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Abstract, Flow characteristics of Saudi oil emulsions in pipelines were studied experimentally and
described mathematically. The type of emulsions prepared were oil-in-water and their rheological proper-
ties were measured using HAAK viscometer at different temperatures and oil concentrations. The emul-
sifying agent {Triton X-100) was used to stablize the emulsions with a concentration of 0.5% by velume.
Three rheological models were developed to relate the shear stress to shear rate, oil concentration and
temperature. These models were used to describe the flow behavior of the emulsions in pipelines. The
effects of oil concentration and temperature on the pressure required to pump such emulsions in pipelines
under turbulent conditions were also studied.

Nomenclature
C = Oilconcentration, % volume
D = Pipeline diameter, m
i = Friction factor
g = Acceleration factor, m/s?
hs = Statichead, m
K = Metzner and Reed parameter, Pa/s™
n Metzner and Reed parameter
Ngeg = Generalized Reynolds number
Ng, = Reynolds number defined by Clapp
Ngn = Newtonian Reynolds number
P, = Frictional pressure drop, Pa
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Total pressure drop, Pa

= Temperature,°K
Average velocity under turbulent conditions, m/s
Laminar velocity, m/s

= Specific weight, Pa/m

= Shearrate,s’!

= Mass density of the fluid, kg/m’

= shearstress, Pa
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= Wallshearstress, Pa
Newtonian viscosity, Pas
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Plastic viscosity, Pas.6
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Introduction

An extensive study of the flow characteristics of oil emulsions is indispensable for
lowering the energy consumption, and ensuring safety and cost effectiveness in
pipeline transportation of such emulsions [1]. A change in the rheological charac-
teristics of oil emulsions, due to thermal and shear histories and oil concentration,
strongly affects the design calculations of pipelines handling these emuslions.
Although, several studies had reported the effects of temperature and oil concentra-
tion on the oil emulsion viscosity, no agreement has emerged on a general correlation
involving such effects for flow of emulsions in pipelines under turbulent conditions
[2.3,4,5,6]).

This study had two major objectives. The first objective was to develop correla-
tions of shear stress versus shear rate, temperature and oil concentration that can be
applied to pipeline design calculations. The second objective was to investigate the
effects of temperature and oil concentration on the pressure required to pump the
emuslions in Al-Jubail-Yanbu pipeline [7] under turbulent conditions.

Experimental Work

The rheological properties of Saudi oil and its emulsions were measured using
HAAK viscometer (Model RV-12) at temperatures 5,10,15,20,25 30 and 35°C. The
oil concentrations in the emuslions prepared were fixed at 10,20,30,40,50,60,70,80
and 90% by volume. The emulsifying agent {Triton X-100) was used to stabilize the
emulsion with a concentration of 0.5% by volume. This emulsifier is a nonionic water
soluble molecule (iso-pheoxypolyethoxy ethanol) with 9 to 10 ethylene oxide units.
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In a typical experiment, the sample of the emulsion to be tested was placed in the
viscometer cup and stirred at the specified test temperature for four hours before the
measurements were recorded. This duplicates the aging time in flow equipment, The
rotational speed was then increased and the corresponding shear stress and shear
rate were recorded.

Resuits and Discussion

Rheological properties of Saudi oil and its emulsions are plotted in Figs 1
through 10. Figure 1 shows that the shear stress increases as the shear rate increases
or temperature decreases. These data were correlated with Newton’s law of viscosity
[8} and were found to be Newtonian fluids. Data of Figs 2 and 3 exhibit Newtonian
behavior at the test temperatures. At low oil concentration the droplets do not inter-
fere with each other appreciably, but as more internal phase is introduced the drop-
lets begin to collide more frequently. This causes a slight increase in the viscosity of
the emulsion. At this range of oil concentrations (10-14%), the rheological proper-
ties mainly governed by the properties of the external phase.
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Fig. 1. Shear stress versus shear rate for Saudi Oil - 700 (Newtonian Fluid)
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As the oil concentration increases above 40%, the droplets interfere with each
other rather drastically, and the non-Newtonian behavior becomes remarkable with
increase in viscosity. Data of 50 and 60% oil concentration (Figs. 4 and 5) show a
pseudoplastic behavior at the test temperatures. A yield stress was observed for the
emulsions of 70,80 and 90% oil concentration as shown in Figure 6. This rapid
increase in viscosity is due to the change of the type of emulsions from oil-in-water
to water-in-oil [1,6]. These emulsions were termed as yield-pseudoplastic fluids.

Applying the pseudo-analysis technique developed by Levenspiel {9] to the
measured data, the following three rheological models were obtained.

For Newtonian emulsions {10% — 40% oil)
T=2.422 x 10° Exp (1845.63/T + 0.03C) ¥ (D)
For pseudoplastic emulsions (50% — 60% oil)
T = 241822 x 10® Exp (2373.43/T + 0.125 C) y*8% (2)
For yield-pseudoplastic emulsions (70% — 90% oil)
T=1, +4.627 x 10° Exp (2137.38/T + 0.166 C) " (3)

The correlation coefficients of Eqs 1,2 and 3 were found to be 0.965, 0.932 and
0.948 respectively. These values were accepted at confidence level of 95%.

Determining n’ and k’ for non-Newtonian emulsions
Fiow behavior of the non-Newtonian emulsions in pipelines under turbulent
conditions require the knowledge of the Metzner and reed [10] parameters (n’ and

k’). These parameters can be determined by substituting Eqgs. 2 and 3 in
Rabinowitsch and Mooney equation (8).

8V,/D = (4/2w) _f “odr (@)

where n’ and k” were defined by the following retations:
n’ = dflog t,]/d [log8V,/D] (5)
k' = t/(8v,/Dy (6)

Substituting Eqs 2 and 3 in Eq. 4 and integrating the resulting equations, the fol-
lowing relations were obtained.
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For newtonian emulsions

n = 1.0 (7)
kK’ = 2.422 x 10°° Exp (1845.63/T + 0.036 C) ®)
For pseudoplastic emulsions
n = 0.835 9
k' = 2.517 x 10" Exp (2373.43/T + 0.125C) (10)

For yield-pseudoplastic emulsions

2V/D = {"W/4.627 x 10* Exp (2137.38/T + 0.166C]}! 77
[0.2011 (1 — X)*"2 + 0.507 X (1 — X)**2 + 0.336 X2 (1 — X)*97%] (11)
where X =1,/1,

The values of n” and k’ can be determsined from Eq. 11 at specified temperature
and oil concentration by plotting (t,) versus (8V,/ D) on log-log scale and applying
Eqgs 5and 6.

Turbulent pipeline flow calculations

Pipeline flow calculations involve the determination of friction factor, frictional
pressure loss and total pressure loss. These calculations were carried out for Newto-
nian, pseudoplastic and yield pseudoplastic emulsions. The friction factor for yield-
pseudoplastic emulsions can be calculated from Torrance correlation [8].

UVt = 453 [log (1 —t,/1,) +log (Ng ™) | +0.45 - 2.75/m"  (12)
Flow Newtonian emulsions (t, = 0.0 and n’ = 1.0), Eq. 12 becomes

7Vi=45310g (N, V)-23 (13)
For pseudoplastic emulsions (t, = (.0), Eq. 12 becomes

1/ Vf = 4.53/n" [log (N g, %) ] +0.45 - 2.75/0° (14)

Where R, is the generalized Reynolds number defined by Metzner and Reed [10] as
follows:
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Ng., =DV V¥ p/(K 8" (15)

Reg

The frictional pressure loss was calculated from Fanning equation (8).
P,=2fV:Lp/D (16)

The total pressure loss is equal to the pressures equivalent to the frictional, static
and kinetic energy.
V2

2g.

P, =P, +hpglg + P (17

Application to Al-Jubail-Yanbu pipeline Transportation

Equations 7 through 17 were used to calculate the pressure required to pump
Saudi oil emulsions. (Newtonian, pseudoplastic and yield-pseudoplastic) in Al-
Jubail-Yanbu pipeline. The diameter, thickness length and flow rate of the pipeline
were 1.219 m, 0.0254 m and 1202.131 km 2.2 cu.m/s respectively. The type of flow
in this pipeline was found to be turbulent. The results are plotted in Figs 7 through9.
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Fig. 6. Shear stress versus shear rate for 80% emulsion (Hershel - Bulkley Fluid)
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These Figs. show that the pressure required to pump such emulsions increases as the
oil concentration increases or temperature decreases. It can also observed that, the
pumping pressure of yield-pseudoplastic emulsions are higher than those of Newto-
nian and pseudoplastic. This means that the suitable oil concentration for pumping
Saudi oil in Al-Jubail-Yanbu pipleine as oil-in-water emuslion should be less than
70%.

Conclusions
1) Saudi oil emulsions exhibit Newtonian behavior at oil concentrations of 10-
40% , pseudoplastic behavior at oil concentration of 50-60% , and yield-pseudoplastic

behavior at oil concentration of 70-90% .,

2) Saudi oil emulsions change from oil-in-water to water-in-oil at oil concentra-
tion greater than or equal to 70%.

3) The suitable oil concentration for transporting Saudi oil emulsions through
Al-Jubail-Yanbu pipeline should be less than 70%.
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