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Abstract—The paper presents a one-dimensional transiegompare to the same value of water. However, intens

mathematical model of thermal oil-water two-phasailsion flows
in pipes. The set of the mass, momentum and entltalpservation
equations for the continuous fluid and droplet glsaare solved. Two
friction correlations for the continuous fluid plea® wall friction are
accounted for in the model and tested. The aeradiyndrag force
between the continuous fluid phase and droplatsodeled, too. The
density and viscosity of both phases are assumée tonstant due
to adiabatic experimental conditions. The proposeathematical
model is validated on the experimental measuremehisil-water
emulsion flows in horizontal pipe [1,2]. Numericahalysis on
single- and two-phase oil-water flows in a pipepigsented in the
paper. The continuous oil flow having water droplet simulated.
Predictions, which are performed by using the pressemodel, show
excellent agreement with the experimental datiadgfwater fraction is
equal or less than 10%. Disagreement between diongaand
measurements is increased if the water fractiderger than 10%.
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|. INTRODUCTION

A development of new technologies on conventional a

heavy oil production require more intensive oil agab
transmission from one place to another one. Watensied
usually for the pipeline transport of heavy oil. lkikhase oil-
water flows in pipes is much more complex procesnpare
to single phase flows due to phases interaction snd
distribution within the cross-sectional area of gliygeline. The
overall pressure drop in oil-water two-phase enoulsilow
regime is much less comparing to single phase vaateingle
phase oil flows. However, the pressure loss in iphétse flow
regime depends on many parameters such as thedéuisity,
viscosity, temperature, pipe inner diameter ancewaction.
It is difficult to estimate the pressure drop atltiphase flow
regime. A transient mathematical model of thermaltiphase
oil-water flows in pipes is highly desirable. A &ic
distribution of basic flow parameters, which ardaited by
using the mathematical modeling, may significaritlp in
the pipeline design and flow assurance. The inftionaon
the mathematical modeling and experimental studgiloind
water two-phase transport in pipes is limited i thpen
source literature, especially if the viscosity @fi® very high
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experimental measurements of pressure lossesfatedif oil-
water mixture velocities and water fraction are dwmted
during last time [1-5]. The influence of the pipanér
diameter, oil and water density and viscosity atiat
different multiphase flow regimes is carefully exaed
experimentally. Viscosity values are varied in #hasudies in

the range betweer[107° Pals and 34000107 Pals. Most

of measurements are made by using small-diametecksh
tubes, where the friction force influences on tloe/fbehavior
much stronger compare to large-diameter pipes.

Most part of oil and gas flow assurance softwareictv are
based on one-dimensional mathematical models ofptvase
flows in pipes, are laboratory codes. The abilitygech codes
is limited on the application area due to variouspdified
assumptions. A one-dimensional thermal transierd-ftuid
mathematical model of oil-gas-water three-phasélyuitows
in vertical pipe is presented in [6]. A one-dimemsil OLGA
%)de [7], which is developed by SPT-group, is thesnwell-

r](nown and frequently used commercial software @nfidld of

oil and gas flow assurance. Simulations of oil ayas

multiphase flows in pipes and wells having a comple

topology, which are made by using this code, uguadive a
high level of accuracy comparing to available meedidata.
However, this code does not simulate the processapt
decompression in natural
predictions, which are made by using OLGA [8], shaw
significant over-prediction of the pressure timstaiy values
and a poor comparison with the experimental ddta [9
The paper presents a one-dimensional
mathematical model of thermal oil-water two-phasaiksion
flows in pipes. The proposed mathematical modehlglated
on the experimental measurements of oil-water thasp
flows in horizontal pipe [1,2]. Numerical analysis single-
and two-phase oil-water flows in a pipe is preserite the
paper. Single phase oil and single phase watersfiova pipe
are simulated first in order to validate the comtins phase to
wall friction correlation. The Blasius [10] and Tedi& Dukler
[11] friction correlations are tested on the expenntal data.
The continuous oil flow having water droplets isnslated,
too. Predictions, which are performed by using phesented
model, are presented in the paper.

gas mixtures correctly.l Al

transient
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I1. ONE-DIMENSIONAL MATHEMATICAL MODEL OFTRANSIENT
THERMAL TwO-PHASE FLOWS IN PIPES

Here, /7 is the perimeter of the pipe; S is the cross-
sectional area of the pipef._.., is the friction coefficient,

The set of the mass, momentum and enthalpy cortgmiva p . is the diameter of the pipgy, is the continuous phase

equations for continues fluid phase and droplesphsa solved
in the mathematical model. This set of equationstiie case

of two-phase emulsion flows in a pipe in generainfas
written as [12]:

aanC + aa'(:IOCUC - 0 (1)
ot 0z
0ap P + 0ap PrUp =0 )
ot 0z
dac pcUc | 0ac pcUe P
=—q.— - - 3
3t 32 <37 Re-o = Re-wai 3
aaDpDUD+aaDpDUI§:_ a_P+ 4
at 9z 9057 Re-o @
0ac pche +aacpcuchc —qa 6_P+U a_P (5)
at 9z ‘Lot oz
aaDIODhD +aaDIODUDhD =q 6_P+U a_P (6)
at dz °l at "oz
ac+a, =1 (7

viscosity.

The friction between continuous core phase andlet®js
written [13] as:

GO’D Pb (UC _UD)ddroplet

Rci = (11)
° ddroplet 6 Tu
4 ,OD ddroplet
7, =—Fb __ _dopet (12)
3p. Cp |Uc _UDl
24 (11 015Re®™) , Re, <1000
C, =1Re, (13)
044 , Re, >1000
R% = pC ‘UC _UD‘ ddroplet / :u(: (14)

Here, C, is the aerodynamic friction coefficient.

Continuous fluid phase viscosity is considered ¢ocbnstant
due to adiabatic boundary conditions in the expenital data
[1,2]. However, the model is progress to account for the
viscosity as a function of the density and tempeeat

The algorithm of solving of the set of One- Dimemsil
transient governing equations of the fluid mixtdl@wv in a

Here, indexesC,D denote.s. the continuou§ (C) and drOplebipe is based on the Tri-Diagonal Matrix AlgoritiftDMA),
(D) phases;p. , p, are densities of the continuous phase anglso known as the Thomas algorithm [14]. It is mified

droplets, correspondentlyr., a, are the volume fraction of form of Gaussian elimination that can be used tvestri-

the continuous phase and dropldis;, U, are the velocities
of the continuous phase and droplets; P is thé pressure;

Re_war is the friction between the continuous fluid phasel

diagonal systems of equations. The set of unstgaugrning
equations is transformed into the standard forrthefdiscrete
analog of the tri-diagonal system [14] by using thdy

implicit numerical scheme. In this case the equmisoreduces

the wall; R._, is the friction term, which represents theto the steady state discretization equation iftifme step goes

friction between the continuous phase and droplats; hy

are the enthalpy of the continuous phase and dmplés the
time, z is the axial co-ordinate. The water is id&®d as the

continuous fluid phase if the oil phase is represgnby
droplets in the model and opposite.

The friction between the core phase and the wdlichvis
considered in the present paper, is written in iB&form (8)
and in Taitel & Dukler form (9) here [10,11] as:

1T & PUE
Re-wat :? $o-w ||8pc c
{{C_Wa" = 64/Re. , Re <1600

8
cwar = 0316 /R€* |, Re, >1600 ®)

7
Re-wair = TEC—Wan Pc Ué

$cowar = 64/Re., Re <1600 o
& n = 0046 /RE? | Re. > 1600 ©)
RQZ :pCUC Dpipe//uC (10)

to infinity.

Ill. TRANSIENT MULTIPHASE FLOW PROGRAM- DEAD OIL
(TMPD-PIPE CODE

A one-dimensional transient mathematical modehefrnal
multiphase flows in pipes with constant fluid déysiwas
developed under the research project “Oil-Gas-Whtelti-
Phase flows in pipelines and wells” in PETROSOFT-D@e
mathematical model was implemented into the FORTRAN
computer code and was hamed the “Transient Mulsiplilow
Program for Dead oil - pipe flows” (TMPD-pipe cod#&)ore
information is available on www.petrosoft-dc.com.

IV. NUMERICAL ANALYSIS ON SINGLE- AND TWO-PHASE
EMULSION FLows OFOIL AND WATER IN A PIPE

The presented mathematical model is validated @ th
experimental data on oil-water two-phase flowsijpep [1,2].
The measurements are made at University Collegeldmn
UK. The main test section of the facility is honizal stainless
steel pipe having a total length of 8 m and thesirsiameter
of 38 mm. Water and oil are used as the test fluidse
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density and viscosity of oil are 828kg/m® and

fluid to wall friction, is tested on the selecteat sof

experimental data. Fig. 1 shows measured and peedic

60102 Pals, correspondently. Measured oil-water Mixture,glues of the pressure drop as a function of fhatbcity.

velocity at the test section is varied in the rafrgen 0.8 m/s
to 3 m/s. The water fraction is varied from 0%.(pare oil) to
100% (i.e. pure water) in the experiments.

The computational pipe, which has a length of 8nu the
inner diameter of 38 mm, is simulated by using pheposed
model. The set of governing equations is solvedhenmesh
having 40 grid nodes. Predictions are started fsatting up
the input velocity, temperature and volume fractiatues of
each phase at pipe inlet and the pressure dropvalver the
pipe. New values of the velocity, temperature awtlime
fraction of each phase (i.e. oil and water) arealeulated at
every time step. The mass flow rate of each phaseept
constant at each computational node over the ppeed as
the total mass flow rate. The upper limit of theei step is
selected from the point of view of the numericalbdity of

calculations. The time step is chosen to beld0® sec in
those calculations.
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Fig. 1 Measured and predicted pressure drop asciidn of
velocity (a) [1] and (b) [2]

Predictions are started from single-phase flow &itans.
The continuous oil and continuous water flows akwated
by using the proposed mathematical model (i.e. Thii2
code) in the experimental conditions of [1,d]he Blasius
friction correlation (8), which accounts for thentimuous

Symbols represent the experimental measurementsllin
figures here. Predictions, which are performed bing the

proposed model, are shown as curves. The overafispre
drop is significantly under-predicted by the progasnodel if

the Blasius friction correlation is employed in tmedel (fig.

1).

T T T T T
2.5 @ oil -measured
®  water - measured ™
— oil - predicted (Taitel & Duklel pl
% 2.09 |- - - - water - predicted (Taitel & Dukldf) L7 i
o
=3
o 4
o
ko]
(]
s 4
=]
7]
0
<
o 4
. T T T T T
0.5 1.0 15 2.0 25 3.0
Velocity [m/s
y [m/s] a)
2.5 T T T T
& oil -measured
B water - measured
— 2.0 oil - predicted (Taitel & Dukle @ =
% - - - -water - predicted (Taitel & Dukidf) i 4
o
3 .
o
)
kel
(] 4
=
=]
n
N
0]
=
o 4

05 1.0 15 20 25 3C
Velocity [m/s] b

Fig. 2 Measured and predicted pressure drop asctién of the
velocity (a) [1] and (b) [2]

The Taitel & Dukler [11] friction correlation (9%itested on
the same experimental data set. Fig. 2 shows messand
predicted pressure drop values for different veiegi
Predicted values show a better fit to the expertaledata
compare to previous one if the Taitel & Dukler fign
correlation is employed in the model. Therefore, Thraitel &
Dukler friction correlation is selected to be acumd for in
the proposed mathematical model due to a bettereaggnt
between predicted and measured values of the peedsap in
this case.

Two-phase oil-water flows in a pipe are simulatgdibing
the presented mathematical model when the contmiaid
phase to wall friction correlation is selected .(iTaitel &
Dukler). The proposed model is validated on oilevaivo-
phase emulsion flows in a pipe [1]. The continuoilsflow
having water droplets is considered. Fig. 3(a) showasured
and predicted pressure drop values as a functioail cdnd
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water mixture velocity. The flow having water friact (WF)

of 10% is simulated. The friction between the ammbus oil 2.5+ o measured -WE 10k o1
phase and the wall as well as the aerodynamic thegp _ - - - -predicted - WF 109 g
between water droplets and the continuous oil phiase % 2.0 @ g‘rzzlsc‘:gzd _'\A‘?’FF;O% b )y _
accounted for in the presented model, too. Fig) Sk@ws a o s
good comparison between predictions and measursmighmis 2 1.5 i
fact indicates that total friction balance is madktorrectly in =
the presented mathematical model. £ 10 i
3.0 T T T T T a 0.5 T
2.5 ® measured - WF 10fo i
= predicted - WF 109 0-00 c 7o s o s 50
E 2.04 4 Velocity [m/s] a)
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= Fig. 4 Measured and predicted pressure drop asciidn of (a)
g 1.8 1 mixture velocity, WF of 20% and (b) water fractionixture velocity
Q16 ] of 3 m/s; [1]
S 1
[}
[%] . . .
g 1.44 1 Fig. 4(b) explains the disagreement between medsamd
1.24 i predicted data for the case of large water fractialues (i.e.
ol® more than 10-12%). The pressure drop of oil-wateture as
= '2'0 5o 54 56 s '3'0 a function of water fraction is shown on fig. 4(Bjhose
’ " Velocity [m/s] ' ' b) values correspond to oil-water mixture velocity3sh/s. The

Fig. 3 Measured and predicted pressure drop asciidn of
mixture velocity (a) WF of 10% and (b) WF of 14%j] [

The continuous oil flows having the water fractioinl14%
(figure 3(b)) and 20% (figure 4(a)) are simulateg using
TMPD-pipe code, too. Both, fig. 3(b) and 4(a) camta
measured and predicted values of the pressure ditgn the
water fraction is equal to 10%, as well. Those galare used
in those figures as the reference. Figures showmalls
decrease in predicted values for water fractionl4% and
20% compare to previous case (i.e. Waer fraction of 10%).
The numerical study shows that slow decrease isspre
drop values, when the water fraction is less theolis
caused due to better transport of water dropletspewe to
single phase flows. The proposed model simulatesatier
two-phase emulsion flow correctly if the water ffan is
equal or less than 10-12%.

average curve here (fig. 4(b)) is created by theepauthor
himself in order to show the average behavior oé th
experimental data in this range due to high ogmla of
measured points. This average curve is the “avdfage
experimental reference line here. The decrease dasored
pressure drop is very strong when the water fradtolarger
than 10% (fig. 4(b)). The minimum in pressure dvafues is
reached when the water fraction is about 25-30% Thpse
values are even lower than pressure drop valudwicase of
single phase oil and single phase water flows &gA rapid
strong decrease in pressure drop values, when tierw
fraction is larger than 10-12%, is not caused dueetter
transport of water droplets (i.e. not due to theptet drag
force contribution). Numerical analysis shows thidte
contribution of the droplet drag force itself istnstrong
enough to reduce the overall pressure drop in ipe po
dramatically. The pressure drop strong decreasatsed due
to the phase’s re-distribution within the crosstieeal area of
the pipe. The proposed mathematical model of tesusi
thermal two-phase flows in a pipe predicts the ei&yoof both
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phases and the overall pressure drop in oil-watenlgon [4]
flows in a pipe much better than other analyticald a
mathematical models, which are available from thmeno 5
source literature. Simulations, which are perfornbgdusing

the presented mathematical model, are quick in &ive.

V.CONCLUSION [6]

The one-dimensional transient mathematical model of
thermal oil-water two-phase emulsion flows in pip&s [l
presented in the paper. The set of the mass, momeahd
enthalpy conservation equations for the continuituisl and [g]
droplet phases are solved in the model. BlasiusTaitdl &
Dukler friction correlations for the continuous gbhato wall
friction are considered and validated in the modehe 9]
aerodynamic drag force between the continuous fhlidse
and droplets in the form of Schiller-Naumann isagted for.
Numerical analysis on single- and two-phase oilevdiows
in a pipe is presented in the paper.

Proposed mathematical model is validated on thg;
experimental measurements of oil-water two-phasedlin
horizontal pipe [1,2]. Blasius correlation for tleentinuous

- . [12]
phase to wall friction shows a poor comparison wiitie
experimental data for the case of single phaseamil single (13]
phase water flows in a pipe. The Taitel & Dukleictfon
correlation is chosen to be the basic friction elation in the [14]
model due to better performance and agreement with
experimental data. Numerical analysis on singled &amo-
phase oil-water flows in a pipe is presented inghper. The
continuous oil flow having water droplets is sintath
Predictions, which are made by using the presentedel,
show excellent agreement with the experimental dathe
water fraction is equal or less than 10%. Disagergm
between simulations and measurements is incredséue i
water fraction is larger than 10%.

The presented model is very useful in pipeline glesind
flow assurance. The model is successfully approwedhe
experimental data on oil-water two-phase emulsiows in a
pipe. The influence of the density, viscosity, pres,
temperature, water fraction, mixture velocity, ander pipe
diameter may be examined by using the presente@imod

[10]
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