + (b1 + a1 AP + afy A& wn+1
~(biy + A AEH]T = 2AtA1ing + by (P! + PLy) = by (Hf; + Hfi_y) - af A(L=€)(P)' = PLLy)  (43)
—ap A1 = &) (Wi — wg;_1) + a4 A(1 = §)(H]; — Hf;_1)
Similarly, liquid phase continuity equation is as follow:
(31 — a5 AE) P! — absAwif ] + (05 — ab A HTT + (05 + ayy AE) P! + aj i
+(b3, + a24/1§)H”+1 = 2AtAiyg + b5y (P + Py) + by (HY; + Hi ) (44)
—ay A(1=&)(P" - PLy) —apA(l- &) (v —vji_1) —apA(1 = §)(H]; — Hf_1)
Momentum equation:
(b3, — a5 ALYy + (b5 — a5 AE)wp 'y — a5 ASPIY + (b5 + A A& )Wl + (b3 + aipAE)wfy*™
+@3 AEP! = 2AtDY + bl (wy; + Wy ) + bis (w] +wii_y) — Aaky (1 - &) (wy; —wy;_q) (45)

~a53A(1 = &) (wy; —wy;) — Aagy (1-&)(P" - BLy)

Based on the above three differential equations, the pressure, flow velocity of the gas

phase as well as that of the liquid phase can be obtained. The solution procedures are as

follow:

Step 1. Divide pipeline system into series of pipeline segments with different angles. Mesh
each segment into blocks with the step length of Ax;

Step 2. Get the operation parameters on each grid node by steady state solutions;

Step 3. Put the parameters on 0 time layer into (43) ~ (45) and get the solutions of operation
parameters (the pressure P, gas flow rate w,and liquid flow rate w;) at 1 time layer;

Step 4. Get the solution of liquid holdup H; at 1 time layer by (12);

Step 5. Repeat step 3 ~ step 4 until reach the giving time layer;
The flow chart of the solution procedures is shown in Fig. 5.

7. Application

7.1 Steady state simulation

Table 1 is the basic data of a condensate gas pipeline. The pressure at starting point is
11.0MPa and the temperature is 330K. The mass of gas flow rate is 29.0kg/s and liquid flow
is Okg/s. The components of the condensate gas are shown in Table 2. Calculate the
operation parameters of the pipeline by steady state model and determine the location
where phase change occurs.

Total .
Length | Diameter Absolute diathermanous Ambient Step
Segments roughness temperature | length
(km) (mm) mm) factor K m)
( (W/m2.K) ) (
30 40.0 355.6 0.0457 6.05 330 1333.33

Table 1. Basic data of the condensate gas pipeline
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Input parameters

v

Mesh length and time into grids

v

Get steady state solutions

v
~
I

« ™ e
+
>
~

Designate boundary conditions

47

‘ Calculate physical parameters ‘

<7

‘ Calculate release mass of gas, Az ‘

v

Calculate friction force between the pipe wall and the fluid

v

U'(E’Wri’wli)

1 8

Calculate the differential equation set

v

Calculate the water holdup, H,

v

Save the solutions

Output the solutions

End
Fig. 5. Solving procedures of transient model
Component Fraction Component Fraction
C1 0.841454 Co 0.002818
C2 0.075518 c7 0.001535
C3 0.039954 C8 0.001442
C4 0.009476 CO; 0.012166
C5 0.007121 N> 0.008517

Table 2. Basic data of the condensate gas pipeline

The solutions can be illustrated as Fig. 6. According to the solutions above, the liquid begins
to condensate from the section of 12.3km because the hydrocarbons enter the anti-

condensate region.
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Pressure(MPa)

11.10

11.00
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10.80
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Fig. 6. The steady state pressure variations of the condensate gas pipeline

Temp erature(k)

340.00

330.00

320.00

310.00

300.00
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Fig. 7. The steady state temperature variations of the condensate gas pipeline

velocity (n/'s)

3.20

3.00

2.8C

2.60

2.40

2.20

2.00

10

20 30 40
length(kin)

Fig. 8. The steady state gas velocity variations of the condensate gas pipeline
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0.01
0.01
0.01

0.01 r

velocity (m/'s)

0.01 r
0.00 r
0.00 -

0.00 <

0] 10 20 30 40
length (km)

Fig. 9. The steady state liquid velocity variations of the condensate gas pipeline

0.018
0.016 r
0.014
0.012 -
0.010 F
0.008
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0.006
0.004

0.002

0.000 00— L I

length(km)

Fig. 10. The steady state liquid holdup variations of the condensate gas pipeline

The feature of condensate gas pipelines is phase change may occur during operating. This

leads to a lot of new phenomena as follow:

1. It can be seen from Fig.6 that the pressure drop curve of two phase flow is significantly
different from of gas flow even the liquid holdup is quite low. The pressure drop of gas
flow is non-linear while the appearance of liquid causes a nearly linear curve of the
pressure drop. This phenomenon is expressed that the relatively low pressure in the
pipeline tends to increase of the gas volume flow; the appearance of condensate liquid
and the temperature drop reduce the gas volume flow.

2. It can be seen from Fig. 7 that the temperature drop curve of two phase flow is similar
to single phase flow. The temperature drop gradient of the first half is greater than the
last half because of larger temperature difference between the fluid and ambient.
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3. It can be seen from Fig. 8 and Fig.9 that the appearance of two phase flow lead to
a reduction of gas flow velocity as well as an increase of liquid flow velocity.
The phenomenon also contributes to the nearly linear drop of pressure along the
pipeline.

4. The sharp change of liquid flow velocity as shown in Fig. 9 is caused by phase change.
The initial flow velocity of liquid is obtained by flash calculation which makes no
consideration of drag force between the phases. Therefore, an abrupt change of the flow
rate before and after the phase change occurs as the error made by the flash calculation
cannot be ignored. The two-fluid model which has fully considerate of the effect of time
is adopted to solve the flow velocity after phase change and the solutions are closer to
realistic. It is still a difficulty to improve the accuracy of the initial liquid flow rate at
present. The multiple boundaries method is adapted to solve the steady state model.
But the astringency and steady state need more improve while this method is applied to
non-linear equations.

5. Asshown in Fig.10, the liquid hold up increases behind the phase transition point (two-
phase region). Due to the increasing of the liquid hold up is mainly constraint by the
phase envelope of the fluid, increasing amount is limited.

The steady state model can simulate the variation of parameters at steady state operation.

Actually, there is not absolute steady state condition of the pipeline. If more details of the

parameters should be analyzed, following transient simulation method is adopted.

7.2 Transient simulation

Take the previous pipeline as an example, and take the steady state steady parameters as the
initial condition of the transient simulation. The boundary condition is set as the pressure at
the inlet of pipeline drops to 10.5MPa abruptly at the time of 300s after steady state. The
simulation results are shown in Figl1-Fig.15.
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Fig. 11. Pressure variation along the pipeline
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Fig. 15. Liquid hold up variation along the pipeline

Compared with steady state, the following features present.

1.

Fig.11 depicts the pressure along the pipeline drops continuously with time elapsing
after the inlet pressure drops to 10.5MPa at the time of 300s as the changing of
boundary condition.

Fig.12 shows the temperature variation tendency is nearly the same as steady state. The
phenomenon can be explained by the reason that the energy equation is ignored in
order to simplify the transient model. The approximate method is reasonable because
the temperature responses slower than the other parameters.

As depicted in Fig.13, there are abrupt changes of the gas phase velocity at the time of
300s. The opposite direction flow occurs because the pressure at the inlet is lower than
the other sections in the pipeline. However, with the rebuilding of the new steady state,
the velocity tends to reach a new steady state.

Fig.14 shows the velocity variation along the pipeline. Due to the loss of pressure
energy at the inlet, the liquid velocity also drops simultaneously at the time of 300s.
Similar to gas velocity, after 300s, the liquid velocity increases gradually and tends to
reach new steady state with time elapsing.

Due to the same liquid hold up equation is adopted in the steady state and transient
model, the liquid hold up simulated by the transient model and steady state mode has
almost the same tendency (Fig.15). However, the liquid hold up increases because of the
temperature along the pipeline after 300s is lower than that of initial condition.

Sum up, the more details of the results and transient process can be simulated by transient
model. There are still some deficiencies in the model, which should be improved in further
work.

8. Conclusions

In this work, a general model for condensate gas pipeline simulation is built on the basis of
BWRS EOS, continuity equation, momentum equation, energy equation of the gas and
liquid phase. The stratified flow pattern and corresponding constitutive equation are
adopted to simplify the model.

By ignoring the parameters variation with time, the steady state simulation model is
obtained. To solve the model, the four-order Runge - Kutta method and Gaussian
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elimination method are used simultaneously. Opposite to steady state model, the transient
model is built with consideration of the parameters variation with time, and the model is
solved by finite difference method. Solving procedures of steady-state and transient models
are presented in detail.

Finally, this work simulated the steady-state and transient operation of a condensate gas
pipeline. The pressures, temperatures, velocity of the gas and liquid phase, liquid hold up
are calculated. The differences between the steady-state and transient state are discussed.
The results show the model and solving method proposed in this work are feasible to
simulate the steady state and transient flow in condensate gas pipeline. Nevertheless, in
order to expand the adaptive range the models, more improvements should be
implemented in future work (Pecenko et al, 2011).
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