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ABSTRACT

The synergistic effect of natural and synthetic polymers as drag reducing agents in water phase during horizontal oil -water
flows was studied in 12 mm internal diameter (ID) unplasticised polyvinylchloride (uPVC) pipe. Partially hydrolyzed
polyacrylamide (HPAM; trade name as magnafloc 1011 or Separan), polyethylene oxide (PEO; trade name as Polyox WSR
310), Aloe Vera mucilage (AVM; as Aloe barbadensis miller), mixture of partially hydrolyzed polyacrylamide and Aloe Vera
mucilage and polyethylene oxide and Aloe Vera mucilage (HPAM-AVM and PEO-AVM) were used. Mixture Reynolds
number of 62923, master solution of 2000 ppm and 20000 ppm, and total concentration (TC) of 30 ppm and 400 ppm were
investigated using diesel oil (p = 832 kg/m3, p = 1.66 cP) and water (p = 1000 kg/m3, p = 0.89 cP) as test fluids. The results
show that the drag reduction (DR) of 65.39 and 69.23%, and 69.23 and 70.77% were obtained for HPAM-AVM and PEO-
AVM mixtures respectively, at mixing ratios of 3:1 and 1:19, for 25% oil input fraction and water phase Reynolds number
(Rew) 0f 47192. These values were found to be higher than the DR obtained by individual polymer alone at the same conditions.
Drag reduction decreased with increase in the oil input fraction due to the decrease in the water phase Reynolds number. The
result implies drag reduction efficiency can be enhanced by combining natural and synthetic polymers.
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1. INTRODUCTION

Pressure drop is usually encountered during transportation of oil-water in a pipeline in process and
petroleum industries due to an increase in drag force. High power consumption (pumping energy) is
required to overcome the drag force. This involves installation of many pumping systems, which will
increase the cost of production [1-3]. The addition of minute amount of additive known as drag reducing
agents (DRA) such as polymers, surfactants, fibers or their mixtures to reduce frictional pressure drop
in pipelines. This reduction in pressure drop and saving of pumping requirement by DRA is referred to
as drag reduction [4, 5, 6 - 9].

Most successful application of drag reduction (DR) is the use of polymers to enhance the crude oil
transport through Trans-Alaska pipeline system (TAPS) completed in 1979 where 1ppm of drag reducer
increased the flow rate by 33 percent. Others crucial pipelines drag reduction are; Turkey-Iraq, Bombay
off shore India, Bas Strait Australia, etc [10, 11]. In addition, marine and biomedical system, irrigation,
floodwater disposal and sewage, drilling of oil from reservoir, firefighting, extraction, filtration, heat
and mass transfer application were among other applications[3, 12]. It is also now being suggested for
transportation of drinking water because of its harmless properties [13].

Some drag reducing polysaccharides such as Aloe Vera mucilage (AVM) are natural drag reducing
agents, less efficient on drag reduction, biodegradable and environmental friendly [14, 15]. Polyethylene
oxide (PEO) and partially hydrolyzed polyacrylamide (HPAM) are very efficient in DR and less
environmentally friendly due to their high resistance to biodegradation [16]. However, the major
characteristics in pipeline oil-water flow are pressure drop, flow pattern and holdup. Pressure drop in
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oil-water flow can be influence by Reynolds number (Re), temperature and pressure. Though, the Re
depends on superficial or mixture velocity, pipe diameter,density, viscosity, each phase volume fraction,
pressure and temperature. All the above listed parameters affect pressure drop in fluid flow [5, 17]. The
effect of a mixture of flexible (synthetic) and rigid (natural) drag reducing polymers on pressure drop is
the main focus of this study. Many works have done on pressure drop reduction in oil-water flows. Al-
Wahaibi et al.[18] were the first to report a documented work on DR in liquid-liquid flows. They
investigated the effect of two concentrations (20 and 50 ppm) of a co-polymer of polyacrylamide and
sodium acrylate (trade name as Magnafloc 1011) in 14 mm ID horizontal acrylic pipe on oil-water flows.
They achieved maximum DR of 50%. They also observed that pressure drop decrease with increased in
the water phase velocity which is similar with the findings of Al-Yaari et al.[19]. Al-Yaari et al.[19]
used three different molecular weights PEO of concentration ranging from 10 - 15 ppm in 25.5 mm ID
horizontal pipe and using kerosene as the oil phase. They reported that pressure drop is a function of
water fraction, mixture velocity, concentration and molecular weight of the drag reducing polymer and
drag reduction effectiveness (DRE) decreased in the presences of salt water. Omer and Pal[20] also used
two different molecular weight PEO and Carboxymethyl cellulose in different horizontal pipe ID. They
observed negative effect on pressure drop due to the insolubility of the drag reducing polymers in the
oil phase. Yusuf et al.[21] studied the effect of drag reducing polymer on pressure drop using acryl-
amide co-polymer (trade name as Magnafloc 1035) with concentration ranging from 2-10 ppm in a
horizontal pipe diameter of 25.4 mm ID and length of 8 m using high viscous oil (mineral oil). A
maximum DR of 60% was achieved. Langsholt[22] used both water and oil soluble polymers at mixture
velocity of 1.5 m/s. It was reported that DR in oil-water flows increased with increase in input volume
fraction of the drag reducing polymer soluble phase. Al-Wahaibi et al.[2] studied effect of pipe diameter
(19 mm and 25.4 mm) on DR in horizontal oil-water flows. DR of 60% in 25.4 mm and 45% in 19
mm ID pipe was achieved. Edomwonyi-Otu and Angeli[3] investigated on effect of polymer
addition on pressure drop and interfacial waves in horizontal oil-water flows using polyacrylamide of
Magnafloc 1011 in 14 mm ID acrylic pipe with middle distillate as oil phase. They reported that
mixture velocity affected pressure drop in oil-water flows and small amount of DRP reduces drag for
both single and multiphase flow. Abubakar et al. [1] also studied drag reduction with polymer in oil-
water flow in relative large pipe diameter using co-polymer of polyacrylamide and 2-acryamido-2-
methylpropane Sulphonic acid (trade name as AN 105-SH) in 74.7 mm horizontal pipe and length
of 12 m. They also reported that DR decreased with increase in oil input volume fraction but

increased with increase in mixture velocity.
In spite of the works done in understanding the interaction between natural and synthetic polymer

solutions in pipeline oil-water flows, the literature is still scanty compared to synthetic polymers. In
addition, more data is needed to develop models for the accurate prediction of drag reduction in binary
system. Thus, the aim of this work is to provide more data on the study of the synergistic effect of aloe
Vera mucilage (AVM), polyethylene oxide (PEO) and partially hydrolyzed polyacrylamide (HPAM) in
a horizontal oil-water flow system.

2. MATERIALS AND METHODS

2.1. The Flow Facility

The schematic diagram of the experimental set-up is shown in Figure 1. The flow facility is divided into
three sections which are: the handling section, pumping or regulating section and test section. The
handling section consists of three tanks where the fluids are stored: the oil, water and separator tanks
have capacity of 200, 200 and 220 liters respectively. The separator tank allows settling under gravity
where water is drain through the bottom opening and the oil is recycled. In the regulating or pumping
section, 12 mm ID unplasticised polyvinylchloride (uPVC) pipes are each connected to the water and
oil tanks. The centrifugal pumps (model Jet 102M/N.31227) with maximum flow rate of 65 1/min each
were used to circulate the test fluids into the test section. The globe valves were used to regulate the
flow rates which were measured with variable area flow meters (LZM-20J; +2% accuracy), separate for
each fluid. The water flow meter has a maximum flow rate of 24 GPM or 100 LPM. The flow meters
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were calibrated before the commencement of experiments. The injection port for the polymer master
solution is located by the side of the water pipeline before the Y-junction. The new Era-programmable
peristaltic injection pump (model NE-9000; £2% accuracy) was used to inject the polymer master
solution into the water phase. The test section was made up of straight acrylic pipe of 12 mm ID and
140 times the diameter of the pipe (140D) long from the Y-junction to the second pressure port. The
pressure taps were created by making small holes at the bottom of the acrylic pipe walls at the
distance of 140D which provides fully developed flow in the test section.
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Figure 1: Schematics of experimental set-up
2.2. Polymer Preparation

The polymers used were partially hydrolysed polyacrylamide, (HPAM; trade name as magnafloc 1011
or Separan) manufacture by BASF chemicals with average molecular weight of 10 x 10° g/mol,
polyethylene oxide (PEO; trade name as Polyox WSR 310) manufacture by Sigma-Aldrich with
average molecular weight of 8 x 10° g/mol and Aloe Vera mucilage (AVM) extracted from Aloe Vera
plant . All the polymers are water soluble and were used without further purification. The polymers
solutions were prepared individually first, before the polymer mixture solutions were prepared. A
master solution of 2000 ppm of each of the synthetic polymer was prepared as follows. 10 g of each of
the polymer powder was measured using weighing balance (Kerro, BLC 3002) and gently spread over
5 liters of water surface and stirred for 3 hours with a mechanical stirrer (Gilverson, L28) at a very
low speed (to avoid degradation of the polymer) for the mixture to be completely homogenized. The
stirred solution was left for 12 hours overnight to ensure complete dissolution of the polymer particles
and removal of trapped gas bubbles to form the master solution [23, 24]. Aloe Vera leaves were
harvested from a garden in Zaria and identified at an herbarium as Aloe barbadensis miller and then
washed thoroughly. The Aloin within the leaves were removed by cutting and soaking in water for
about 10 minutes. After peeling, the Aloe Vera mucilage (AVM) was extracted by scraping and
sieving the gel from the leaves [25], which contains about 98% water while the remaining 2% is the
AVM [26, 27]. This implies that Aloe Vera leaf contains 20,000 ppm of the AVM by volume. Table 1
gives the main compounds in Aloe barbadensis mill molecular weight in g/mol [26, 27].

Table 1. Compound in Aloe barbadensis mill molecular weight

Compound Molecular weight (g/mol)
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Aloeride 4 % 10°
Acemannan 1 x10°
50/50 Glucose-Mannose 4.2 %103
Polyuronide 2.75 x 10°
Aloeferon 7.0 x 10*
Verectin 2.9 x 10*
Arabinogalactan 4 x10°

AVM get degraded within 24 hours of the preparation [16, 25]. For the polymer mixture preparation, The
total concentration (TC) of 30 ppm and 400 ppm for the mixture (HPAM-AVM and PEO-AVM) were
chosen based on the fact that at least one of the polymers in the mixture gave maximum DR at that
concentration [28].1 liter of 20,000 ppm of AVM master solution was diluted with 5.4 liter of water to
achieved 500 ppm. 1500 ppm of the synthetic polymers (HPAM & PEO) was mixed with 500 ppm of
AVM and stirred for 3 hours and left to form a master solution of 2000 ppm for the polymer mixtures [29,
28]. It was added to the water line at specific flow rate depending on the desired in-situ concentration.

2.3. Experimental procedure

The flow meters and injection pump were tested before running the experiments to ensure accurate
delivery of the required amounts of oil and water into the test section, and the polymer master solution
into the water phase. The experiment was carried out in horizontal pipe diameter of 12 mm ID and length
of 140D at ambient conditions (25 °C, 1 atm). The U-tube manometer (Pyrex) was used for the pressure
drop measurement. Each experimental run was repeated three times and the average of the pressure drop
measured before and after the addition of the DRAs. HPAM, PEO, AVM, HPAM-AVM and PEO-AVM
were tested at different oil input volume fraction (8,) and mixture Reynolds number (Mix-Re). The total
concentration (TC) of 30 ppm and 400 ppm for HPAM, PEO, Aloe Vera mucilage (AVM) as well as
their mixtures at flow rate of 30 1/min (Re of 62923) were tasted. The Mix-Re was obtained from the
summation of the Reynolds number of the water (Rew) and that of the oil phase (Re,), at different mixture
and superficial velocities of water (Usw) and oil (Uso). The total concentration (TC) of 30 ppm and 400
ppm for the polymer mixtures (HPAM-AVM and PEO-AVM) at Reynolds number of 62923 were
tested. The various proportion of the oil input volume fractions were 0, 25, 50, 75 and 100%. The
pressure drop was recorded and used for calculation of drag reduction, define by the given Equation 1:

_ APyo — APy

DR
APy

X 100% (1)
where; APy, and APy, is pressure drop of the fluid without and with DRAs.

Table 2. Fluid properties

Properties Values

Density of water, p,, at 25°C 1000 kg/m3

Density of diesel oil, p, at 25°C 832 kg/m®

Viscosity of water, u,, at 25°C 8.9 x 10* Ns/m?
Viscosity of water oil, u, at 25°C 1.664 x 1073 Ns/m?

3. RESULTS AND DISCUSSION
3.1. Single Phase Experiments

Figure 2 show the preliminary results of the drag reduction of HPAM, PEO, AVM, HPAM-AVM and
PEO-AVM in single phase water flow at different concentrations and Reynolds numbers ranging from
21519, 42229, 62923 and 81424. The mixing ratio of 3:1 and 1:19 was chosen due the fact that,
maximum DR was achieved at that mixing proportion. The optimal concentration of 30 ppm, 400 ppm,
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22.5 ppm — 7.5 ppm (3:1), and 20 ppm — 380 ppm (1:19) were achieved at Reynolds number of 62923
in our preliminary single phase water flow experiment. The maximum DR of 64%, 73.6%, 76%, 80%
and 81.6% for AVM, HPAM, PEO, HPAM-AVM and PEO-AVM respectively were obtained. The
results obtained corroborate with the work of Virk[7] and Dingilian & Ruckenstein [31].
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Figure 2. DR vs Reynolds number different at polymers and polymer mixtures concentration in 12 mm pipe diameter.
3.2. Effect of Oil input Volume Fraction and Mixture Reynolds Number on Drag Reduction

The drag reduction of HPAM, PEO and AVM as well as their mixtures (HPAM-AVM and PEO-AVM)
were studied on oil-water flows (multiphase flow, MPF) at different oil input volume fraction (50) and
mixture Reynolds number (Mix-Re).

Figures 3, 4 and 5 show the results of the effect of oil input volume fractions and mixture Reynolds
number (mixture velocity, Umix and superficial velocity, Usw & Uso) on drag reduction in oil-water
flows for HPAM, PEO and AVM. It was observed that drag reduction decreased with increase in oil
input volume fraction (from 25% - 75%) due to the increase in superficial velocity of the oil phase (Uso).
This result to decrease in the superficial velocity of the water phase as such decreased the Reynolds
number of the water phase. Decreased in Reynolds number of the water phase reduce the stretching of
the polymer molecules which leads to reduction in drag reduction effectiveness of the drag reducing
polymers (DRP) used, the DRPs were only soluble in the water phase [24]. Increase in the Reynolds
number of the water phase (Re.) increased the degree of turbulent intensity which enhances the DRP
molecules and turbulent eddy interaction, subsequently bringing about increase in DR. This agrees with
findings of [30, 24].

In addition, no significant drag reduction was observed at 100% oil input volume which may due to the
absence of the water phase Reynolds number (Re,, = 0) and insolubility of the DRP in the oil phase
which corroborate with other findings [30, 18, 17, 24, 8]. Similarly, the drag reduction obtained by PEO
solution (65.39%, at 25% oil input and Rey of 47192) was higher than the DR obtained by HPAM and
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AVM solutions (61.54%& 53.85%, at 25% oil input and Rey of 47192) in oil-water flows, which may
be attributed to better flexibility of the PEO chain [17].
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Figure 3. DR vs oil input fraction for HPAM at different mixture Reynolds number (Mix-Re) at concentration of 30 ppm in

12 mm pipe diameter.
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Figure 4. DR vs oil input fraction for PEO at different mixture Reynolds number (Mix-Re) at concentration of 30 ppm in 12

mm pipe diameter.
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Figure 5. DR vs oil input fraction for AVM at different mixture Reynolds number (Mix-Re) at concentration of 30 ppm in 12
mm pipe diameter.

2.3. Experiments with Polymer Mixtures

The DR of two polymer mixtures (HPAM-AVM and PEO-AVM) was studied in oil-water flows at
different oil input volume fraction (30) and mixture Reynolds numbers (at different mixture/superficial
velocity, Umix, Usw & Uso). The total concentration (30 ppm & 400 ppm) and mixing ratio (3:1 &
1:19) were selected from our preliminary work of single phase water flow. Figures 6 - 13 show the
results of the effect of do and mixture Reynolds number (Mix-Re) on DR in oil-water flow for the
polymer mixtures. Similar trend was observed, drag reduction decreased with increase in oil input
volume fraction due to decrease in the Reynolds number of water phase for both polymer mixtures.

Furthermore, drag reduction increased with increase in the mixture Reynolds number due to increase in
the Reynolds number of the water phase (increase in superficial velocities of water phase), which create
more sufficient additive-turbulent eddy interaction, subsequently brings about increased in DR. This
corroborate with other findings of [30, 24, 8].

It was also observed that the DR obtained using polymer mixtures at different do and Re., (65.39% &
69.2%, 69.3% & 70.77%, at mixing ratio of 3:1 & 1:19, 25% o and Rey of 47192) was higher than
the DR of each of the individual polymer solution alone at the same conditions due to synergistic
effect of the polymer mixtures. The synergism in DR in oil-water flows by polymer-polymer
mixtures may be due to the interaction amongst the polymer molecules, which influence the
extension of the molecules. Also, the synergism in DR may be due to increase in the polymer
coil dimension, and their rigidity because coil volume remains most essential properties than
molecular weight on DR which is in agreement with the previous works [31, 28]. The increase in
Reynolds number increased the stretching of polymer molecules which lead the synergy in
DR. The DR obtained by PEO mixture (69.3% & 70.7% at 25% oil input and Re. of 47192) was
higher than the DR obtained by HPAM mixture (65.39% & 69.2%, at 25% oil input and Re, of
47192) in oil-water flows due to better flexibility of the PEO mixture [17].
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Figure 6. DR vs oil input fraction for HPAM-AVM mixture ratio of 3:1 at different mixture Reynolds number (Mix-Re) and
total concentration (TC) of 30 ppm in 12 mm pipe diameter.
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Figure 7. DR vs mixture Reynolds number (Mix-Re) for HPAM-AVM mixture ratio of 3:1 at different oil input volume fraction
at total concentration (TC) of 30 ppm in 12 mm pipe diameter.
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Figure 8: DR vs oil input fraction for PEO-AVM mixture ratio of 3:1 at different mixture Reynolds number (Mix-Re) and total
concentration (TC) of 30 ppm in 12 mm pipe diameter.
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Figure 9. DR vs mixture Reynolds number (Mix-Re) for PEO-AVM mixture ratio of 3:1 at different oil input volume fraction
at total concentration (TC) of 30 ppm in 12 mm pipe diameter.
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Figure 10. DR vs oil input fraction for HPAM-AVM mixture ratio of 1:19 at different mixture Reynolds number (Re-mix) and
total concentration (TC) of 400 ppm in 12 mm pipe diameter.
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Figure 11. DR vs mixture Reynolds number (Mix-Re) for HPAM-AVM mixture ratio of 1:19 at different oil input volume
fraction at total concentration (TC) of 400 ppm in 12 mm pipe diameter.
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Figurel2. DR vs oil input fraction for PEO-AVM mixture ratio of 1:19 at different mixture Reynolds number (Mix-Re) and
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Figure 13. DR vs mixture Reynolds number (Mix-Re) for PEO-AVM mixture ratio of 1:19 at different oil input volume fraction

at total concentration (TC) of 400 ppm in 12 mm pipe diameter.

4. CONCLUSIONS

The synergistic effect of natural and synthetic polymers as drag reducing agents on oil-water flow in 12
mm horizontal pipe diameter at different oil input volume fraction and mixture Reynolds number was
investigated. Based on the results obtained, the following conclusions may be drawn:

> Percentage drag reduction obtained in polymer mixture {65.39%, 69.23% (HPAM-AVM &
PEO-AVM for mixing ratio of 3:1) and 69.3% & 70.77% (HPAM-AVM & PEO-AVM for
mixing ratio of 1:19) at oil input of 25% respectively} was higher than that of each of the
polymer solution alone at the same conditions.
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» Percentage drag reduction decreased with increase in oil input volume fraction and increased
with increase in the mixture Reynolds number.

» Also, no DR observed at 100% oil input volume due the absent of the water phase (Rey = 0)
and DRP are not soluble in the oil phase.

» Synergism in DR for the polymer mixtures are functions of Re and polymer concentration.
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