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Abstract. Liquid-liquid flows are present in a wide range oflirstrial processes; however they have not beenestuat intensively
as gas-liquid flows. The interest in two-phase ligligdid flows have increased recently mainly duethte petroleum industry
where oil and water are often produced and transpbttgjether for long distances. Nevertheless, tlotidrial pressure gradient in
oil-water pipe flow not rare cannot be predicted hyrelations developed for gas-liquid flow. The digeel flow pattern is

common in crude oil transmission pipelines andhaffe pipelines, with either oil or water as the doamithphase. An interesting
feature of dispersed flow is that it can behave a®@a-Newtonian fluid. There are several works on dedyction in single and

gas-liquid two-phase flows, but only few on liquidaflow. The drag reduction phenomenon (DRP) inngiter flows without the

addition of any drag reduction agent has been detein previous works, but the physics behind thenpmenon is yet not well
understood. This work’s goal is the suggestion wfagel to explain how the drag reduction phenomenaridwaccur. To this aim,

it is proposed that the homogeneous dispersionldf avater would be surrounded by a thin film of wat& Couette-Poiseuille

laminar velocity profile developed close to theepipall would explain the phenomenon and it is incadance with the observed
oil-water slip ratio. New data on holdup and pressgradient at several oil and water superficial veltes are offered.

Keywords: liquid-liquid flow, dispersed flow, drag reductipmathematical model, slip ratio
1. INTRODUCTION

Liquid-liquid flows are present in a wide rangeinflustrial processes; however, studies on suchsflare not as
common as those on gas-liquid flows. The interasliquid-liquid flows has recently increased mairdye to the
petroleum industry, where oil and water are oftemdported together for long distances. Nevertbelesrrelations
developed for gas-liquid flow, quite often, canpoédict the frictional pressure gradient in oil-aaflows. Liquid-
liquid dispersions not rare behave as a non-Newatofiuid and can present higher or lower effectWwscosity in
comparison with the more viscous or the less visqhase, respectively. A substantial research &éas tarried out on
drag reduction in single and gas-liquid two-phdew/$ with the addition of drag reduction agents. t&a& other hand,
there are few studies where such phenomenon isvaasen dispersed liquid-liquid pipe flow withoutet addition of
any drag reduction agent.

A number of researchers have detected the dragtiedyphenomenon (DRP) in oil-water flows. AngeidaHewitt
(1998) measured pressure gradients in oil-watezdiotal flow and found an evident drag reduction Hah mixture
velocities (2.6-3.0m /s) and low fractions of watehere the dispersed pattern prevails (being ththe continuous
phase).Experimental friction factors were measiumedll-water flows with either oil or water as camious phases and
also in single phase flow of water and oil. The 4pl@ase friction factors were significantly smaltean the single-
phase ones when the oil is the continuous phasalamost the same when the water is the continubase Lovick
and Angeli (2004) also observed a decrease invibgphase pressure gradients with respect to equit/aingle-phase
values in oil-water horizontal dispersed flow.

Rodriguez (2005) found the same behavior obseryetido previous authors in slightly-inclined oil-watflow. For
the first time, it was verified that the phenomerisra function of pipe inclination, the effect bgimcreased in
downward and reduced in upward inclinations. loanefal. (2005) investigated the phase inversion and fescefn
the pressure gradient in oil-water dispersed fldWwey found a reduction in pressure gradient at &ow high oil
fraction compared to single phase water and oiles|respectively, for all velocities studied. Latral. (2006) studied
the effect of pipe inclination on the flow pattepmessure gradient and holdup in oil-water flowefluction of pressure
gradient was observed until a minimum that washeddetween 60 and 80% of oil for high mixture eéles. The
frictional pressure gradient in upward and downwfogvs was in general lower than in horizontal fowhile the
minimum occurred at all inclinations at high mix@wrelocities. Hu and Angeli (2006) investigated eripentally the
phase inversion phenomenon in a vertical steel pgowecurrent upward and downward flows). They obsdra
reduction in pressure gradient from the equivasémgle phase oil and water values with the additibamall fractions
of water or oil, respectively. Pal (2007) proposedew mechanism for the modeling of drag redugtie@nomenon in
turbulent oil in water and water in oil dispersiois this work was observed that oil-water emulsiamd dispersions
show drag reduction in turbulent flow. The measuridion factors in turbulent flow fall below thealues expected on
the basis of laminar flow. Based on the mixtureetif/e rheological aspects, the phenomenon in atewdispersions
is caused by a significant reduction of the effectviscosity of the dispersion when the flow regipesses from
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laminar to turbulent. It was observed that the degyf reduction is higher when the oil is the cwmtius phase.lt is
interesting to note that the drag reduction phemmmein oil-water dispersed flows has been detetigdsome
researchers, but the physics and the mechanismd#te phenomenon is yet not well understood.

The main purpose of this prospective study is thggestion of a physical mechanism to explain théDiRliquid-
liquid dispersed pipe flow. A new mathematical mdderoposed and developed based on new datalddihand slip
ratio flow acquired at the Thermal-Fluids EnginagrLaboratory (NETeF) of the University of Sao Raal S&o Carlos
(EESC-USP). These data agree with those of Lovigkngeli (2004) that studied an oil-water disper$edtizontal
flow, with oil six times more viscous than watendareported slip between the phases with oil flgniaster than the
water phase. The main point is that the DRP depratsnly on the effective rheological propertiéstee dispersion
and on the hydrodynamics, but also on wettabilitfecs. The presence of a thin film of water betweée
homogenously dispersed flow and the pipe wall cgrlaén the observed decreases of the two-phasiofrifactor in
liquid-liquid dispersed flows.

The paper is divided in experimental setup (Sec®pnwvhere the setup and experimental work willelplained,
experimental results (Section 3), where holdug siitio, flow pattern and drag reduction phenomedata will be
shown; mathematical model (Section 4), where, basethe experimental results, it is explained aadetbped. The
predicted film thickness is then presented andudsions are made on the possibilities and limitatiof the model
(Section 5). Finally, some conclusions are dravwet{itn 6).

2. EXPERIMENTAL SETUP
2.1. Setup

The hydrophilic-oilphobic glass test line of 26-nuh and 12-m length of the multiphase flow looptloé NETeF
was used to produce the dispersed oil-in-water loiv by-pass line allowed the usage of the quidsicig-valves
technigue to measuir-situ volumetric fraction of water and oil. A schematiew of the facilities is shown in Fig. 1
and Tab. 1 describes the main instruments. Watko#dnvere kept in polyethylene tanks, (RW) and jR@spectively.
A positive displacement water pump (BW) and a pasitisplacement oil pump (BO), both remotely cotéd by
their respective variable-frequency drivers, pumpieal phases to the multiphase test line. Positigplatement and
vortex flow meters (FO1, FO2, FW1, FW2) were usedtasure the volumetric flow of each fluid andhseguently,
the superficial velocity of each one. After thet tgse the fluids entered a gas-liquid separatak €58GL). The mixture
of water and oil enters, by gravity, the coalesqiates liquid-liquid separator (SLL). Finally, veatand oil return by
gravity to their tanks, (RW) and (RO), respectively

A control algorithm was designed, implemented apérated via LabView™ to enable the quick-closiadyres
technique. Solenoid valves V1 and V2 are normafigroand V3 is normally closed (Fig.1). In case pérational
incautiousness, it prevents an increase of presbatecould damage the glass test line. They avbeglalves with
pneumatic actuators MGA, maximum torque of 63N.nd diar. The open-close time is of 0.11s. In stestdie flow
regime, the solenoid valves number V1 and V2 amenppllowing the fluid to pass through the tese liwhereas V3
remains closed. During the tests, by energizing WA ,and V3, the mixture would be trapped in the tege and the
two-phase flow deviated to the by-pass line. Thafgr the drainage of the test line, it was posstbl measure the
value of the volumetric fraction of each phasethis case, oil and watér-situ volumetric fractions.
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Figure 1. Schematic view of the multiphase floagdmf the NETeF.

Pressure-gradient data of oil-water two-phase fow single-phase water flow at the same mixtureciti were
collected. It was used a previously calibratededéhtial pressure transducer (SMAR LD301D). Thessuee taps were
6.1 m apart from each other and the first locate®.& m from the test section inlet. The measurdroénther flows
guantities and the characterization of flow patieare described in Rodriguetal. (2009).
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Table 1. Mainmstruments anequipments of the multiphase flow jpof the NETe.

FO1 -OQil High Flow Mete
FO2 - Oil Low Flow Meter
FW1 —Water High Flow Mete
FW2 —Water Low Flow Mete

W VFP — Water Variabléequency drive
O VFP - QOil Variablerequency drive

Quick Closing Valve Control Valve

Differential Pressure Transdu Q BW — Water Pump
RW

Qlp| >

BO — Oil Pump

SLL Coalescent-plates liquidiuid separatc Drainage Valve

MGL Multiphase mixer Water Tank
RO Oil Tank SGL Gas-liquid separator Tank

2.2. Holdup M easurement

When the two-phase flowas fully developed the quick-closing valves (QC\escribed in Section 2.1, w
locked and the flow trapped. Then, lline was drained. The drainage proctssk 30 (thirty) minute for each run.
Water is much less viscous thaih (10C mPa.s); spit was assumed that after that period of timettal water wa
drained from the line, but some small amount of roight still remain sticking to the pipe waThis source of
uncertainty was suppressed dmssumin that after the period of drainage the differencevben the total volume of tt
pipe line (6400 mL) and the totdfainedvolume was composed only by the thiht remained in the test lir

Thevolume of the drained fluids (water and oil) ' measuredvith a beaker of 2000 mL, with a minor graduat
of 20 mL. Therefore, a&ch drainage process required fvolume measurementso®e replicates werperformed for
each flow conditions to confirm treeccuracy of thresults.

A rigorous analysis offropagation ouncertainties was carried out ¢onfirm the reliability of the da (Holman,
1978). The uncertainties webetween (89% and 2.89% for the aih-situ volumetric fractior The value of twice the
standard deviation was smaller than the dated uncertainties. Such strictnegas necessa since the holdup data
were also used for validating new type oicapacitive wire-mesiprobe for holdup measurem (Rodriguezet. al.
2009).

3. EXPERIMENTAL RESULTS

Three different flow patterns weiobserved in the tests: homogenous dispersion ohaoiater Do/w H), non-
homogenous dispersion of oil in watDo/w NH) and a dual flow made afispersion of oil in water and dispersion
water in oil Do/w & Dw/0) (refer to Rodrigueet al, 2009, for more detailsfhe measurement of holdup showed
oil flows with higherin-situ velocity than wate; so, itsin-situ volumetric fraction is smaller than that the homumes
no-slip model predicts. However, itni®t cleara priori that there would be arglip between phases in a fully disper:
horizontalflow at high mixture Reynolds numb: (mixture Reynolds numbers between 30000 and 12

The slip ratio (s) is defined as:

=Yo 1)

o

whereC, andC,, are defined as the @hd wate cuts,¢, ande,, represent tha-situ volumetric fraction of o and water
(holdup), respectively, measured thwe quick-closing-valves technique, akiandV,, are thein-situ velocities of oll
and water, respectivelirhe oil and water cuts agiven by:

% _

Co _QW+Q0 _T (2)
— QW _JW

R <

whereQ, and Q,, are the flow rates], andJ, are the superficial velodits of oil and water, respectiveland J is
mixture velocity § = J,+ J,).
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In Tab.2, one can see all the collected experinhelata. For all tests, the slip ratio was highemtli, regardless the
flow pattern. It also contains the pressure droghefmixture 4P,) and the pressure drop of water flowing at mixture
velocity (4P,). Note that if the pressure drop of the mixturdoiwer than that of the water flowing alone, thaglr
reduction phenomenon has then been detected.dmiiiik, the mixture pressure gradient normalizeth wéspect to
the water pressure gradient flowing at the mixtuedocity, DRP =4P,, / 4P, , is used as an indicator of the drag
reduction phenomenon. The proposed mathematicathveals developed on the basis of the observed rédgction
phenomenon and slip ratio.

Table 2. Experimental results of oil holdup, floatierns, slip ratio, two-phase and single-phasemaessure drops.

Run Ju[m/s] J[m/s] Qil holdup,&, (QCV) Flow Pattern Slip, s AP, [Pa] AP, [Pa]
9 3.C 0.2 0.059: Do/w H 1.0€ 2356( 2121(
1C 3.C 0.5 0.135¢ Do/w H 1.0€ 2711( 2448(
52 3.C 0.€ 0.200¢ Do/w H 1.0¢€ 2804( 2869(
11 3.C 1.C 0.233¢ Do/w H 1.0¢ 3297( 3102(
43 2.t 0.2 0.071: Do/wH 1.0t 1513: 1584
44 2.5 0.2 0.101¢ Do/w H 1.0€ 1592; 1667¢
45 2.t 0.4 0.129: Do/w H 1.0¢ 1696: 1767
4€ 2.t 0.t 0.154: Do/w H 1.1C 1784t 1877¢
47 2.5 0.€ 0.189: Do/w H 1.0% 1878¢ 1991¢
48 2.t 0.7 0.201¢ Do/w H 1.11 1966¢ 2121(
49 2.5 0.€ 0.226( Do/w H 1.1 2064( 2235(
5C 2.t 0.€ 0.249¢ Do/w H 1.0¢ 2157( 2341(
51 2.5 1.C 0.272¢ Do/w H 1.0% 2249( 2448(
2¢ 2.C 0.2 0.116: Do/w H 1.14 1215¢ 1221¢
3C 2.C 0.4 0.150( Do/w H 1.1: 1289t 1321«
31 2.C 0.€ 0.212¢ Do/w H 1.11 14097 1505¢
32 2.C 0.7 0.241: Do/w H 1.1C 1468( 1584
33 2.C 0.€ 0.268: Do/w H 1.0¢ 1545¢ 1667¢
34 2.C 0.€ 0.295: Do/w H 1.07 1620: 1767
41 1.t 0.2 0.160: Do/w NH 1.0t 647¢ 823¢
4C 1.5 0.4 0.198¢ Do/w NH 1.07 7117 896¢
3¢ 1.t 0.t 0.231¢ Do/w NH 1.1C 781z 970:
38 1.5 0.€ 0.260¢ Do/w NH 1.12 8771 1046¢
37 1.t 0.7 0.288( Do/w NH 1.1t 9521 1108¢
36 1.5 0.6 0.312( Do/w NH 1.1€ 1033: 1221¢
35 1.5 0.¢ 0.333: Do/w NH 1.2C 1109: 1321¢
21 1.C 0.2 0.218¢ Do/W &Dw/o 1.07 1172¢ 520(
22 1.C 0.4 0.269: Do/W &Dw/o 1.0¢ 489¢ 584¢
23 1.C 0.t 0.312: Do/W &Dw/o 1.1C 514C 670C
24 1.C 0.€ 0.349; Do/W &Dw/o 1.17 594¢ 690(C
25 1.C 0.7 0.381: Do/W &Dw/o 1.1¢ 664( 753¢
2€ 1.C 0.€ 0.409: Do/W &Dw/o 1.1¢€ 744C 823¢
28 1.C 0.c 0.433¢ Do/W &Dw/o 1.1€ 824t 896¢

4. MODELLING

Considering the literature, one may expect thattto-phase flow of oil and water in dispersedgratt at mixture
velocities as high as 3 m/s (mixture Reynolds nusloé the order of 75000) should behave as a honames no-slip
mixture. However, for all runs the oil holdup preteid by the homogenous model is higher than thatsared by the
quick-closing-valves technique. Deviations of ab@®¥ are observed, which is far higher than the manri
uncertainty of 2.89% (refer to Section 2.2). A shio (Eq. 1) of about 1.10 can be seen in Talwh2ch means that oil
is flowing about 10% faster than water. A possim@lanation may be the presence of a thin watar fietween the
pipe wall and the homogenous no-slip mixture. aper proposes a simple model, analogous to tlzeatlthe core-
annular flow model (Rodriguezt al, 2009), to explain the occurrence of the drag ¢édao phenomenon. In the core-
annular flow pattern the two-phase pressure gradéelower than that of single-phase water flowraxture velocity
(Rodriguez and Bannwart, 2009), similarly to whaisvebtained in the present oil-water dispersed {bab. 2).

4.1. Film M odel

The model is based on the idea that there is a fthm of water adjacent to the pipe wall, surroumglian
axisymmetric homogeneous mixture of oil in wateneTwater holdupe() can be split into water-film holdup,(y) and
holdup of water in the mixture\{), i.e..

J Jur
gw:#:‘gw,f +£w,m:VW +Vwm (4)

w, f w,m
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whered, sandJ,,n are the superficial velocities amj, sandV,,nare thein-situ velocities of the water film and of the
water phase in the mixture, respectively. The oltibp is defined as:
J
g =9
o V0 (5)

and the water flow rate can be divided in:
Qw:Qw,f +Qw,m :‘Jw,fA+ ‘Jw,mA:‘JwA (6)

where Q¢ and Q,m are the water-film flow rate and the mixture-waflew rate, respectively, and is the cross-
sectional area of the pipe.

So, with Egs. (1), (2), (3), (4), (5) and (6hecomes:

w,m

_ JuwtVo . NI VA Z
Vw,f (‘]w,f +‘]w,m) Vw,m(‘Jw,f +‘]w,m) ( )

0O ‘éo M4
™

At this point, some assumptions are needed. TherScigl velocity of the film is assumed to be muolwer than
the superficial velocity of the water phase in thixture,i.e., Jys << Jym SO,Jwm tends to the superficial velocity of
water,J,. Thein-situ velocity of water in the mixturé/,,, is supposed to be equal to thesitu velocity of the oil,V,.

In other words, it is assumed that the oil-watextare in the core of the pipe flows as a homogesewmislip mixture,
uniformly distributed over the respective fractimithe cross section of the pipe. Therefore, tlwoiseé term of the Eq.
(7) tends to 1. The slip ratio is then given by:

Vv_[QQ_]l ®)

w, f

Here, s is a function of two unknownsV,,; and Q¢ (V, and Q, can be determined from Egs. (5) and (6),
respectively). So:

S= S&w,f 'Qw,f ) (9)

Thein-situ velocity of the water film,V,¢, is estimated by supposing that the film velogitgfile can be modeled
as a linear Couette flow, where the pipe is thécspdate and the mixture is the moving plate, withocity Vi, m= V.
The hypothesis makes sense if it is assumed thawdher film is very thin. Thus:

wm _ V,
V  =—"=_0
w, f 2 2 (10)

So, Eg. (8) becomes:

oo Qui
s=1 2{ Q ] (11)

Therefore, the water-film flow rat€,s, can be readily calculated if the slip ragpis a known quantity.
A Couette-Poiseuille profile is assumed for theedmination of the water film thickness:

Vo1 (V) = [Afm Ji(ey— y2)+ V"ey (12)

wherey is the spatial coordinate, starting from the piyal, 4P, is the pressure drop of the mixture flow, given by
Tab.2,L is the distance between the pressure meters (F6clim the film thickness, ang,, is the water viscosity.
Figure 2, below, shows the velocity profile of flaw.

The water-film flow rate can be calculated by imtding the velocity profile (Eq. (12)) from pipe vy = 0) to the
water film thicknessy = €), and multiplying it by the length of the filrh; (Eq. (13)):
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\ Couette-Poiseuille velocity profile
- 4 } & Eq.(12)

<—— Uniform velocity profile
(V=Vo) . N
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Figure 2. Velocity profiles: water film and mixtueod oil in water;e - water film thicknessR - radius of the pipe.

Qu, 1 {fvw,f (y)dy}Lf (13)
where:
L, = 72R-¢) (14)

andR is the pipe radius. The film flow rate can alsoch&culated from Eq. (11):

Q. = 72 (15)

Therefore, Eqgs. (13) and (15) are used togethieteéoactively calculate the film thickness,
¢ -1

”(2R-e){IVW,f (y)dy} {%} =0 (16)
0

Hence, the Reynolds number of the water film iswalted as below in Eq. (17), whergis the water densityy
is thein-situ velocity of the water filme is the water film thickness ang, is the water viscosity.

- pwvw,f e
Hy

Re; (7)

4.2 Mixturelaminar sub-layer

An analogy with single-phase turbulent pipe flowadopted to define the effective mixture laminab-fayer. In
order to verify whether the present model woulddethe existence of a water film between the pi@dl and the
homogeneous oil-in-water mixture, the ratio betwdlem film thickness and the thickness of the effecimixture
laminar sub-layer was obtained. It is assumedttiemixture flows at the oih-situ velocity V..

According to the homogeneous model (Wallis, 1969% possible to analyze the dispersion of oihiater as a no-
slip mixture or pseudo-fluid. The shear stresshat wall, 7, is calculated as a function of the two-phase ques
gradient 4P, :

5[

whereL andR are the distance between the pressure meterdharddius of the pipe, respectively. The densitthef
mixture, p,, , can be calculated as a function of the dendithe phases, in this case, wajgf, and oil,p,, , and the
holdup of each phaseg, ands,, respectively, for water an oil:

P = EulPor + €06 (19)

For water cuts higher that 40%,(> 0.40) the effective viscosity of the dispersadroil in water can be assumed to
be equal to de viscosity of pure water (Géigal, 2006). Then, the mixture friction velocityy( ) was calculated as:

NV
V.. =
frict,m [pmj (20)
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and the effective mixture laminar sub-layéy,, » is given as a function of the friction velocityyic.m, the mixture
density,pm, and the water viscosity,, :

. 1a)

subm — V;

(21)

frict,m

Finally, the mixture Reynolds number is calculatsthg the density of the mixture,, calculated in Eq. (19), the
mixture velocityJ, defined after Eq. (2), the radius of the pieand the water viscosity,:

J2R
Re,. :PmT (22)

5. RESULTS

Figure 3 shows the DRP indicator as a functionlipfratio. One can see that for a constant slifréte DRP level
tends to change depending on the flow pattern. Wh@le, the drag reduction phenomenon is strongethieDo/w &
Dwi/o, it is less evident for thBo/w NH and it approaches to the unity (or even higherjfeDo/w NH flow pattern.

One may see in Fig. 4 the relationship betweenralip and film thickness. The film thickness ireses as the slip
ratio increases. Results suggest that the detstiperhtio would happen as a result of a "lubrizatieffect produced by
the water film. Therefore, the bigger the film thiess is, the higher the slip ratio between thedgeneous mixture
and water film.

Figure 5 shows the ratio between the film thicknasd the mixture laminar sub-layer as a functionthef water
cut. The film thickness is from 4 to 15 times bigdgean the laminar sub-layer, which suggests thatet may be,
indeed, a “lubrication” effect produced by the waiag. A relation can be seen for tb®/w & Dw/o andDo/w NH
flow patterns with the normalized film thicknesscdEasing with the increase of the water cut. Anothenark is that
the normalized film thickness depends on the flaitgyn,i.e., the same film thickness occurs at different watgr
depending on the flow pattern.

The DRP (drag reduction phenomenon indicator) eaabserved as a function of the Reynolds numbtreofvater
film for all experimental points in Fig. 6. The éiar regression (red line) shows that the DRP ise®aith the increase
of the film Reynolds number. The DRP tends towattts unity at higher film Reynolds numbeig. the drag
reduction effect tends to disappear at higher fteynolds numbers. One can expect that higher Régnuimbers
would mean eventual transition from laminar to tueimt flow regime. According to the proposed modednsition
would occur aroundRg = 1100; however, in the experiments the flow cbads were quite different from plain
Couette-Poiseuille flow. There were quite likelgtdrbances imposed by the homogeneous mixture eomwdlter film
caused by the relative motion between oil dropdeid the turbulent continuous water flow. Thus, it unreasonable
to think that the critical Reynolds number for fim flow would be rather smaller than that valir laminar Couette-
Poiseuille flow.

Figure 7 shows the normalized film thickness asrection of the Reynolds number of the water filnheTrelation
is clearly linear and for all flow patterns the malized film thickness increases with the increafsthe film Reynolds
number. Therefore, an increase of the film thicknlesds to an increase of the Reynolds numbereofilth (Fig. 6),
which in turn leads to an increase of the DRP iafiig i.e., the drag reduction effect tends to disappear. (bigThe
results clearly suggest that the drag reductiompimenon may be indeed related to the existencelahaar water
film between the pipe wall and the homogeneous unixbf oil in water. The presence of a laminar wéitm and its
transition to turbulent regime may be a possiblglaxation for the drag reduction phenomenon obskitvehis work.
The model, off course, has some limitations. Thestmimportant is that it is based on the idea tihat flow is
axisymmetric. This is not absolutely true, as Rguakz et al. (2009) show in their paper by meandetdiled local
holdup measurements accomplished via a novel weshnprobe. Those authors show that even in the fenows
dispersion of oil in water there was a slightly eg fraction of water at the bottom of the pipeeThodel would
perhaps be more suitable if applied to verticakflo

Last but not least, the holdup of the laminar fiemges from 2% to 15% of the total water holdug(B). There is
a function between the water holdup of the filmmalized with respect to the water holdup and theeweut C,) for
the Do/w NH andDo/w & Dw/o flow patterns. The ratio of holdups decreases w#ithincrease of the water cut. For
small water cut, just the flow patterBo/w NH andDo/w & Dw/o are seen, and in those, the water film tends to be
bigger, so it is holdup, and the ratio (water hpldd the film normalized with respect to the watetdup) is bigger, all
these, because of the asymmetry.
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6. CONCLUSIONS

New holdup and two-phase pressure gradient datiispérsions of oil in water and water in oil, affeeed. Three
different dispersed flow patterns were observedndgenous dispersion of oil in watddd/w H), non-homogenous
dispersion of oil in waterlo/w NH) and a dual flow made of dispersion of oil in waded dispersion of water in oil
(Do/w & Dw/0).

A new model is proposed to explain the physical macsm of the drag reduction phenomenon (DRP) obden
dispersed oil-water pipe flow without the additiohany drag reduction agent. The main idea is tfhetDRP depends
not only on the effective rheological propertiestioé dispersion and on the hydrodynamics, but afsavettability
effects. The presence of a thin film of water, w the homogenously dispersed flow and the hydiojaliphobic
pipe wall, can explain the observed decreasesefwtio-phase pressure gradient in the liquid-liggispersed flows.
The transition of the water film flow from turbuleto laminar regime is a possible explanation fer dccurrence of the
drag reduction phenomenon observed in this work. rEfation of the DRP with the Reynolds numberhef water film
is shown and a possible transition Reynolds numtey be around 900. An algorithm to predict the @nes of the
DRP with good approximation based on the proposedetwould be: with the oil holdup and the watetr the slip can
be calculated from Eq. (1); with the slip and Fghe film thickness can be obtained. With Eq.)(@dd Fig. 7 it is
possible to acquire the Reynolds number of the mfdie; and with the Reynolds number of the watiémfand Fig. 6
the occurrence or not of the DRP can be predicted.

The results clearly suggest that the drag redugittenomenon may be, indeed, related to the existeha water
film between the pipe wall and the homogeneous uméxbf oil in water. Although the proposed modesiimple, it
seems to capture the physics behind the DRP. Nwless, more data of tim/w H flow pattern seem to be needed in
order to find out more reliable relations for thfgecific flow pattern.
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