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Absb'act-This study presents the development of a four-phase, four-fluid flow pipeline su-nulator to describe su-nul- 
taneous flow of gas, oil, water, and hydrate through a pipeline. The model has been equipped with a phase behavior 
model and hydrate equilibrium model to efficiently estimate thermodynamic and hydrodynamic properties of multi- 
component mixtures. The governing equalions are fomlulated for describing the physical phenomena of mass, mo- 
men,u-n, and heat transfers between the fluids, and the wall. The equations are solved by utilizing the implicit finite- 
difference method on the staggered-grid system which can properly describe the boundary conditions as well as phase 
appearance or disappearance. The developed pipeline simulator has been validated against the field data presented by 
a previous investigatoi, and their matches are found to be relalively excellent. The model also has been applied to a 
multi-compone~at, four-phase flow system in order to exanaine the trarrsient flow characteristics in pipeline. Also, the 
potential and the location of hydrate formed in the pipeline have been studied by analyzing the flow characteristics. 
As a result, it was fomld that a pipeline system flowing gas, oil, water, and hydiate could be oplmfized by sys- 
tenaatically investigating the hydrodynamic variables for the prevention of hydrate formation. 
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INTRODUCTION 

In general, the deposition of solid crystals such as gas hydrates, 
pm-afflns, waxes, or asphalte~les in a subsea multi-phase flow pipe- 
line may potentially block the pipe and lead to serious operational 
problems and other safety concerns such as crashing and breaking 
of the pipe wall. Since i 'latural gas includes hy&-ate-fomfing gases 
like methane, ethane, propane, butane, carbon dioxide, uitrogen, 
and hydrogen sulfide, hy&-ates fomlation m a long distance subsea 
natta-al gas pipeline gives fota-phase flow of gas, condensate, water; 
and hydrate. There are several methods for preventing hydrate for- 
marion in pipelines, namely, thermal, chemical, and mechanical 
methods. These methods require a fota--phase, fota--fluid model to 
predict the potential and location of hydrate fon-nation in a pipeline 
qtantitatively. 

Several studies on single-phase flow in pipelines have been con- 
ducted [Flanigan, 1972; Wylie, 1974; Kwon, 1999; St~ag, 1998], 
whereas there are only a limited number of works on multi-fluid 
pipeline studies in oil and gas in&~stiies. Adewurni and Muchararn 
[1990] developed a steady-state, gas-condensate model to describe 
the relrograde condensation process in a long distance pipeline. 
Kwon et al. [1998] developed an unsteady-state, two-fluid model 
to analyze transient behaviors of gas-condensate mixture in hori- 
zontal and inclined pipe systems. 

In the mean~ue, Tek [1961 ] presented a con-elation for pressure 
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drop by treating two immiscible liquids as a single phase with aver- 
aged mixture properties. Gregory and Forgarasi [1985] confirmed 
a substantial difference of theoretical results using averaged mix- 
tta-e properties against experimental results. Acikgoz et al. [1992] 
and Lahey et al. [1992] classified ak-oil-water tt~-ee-phase regimes 
into ten types from their expe~nents, and derived a drill flux mod- 
el to predict volume fi-actions for ttn-ee-phase flows. Taitel et al. 
[1995] developed a prediction method fc~ ttaee-phase stratified flow 
based on the momentum equation, and Khor et al. [1997] mcdified 
the method of Taitel et al. by calcnlating the shear stresses. The 
aforenleiNoned three-fluid models are based on a steady-state mod- 
el, and the volume fractions of each phase are calculated by use of 
empirical coirelation without COlnsideration of mass transfer between 
the phases. Also, these mcdels are valid only for low velocity con- 
ditions in pipelines. 

When the gas velocity is high and its void fi'action is large in a 
gas-liquid two phase flowing pipeline, Taitel and Dukler [1976] 
reveal that a continuous liquid film surrot~ads a core of gas which 
contaim suspended liquid droplets. Ttss is gas and liquid flows in 
a thermodynamic point of view, whereas, in hydrodynamic aspect, 
three-fluid flow of gas, liquid film, and liquid droplets. Saito et al. 
[1978] developed a steady-state, ttaee-fluid model and they esti- 
mated thermo-hydrodynamic characteristics for annular air-water 
flow with good accuracy. Tso and Sugawara [1990] predicted the 
axial asymmetric distnbutions of liquid film in a hortmntal annular 
two-phase flow using a three-fluid model, namely, FIDAS-3DT 
code. Morcoka [1986] and Kang et al. [1999] studied the charac- 
teristics of multiphase flow and heat transfer in tl~-ee-phase fluid- 
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ized beds Bendiksen et at [1991] applied a dynamic two-phase, 
two-fluid model, OLGA, on a long distance oil pipeline to analyze 
steady-state pressure drop, liquid volume fi~action, and transitional 
flowing reghne. 

Until quite recently, as mentioned above, only a few studies for 
multi-component, multi-phase transient flow using the multi-fluid 
model have been conducted. Especially, the development of four- 
pha.se, fotw-fluid model including hydrate formation has not been 
attempted. Along these lines, in ibis study, the development of a 
transient four-fluid model has been attempted to predict transient 
flowing chm~actetistics of gas, condensate, water, and hydrate mix- 
ture in a deepsea natural gas pipeline. 

DEVELOPMENT OF FOUR-FLUID 
HYDRODYNAMIC MODEL 

The model consists offlwee main parts: fotw-phase flow model 
in pipeline, phase behavior model, and hydrate equilib~nn model. 
The governing equations were derived under the following assump- 
tions: 1. The overall flowpattem of  a fotu'-phase mixture is an an- 
nular dispersed flow in cylindrical pipe, as shown in Fig. 1. Con- 
densate oil droplets are uniformly dispersed in continuous gas phase 
and hydrate droplets are suspended in continuous water phase; 2. 
Depositions of oil droplet into the water film and entrainment of 
water droplets and hydrate into the gas core a'e neglected; 3. Vis- 
cous dissipation is neglected; 4. Gravity is the only body force. 
1. Governing Equations 

The continuity equation for afluid k can be written as follov~: 

O +ib 
~(~p~) X~x(A~o~v~) =0.Em~ (1) 

O~z+ (~z + ~  +a~ =i (2) 

where A is cross-sectional area, p dens~y, ct in-situ volume ti~ac- 
tion, v in-s~u velocity and m~ mass transfer rate fi'om phase j to k. 
The subscript k represents gas (g), oil (L), water (w) and hy&ate 
(h), andj implies aphase that is different fl'om phase k. 

The momentum equation for phase k can be expressed as fol- 
lows: 

transfer forces, respectively. Wall fi'iction force is expressed as, 

a~ 1 p3v~lv~ (4) 
~7- r + ~'-----~D 

where ~v is afi'iction factor. Drag foree is as follows: 

1 = ~A;pdvj-vA 06 -v~)~ = - ~  (5) 

wtlere A~ is the contact areaper unit volume bRween phasesj end 
k and is derived ~om the ~mlm:mist flow of four fluid model as 
shown in Fig. 1 [Kwon, 1999]. The subscript C is the continuous 
phase and ~ he  inteffacial drag coefficient as a function of  Rey- 
nol4s numbez; flow pattern, equivalent wetted dian~eter and fluid 
properties. The interracial clog coefficients can be calculated by 
Marble correlation [1969] for gas-to-oil and water-to-hydrate, and 
Moeck correlation [1970] for ahers. The average &vplet diameter 
used to predict the interracial drag coefficients is given by Ulke 
[1984] for he  oil phase end Makogon [1997] for the hy&ate phase, 
respectively. Mass Iranffer force is the woduct of mass Iransfer rate 
between phases m~ and intrinsic average velocity of the phase los- 
ing mass v~. 

= ms~vg~ = -F~ r (6) 

The energy equation for file mixture can be derived wi~h respect 
to enthalpy and lhermodynamic relationships based on the asstmp- 
tion of  equal temperature of each phase: 

PO P ~, 
X~x ~(%v~-A) - ~ ( h ~  - p , ) h ]  + Q z (7) 

In Eq. (7), T is temperature, h~ specific enlhalpy of phase k. q, is 
Joule-Thomson coefficient, c~ is consta~t-wesm~e heat capacity for 
the fluid k. Q~ represents overall heat Iransfer ~ae to file surround- 
ings and it is a fimction of average fluid temperature T~ and sur- 
roundings T~, written as, 

0 +1 b OP w ~ ~ - +  ~ ( ~ p ~  X~(Ac~p~)=-c~-v;-F;-LfF~. G) (3) 

where P denotes wesmm and F momentum force The superscripts 
W, (3, D, and M ml~sent wall fi'iction, gravitaional, drag and mass 

Q~.r =~U(Tfl -T~) (8) 

where D1 is inside dimneteL and U is overall heat-transfer coeffi- 
cient which is given by 

1 1 DI. D1 D1 
= h-] + ~tnD-~ * h~D~ (9) 

where D2 is outside dianaeL and k is thmnal conductivity of pipe 
wall. The convective heat transfer coefficients hi and h2 are for mix- 
ture and surroundings, respectively, and written by 

for lmrfimr flow (Rr (lO) 

Fig. 1. Almiflsr-mist flow of four fluid model in around tube. 

~ =0.023 Re~ ~ Pr~"(P-~'~ T M  for turbulent flow (Re>2000) (11) 

where Re and Pr represent Reynolds number and Pmndtl number, 
~espeaively. The subscripts fand w denote fluid and wall_ D is out- 
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side or inside diameter of pipe. The symbol h is the convective heat 
lzansfer coefficient of either mixture or surroundings. 

There are many studies on phase equilibrium [Yoo et al., 1992; 
Park and Doh, 1997; Lee et al., 2000] and hych~te [Kun et al., 1996; 
Chtta and Lee, 1996; Sung et al., 2(?00]. Before a pipeline flow mod- 
el is developed based on the aforementioned governing equatiotxs, 
we have established a phase behavior model to compute physical 
and thermodynamic properties of the fluid with the aid of the modi- 
fied Peng-Robinson equation of state. Also, the hydrate equilibrium 
model has been coded for calculating the hydrate forming condi- 
tion and its property on the basis of the Mttnck and Skjold [1 988] 
method which is a modification of the Parrish and Prausnitz [1972] 
theory. 

Now, in the development of the four-phase flow pipeline model, 
the previously described equations are discretized by using a fully- 
implicit finite-difference method on the staggered-grid system 
[Kwon, 1999]. The procedure of the model involves solving for 
tempevaa~re with the energy equation, for pressure with the pres- 
sure equaaon, for partial densities with the continuity equations, 
and finally, for partial mass flux with the momentum equatiort 

Fig. 2. Phase envelope for hydrate (h), gas (g), oil (LD, ice (I) and 
water (w) in the case ofa mixtm'e of hydnite-forming com- 
pounds. 

RESULT A N D  DISCUSSION 

1. Thermodynamic Characteristics of Fore--Phase Mixture 
In order to analyze the four-phase mixtures in pipe, a gas con- 

densate sample from the North Sea has been used. The composi- 
tion and properties of the sample data used by Ng et al. [1987 ] for 
calculation of hydrate forming conditious are shown in Table 1. Fig. 
2 shows the resulthg P-T diagiam for a four-phase mLxttu-e ob- 
tained by the phase behavior model and hydiate equilibrium model 
developed in this work. From this figure, it was fottnd that the re- 
gions of gas/watel; gas/liquid/watei; gas/liquid/water/hydi-ate, gas/ 
hydrate, and gas/liquid/ice/by&ate can be designed by using the 
computed dew-point pressure line, fieezing point line, and hydrate 
clissocia~lg pressure line. In the gas/liquid region, gas composition 
is a fimction of pressure, tempera~re, and overall composition of 
the mLxtta-e, and hence, hydi-ate dissccia~lg pressure is a function 
of those vaciables also. However, the recipient hydrate model pre- 
sented by Parrish and Pv~tsnitz [1972] for finding the hydrate form- 
ing condition did not consider the effect of pressure and tempera- 
alre on gas composition in the gas/liquid region. In this study, the 
gas composilion for eslknating the hy&ate disscciagng pressttce in 

the two-phase region is evaluated with multi@lase flash calcula- 
tion procegn-e in the phase behavior model. As a result. Fig. 3 
shows some discrepancies of the hydi-ate dissociating pressures ob- 
tained by flash (this study) and non-flash (Parrish and Prausnitz) 
calculations. In t l~  figure, the line abc presents the dew-point pres- 
sure line; in the single=please region which is below firs line, the 
results fi-om both models are exactly same, but in two-phase re- 
gion, there is a maximum diffe~-ence of 41.7% on the hydrate dis- 
sociating pressure agahast the Parrish and Prmsnitz model at a tem- 
pe~-att~-e of 285 K. 
2. Analysis of Hydl~dynamic Characteristics in a Multi-Phase 
Pipeline 

In the validation step, due to the lack of expermlei~tal or actual 
field data for four-phase pipeline flow, the developed model was 
compared with the measured data for gas condensate pipeline flow 
in Columbia [Mudlaram, 1991]. For tlxis comparisoD, the pipeline 
being modeled is 15.53 km loilg with a diameter of 15.24 cm. At 
the pipe inlet, pressure and vok~ne fiaction of liquid phase ace spec- 
ified as 2.07 MPa and 0.2, respectively. Inlet velocities of gas and 
liquid are assumed to be 1.981 and 1.966 m/s, and the inlet and stu-- 

Table 1. Composition of natural gas and its physical properties 

Component Overall composition Critical temperaRtre ~ Critical pressure psia Molecular weight lb/lb-mole Acentric factor 

CO2 0.0311 584.16 1071.00 44.010 0.2250 
N2 0.0064 195.76 493.00 28.013 0.0400 
C, 0.7303 343.37 667.80 16.043 0.0104 
C2 0.0804 550.09 707.80 30.070 0.0986 
C3 0.0428 666.01 616.30 44.097 0.1524 
i-C4 0.0073 734.98 529.10 58.124 0.1848 
n-C4 0.0150 765.65 550.70 58.124 0.2010 
i-C5 0.0054 829.10 490.40 72.151 0.2223 
n-Cs 0.0060 845.70 488.60 72.151 0.2539 
n-C6 0.0753 868.00 419.00 76.200 0.2600 

January, 2001 



Ntmaefical Modcfing Study on the Gas-Oil-Water-Hydrate 4-Pimsr Transient Flow in Pipefinr 91 

Fig, 3. Comparison of the gas hydrate dissodattng presmres ob- 
tained by flash mad non-flash caloflations. 

Fig. 5. 1I-anstmt behavior ~ temperattwe m the mltlet for differ- 
ent conditions of outlet pressures. 

Fig. 4. Pictorial representation of pipeiLqe system of four-phase 
flow. 

rounding temperatm'es ~'e set at 310.8 and 291.4 K, respectively. 
The flow paltem of  gas-liquid flow is assumed to be a dispersed 
flow. Under the system, the developed model has been validated 
with a measured pressure at pipe outlet. From the result, the cal- 
culated steady-state pressure of  1.773 Mpa at file outlet was ob- 
tained and it agrees well with the measured data of  1.737 MPa. 

In order to analyze the a~ansient hydrodynamic ch~-actmstics of  
gas-condensate-water-hydrate mbcmre, we considered a hypotheti- 
cal horizontal gas pipeline with 48km in distance and 50.8 cm in 
di~netet; as shown in Fig. 5. As inlet boundary condition, a tem- 
perature of 333 K and wessawe of 10 MPa are specified, and tile vol- 
ume fiactions of gas, condensate, and vcater me asstuned to be 0.65, 
0.05, and 0.30, respectively. In order to analyze the effect of  outlet 
pressure on transient flow ch~'acterisfics in file pipeline, two differ- 
ent outlet pressures of 4 MPa(Case 1) and 8 MPa (Case 2) are con- 
sidered wifll sun'otmding temperature of  280 K. 

Fig. 5 illustrates the sknulation results of transient behavior of  
the tempez~-ure at outlet. In Case 1 of  lower outlet pressm'e, file out- 
let tempera~re reaches a steady condition at 280.2 K after 2.7 horns, 
while in Case 2 lhe constant temperature of  282.3 K a p p e ~  after 
4.5 hours. In this figure, the outlet temperature in Case 1 which 
yields a larger pressure drop, is lower than Case 2 at initial stage 
because of the Joule-Thomson cooling effect that gives the differ- 
ence in temperatm'e according to the pressure at the same enthalpy 
thezmodynamically. But after 3.5 hotws, tile temperalure of case 1 

Fig. 6. 1I-anstmt behavior of gas velodlies at the outlet for differ- 
ant conditions of outlet pressures. 

becomes alittle bit higher than Case 2, because faster velocity (Case 
1) results in greater heat convectiorL Therefore, in the case of  pre- 
dicting file hydrate formation el transient period, file po~ibility o f  
lay&ate formation is greater for Case 1 at file initial stage up to 3.5 
hours 

For Ibis system, gas veloc~y at tile outlet with time is presented 
in Fig. 6. As shown in this figure, tile inlet gas velocity is m~l -  
tained steadily at 3.64 m/s after 2.5 hours in Case 2, ~hereas it still 
does not reach steady-state condition even after 80 haws for Case 
1. Obviously, this is the reason why the faster flowing fluid takes 
more time to reach steady state. 

In General, hy&-des are formed when w~ter and gas meet at high 
pressures; thus, refezring to the results of steady-state pressure dis- 
tribution as shown in Fig. 7, one can realize that the potential ofhy- 
&ate formation is higher in Case 2. In the meanwhile, temperatm'e 
distribution along file pipe, refeiring to Fig. 8, tends to deciease 
sharply ne~" the inlet section and approaches to seaw'-der tempera- 
ture of 280 K Fz~n this figure, file ~nperattue distribution along 
the pipe in Case 2 is gmemlly lower than Case 1, which means that 
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Fig. 7. Distributions of steady-state pressm'e along the pipeline for 
different comlitions of outlet pressure. 

Fig. 9. Distributions of steady-state volume fraction of water hold- 
up along the pipeline for different conditions of outlet pres- 
sure. 

Fig. 8. Dislributions of steady-state temperature along the pipe- 
line for different conditions of outlet pressure. 

hydrate is possibly well formed ha Case 2. 
Fig. 9 illus/a-ates die volume fi-action of water at steady-state con- 

ditions along the pipeline. The water holdups in both cases decrease 
in going to the outlet portal, which is expected because gas is the 
most presst~ce sensitive phase and it expands greatly with die great- 
er pressure drop shown in Fig. 7. Comparing two curves of Cases 
1 and 2 in Fig. 9, die voltale fi-action of water in Case 1 is lower 
than that of Case 2. Hydrates form only when water molecules exist, 
which can capture the gas; hence, the amount of water is a great 
influencing factor for the additional formation of hydrates. This an- 
alysis is essential in predicting the risks of hy&-ates m a multi-phase 
flow pipeline. 

This lime, we examined the existence of hydrate and its lccation 
along the pipe fiom the P-T diagram for the sample data used m 
this study. These results are presented in Fig. 10. The inlet condi- 
tions are temperature of 333 K and pressure of 10 MPa. From dais 
system, the esNnated outlet tempera0are in Case 1 is 280.2 K at 4 
MPa, and that of Case 2 is 283.3 K at 8 MPa. Therefore one can 
see that total section of the pipe in both cases exists m a two-phase 

January, 2001 

Fig. 10. Phase envelope and pipeline paths predicted by the devel- 
oped model. 

region. In Case 1, we can predict the first appearance of hydrate at 
23 km fi-om the inlet, while it can be generated at 16 km in Case 2. 
This means that Case 2 has the potential to fonn hydrate in longer 
distance of pipe, which has a higher risk in hydrate fonnation. 

CONCLUSION 

This study presents an unsteady-state, compositional, four-phase, 
four-fluid pipeline model in order to describe multi-phase flow and 
to predict hydrate fonnation in a natural gas pipeline. The valida- 
tion and application of the developed model has been attempted, 
and the results of flow ct~acteristics in the pipeline are as follows: 

1. The developed model has been validated against the meas- 
uaed field data for gas-conder~sate flowing sys'tem m a pipeline, 
and the comparison has found to be relatively good match. 

2. The modules of the phase behavior mcdel and hydrate equi- 
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lihi-iuan model have been utilized for examining the phase behavica ~ 
of four-phase maxture in pipe. The simulation results are &awn on 
a P-T diagram which has five different regions separated by dew- 
point pressure line, fi'eezing point line and h y ~ t e  dissociating pres- 
sure line. 

3. In order to investigate the effect of outlet pressure on transient 
flow behavior, the gas velocity, water holdup, pressure, and tem- 
peratta'e profiles with time as well as distance have been analyzed. 
From the analysis overall, as outlet pressure is lowered, the system 
has less potential to form a hydrate. 

4. From the analysis of them~odynanfic and hy&odynamic re- 
sults in the P-T diagran, one can fred the locatic~ of the hydrate 
fonned; also, the flow behavior in the pipeline is more stable fiom 
the aspect of hy&-ate fonning conditic~ with the lower outlet pres- 
sure. 
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