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Abstract— Heavy oils cannot easily flow through pipes due to
their high viscosity. Technologies to enhance the mobility of
heavy oils are required in oil production and transportation.
Transportation of heavy oil by lubricated technique looks an
attractive method for saving pumping power. In this study, the
effect of varying mean injection velocity of water on the flow
structure and the pressure gradient of the two-phase flow was
studied experimentally by using heavy oil (viscosity = 750 mPa.s
at 40 °C) flow in a horizontal pipe of 29 mm inner diameter and
3.66 m long test section. With the help of photography, six
different flow patterns were identified and the flow pattern maps
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were constructed for each case. The pressure drop reduction
factor was introduced to characterize the oil-water two-phase
flow. From the results, the pressure drop reduction factor
increases with increasing the amount of oil transported.

The water input ratio decreases with increasing the oil flow rate
(in the direction of annular flow observation). The experimental
data for pressure drop was compared with the analytical solution
of Arney model. From the comparison, the deviation between the
experimental data and the predication of the analytical model is
less than 20%.

NOMENCLATURE
Ay Main pipe cross section J | Superficial velocity, m/s
area, m? | Test section length, m
Cw Water input ratio R || Pressure drop reduction factor
D Main pipe diameter, m Re | Reynolds number
f Friction factor U | Injection velocity, m/s
Hw Holdup volume fraction
GREEK SYMBOLS
o Water- diameter ratio at p Fluid density, kg/m®
injection o) Dimensionless pressure drop
AP/l | Pressure gradient, Pa/m (1/R)
n Core-diameter ratio u Fluid dynamic viscosity, Pa.s
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SUBSCRIPTS
m Mixture o} Qil
max [ Maximum w Water

min Minimum

ABBREVIATIONS

A Annular flow (oil in the core)

Ay Annular flow (water in the core)

B Bubbly flow

Cc Churn flow

CAF Core-annular flow

DC Dual continuous

Domw Dispersion oil in water phase

Duio Dispersion water in oil phase

Dojweo Dispersion oil in water and oil film
Doweaw Dispersion oil in water and water layer
Duiose Dispersion water in oil and emulsion

P Plug flow

Pw Water plug in oil phase

S Slug flow

SD- Semi dispersion with semi emulsion at
SE&TO interface and thin film oil

SM Stratified mixed flow

SS Smooth stratified flow

SW- Stratified wavy with semi dispersion at
SD&O interface and oil film

S Stratified wavy flow

Sw Water slug in oil phase

SW&OI Stratified wavy with oil droplets at interface
TL Three layer flow

WCAF Wavy core-annular flow

I.INTRODUCTION

OWADAYS oils represent the most important
source of energy utilized all over the world. So, the
demand for light oil increased so much that the
reserves for light oils are getting dangerously low.
This has pushed engineers and scientists to think of

heavy oil as a suitable alternative to conventional oil.

Heavy oils are characterized by high viscosity. So the
pressure drop in the pipes is very high, resulting in high
pumping cost. Because of this, the pressure drop must be
minimized to decrease the pumping power required to drive
the heavy oil over long distance to make its transportation
economical. Technologies to enhance the mobility of heavy
oils are required in oil production and transportation, these
methods are summarized in Fig.1.

Some of these methods were used to reduce the oil
viscosity (viscosity reduction) such as dilution or blending; in
this method, viscosity of heavy oil is reduced by using less
viscous diluents resulting in a less viscous blending mixture.

Another way to reduce oil viscosity is the heating. Heating
has a great effect on viscosity reduction. Decreasing the
temperature of heavy oils results in reducing its viscosity. One
of the newest methods of heavy oil transporting is emulsion of
heavy oil with water. In this technique, oil droplets are
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dispersed in the water phase and become stable by the aid of a
suitable surfactant, resulting in a reduction in emulsion
viscosity.

Mathods of heavy oll
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Fig.1. Methods of heavy oil transportation Gateau et al. [1]

Transferring waxy crude oil in cold weather is so difficult,
S0 pour point depression is an attractive method to minimize
the wax by adding copolymers.

The other branch for transport heavy oils is friction
reduction. One of these methods is drag-reduction-additives.
This is a promising technique for pipeline transportation,
where these additives reduce wall friction and turbulence of
the core fluid. Toms [2] shows that about 30 — 40% drag
reduction was generated by adding a polymer to flow.

The second method for friction reduction is water
lubricating, where a small amount of water is introduced in the
flow of oil and act as a lubricant. The most effective
configuration incorporates oil in the core surrounded by a thin
layer of water near the wall so that the pumping pressure is the
pump required to transfer the water. Saniere et al. [3] found
that the required amount of water varies from 10 to 30%.

In-Situ upgrading; the viscosity of oil reservoir is reduced
by heating to improve its flow from production well.

Limitations for using some of the pervious methods are
such as the cost of the external additives, problem of stability
and separation of the additives. Weather may limit the use of
some of these methods, such as heating.

The lubricating technique has advantages over other
methods for the following reasons; the lubricated fluid is
inexpensive, oil does not go emulsion in water, no external
additives are required to stabilize the flow and no attention to
material pipe, where the oil does not contact with the pipe
wall. So, this technique is selected over other methods.

In multiphase flow, many different flow patterns exist,
ranging from stratified flow where two layers exist to
dispersed flow with small droplets dispersed in other
continuous phase. Other flow patterns exist in multiphase flow
such as plug/slug flow which appear when the velocity of low
fluid flow rate was increase. The best option for pressure drop
reduction is core-annular flow. Many parameters have a great
effect on flow pattern such as density and viscosity of oil, pipe
diameter, surface tension and the shear rate in the flow. Mean
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injection velocities arealso key parameters for the flow regime
determination, Bensakhria et al. [4].

Table 1 shows summarizes the flow patterns of oil-water
flow in horizontal pipe. Annular flow was not observed in
many studies (Dasari et al. [5], Angeli and Hewitt [6], Lovick
and Angeli [7], Ismail et al. [8] and Vuong et al. [9]) due to
problems of mixing of two phases. Annular flow was observed
in using heavy and light oils (Sotgia et al. [10], Poesio et al.
[11], Grassi et al. [12] and Hanafizadeh et al. [13]). In case of
using matched density of two-phase, the core flow may be
water in oil (Charles et al. [14] and Fujii et al. [15]).

Table 1
Summarized flow patterns of oil-water flow in horizontal pipe

Pipe
Authors Bofy, | P/p, | 'D | Pattern observed
(cm)
Dasarietal.[5] | 107 | 0889 |25 | '/3' SW, SM., Do,
w/o
Angeli and SW, TL, SM, Doy,
Hewitt [6] 1.6 0.801 25 Dy
Lovick and DC, Dowew, Dwio,
Angeli [7] 6 0828 138 | p
SW, SW-SD&O,
Ismail et al. [8] 1.75 0.818 5.08 | SD-SE&TO, Dujese,
Dolw
Vuongetal.[9] | 225 | 0884 | 525 | SW&O! Dowsu,
Do Dowzo
. 21:
Sotgia et al. [10] 900 0.9 40 Dow, A, S, SW
Poesio et al. [11] 900 0.89 5 Dow, B, A
Grassietal [12] | 799 | o886 |21 |2 SWPSA
o/w
Hanafizadeh et al. B, S, SS, SW, C, A
[13] 4.5 0.84 2 DC
Charles et al. [14] | 16.8 0.998 254 || Dwo, A, S, P, Do
Dw/o; Av AW1 S, Sw;
Fujii et al. [15] 16.8 0.998 2.54 Pun P. Duu

One of the first works on annular flow was studied by
Abraham and Clark [16] for traveling high viscous oil through
the pipe. They reported that by adding of 24% of water, it
reduces the pressure gradient by factor 7.8 to 10.5, but no
details were reported about flow pattern. More details for core
flow such that flow regimes, flow map, holdup ratio pressure
gradient are obtained by Charles et al. [14] and Fujii et al. [15]
experimental studies using oil and water of matched density.

Experimental studies validated with theoretical model of
using two different pipe diameters and different oil viscosities
are investigated by Ooms et al. [17] and Miesen et al. [18].
The effect of pipe diameter on pressure drop for core-annular
flow was studied and a mathematical model based on two
fluid Poiseuille flow to predict the interfacial waves was
developed.

More details about pressure gradient, amplitude and length
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of the waves, film thickness and water hold up were carried
out by Oliemans et al. [19]

Arney et al. [20] and Beretta et al. [21] carried out
experimental studies using different oil viscosities. The
pressure gradient and the holdup are measured with different
flow rate ratio and their results compared with other literature
and suggested an empirical correlation for holdup in terms of
input water fraction.

Bensakhria et al. [4] carried out an experimental study of
heavy oil of viscosity equal 4.74 Pa.s. From experiments, they
reported that for a fixed oil flow rate, the maximum reduction
of 90% in pressure drop for the annular flow rate at water-oil
ratio of 6%.

The effect of pipe inclination in the observed flow patterns,
the flow pattern map and the pressure drop is carried out by
Grassi et al. [12]. They reported that the slight variation in the
pipe inclination angle has no effect on the previous parameter.
Pressure drop measured experimentally were compared to
empirical relations obtained by Brauner and Ullmann [22] and
show good agreement around 20% accuracy.

The influence of connecting shape between the inlet mixer
to the pipe on observed flow pattern and pressure drop was
studied by Sotgia et al. [10]. A set of different pipes is used,
where Rmax IS independent of the pipe diameter and material
for Jo less than 0.8, but for more than 0.8, the maximum water
input ratio is constant and about 10%. The measured pressure
drop was compared with empirical relations obtained by
Brauner [23] and Arney et al. [20].

Heavy and light oil-water two-phase flows were
experimentally studied by Loh and Premanadhan [24]. The
pressure drop behavior of two oil-water combinations was
investigated. They constructed the flow pattern map and
compared the observed flow pattern of the two oils.

An experimental study of the flow structure and the
pressure gradient of extra-heavy oil-water two-phase flow is
carried out by Luo et al. [25]. A new flow pattern discrete
water in oil emulsion and dispersion annular flow was found.
The effect of water fraction and temperature on pressure
gradient of oil dominate and water dominate was studied.

Models of core flow study many parameters like the effect
of operating condition on the shape of core flow (shape and
amplitude of the wave and eccentricity), predication
correlation relation for pressure gradient, hold up and radial
velocity. These models vary from laminar to turbulent one.

Huang et al. [26] studied the numerical modeling of
eccentric core-annular to show the effect of the eccentricity
and the volume flow rate on the holdup ratio and the friction
factor.

Most models were investigated to obtain velocity profiles,
interfacial and wall shear stress, and hold up, pressure drop
and power reduction of CAF (Rovinsky et al. [27] and Ko et
al. [28]).

Simulation of wavy and eccentric core-annular flow by
solving the Navier-Stokes equation with taking the turbulence
in the annulus into account and comparison with the
experimental date for pressure drop and interfacial wave were
investigated by Ingen Housz et al. [29].
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CFD simulation of a matched density oil-water two-phase
flow of medium viscosity for different flow regimes were
performed by Shi et al. [30]. The effect of the turbulence and
the wall contact angle were investigated for CAF and
compared with the experimental results.

The previously mentioned reviews extensively the effects
of different parameters (density ratio, viscosity ratio, pipe
diameter, shape of connection between injector and main pipe
and inclination angle) on the flow pattern observations, the
flow pattern maps and the pressure drop in addition to the
models that predict pressure gradient, hold up, velocity profile
and transfer from pattern to another.

There are not enough details about the effect of variation
of the mean injection water velocity on the flow patterns
observation, the flow pattern map and the pressure drop.

In the present study, the effect of varying the injection
water velocity for the same water flow rate on the flow
patterns observation, the flow pattern maps and the pressure
drop is investigated. Also, the effect of using lubricating
method as a technique for transporting heavy oils is studied.

1. EXPERIMENTAL WORK
The experimental test rig has been constructed in
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Hydraulic Machines Laboratory (Mechanical Power
Engineering Department) of the Faculty of Engineering,
Mansoura University to investigate the drag reduction based
on the core annular flow of heavy oil lubricated by water. The
system consists of a flow loop, Fig. 2, containing acrylic pipe
of total length of 10 m and inner diameter of 29 mm with test
section of 3.66 m long. This type of pipe (acrylic pipe) is used
to easily identify the different flow regimes by visual
observation and record it by taking a photo.

The heavy oil is stored in a tank of 150 liters capacity and
transferred using a positive displacement pump (vane pump of
power 4 hp) to the center of the injector located at the head of
the pipe. Water is pumped to injector section by using two
centrifugal pumps of 1 hp of each with two water tanks of
capacity of 75 liters.

The oil flow rate is measured by weighting method and
water flow rate is measured by using an orifice meter. The
pressure drops within the pipeline is measured using an
inverted air manometer. The pressure tap was installed 3 m
from injection section (L/D = 105) for fully developed flow.

Thermocouple Y

~

oAjeA ojeB

A

water pump 1

water orifice meter1

oll purp gate valve

water orifice meter2 @ - test section
Smmpm—t s fln B 1
l | i
2 > > + T
— 3 :
injector o R =5

U-tube
manometer

Fig. 2. Schematic diagram of the experimental test rig
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Fig. 3. Schematic diagram of the fluid injector

Figure 3 shows a schematic diagram of the desired design
of nozzle (fluid injector) for establishing the core-annular
flow. In this design, the injector consists of three parts. The
lubricating fluid is injected from two slots to the annulus
where it is reduced gradually (Part 1) to the cylindrical section
(Part 2). This section has a length of 10 cm and contains eight
holes of 6 mm inner diameter surrounding the passage of oil to
suppressing turbulence in Part 1 and makes the water enter
into the third part without turbulence and tangent to the inner
diameter of third section which has the same diameter of the
main pipe to avoid turbulent flow and air bubbles at the
beginning of injection.

Figure 4 shows the details of the second part with internal
holes. The most affecting parameter in establishing the core
flow is injection part so this part must be designed carefully.
Many researchers mention that one of the reasons that core
flow is not established is due to the design of injection section
that cause oil and water to mix at the beginning of injection,
Angeli and Hewitt [6] and Dasari et al. [5].

8 —internal

hoies

QOil pipe to mix

with water

Fig. 4. Turbulence suppression section

Table 2
Fluid properties used in the experiments
Fluid Density (kg/m®) Viscosity (m Pa.s)
Qil 900 750 (at 40 °C)
Water 1000 1

Vertical lines are optional in tables. Statements that serve as
captions for the entire table do not need footnote letters.
3Gaussian units are the same as cg emu for magnetostatics; Mx =
maxwell, G = gauss, Oe = oersted; Wb = weber, V = volt, s = second,
T = tesla, m = meter, A = ampere, J = joule, kg = kilogram, H =
henry.

The heavy oil used in experiments is base oils from Misr
of Petroleum Company, Egypt, the properties of the two fluids
used in the experiments are given in Table (2).

I1l. GOVERNING EQUATIONS
The superficial velocity J (m/s) which is defined as the
volumetric flow rate of one single phase divided by the main
pipe cross-section area

Jo = % For oil phase (1)
P
Jw = 3—‘: For water phase 2

The mixture superficial velocity is equal to the sum of two-
phase superficial velocity
@)

Jm =Jo +]w

In order to show the effect of lubricating, the pressure drop
reduction factor is defined as:

AP,
__1
R= AP (@)
1
where APT"‘ is the measured pressure gradient of oil and

AP,
1

water mixture flow in the pipe while is the pressure



R.G. ABD ELKHALEK, M. M. AWAD AND L. H. RABIE

gradient calculated using Hagen-Poiseuille law of laminar
flow of oil have the same flow rate as the oil phase in the two-
phase case.

AP, 32u,]J
—_°_ # (5)
1 D
The water input ratio is defined as:
Cy = ©
Jm

IV.EXPERIMENTAL PROCEDURE

The experimental procedure is carried out in the following

steps:

(1) Oil superficial velocity (Jo) is selected.

(2) The experiment is started introducing only water, for Jw,
max-

(3) Oil is introduced at the selected flow rate (Jo).

(4) The water superficial velocity is decreased where water
superficial velocity is changed from Jw, max t0 Jw, min.

(5) In each step, the pressure drop is measured for the same Jo
and various Jy, and observed flow pattern at each Ju.

(6) After each run the pipeline is cleaned to reduce the effect
of oil fouling.

V.RESULTS AND DISCUSSION

Two sets of results are presented for the effect of varying
the mean injection water velocity for the same water flow rate.
The first set of results identifies the different observed flow
patterns and constructs the flow pattern maps. The second set
of results aims to measure the pressure drop of different flow
regimes and study the effect of lubricating on the pressure
drop reduction.

A. Flow Pattern Observations

One of the parameters that has a great effect on the flow
pattern is the mean injection velocity of water at the beginning
of injection (Uw). The effect of the change of Uy, while mean
injection oil velocity remains constant on the flow pattern
observation and the flow pattern map is discussed. To change
Uw, the area in which water is injected is varied. This is
occurred by changing the water diameter ratio (o), which is
defined as the ratio of the outer diameter of the oil pipe to the
inner diameter of the main pipe at injection.

1) Case I (01 =0.88)

Figures 5 and 6 show the dominant flow patterns observed
in the smallest annulus area of water injection. Five main flow
patterns were observed, dispersion oil in water, Plug, Slug,
Eccentric annular flow with oil dispersion in water at interface
and wavy annular flow. For each pictorial view series, the
observed flow patterns appear when the oil flow rate is held
constant and water flow rate is changed from maximum to
minimum value.

Figure 5 shows the observed flow pattern of a relatively
small superficial oil velocity (Jo = 0.148 m/s). Dispersion oil
in water appears at high Jw where J,, = 0.89 m/s. By decreasing
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Jw, the oil flows in the form of a plug flow (large bubbles).
With further decrease in Jw, the bubbles become longer to
form a slug flow at Jw = 0.32 m/s.

Figure 6 shows a clear picture of annular flow at high oil
superficial velocity (Jo = 0.35 m/s). The flow pattern changes
from dispersion of oil in water as shown in Fig. 6.a to annular
pattern by decreasing Jw from 1 m/s to 0.44 m/s as shown in
Fig. 6.b with oil dispersed in water at the interface. The
annular flow become wavy as displaced in Fig. 6.c at low
water superficial velocity (Jw = 0.2 m/s). Stratified flow does
not appear in this case.

2) Case 2 (a2 =0.79)

In the present case the water mean velocity at the injection
is lowered by increasing the annular area of the water flow at
the injection. Seven flow patterns were observed, dispersion
oil in water, plug flow, slug flow, smooth and wavy stratified
flow, eccentric core-annular flow and wavy core-annular flow.
Fig. 7 shows the flow observed at low oil flow rate (J, = 0.146
m/s), where the flow is changed from slug flow at high water
flow rate to wavy stratified at low water flow rate. The annular
flow was observed at high oil flow rate (J, > 0.2 m/s) with
smooth interface between oil and water.

3) Case 3 (a3 =0.72)

This case represents the smallest water injection velocity.
Seven flow patterns are observed like Case 2. The range of
dispersed oil in water is very limited. Fig. 8 shows the
observed flow pattern at very low superficial oil velocity (Jo =
0.035 m/s). The plug flow pattern was observed at very low J,
as shown in Fig. 8.b. CAF appears at high J,, where the
eccentric core-annular appear at Jw, max 10 Jw, min. At the
beginning of injection, the formed CAF is concentric but after
a long distance, the buoyancy force pushes it up, but the oil
doesn't touch the pipe wall as shown in Fig. 9.

B. Flow Pattern Map

Flow pattern maps were investigated for the three cases
discussed before and depicted as shown in Figs. 10-12. The
flow map is a map used to indicate the region of various
patterns and the velocity boundaries at which the phase
inverse takes place as a function of oil and water superficial
velocity.

From Case 1, where Uy, is high as compared to Cases 2 and
3 and have the same core diameter ratio. The dispersion of oil
in water exists in the three cases, but in Case 1 it exists in a
wide range of operation for the same water flow rate in the
three cases. In Cases 2 and 3, the dispersion flow has a narrow
range especially in Case 3.

Stratified flow exists at relative low oil and water
superficial velocities. This type of flow does not appear in
Case 1, but it occurs in a limited range of operation in Cases 2
and 3, where U, was decreased.

The core-annular flow exists in a wide range of operation
of oil and water flow. This type of flow pattern appears at high
oil superficial velocity in the three cases. In Case 1, the
appeared CAF is eccentric with oil dispersion in water at the
interface at relatively high oil and water superficial velocities,
but in Case 2 and Case 3, smooth CAF flow exists at a wider



M:20  MANSOURA ENGINEERING JOURNAL, (MEJ), VOL. 43, ISSUE 1, March 2018

range than Case 1. At very low Jw, wavy CAF is dominated in
the three cases.

C.Pressure Drop Calculation

The measured pressure gradient is plotted as a function of
the water input ratio (Cw) as shown in Figs. 13-14. In these
figures, the different lines refer to the different oil superficial
velocities and different symbols indicate the different flow
regimes. From the analysis, the pressure drop decreases in
direction of core-annular flow and with decreasing the water
input ratio. The trend line of each superficial of oil velocity of
core flow and some other patterns show that the heavy oil can
be transferred with pressure drop as the water flows only at the
same mixture velocity as shown in Fig. 15.

All attempts to obtain annular flow, where pressure drop is
less compared to other flow patterns at the same oil flow rate
as shown in Fig. 16.

D. Reduction Factor Calculation

When the heavy oil is transported in the form of annular
flow pattern and water flow rate is reduced, the pressure
gradient starts to decrease resulting in an increase in the
reduction factor (R) until it reaches to a maximum value at
high Jo and low water fraction as shown in Figs. 17-18.

Since the procedure of experiments was conducted firstly
with high water fraction and in the direction of decreasing the
water flow rate, therefore, the plots of this section should be
read from right to left.

The maximum pressure drop reduction factor Rmax as a
function of the oil flow rate is plotted in Fig. 19. for the three
cases. From this figure, the value of Rmax increases with
increasing the oil flow rate where the core-annular flow
regimes exist. Also, the water input ratio (Cw) corresponding
to Rmax as a function of the oil superficial velocity is shown in
Fig. 20. From the figure, Cw for Rmax decreases with the
increase of the oil flow rate; this means that heavy oil can be
transferred with high reduction in pressure drop using a small
amount of water.

u] Olspersion oll im water [Jos0.148 m/s ; Jws 0.59 m/s)

b)  Plug flow [Jo =0.188 m/a: Jw =085 m/s)

I

«| Slug fow [Jo =0, 148 m/s: Jw =032 m/s)

Fig. 5. Flow pattern observed for J, = 0.148 m/s for Case 1
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Fig. 6. Flow pattern observed for J, = 0.35 m/s for Case 1
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) Wavy steatified (Jos0. 146 mn/s Jaw= 0.4 /o)

Fig. 7. Flow pattern observed at J,= 0.146 m/s for Case 2
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Fig. 8. Flow pattern observed for J, = 0.03 m/s for Case 3
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&) Concentric CAF at the beginning of injection (Jo= 0.35% m/s

b) Eccentric CAF (Jo =0.35 m/s; Jw = 0.43 m/s)
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€) For shut down oll flow rate CAF not touch the pipe wall (Jo =0.35 m/s)

Fig.9. Flow pattern observed for J, = 0.35 m/s for Case 2
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Fig. 10. Flow pattern map for Case 1
Fig. 11. Flow pattern map for Case 2
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Fig. 20. Maximum water input ratio corresponding to Rumax as
function of oil flow rate; #=dispersion oil in water; m=plug; A=slug;
A=wavy stratified: e=core-annular; o=wavy annular.

E. Pressure Drop Comparison with Prediction Model

Arney et al. [20] developed a non-dimensional pressure drop ¢
(R = 1/9), based on cylindrical core-annular flow model. From
Arney model:

The holdup volume fraction is from an empirical formula [20],
Hy =G, [1+0.35(1-C)] (.

The non-dimensional core diameter 1 can be used to compute
the mixture density pm,

77=\/1_HW (8)

pm = (1 =0)py, +1%p, 9

The Reynolds number Re, and friction factor from Blasius
formula f, can be expressed as,

D
Re = 2Pmm g | o (“—W - 1)] (10)
(0] MO
0.316 (11)
~ Re025

M: 21
The dimensionless pressure drop is given as:
D 2
o= Pm ]m f (12)
64 1o Jo

A comparison between the pressure drop reduction factor
calculated by Arney et al. [20] [Egn. (12)] and the present
experimental data is shown in Fig.21. From the comparison,
there's a good agreement between Arney model and the
present experimental data.
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Fig. 21. Pressure drop reduction factor as a function of the
water input ratio. Symbols indicate experimental points;
different lines represent the Arney's et al. [20] model

VI. ERROR ANALYSIS

The following analysis of the relative error is performed
using the relative errors of the measuring instruments in the
experimental work. The propagation of errors is calculated
using the root sum square method. The result Z is given as a
function of the independent variables x1, x2, x3... xn.
Generally, in the experimental work, there are two types of
errors the first is the measured error and the second is the
calculated error.

Let oz be the uncertainty in the result and ox1, ©x2, ®Xn
be the uncertainties in the independent variables. The
uncertainty in the result is calculated according to the
following equation:
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0, = [GD2 @)+ G2 (0n) + -+ G (0m)? (13

The errors in the measured values such as differential head in U-
tube manometer, main pipe diameter, oil viscosity and oil density.

Table 3
Uncertainty in measured values
parameter Uncertainty
Differential head in U-tube manometer (mm) +2mm
Main pipe diameter (m) +0.5 mm
Qil density (kg/m®) +10 g/m®
mass of oil for certain flow (gram) +5¢g
Time of oil mass for certain flow (s) +5¢g
Oil viscosity (mPa.s) + 50 mPa.s
Table 4
Absolute and Relative errors of the measurement parameters.
Parameter Absolute Relative
Error Error
Pressure drop (Pa) 19.62 4.78 %
Pressure drop reduction factor, R 45 11.96 %
Wiater flow rate (m3/s) 2.825x10°° 142 %
Water superficial velocity (m/s) 0.011 3.6%
Qil flow rate (m3/s) 7.09x10°® 7.7 %
oil superficial velocity (m/s) 0.0117 7.95%

VII.  CONCLUSIONS
The effect of varying mean injection water velocity for the

same water flow rate of oil-water two-phase flow in a

horizontal acrylic pipe on the flow structure and reduction in

the pressure drop were experimentally investigated. From the
present study, the following conclusions were found:

e For high Uy, dispersed flow has a wide range of operation
and the observed CAF has dispersion oil in water at the
interface.

e For low Uy, dispersed flow has very limited range and
observed CAF is smooth one.

o CAF observed in the three cases at high Jo (Jo > 0.2 m/s).

o WCAF was found in the three cases at low water input
ratio (Cw, min).

e The pressure drop reduction factor (R) increases with
increasing the oil flow rate (in direction of formation
CAF).

e The maximum reduction occurs for high Uw, where the
water input ratio decreased to a minimum value without
break CAF, so heavy oil can be transferred by using water
as a lubricant with a ratio of 30% of total flow rate to
achieve reduction in the pressure drop 70 times.

e Experimental data for the measured pressure drop
reduction factor were compared with that calculated from
the analytical Arney model. From comparison, there is a
good agreement between experiments and predictions with
error less than 20%.
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