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CHAPTER 1

INTRODUCTION

Liquid-liquid flow appears in chemical, petrochemiadfood industriesMore often it
is seenin petroleum industryassome ofthereservois consisbf waterandoil layers So
production lins will carry both components with different ragoln this study, the oil

water flow in a horizontal pipe cageinvestigated.

While extracting oil fromwells, the ratioof water and oilvarieswith time. The change
in these ratiodias a major influencen thepressure dromlongthe pipe and the flow
pattern. This influence witause the mass flowsimethe pipeto vary as well. Therefore,

i t 0s aldosrealeatheirelation between the components ratio and the pressure drop

Predicting the flow pattern inside the pipe is the major concern in any petroleum process,
since the knowledge of the flow patterns gives various advantegesstanceknowing

the flow patterndetermineghe behavior if the pressure drop inside the pipe, rigbt
methodof evaluaing the pressuredrop the contact area of each fluid with the pipe wall

for corrosion problemsand at the endbetter reservoimanagement andiofv assurance.

The aspects that affect the pressure drop and the flow pattern should be determined in
order to predict the pressure losses inside the pipes, maintain the pressure at the required
rate, and enhance the flow inside the pifige aspects whicare considered in this study

are the o#water flow rate, oil fraction, oivater viscosity and density ratio.



Extensive amount of experimental work were performed on different types of oil to study
the effect of olwater density ratio and viscositytimon both the flow pattern map and

the pressure drofI.he previous experimental works show the effect oinaiter density

ratio and viscosity ratio by changing oil physical properties. The present work is
conducted to show the effect of changingdilevater density ratio and viscosity ratio on

the flow pattern and the pressure drop by changing the water physical propénsas.
achieved by dissolving food salt into the water. Since the added salt is organic, it

dissolves only in water, and the pioperties will not change.

The objectives of this study are summarized as follows:

1. Produce experimental data for the flow pattern and the pressure drop using oil
with low viscosityvalue due to the scarcity of the available datdtmrange

2. Study the pressure drop behavior for low viscosity oils.

3. Study the effect of changing the water physical properties on both the flow pattern
map and the pressure drop by dissolving salt into the water.

4. Validate previous model®f the flow pattern map and pressudeop againstthe
experimental results of this study.

5. Modify existing correlation or develop new one if needed.

A computer program is developed to generate the flow pattern map and the pressure drop
inside a pipe using models frorthe literature. The progra uses visual basic
programming language as a micro impeded in MS excel to estimate and display the

produced flow pattern map and the pressure drop profile



CHAPTER 2

LITERATURE REVIEW

A stateof-the-art literature survey of previous studies onwedta flow is presented in
this chapter. Also, models of predicting flow patterns and pressure drop including

inversion poinis summarized as well.

Most of the available o#water models in the open literature are considered as an
extension of gasvater modés since more attention was broughtgaswater flows than
oil-water Moreover, focus on oilvater flow started a while after gaster. The main
variance between gasvater and odwater flow arethe large differences in the density
(of air compard to al) and other thermo physical propertisschas viscosity, surface

tension, specific hed e t ¢

2.1 Flow Pattern and Flow Pattern Map

The flow pattern is a term which describes thewaiter flow shape inside a pipe, or it
describes the structure of thearface between the two fluids. As oil and water flow in a
pipe, they take different special configuration depending on their flow rates. For example,
when the flow rates of oil and water are very low, they move as two continuous layers

with one above thetber without any mixing at the interface. The flow pattern for this



shape of interface is called the stratified flow pattern. Other flow patterns are seen in

section 2.1.1.

The flow pattern map is a graghat is divided intoregions each region indicatea
certain flow patternlt can befound with different coordinatesThese coordinates are
usually represented by pipe geometoy, fluid propery, or flow rate,or a combination
between these parameteif$iere are two types of coordinates ugedhe flow pattern

map The firsttype uses dimensionless parameters that are found empirically or derived
from the flow rate, pipe geometry, and fluid propertiea example of this type is Fair

[1] flow pattern map, where the total mass flux is plotted againdtdblehartMartinelli
parametef2]. Another example i$aitel and Duklef3] flow pattern map which uses the
LockhartMartinelli parametef2] in the xaxis and gas Froude number with two other

parameters they derived.

The other type of flow pattern mapassa simple coordinate system where one variable
or more(such as the flow rate used in the diagram ax without complex derivations

This type is used to show the effect of changing the diagram axis parameter on the
transition boundaries between thaif patterns while fixing the other parametess, this

is not a generalized diagram that can be used for other fluids or pipes. This type of flow
pattern map can be seen in many research work such as Bergelin and [Gaaley
JohnsorandAbou-Sab€g5] flow pattern maps that use the liquid and gessflow rates,
andBaker[6] flow pattern maphat uss the mass flow rate of gas and liquid as the y

axis andhex-axis respectively



2.1.1 Flow Pattern Classification

Different techniques were used to ideptdach flow patternVisual observation is the
most common way in recognizing a flow patte@her methodscombine visual
observation with pressure behavior and hoJdupereas other ways include tomography

using xray or gamma ray

The al-water flow pdterns in a horizontal pifiee are almossimilar tothose for gas
water Back in 1959,Russell et al[7] identified three flow patterns which are mixed
flow, stratified flow, and bubble flow for oil having a t® at 40° viscosity and 834
kg/m® densiy. Charles et al[8] used three kinds of oils having a 6.29, 16.8, andmB5
viscosity at 25°, and equal density with watefhey categorized the observed flow
patterns into watedropets-in-oil, concentric oHin-water, oitslugsin-water, oit
bubblesin-water, and o#dropsin-water. Arirachakaran et gP] performed experiments
for oil viscositiesof 4.7, 58, 84, 115, 237, and 21B. They classified the flow patterns
into stratified, mixed, annular, intermittent, and dispersed. Trallélpgeneated a flow
pattern map for oilvater density ratio 0.85 and viscosity ratio 2% classifiedthe
flow patterns into stratified, stratified with mixing at the interface, dispersion of oil in
water over a water layer, emulsion of oil in water, emulsiomater in oil, and dual type
of dispersions. Nadler and MeJkl] did the same classification and added the flow
pattern #fl ayearls dofspwatsemon and watero.
Abduvayt[12] who arranged the flow patterns in Horizanand Hilly Terrainflow into
twelve flow patterns grouped into three basic categories: segregateesesgayated,

and semidispersed flow.



2.1.2 Flow Pattern Transition

Charles et al[8] indicated that the cMvater flow patterns are nearly independenoibf
viscosity, as had been noticed also by Arirachakaran g]alThey mentioned that the
viscosity effect was vergninor, and the flow pattern maps for the different oil viscosities

were similar

The densityis noticed to have atronger effect on thflow pattern map than viscosity,
but still the change is slighThis effect is noticeable ithe stratified regionasits area
increases when the eMater density ratio decreasés example of density and viscosity

effectis Braunerf{13] model shownn Figure2-1 in section 2.1.2.2

The same gawater flow pattern transition concepts are used fewatler, where most of
the oilwater models came after adapting-gager models to be suitable for -giater.
The first transition models for liquitiquid flow are seen iBrauner[14], Brauner[13],

and laterTrallero[15] who developed a general flow pattern map fomaiter flow.

2.1.2.1 Prediction of Stratified flow

Stratified flow is a major flow pattern itine oil-water flow pattern mapt is locatedin
the low velocities regionand the boundaries of this flow pattern are surroundgd
severalflow patterns.Prediction of the stratified flow boundary for -iater flow is
achieved with the instability analysi§tudying the instability of the stratified flow

provides two benefits, the transition from stratified to other flow pattemiteria, and the



waves generation at the interface between the two phases which will lead to the wavy
stratified transition condins. The Kelvin-Helmholtz (KH)instability analyses are used

to determine the stability of stratified flowhe KH instability arises when a velocity
difference at the interface between two fluids appedrsrdsult of thanstability reveals
wavesat tre interface of the two fluidsfwo types ofKH analyses are used, omhich
neglects the effect of shear stresses, which is callelhtiseid KelvinHelmholtz (IKH)
analyss, and the other takes into account theas stresses in the derivation, which is
called theViscous KelvinHelmholtz (VKH) analysisMany researchers used the IKH
analysis in their work(mainly for gasliquid), such asKordyban [16], Taitel [3],
Kordyban[17], Mishima[18], andWallis [19]. While work on theVKH analysiscan be

seen i Wallis [20], Lin [21], Wu [22], Andritsos[23], Barned24], andCrowley[25].

The KH instability analysigs the main element in determining the transition condition
from stratified flow and several studies have been implemented on this analysigyo stu

its validity and cedibility for different liquid viscosities and densities.

The influence of liquid viscosities on IKH and VKHnhalygs can be seen in the gas
liquid study ofBarnea[26], where the shear stresses are neglected in the first one and
corsidered in the otheiThe study aimed to show the influence of neglecting the shear
stresses in the analysis for low viscosity liquitiee results showed that considering or
neglecting the shear stresses will give the same results for high viscosigs liqui
However, different results are noticed for low viscosity liquiliso the influenceof
viscosity is seen irLin [21] who specified thathe KH theory correctly predictshe
stability of a stratified flow onlyor very large liquid viscositiesand tfe inviscid theory

is not accurate in predicting the stability of stratified flolhey involved the shear

7



stresses in their analysis and mentioned thaviid theory predicts well the transition

to slugs for thick enough liquid layers.

The instability athe interface either leads to the growth of short waves, which will give a
stratifiedwavy flow, or leads to longvaves which will produce roll waveghatmay lead

to the transition to other flow patterns. Hanrdy] and Andreussi[28] mentioned that

roll waves arise due to the instability of long waves that occur once the liquid inertia and
pressure variation over long waves overcomes gravity. Bg@¥daused a combined
model of viscous and inviscid KH analyses for the determination of roll wavesolaa

flow.

An example of the IKH analysis Wallis [19] model, where hesed simple IKH analysis
to produce a simple model for the transition from stratified flow to slug or plug Tlbes
model uses an empirical factor to suite the experimental se3tle model is widely
used due to its simplicity and reasonable agreement with experimentall did¢h [3]
proposed a simple model using IKH analysis that is widely.uEkd model uses an
empirical factor to fit the experimental results, the model slgmwod agreement with the

experimental data especially for low viscosity liquids.

In addition of the KH analysis,Barnea and Taite]29] and Barnea and Taite]30]
introduced thestructural stability analysis that specifies the stability of the strustafe

the steadystate solutions.

later Barneg[31] andBarnea[32] usedthe structural stability analysis and the interfacial
stability analysis (KH analysis), where the simplified method of Tf#feand Barnea's

8



[24] method of combining VKH and IKH ahgis are considered to study the stability of
the solutions for stratifieflow, using linear and nelinear analysesThey listed that the
KH analysis are not enough to determine the statalg solutions validity in separated

flow, the structural stality should also be considered in addition to the KH analysis.

Another method of analysis used besides the KH analydignsan[33] work, who used

the boundanrjayer approximation to derive a nonlinear wave equation that is valid for
Reynolds numbers upo the order 100 for a gas flow over a thin liquid filifhe
derivations revealed the presence of kinematic and dynamic pracAsseghe linear
stability analyses were used to distinguish the regions where waves will be dominated by
kinematic or dynanti processesdAlso, the onedimensional wave modalnalysis method
which was used bfZrowley [25], where heused the ondimensional wave model for

incompressible flow to predict the transition from stratified to slug.

2.1.2.2 The Transition Criteria

Thefirst gep is to find the actual holdup, it can be fodram the combined momentum

equation:

0 — — tY— — m omQ (1)

Wherelld S, } o, and A are the shear stress, the perimeter, the density, and the area of oil.

Thetermsw andi stands for water and interface respectivielys the inclination of the



pipe. The sheer stresses, phaseo[s5]oar eas

Brauner14].

The second step is to makdtke left hand side of equation (Bjuals to zero to get the
steadystate solutions, d#] S, and A are functions of the holdup. Equation (1) needs only
to change the holdup to find its root. When the above equation is equaled to zero, the

actual holdup for the given oil and water flowasis found.

The transitiorcriteria isshown below as presented in Barnea & T482l:

A A —— 6 6 ——CAIfO0 —E Tt 2

Where:

M6 2 M6 2
Mm 2 M2

p>]

K is the wave number (K 11 used to symbolize the waves length (k = 0 for long waves)

V, is the actual glocity of oil in the pipe, Wis the superficial velocity of the o, |

— O is the ilnt epr fXx p a P, his¢ha watepholdup, A is the
cross sectional pipe areay, — —, and — is the derivative of F with

respect to Rat constans PA T 3\ .
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Another term was added &muation 2) by Trallero[15] used in the IKH analysis:

— = ©)

Where Gis the sheltering effecf; represents, if oil is faster and ,, if water is faster.

The last three terms of equation (2) represents the inviscid stability criteria, where no
effects of viscous forces appear. While the viscousilgtacriteria uses the four terms.

The IKH bring in two transition lines, one with oil faster than water, and the other with
water faster than oil. The VKH analyses show the transition boundary between stable and
unstable wavy interface, which represethis transition from smooth stratified (ST) into
stratified with mixing at the interface (ST&MI). The boundaries of the IKH and the VKH

analysis can be seenhigure2-1.

Equation (2) can be solved numerically. Numerical solution allows using complex
friction factor correlations in finding the transition criteria for rough pipes. Additional

details about the solution steps and derivations can be found in T{abgro

Brauner{13] and[14] followed the same approach and introduced a model for predicting

the stratified flow using the VKH and the IKH analysis. The IKH analysis produces two

l ines called the fAzero real c h arrtharcwaterr i st i c
and the other when water is faster. Thigses represent the transition frostratifiedto
nonstratifiedflow pattern. The VKH analysis producesh e fizer o n@&NS r al st
line, which represents the smooth stratified flow region. bbendaries of the IKH and

the VKH analyses are shownkhigure2-1.
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Figure 2-1: The effect of the density differential and the viscosity ratio on the locations of the ZNS andRC
boundaries [Brauner [13]].

Looking atFigure 2-1, when the density difference between the two phases is reduced
the velocity needed to leave the stratified regiomeseasedTherefore, the stratified
region isenlarged. A for viscosity,increasingthe viscosity difference between the two
liquids reduces the velocity needed to leave the stratified regiarefore, the stratified

region is reduced.
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2.1.2.3 Prediction of DispersedFlow

Dispersd flow is locatedat higher oil ® water velocities thathe stratified flow for oil

faster than water and for water faster than oliesgthe dispersed pha$l®ws not in a
continuous layer but as drops or slugs time continuous phaseBrauner [13]
demonstrated the criteria of transiti from an upper layer of oil drops into two
coninuous layers of liquidsThe dispersed region comes between the stratified smooth
and the #fAzero real Figora 2-22 intadditionsd maded @as | i n e
proposed for predicting the fully depressed flow pattern and oil slugs using Bifize
model of liquidliquid dispersion for finding the maximum diameter of oil drops. The
transition to fully depressed flow occurs if the velocity of the dispersed [$asach
smaller than the velocity of the continuous phase with maximum oil drops diameter less
than oil critical diameteHowever, when the velocity difference is not largewgh, oil

slugs might be seen.
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Figure 2-2: stratified-dispersed region [Brauner [13]].

In the model, assuming oil will be dispersed; adiibps will stay dispersed and will not
convertto a continuous layewhen theviscous and inertiéorcesareinsufficient tocause
coalescencewhich can be seen at very low e#locity. Whenoil dropsmaintain their
shape theurface tension forces of the drops overcome the buoyancy forces due to weight
difference, where buoyancy keeps these drops at the top of the pipe.usirgnthe

above balance, the critical diameter was introduced.

A —c¢° ()

The transition occurs when the upper layer height is smaller than the critical diameter,

which occurs at very low oil velocity compared with the high velocity of water, meaning

14



that drops wh diameter larger than the critical diameter will form a continuous layer of
oil. Dispersion happens when the upper layer height is smalH(&< d.) as proposed

by Braunei{13], where d is pipe diameter and H is water high inside the pipe. When (d
H << d), no enough space to form drops with diameter larger than the critical diameter,
and so the flow is stratifiedispersed. But when the height is large enoughHd>> d.)),

the available upper space will allow the formation of drops with dianteger than the
critical diameter, and thus a continuous layer from the drops might form. From the

critical diameter, the transition based on the critical area is:

| L ®)

WhereA, is the area of oil. If the density difference between oil and water is reduced or
surface tension is increased, the dispersed flow region is extended to cover more area on

the flow pattern map curve.

The fully-dispersed flow pattern is achieved at higfater velocities with low oll
velocities. Using Hinz¢34] model for liquidliquid dispersion, the maximum dispersed

phase diameter is given to be:

A #EI — (6)
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WhereE is the dispersed phase-gslip holdup,5 is the mixture velocity which equals
the sum of the superficial velocities of thwo liquids, and € is a constant which
depends on the in situ helg and is to be determined experimentally. Hif8g4 had G

= 0.725 in a Couette flow field.

When— is smaller than one, or & is smaller thai\ , transition to fuly depressed

might occur if the velocity of the dispersed phase is much smaller than the continuous

phase. However, if— <1 and — is almost one, then oil slugs might be seen (Brauner

[13]).

Trallero[15] proposed a model of prieting the dispersion flow pattern which includes
gravity and turbulent fluctuation foes, along with the Hinzg4] and Levich[35]

models of drop sizes prediction in dispersed flow, taking into account the dispersed phase
concentration and water holduphe proposed model included numerical parameters
which were found experimentally. The proposed model and the experimental work are

shown inFigure2-3 below:
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Figure 2-3: Comparison of the theoretical flow pattern map (points) with the experimental flow pattern map
(lines) [Trallero[10]]

Brauner[36] proposed a unified model for predicting phasgpdrsion using different
mechanisms&ind models oflispersiorto cover all rangeand all kindsof dispersion. The
model predics the transitions to dispersdlbw patterns in a variety of galsquid and

liquidi liquid systems E6tvos numbervas used to detaine theapplicability of thee

models The models includes Hin484] and Kolmogorov [37] modelwhich considers
dilute dispersion with extension to cover dense disperBiamea38] method of finding
drops critical diameter, ariBrodkey[39] maximum doplet diameteabove which drops

are deformed.

The suggestedmodel predict the phasedisperson when turbulence forces of the

continuous phase are strong enough to brealdigpersed phaseto droplets smaller
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than the critical diameter {d). Disperson happens when drops of the dispersed phase

have smaller diameter than the critical diameter.
A A @)

Where ¢ax is the maximum droplet diameter of the dispersed phase inside the fipe. d
is found by taking the greater value of Hij3d] and Kolmogoro\37] models for dilute
dispersion, with an extendeHinze's [34] and Kolmogorov[37] model for dense

dispersion.

A i A%axﬁAmax (8)

Where A, .« is the maximal drop size diameter in a dilute dispersion, Apd « is

the maximal drp size in a dense dispersior™=* (the nondimensionalized form of the

A..« is found using Hinze 4] and Kolmogoro37] model. As mentioned earlier,
their models are established based on the continuous phase buoyancy forceemdsch
to break the dispersed phase into drops, and the surface tension force which tends to form

a continuous layer of the phase.

= T® UL 3 9

Where the subscriptst ands for the continuous phase,
tension between the two liquidg, is the holdup of the dispersed phase, and f is the

friction factor.

ma x

is found from the extended Hinze[34] and Kolmogorov [37] model. The

extended model takes into account the coalescence between drops which happens in

18



dense dispersion. This means that more turbulence in the continuous phase is needed to

prevent the coalescence and to disperse other phase.stiiedenodel is shown below:

max o cg gt 7 (10)

Where:# is a constant found experimentally. For friction factor f = 0.048/Ree

have:
—maxo ogy P ——o 87/1\ 82 R (11)
_ma X X@m 77 A 82 AS . 8 P - 8 (12)

©Q "Yar,, YQ ”yor
The critical drop sizé is found using Barnef@8] technique:
— [ E—~h— (13

Where d gis the maximal size of drop diameter above which drops are deformed and

thereby enhancing coalescence. It can be found using Br{@®eyodel as below:

A —s— (14

¢S ¢S

v TU
Wt $ S $S TUL

%I

%] is the E6tvés numbemdy, is the maximal size of drop diameter above which the

buoyant forces will cause the dispersed phase drops to move towards thaltsbe w
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A A (19)
Where b is the inclination angle of the pi

This model was called the-kodel, the transition boundaries of this model is shaw

Figure 2-4 below. The limiation of this models is that the flow should be turbulent, and

in the rangeP'YQ 0Q Q ™. And withQ A %l
p®d pm Y .

10 — - =
@ [ p=0.898, n=21.8, Eop=5 . S -
& |- Experimental, Guzhov et al [1973] Y Do " —
[ — - * Dwio & Dofw |
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Figure 2-4: The H-model predictions for transition to DO/W (boundary 4, C4=0.5) and transition
to DW/O (boundary 5) in horizontal oili water systemof Eop=5, with experimental data of Guzhov [40]
[Brauner [36]].
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In Figure 2-4, Boundary 4 and 5 were found from them#del, they represent the
transition to the dispersion flow pattern, thartddel usegquation {) to determine the
transition criterial is theneutral stability boundary for smooth stratified flo2w and 20
represents the upper boundary of stratified flbime 6 represents the inversion line
which is found byArirachakaran9] as will be seen in sectiah2.1.2 EU is the equal
velocity of fluids line in stratified layersAnd LTois the laminar/turbulent transition in

the oil layer

2w and 20 boundaries represent the transition criterigspesion of water in oil over an
oil layer and to dspersion of oil in water over a water lay@ectively. A transition
criterionwas found inBrauner[41] to describe this semi dispersed flow. The transition
criteria is the same for the-model, were equatiorv) is used. However this model is

only used when water is the continuous phase, the ffowrbulent, and for shallow

inclinations, while for =L p, A A |, A A the following model is used
Brauner42]:

o - - y T v e 2

YY 'Y Y 19— p p&816 AltO8 7 (X

. S ANe)

U —

The subscript d denotes to the dispersed phase, and c to the continuous phase. The 4.36
value could be modified to fit the experimental data. However, fgaEo, the trans

criterion use®Brauner{13] models previously discussed:

I ATTA — (17)
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Whered,, is found fromequation 4). When finding 2w boundary, the dispersed phase is
oil and the continuous phase is water. While in finding 20 boundarypgpesite is

applied.

Another malel of predicting the transition to dispersed flow was presented by Torres

[43], first the maximum droplet size needs to be found from:

A I AQ5&naxﬁ'5max (18

Where A, , « is the maximal dropize diameter in a dilute dispersion, amg,, « is
the maximal drop size in a dense dispersidy,, , was found usindgdinze s[34] and

Kolmogorov[37] model to be:

ma X

™mTeo— Q 8 (19

M mQ m p Q

Where m is the mixture density, ¢ and n are equal to 0.046 and 0.2 respectively.
—2* was found usingdinze s[34] and Kolmogoro37] model and Chef44] model

as below:

me g op—— Q% — (20)
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After finding the maximum droplet diameter, the transition to Serspersed flow is

found by:
A A (21

A can be found using Brodk¢®9] model as below:

.. 3
A — (22

%] y_
Where%l is the Eotvos numbeThe transition to fullydispersed flow is found by:

A A (23

dep is the maximal size of drop diameter above which the buoyant forces will cause the

dispersed phase drops to moewards the tube walls:

A —Qy—z

(24)

Wher e b i s hdheefthe pipe(basitiva foridevnwai inclination™Qis the

friction factor of the continuous phase
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2.2 Pressure Drop

Two models are presented for pressure drop calculations, one foe stratified flow, and the

other for dispersed flow.

2.2.1 Pressure Drop in Dispersion Flow

In dispersed flowwhere the dispersed phase travels as drops in the continuous phase,
two liquids are in contact with the pipe wall, one of them transfers as dfops given
oil-water flow, the oil-water pressure drofor fully developed dispersed flowith

neglecting the acceleration gradient is foundhgyfollowing relation

- - - 29

Where the two phase pressure gradieat equals to the sum of gravitational pressure

losses — plus the frictional pressure losses , theabove equation can be written

as:

— mzGCzOEl ¢ (26)

Wh e rds the mixture (oHwater) density, g is the gravitational acceleratjons the
angle @ inclination, U, is the mixture superficial velocity which is equal to the sum of
the oil and water superficial velocitiesy,& Uy, + Usg, a is the fricti

the pipe diameter.

24
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The mi xt urygcardbedosind tfrgm tl{e jactual oil Halp, k. The actual oil
holdup should be found from the experiment by any method, or it is considered to equal
the oil fraction (neslip holdup) as considering no slip happens between the dispersed and

the continuous phase. The mixture density in termbeobil holdup is:
M Om p QO m (27)

Wh er £ w pre the oil and water densities respectivelne friction factor, for

homogenous models can be obtained from the following correlation:
£ #2 A (28)

Where C, and n are constants that depends on the flow type whether it is laminar or

turbulent, C=16, n=1 for laminar, and C=.079, n=0.25 for turbulent. The Reynolds

number2 A

Nb‘[ 2, is a function of the mixture Vecity, mixture density, and mixture

a
Viscosity.

The next step which is need in the pressure drop calculations is the value of the mixture
viscosity. Many researchers introduced models for predicting the accurate mixture

viscosity value for differenoil-water flow rate ratios, some of them will be considered

and compared in the next section.
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2.2.1.1 Mixture Viscosity

The mixture viscosity for two phases flowing inside a pipe represents the
viscosity as considering a single phase flowing inside that pipe.erbff
correlations were proposed to find the mixture viscosity due to its complex

behavior while changing phaseb6s ratio.

The simplestmodel in finding the mixture viscosity is the simple average used

in the homogenous model:as
- Q p 0t (29)

This model gives high error in many cases compared with other models, but still

it is commonly used due to its simplicity and validity for some cases.

Prediction goes back to Einsteid5] in 1911 who proposed aiscosity model

for an infinitely dilute suspension of small solid spheres as follows:

“op cBu (30)
Where W, is the mixture viscosity, and.pis the continuous phase viscosity,
is the dispersed phaseo | dup. The equation i s ' i near

used for norspherical particles at high concentrations and for particle size

distributions.

Taylor [46] i n 1932 modi fied Einsteinds equati or
He assumed that the tamgial stresses on the drop surface cause the internal

circulation in the dropdHe also assumed spherical drops and infinite dilution.
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Lop cmoAl (31)

Where: |4 is the dispersed phasviscosity. Mooney[47] in 1951 extended
Einstein's viscosity equation of infinite dilute suspension of spheres and to be

used in the suspension of finite concentration.
L AgE (32

Where k is the selcrowding factor ranges from 1.35 k < 1.91 (k=1.43 was
used in his paper), Brinkmaij48] in 1952 used a simple method for the
estimation of the mixture viscosity by using Einsteifd5] model, the result

was:
R SR (33)

Same equation was found by Rosdd®] in 1952, Roscoe showed the effect of
size distribution of the suspended spheres on the relative viscosity, Roscoe
represented the model using Einst¢#b] model of the extreme dilution with the

effect of adding particles of small size to a solution.
= e ( (34)
Krieger and Dougherty[50] i n 1959 modi fied Bri nkmand@é

Moonre y pB+3 crowding factor concept:

ti 8 hiAg

- P

ta Wi Ao

(39
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Where: c=-2.5. Furuse[51] i n 1972 modi fied Einsteinoés

the hydrodynamic effects of neighboring particles:

(36)

Yaron and GabDr [52] in 1972, represented the cell model in which a certain
number of drops are confined within a representative cell to achieve a phase

fraction that resembles the concentratiothm bulk surrounding the cell.

Xio J j I

% p LUBE

i ] ] i ]

(37

Choi and Schowalter[53] in 1975 represented another cell model for finite
concentration of the dispersed phase. They studied the effect of shear on drops

shape with thénfluence of neighboring drops.

L pe - - - (39)

Where: K is a constant. Pal and Rhod¢s4] developed the following

relationship in 1989:

. T 8
TP e (39)

8 ] At pnm

Where: Ut = W/ Phan & Phan{55] in 1997 modeled of the suspensions of rigid
particles and droplets and of particulate sol@msisting of several elastic phases,
yielding to expressions of the effective properties, by using theafleanstructingthe

composite material from an initial material with a series of additions of the compounds
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materials until the final volume fraohs was reached. At each addition, the effective

properties of the composite was found, and then considered as the base properties of the

next incremental step. The two phase formula of Suspensions of droplets was:

(40)

(41)

Pal[56] derived moded for concentrated emulsions of spherical droplets using Taylor

[46] model and using the concept of effective medium:

oo 8
[ tA tA
o T Aop———— 7 FIA) (42
tA
[i [A' 8 PR
ti T T 78 {AQ
T 0 P ke 3

Pal B7] in 2001 studied liquidiquid emulsions, a new equation in this field was
proposedOne model was proposed based on sipgleameter Viscositoncentration,
where the droplet size was not considered. The model uses T4§loequation, by

considering the addition of new particldga wi | | increase d

by

homogenous mo d applyingthis assursfionarnsTaytoryequation will give:

L & 1 Agemk (44)
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Other models were proposed by P&l] that considers the droplet size and droplet size

distribution and thelivergence of viscosity:

L P
ti TA TA ¥ d A@ (45)

The dispersed phase and the continuous plaasedetermined by the location of
inversion point. A literature on finding inversion point location is given in the

next section.

2.2.1.2 Inversion Point

Inversion happens when the continuous phase becomes the dispersed one. This
phenomenon can only be seenliguid-liquid flow. The pressure drop at inversion is
noticed to change rapidly and might generate a peak, where in many cases, the maximum

or the minimum pressure value is found at the inversion point.

Several experimental work were performedto investgate the phase inversion
phenomenand the parameter which influences its locatibhe main factorsvhich
affect the inversion poirand can be seen in almost every maelthe fluid properties
whereviscosity ha a great effegtother models includthe pipe diameteand flow type,

turbulent or laminar.
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Arirachakaran et a[9] suggested a method to predict inversion pbyimeans of oil and

waterviscosityof as below:
I ™ 1 p Oy "R (46)

Wh e r, & thé criticaloil holdup at which inversion happens, igt the oil viscosity and
Mw is the water viscosity. The modshs derived based on large numbers of experimental

data.Yeh et al[58] suggested the following model:

do —— (47)

i p - ‘f (48)

Where @, cy, N, Ny are the Blasius friction factaonstants that depend on flow type

(laminar or turbulent) for water and oil respectively, d is the pipe diameter, K1 and K2
are constants ( =1, and 2 respectively,and M, are the density of oil and water

respectively, and §Jis the mixture velaty. The model takes into account the mixture
velocity, liquids viscosity, liquids density, flow type (laminar or turbulent), and pipe

geometry. The correlation was suggested based on zero shear stress.

Brauner and Ullmafb9] proposed the following cortation:

sl
5"

N

o —wlw o (49)

sl
5"

s
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Poesio and Beret{&0] suggested the following:

40 E o (50)

Where (1/k) is the maximum packing factor and was suggested by Yeh=8]db be

0.74.

Several mixture vis@ity models are plotted together Kigure 2-5 to illustrate the
differences in these models and to show the expected pressure ditgfprad given

oil-water flow.
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o 4700 [53]
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Figure 2-5: The calculatedpressure drop using Pal[57], Phan & Pham[55], Brinkman [48], and Schowalter
[53] models of mixture viscosity, wherenversion point was found by Arirachakaranetal.[9]g,= 1. 8%
=780 kg/m®, Um=2 m/s, and d= 22.5 cm
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2.2.2 PressureDrop in Stratified Flow

The Two Fuid Model (TFM) is usedto find the pressure drop in stratified flow. A

schematic diagram of the stratified flow is showirigure2-6.

. e

Sw
Figure 2-6: Schematicdiagram of the stratified flow
The modeluses the oil and water momentum equation
0 — TY 1t%Y "0d QR n (51
o — T7%Y %Y " 0d R m (52
Eliminating the pressure drop from these equation gives
— —  YY — — m  m QA QT (53

The actal holdup can be found from equation (53), and then the pressure drop can be

calculated from either equation (51) or equation (52).

Where:
.I- "QH -
o Y
T Qo —
C
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The pipe perimeters and areas shown irkFigure2-6 above.
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CHAPTER 3

EXPERIMENTAL SETUP & PROCEDURE

The multiphase experimental setup and procediorg with the properties of the used
oil are presentedin this chapter Experimental setupncludes the test section, and

instrumentations.

3.1 Multiphase Flow Facility

The conduted oitwat er experi ments were perfor med
at the Kng Fahd University of Petroleum anMinerals.The multiphase flow setup was
constructed for two and three phase flow experiments. The isethpwn inFigures-1. It

consists of two tank$or oil and water two pumps for eachiluid, test sectionfwo
separation tarkthat are attached at the end of the test tube, a return pump close to the
separation tardc and an air compressorhe used tanks havela25 minner diameter

and al.6 m heightand the used pumps have a 3.5 hp capacity. The pumps can deliver oil
or water with a maximum velocity of 3 m/s. Also, they can deliver oil and water together
with a 3 m/s mixture velocityA Y-shapedmnixing section shown ifrigure 3-2 joins the

oil and water pipes to the test section which has a 2.25 cm diameter. The pipes are made

of PVC. The last section of the pipe was made of a transparent Plexiglas for visual
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observation. The velocity range of the conducted experimentdrams0.05 m/s to 3

m/s.
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Figure 3-1: Schematic Representation of the Experimental Setup




Figure 3-2: Oil-water mixing sectian

3.2 Test section

The test sectioms shown inFigure3-3. The pipe is made of PVC with ASTM 12785
standard numbeand a2.25 cm inner diameter The pipe wasnstalled horizontally It
contains two sections, orsection is a PVC pipe, used for pressure readings, and the
other is transparent made of Plexiglas for visual observation, which is used for flow
pattern observation. The totength ofthe test section i8 meters as can be seen in
Figure3-3. Pressure outlets are distributed along the pigeere the manometer is

attached. A picture of the transparent section of theipigien inFigure3-4.
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