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ABSTRACT

The main objective of this research is to investigate the characteristics of slug flow inside the riser
which is a 68-meter vertical pipe segment reaching from the seabed to the central processing plat-
form of the Y field. The oil and gas mixture flows into the riser from the wellhead platform of the X
field through a 25-km horizontal subsea pipeline.

In this study, an integrated modeling approach is used to take into account major physical phenom-
ena associated with the multiphase flow in the gathering system that might have strong influences
on slug flow characteristics. The phase behavior model of oil and gas in the gathering pipeline were
first built on the basis of Peng-Robinson equation of state to determine the multiphase equilibria
and estimate fluid properties at various pressure and temperature conditions. The multiphase flow
was then modeled by Beggs & Brill method for pressure drops and Hasan & Kabir for temperature
distribution along the pipeline. In particular, the pressure drop calculation is based on empirical
correlations from which the flow regimes can be identified and pressure drop is determined ac-
cordingly. The heat transfer calculation, on the other hand, is based on the mechanistic approach
from which the temperature distribution along the pipeline system can be estimated. Finally, the
slug-tracking model was developed to characterize the slug flow with essential properties such as
slug frequency, length and surge volume. This helps identify slug flow existence inside the riser
segment and predict potential consequences it may cause to surface facilities.

The results from this work show that the integrated modeling approach is suitable to the multi-
physics nature of the flow assurance problem under consideration. The slug flow might exist in the
68-m riser where more than 20 slugs of 2-m length might occur after every 1.5 hours.

Key words: Fluid behavior model, multiphase flow modeling, slug flow characterization, flow

assurance

INTRODUCTION

The main focus of this work is the oil and gas gathering
pipeline from a well head platform of the X field (here-
afer referred to as WHP-X) to the central processing
platform of field Y (referred to as CPP-Y). The X field
is a small oil field, remotely located in Cuu Long basin,
offshore Vietnam. In order to develop such a marginal
field, a tie-in solution has been implemented with a
gathering system in which the mixture of oil and gas
from WHP-X is transported to CPP-Y for processing
by a 25-km subsea pipeline as described in Figure 1.
Since the produced mixture from WHP-X is not pro-
cessed yet, multiphase flow exists in the gathering
pipeline and flow assurance issue is of primary con-
cerns.

The main objective of this research is to characterize
the slug flow in the 68-m riser at the end of the gather-
ing system. The reason why slug flow is of great con-
cern here is that once this special flow regime exists at

the entry of CPP-Y, it can damage the surface equip-
ment, especially the high-pressure separator on CPP-
Y.

In this paper, three main tasks that have been done to
meet the objective of our work are presented. They
include (a) fluid behavior modeling, (b) multiphase
flow modeling, and (c) slug characterization.

Several researches have been conducted on the topics
related to our work and some primary work among
them are briefly mentioned here for reference.
Regarding oil and gas phase behavior, among other
researchers in the field, D.Y. Peng & D.B. Robinson
(1976) developed an equation of state that reliably de-
scribes hydrocarbon properties and yields more pre-
cise estimate of fluid density'. The equation is used
in this study and hereafter referred to as PR-EOS.
Regarding multiphase flow modeling, Beggs & Brill
(1973) developed an empirical map for flow regime
identification and the computational workflow based

Cite this article : Tan N H, Lan M C. Numerical modeling of multiphase flow in the oil and gas gath-
ering pipeline from wellhead platform of X field to central processing platform of Y field. Sci. Tech.

Dev. J. — Engineering and Technology; 4(S13):S184-S195.

Si84



Science & Technology Development Journal - Engineering and Technology, 4(513):5184-5195

25 km

oil & gas

WHP X

CPP
oilfield Y

Figure 1: The gathering system has been built to transport oil and gas mixture from WHP-X to CPP-Y.

on which pressure loss can be estimated along the
pipeline?. Alternatively, Petalas and Aziz mechanistic
model combined with empirical correlations can be
used for pressure loss calculation along the pipeline>.
Among other researches on the field of slug charac-
terization, C. Lawrence et al. (2013) studied the con-
ditions that might form slug flows and developed a
numerical method to define the slug density for each
unit length based on the instability of flow®. Mar-
tin Cook & Masud Behnia (1999) carried out experi-
ments to establish the empirical correlation of the slug
length (Ly) in the slug flow in relation to the ratio be-
tween the bubble flow velocity and liquid droplet ve-
locity (V/Vr)°. In addition, M. Miyoshi, D.R. Doty,
Z. Schmidt (1988) developed the method to estimate
the surge volume caused by slug flows using real-time
recorded data on the CPP which is highly reliable®.
In the field of flow assurance studies in Vietnam, D6-
Xuan, Hoa (2008) studied the paraffin deposition of
the oil and gas mixture and suggested using chemi-
cals to deal with such an issue in the same pipeline
under consideration’. In addition, Pham-Son, Tung
& Mai-Cao, Lan (2014) concentrated their work on
the multiphase flow modeling with special focuses on
flow regime identification, pressure drop estimation,
and heat transfer calculation along the same 25-km
pipeline®.

As can be seen in Figure 2, the main contribution
of this work comparaed to the previous studies men-
tioned above focuses particularly on slug characteri-
zation in the 68-m riser with the purpose to assess the
potential damage it may cause to the surface equip-
ment.

METHODOLOGY

In order to characterize slug flow in the 68-m riser
segment of the gathering pipeline under considera-
tion, an integrated modeling approach has been pro-
posed in this work that consists of the three main
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components: (a) fluid behavior modeling for equi-
librium calculations; (b) multiphase flow modeling
for flow regime identification, and pressure drop as
well as heat transfer calculations; (c) slug characteri-
zation for the estimation of slug density, slug length
and surge volume.

Fluid Behavior Modeling

Equation of state (EoS) by Peng & Robinson (1976) is
used to define fluid properties such as liquid fraction
(x;), vapor fraction (y;), gas deviation factor (z;) of
the fluid components as well as phase equilibrium at
certain conditions®. In this work, the computational
workflow shown in Figure 3 is applied with PR-EoS to
model the phase behavior of the fluid in the pipeline
of interest:

In particular, the workflow shown in Figure 3 is con-
sists of 6 main steps:

o Step 1: Assume a guess value of K; for i-th com-
ponent using Wilson’s correlation (1986):

T
ks =kA="Ld, r
p
o Step 2: Calculate the values of x;, y; and ny:
A=Y [z (K —1)] @)
zi (KE—1)
B=%i " ©
A
—_— 4
=g 4)
ny = 1— ny (5)
= —
" np+nyk! ©)
yi = XK} (7)
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Figure 2: The main contribution of this work focuses on slug characterization in the 68-m riser segment.
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Figure 3: Workflow for fluid behavior modeling using Peng & Robinson’s EoS.
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where z; is the mole fraction of component i, ny is the
vapor mole, ny, is the liquid mole, x; is the liquid frac-
tion of the mixture (%), y; is the vapor fraction of the
mixture (%). A and B are representative parameters
for the equilibrium factor K;.

« Step 3: Determine the fugacity coefficient ¢ for

the vapor phase ':
(7V —
(o) =" (Zb o (2"-5)
m
A2 ], 2+ (1+v2)8
ZﬁB (aa)m b zvV— (] — \6) B

where ¢} is the fugacity coefficient, y; is the repre-
sentative parameter for the BIC ;; ':

vi =¥, [y yaajaa; (1 - kij)] ©)
whereas (aa),, is the representative coefficient for
a(T) as mentioned earlier to calibrate the tempera-
ture dependency ':

(aa),, = Li ¥ [xivi/@ajaa; (1 - kij)|

o Step 4: Determine the fugacity coefficient (P,-L of

(10)

the liquid phase ':

In (¢lL) =
b”(i;m_l) “In (ZL - B)

[ ae

m

A
RN R
zL+(1+ﬁ)B
ZL7(17ﬁ>B

similar to step 3, there is the participation of y; and

(11)

(aa),, whose equation is exactly the same

« Step 5: Calculate the value of K? +1

o/
ﬁ

¢L and ¢ are fugacity coefficients calculated in pre-

K = (12)

vious steps.

o Step 6: Check for convergence. If the error is
not satisfied, then assign new value for K;

s+1
Ki

K1

n
i=1

<¢€; €~0.0001 (13)

if the error is greater than (€) then returning to
Step 1, assigning new value for K;. The iteration
loop ends when (g) is smaller than error tolerance
(1074+107°).

Once the fluid phase behavior has been defined, the
study continues with the multiphase flow calculation.
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Multiphase Flow Modeling

This section presents the fundamental background for
flow regime identification and pressure drop calcula-
tion in multiphase flow modeling.

Beggs & Brill (1973) developed a flow regime map to
classify different types of flow regime based on the
Froude number (Nrg) and the no-slip liquid fraction
Ans 2

o No-slip factor, Ay;:

©)
Vsl

Ao =
ns Vel + Vg (14)

where: vy superficial velocity of the liquid phase (ft/s)
va vy superficial velocity of the vapor phase (ft/s)

o Froude number, Ngp: is defined as the bound-
aries for different flow regimes which is calcu-
lated as:

Npg(1) = Fri = 316,07 (15)
Npg() = Fra = 0.00092522,, 24684 (16)
Npgz) = Fr3 = 0.1, 14316 (17)
Nppea) = Frq =0.52,,573% (18)

Besides, the Froude coefficient of the mixture is de-
fined by the following formula:

Vi (19)
Fry=-4% 19
M gD

where: g is the gravitational acceleration (ft/s?), D is
the inner diameter of the pipeline (in).
Base on the 4 value of Froude (FR|_,4), there are con-
ditions which defines different flow regime:
- Segregrated Flow

Ans < 0.01 & Fryy < Fry

20
or Aps > 0.01 & Fryy < Fry (20)

- Transient Flow:

Ans > 0.01 & Fry < Fryy < Fry 1)

- Intermittent Flow:

0.01 < A5 <04 & Fr3 <Fry <Fr,

22
or Aps > 0.4 & Fr3 < Fry < Fry 22

- Distributed Flow:

0.4ﬂm<0.4&FrM>Fr1

23
or Aps > 0.4 & Fryy > Fry (23)
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Figure 4: Flow Regime Map developed by Beggs &
Brill (1973)2.

Beggs & Brill (1973)% developed a flow regime map
which has been discussed earlier which represents the
relationship between Froude coefficient (Npg) and
No-slip liquid fraction, Nrg as shown in Figure 4.
Besides, Beggs and Brill also constructed the formula
to define the pressure loss along the pipeline which
consists of 3 main components: elevation, accelera-
tion and friction loss?:

ar _

dL

Pmgsin 6 . fmpm‘%n _ PmVindvm (24)
8c 8¢ gcdL

where: p,,, is the fluid density (Ib/f3), fm friction fac-
tor (dimensionless), vy, is mixture velocity (ft/s), g,
gravitational constant 32.17 (Ibm.ft/Ibf.s?), g gravita-
tional acceleration (ft/s2), 0 is inclination.

For the thermal issues, the formula is studied by A.R.
Hasan & C.S. Kabir, (1998)°:

Q =we, Lg (Toi — Tf) (1)
where: Q heat (lost or gained) by the fluid in the
pipeline, wc, mass flow based on the thermal conduc-
tivity C,, (Ibm/s), T,; = initial temperature of the fluid
(°F), Ty = formation temperature (°F). Lg is Ramey
coefhicient:

21 rUy,
Lp=— [ —%

wC P ke +rU TD
where: k., thermal conduction of the Earth
(lbm.ft/s3.”F, =Earth), U, = heat transfer coef-
ficient of the Earth (lbm.ft/s4.0F), r = Earth radius,
Tp dimensionless time coefficient:

(22)

Tp =In |e(~0-20) 4 (1.5-0.3719¢") \/5] (23)

where: 1p dimensionless time.

Flow assurance: Slug Characterization

In this research, the flow assurance study will high-
light the slug characterization in the 68-m riser be-
cause this is the location where the slugging flow has
the highest possibility of occurrence (due to the dra-
matic change of pipeline inclination)

Slug characterization concerns:

o Slug density
o Slug length

« Surge volume

Slug Density

By definition, the slug density is the value present the
number of slugs appears in a specific unit length of the
pipeline.

C. Lawrence et al (2013)* worked for SPT Group at
Norway who studied the experimental recording to
develop the equation to define the slug density basing
on the instability of the flow current.

ON 0

§+$( (25)

NUy) =B—D
where: N is number of slug appears in one specific
unit length of the pipeline (1/m), U, is the velocity of
the slug liquid, B is slug birthrate, (1/m/s), D is slug
death rate (1/m/s).

To define the slug birthrate (B) as mentioned above.
The authors* defined the B basing on the difference
between the velocity of the slug front and slug tail, as
described followingly:

vF_yT
10D

B=rkg(Np—N) (26)
where kp is a constant, most of the time, it has the
value of 1.0, Np is the density of slug appearance on a
unit length which is measured earlier (1/m), D is the
inner diameter of the pipeline (m).

Other parameter presents the development as well as
the appearance of the slug V¥ is front velocity of the
candidate slug, similarly, VT is a tail velocity of the
candidate slug

VF and VT is classified:

if V' —vT < 0 means the slugs quickly die.

if V' — VT > 0 means the slugs are formed.

Slug Length

As for the length of the slugs, the author Cook &
Masud Behnia (1999)° carried out the experiment to
measure the length of the slug basing the number of

Si88
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the slugs in the pipeline, presents the relationship be-
tween the velocity of the bubble flow and the slug tail
velocity, as described followingly:

Ve

Lg
— =140.56 —0.46—
Vr + exp ( D )

(27)

where: D is the inner diameter (mm) Lg slug length
(the same unit as the inner diameter), V is the bubble
phase velocity of the flow (m/s), Vr is the velocity of
the slug tail (m/s).

Surge Volume

With many years of experience in their researches, M.
Miyoshi, D.R. Doty, Z. Schmidt (1988) 6 observed the
changes in the volume of the separator with respect to
time as shown in Figure 5.

Surge Volume caused by slug

K

LIQUID FLOW RATE, (CF/sec)
o«

... DISCHARGE FLOW RATE

weerFeowrate U]

50 100 150 200 250 300 350 400
TIME, (sac)

Figure 5: The unexpected increase in the volume is
recorded during a short period of time on the CPP°®

Based on the observed data in Figure 5, the authors
developed a formula for surge volume as follow:

Viurge = [(”L + ug) Ans — ML] AptL (28)

where: Vg is the surge volume caused by the slug-
ging flow (m?), uy is the liquid phase velocity (m/s),
ug gas phase velocity (m/s), 4,5 no-slip liquid fraction,
A is cross-section area of the pipeline (m?), 1; is the
time of interest (s).

RESULTS & DISCUSSIONS

In this section, the method described in the Method-
ology section is applied to the problem defined in the
Introduction section. The results from phase behav-
ior fluid and multiphase flow modeling are the basics
for characterization of slugs in the riser.

The input data for this work is summarized in Table 1.
In this work, OLGA software is used to model the
gathering pipeline system from WHP-X to CPP-Y. As
can be seen in Figure 6, the four production wells 1P,
2P, 3P, 4P are connected to the WHP-X from which
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Table 1: Compositional data of fluid in WHP X

Component Mol Mol Liquid den-
(%) Weight sity (g/ cm?)

N, 0.111 28.014

CO, 0.03 44.010

Cy 60.15 16.043

G 9.820 30.070

Cs 5.750 44.097

iCy 1.240 58.124

nCy 2.200 58.124

iCs 0.830 72.151

nCs 0.980 72.151

Ce 1.130 86.178 0.6640

Cy 1.870 96.000 0.7380

Cg 2.460 107.00 0.7650

Coy 2.120 121.00 0.7810

Cio 1.330 134.00 0.7920

the multiphase produced mixture is transported to the
CPP-Y via the 25-km subsea pipeline and the 68-m
riser.

Figure 6: OLGA computational model for the gath-
ering pipeline system from WHP-X to CPP-Y via the
25-km subsea pipeline and 68-m riser

Results of Phase Behavior Fluid Modeling

By applying the equation of state of Peng & Robinson,
the basic properties are simulated of the fluid in the
pipelines:

« Oil density (p,)
o Gas fraction of the mixture (y;)

According to the results of Figure 7 and Figure 8, out
studied fluid is most likely to light oil with p ~ 720 to
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Robinson (1976) EoS
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Figure 8: Gas fraction (of the mixture) values gener-
ated by Peng & Robinson (1976) EoS

760 (kg/m3 ) and the gas content (y;) takes over sig-
nificantly the mixture with the value around ~ 30%.

Results of Multiphase Flow Modeling

By applying the Beggs & Brill method?, the flow
regime inside the riser can be identified as shown in
Figure 9:

Flow Regime Indicator ID
1. Stratified Flow

2. Annualr Flow i o
3 SlugFlow > M T '/’ﬁ)
\ 68-m Riser

4. Bubble Flow

N [
| |
p J—|
- |

|

A i

fom i . 3 - - 3

- L
25 kmhorizontal
pipeline >,

Figure 9: Results of the simulation for the flow
regime in the pipeline of the studied subject.

As can be seen in Figure 9, the flow is stable (stratified)
in the 25-km horizontal pipeline. However, in the 68-

m riser there is serious issue which is the slugging flow
due to the rapid change in inclination.

Besides, the simulation results also give the pressure
profile of the pressure:

The result in Figure 10 shows that the average pressure
at the CPP is about 560 (psi) and the average tempera-
ture is 46 (degC). This result agrees very well with that
from the research of®. This means the model reflects
quite accurately the studied subject in real life and the
generated outcomes are reliable.

Results of Slug Characterization

From the multiphase flow modeling result in the pre-
vious section, it is obvious that there is a serious issue
of slugging flow in the 68-m riser. The slug character-
ization has been performed in this work to estimate
the slug properties as shown in Figure 11:

Properties:
1. Slug density
2. Slug length

3. Surge volume

Figure 11: Slug characterization for the 68-m riser is
to estimate the main properties of slugs such as slug
density, slug length and surge volume.

Slug Frequency

Applying the method discussed in the Methodology -
Slug Density subsection to define the slug density for
the slugging flow at the 68-m riser, the simulation re-
sult is shown below:

According to the Figure 12, the average number of
the slug is about 22 (slugs) per every 1.5 (h) interval.
The highest number slug recorded can climb up to 30
(slugs) in just half an hour.

Slug Length

Applying the method of Cook & Masud®, the simula-
tion result is presented below:

According to the Figure 13, the slug length has the av-
erage length of about 22 (dm), about 10 times greater
than the pipe inner diameter D = 0.2371 (m). This re-
sult agrees quite well with the experimental recorded
measurement of Cook & Masud, 1999°.

Surge Volume

The final studied property is the surge volume caused
by the liquid slug. This is an important for the engi-
neer to design the separator (sizing) which can with-

SI190
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Figure 10: Simulation result for the pressure and temperature with respect to time (24h) at the entry of the sepa-
rator on the CPP in oil field Y
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Figure 14: Simulation results for the slug surge volume with respect to time (24h)

stand the unexpected amount of slug liquid. The re-
sult is shown in Figure 14 below:

The result of Figure 14 implies the surge volume of at
the entry of the CPP of the oilfield Y increases with
respect to time which is alarming, moreover, the av-
erage value is about 25 (m3) or 158 (bbl). This re-
sult is essential for the engineers concerning the slug-
catcher designing or separator sizing as every 1.5 (h),
the entry of the CPP loses 158 (bbl) of oil. As for the
designing aspect, the volume of slug catcher must be
greater than the value of V¢, to combat with the un-
expected increase volume of liquid caused by the slug-
ging flow at the CPP.

CONCLUSION

This paper reports our recent flow assurance study for
the pipeline system from the wellhead platform X to
the central processing platform (CPP) of the oilfield Y.
The main focus in this work is to characterise slug flow
that may exist inside the riser pipe segment at the en-
trance of the CPP. A multphase flow model and slug-
tracking model have been constructed for the predic-
tion of slug flow characteristics such as slug frequency
and surge volume.

The results from this work show that the slugg flow is-
sues inside the riser would be serious as it can cause
lots of damage on the surface facility especially the
separator in the central processing platform. This is
also the concern for separator sizing the capacity to
withstand the value of the surge volume, about 158
(bbl) with approximately 22 slug of 2-m length com-
ing at the separator inlet after every 1.5 hours.
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CPP: Central Processing Platform

BIC: Binary Interaction Coeflicient

EoS: Equation of State

OLGA: a dynamic multiphase flow simulation soft-
ware developed by Schlumberger.

WHP: Wellhead Platform

NOMENCLATURE

K; = phase equilibrium ratio between vapor and liquid
phase (dimensionless)

k;j = binary interaction coefficient of the component
i and j, (dimensionless)

P = critical pressure, psia

T. = critical temperature, °F

x; = mole fraction of component i of the mixture, (%)
yi = mole fraction of component i of the mixture, (%)
Viurge = surge volume, (m? or bbl)

¢L = fugacity coefficient of component i in liquid
phase, (dimensionless)

¢Y = fugacity coefficient of component i in vapor
phase, (dimensionless)

7L

 compressibility of component i in liquid phase,

(dimensionless)
7V =

/= compressibility of component i in vapor phase,

(dimensionless)
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A

TOM TAT

Muc tiéu chinh clia nghién ctiu nay la khdo sat dac trung clia dong chdy nut 1ong trong doan 6ng
nang thang ding 68 m tir day bién 1én gian xtt ly trung tam (CPP) cia mé Y. Dong hdn hop dau khi
chay vao doan 6ng riser nay dén tur gian dau giéng (WHP) ctia mo X thong qua ducng éng ngang
dai 25-km dudi day bién.

Trong nghién clu nay, hudng tiép can méd hinh hdéa tich hop dugc st dung dé xem xét cac hién
tuang vatly chinh yéu gan lién véi dong chay da pha trong hé théng thu gom c6 thé gay anh hudng
|6n dén cac dac trung ctia dong chay nut léng. Mo hinh ting x{ pha ctia dau khi trong dudng 6ng
thu gom dugc xay dung trudc tién trén co s& clia phuong trinh trang thai Peng-Robinson nham
xac dinh trang thai can bang pha va udc lugng cac thudc tinh cda hdn hop dau khi & nhimg diéu
kién dp suat va nhiét d6 khac nhau. Dong chdy da pha sau dé dugc mé hinh héa bang phuong
phép Beggs & Brill dé xac dinh sut ap clia dong chéy va phuong phap Hasan & Kabir d€ xéac dinh
phan bé nhiét @6 doc theo dudng 6ng. Cu thé la cac tinh todn sut &p dugc thuc hién dua trén cac
tuong quan thuc nghiém theo d6 cac ché do dong chay co thé dugc nhan dang va su sut ap dugc
tinh tuong Uing vai tiing ché do dong chdy. Nguac lai, cac tinh toan truyén nhiét duoc dya vao
hudng moé hinh héa ca hoc theo d6 phan bé nhiét doc theo dudng éng cé thé dugc udc luong.
Sau cting, m6 hinh truy vét ndt 16ng dugc xay dung dé xéac dinh dac trung dong chéy nat 16ng véi
nhing thudc tinh ca ban nhu tan sé xuét hién cac nut Idng, chiéu dai va thé tich clia céc ndt 16ng.
Mo hinh nay gitip nhan biét su hién dién clia dong chay ndt 16ng bén trong doan éng nang dé du
doédn hau qua ma noé co thé gay ra cho cac thiét bj bé mat

Két qua nghién ctiu cho thay hudng tiép can tich hop la pht hop vai ban chat da vat ly clia bai toan
dam bao dong chay dang xét. Dong chay ndt 16ng 6 thé xuat hién bén trong doan ng nang 68
m v&i hon 20 ndt 16ng dai 2m xudt hién sau méi 1.5 gio.

T khoa: Mo hinh hoa ting xU ctia chét luu, mé hinh hod dong chay da pha, dac trung héa dong
chdy nut Idng, ddm bdo dong chay

Trich dan bai bao nay: Tan N H, Lan M C. M hinh héa dong chay da pha trong duéng éng thu gom
dau khi tir gian dau giéng thuéc mé X dén gian xi ly trung tam mé Y. Sci. Tech. Dev. J. - Eng. Tech.;
4(SI3):S184-S195.
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