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Abstract: The well-known frictional effect related to liquid-liquid two-phase flow in pipelines can be reduced using drag-reducing additives. In this study, such an effect has been investigated experimentally using a mixture of oil and water. Moreover, numerical simulations have been carried out using the COMSOL simulation software. The measurements were taken in a horizontal pipe with the length and diameter equal to 3 and 0.125 m, respectively. Moreover, Polyethylene oxide with 150 ppm was exploited to reduce the drag effect while considering different water-to-oil fractions (0.3, 0.4, 0.5, and 0.7) and a constant total flow velocity of 2.3 m/s. As made evident by the results, a significant reduction can be obtained in terms of pressure drop, which becomes even more significant as the water to oil fraction is increased. The maximum achieved drag reduction is 70% with a water fraction of 0.7. The results also show that the addition of polymer additives can also have an impact on the flow pattern. Comparison of experimental and numerically determined pressure drop indicates that the error is smaller than 7%.
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Nomenclature



	Cμ
	model constant



	F
	volume forces



	g
	gravitational acceleration, m/s2



	IT
	turbulent intensity



	k
	turbulence kinetic energy



	p
	pressure, mbar



	LT
	turbulent length



	n
	normal



	t
	time, s



	Φ
	level set function



	k
	turbulent kinetic energy, m2/s2



	μ
	dynamic viscosity, Pa.s



	μT
	turbulent dynamic viscosity, Pa.s



	ρ
	density, kg/m3



	σ
	surface tension, mN/m



	ε
	turbulence kinetic energy



	δ
	Dirac delta function, 1/m



	εT
	thickness of interface, m





1  Introduction

In the last decade, crude oil considers the most important provenience of energy. Its production has increased to 84 million barrels per day in the past 20 years [1]. Crude oil is considered the main source of the economy in many countries, especially Iraq which has traditionally provided about 95% of foreign exchange earnings. The most effective, congenital, and economic means for exporting crude oil or transferring it to storage or refineries is using pipelines. During the transportation and petroleum industry, two-phase flow commonly occurs such as liquid-liquid flow in the pipeline. The presence of this type of flow especially water-oil flow can cause several effects like the complexity in an interfacial structure between the two phases results in complicating the hydrodynamic calculation of the fluid flow. The pressure gradient is dramatically influenced by the type of flow, water/oil or oil/water. The increasing water fraction toward the phase inversion results in a higher value of the pressure gradient and hence, higher power consumption and a reduction in the capacity of production [2]. Although the high viscosity and density, presence of high molecular components, brine, and many heavy metals can cause a high-pressure drop, this pressure drop should be lowered to reduce the pump power and keep economical of this type of transportation.

Generally, three main methods are utilized to lower the pressure drop: Drag reduction [3], reducing the viscosity of the oil [4], and creating an upgraded syncrude viscosity by the partial upgrading of the heavy crude oil [5].

Over many years, the drag reduction method has been used to reduce the pressure drop for long pipeline systems by introducing drag-reducing additives like polymers [6], surfactants [7,8], and nano additives [9] by suppressing turbulent eddies formation and reducing the pipeline wall friction [3]. The main challenges of using these additives are selecting the right dosage of addition, their solubility and stability in crude oil as well as their resistance against degradation at high temperatures. This challenge limits the use of this method, especially since most of these additives are separated from crude oil during storage. However, introducing such additives can enhance the flow pattern of liquid-liquid flow in the pipe. The main factors that can affect the drag reduction of polymer in any particular application are solubility; molecular; and flexibility in the fluid [10,11]. Drag-reducing polymers (DRPs) can be obtained artificially or naturally (synthetic or biopolymer). Biopolymers like guar gum and xanthan gum are lowly resistant to biodegradation, environmentally friendly, and shear stable, but less efficient on DR because they are highly rigid compared to synthetic DRPs [12]. Manfield et al. concluded in their review of this area that the understanding of the influence of drag-reducing polymers on multiphase flows is not satisfactory [10]. Al-Wahaibi et al. used a co-polymer of sodium acrylate and polyacrylamide as a drag reduction in a two-phase flow of oil-water flowing in a 14 mm ID acrylic pipe. Their results showed a strong effect of the polymer on flow patterns, in which the polymer presence results in extending the stratified flow region and delaying its transition to slug flow. The addition resulted in a reduction in pressure drop value and the maximum drag reduction value was 50% in annular flow [13]. Edomwonyi-Otu et al. studied the combined effect of sodium acrylate and polyacrylamide as a drag reducer in oil-water flow in the pipe, they released that the polymer decreased the interface height and increased the in-situ average water velocity [14]. Lawrence et al. used biopolymer-synthetic polymer mixtures in oil-water flow drag reduction, and their results showed a higher pressure drop reduction using a mixture of polymers than by using each polymer under the same conditions [15]. Lucas and Sina used three different additives: A flexible polymer, a rigid polymer, and a surfactant, and compared their drag-reduced turbulent effect in a water flow channel. Their results showed that 58% drag reduction was achieved using flexible polymer, rigid polymer, and surfactant [11]. Liu et al. studied the combined effect of cationic surfactant cetyltrimethylammonium chloride (CTAC) and polyacrylamide (PAM) in drag reduction experimentally and numerically in a flow channel. Their results showed that the interactions of surfactants and polymers improved the anti-shear performance of the surfactant micelles and delay the rupture of micelles [16]. Dai et al. examined the effect of the polyethylene oxide drag reduction in rotating disks under different variables of concentration, molecular weight, temperature, mechanical degradation, and ultrasonic degradation. They confirmed that drag reduction was influenced by molecular formation, flow regime, and concentration [17].

Recently, the use of computational fluid dynamics has gained great attention in the simulation of fluid flow and many fields of chemical engineering [18–20]. Several simulation methods have been used for this purpose, pore network modeling [21], front tracking [22], the volume of fluid (VOF), level set [23,24], and phase field [25,26]. Compared with other methods, the level set method gained great attention in last years for its ability in modeling flow problems involving moving interfaces and complex geometry [27,28]. This method which is classified as a type of interface-capturing approach was first established by Osher et al. [23]. The modeling of physical properties such as viscosity and density is accomplished in a way that they are constantly in the bulk phase and vary across the interface smoothly. In this numerical simulation technique, transportation equations of the mass, momentum, energy conservation, and other properties of fluid flow were solved for a specific geometry with certain boundary conditions to describe the flow dynamics in the selected domain.

Although many researchers studied the effect of the addition of polymer in a two-phase flow pressure drop, the simulation of its effect on phase behavior is still under investigation. Hence, unlike other research, this work aims to clarify the effect of the polymer addition on the volume fraction distribution and Reynolds number damping of oil-water flow in the horizontal pipe numerically with the aid of the COMSOL multiphase simulator, under different values of water-oil fraction. The simulation results have been validated with the experimental results.

2  Numerical Modeling

In the present study, COMSOL Multiphysics 5.3 simulator was adopted to simulate the drag-reducing effect of polymer of the two-phase flow in the horizontal pipe as follows:

2.1 Assumptions

The following assumptions were considered:

1.    The flow is under isothermal condition

2.    No mass transfer

3.    The physical properties of the two-phase are constant and specified by the investigator

4.    No-slip boundaries are imposed at the pipe wall

5.    Smooth pipe wall

2.2 Geometry and Mesh Distribution

One of the most successful numerical computations is meshing generation and distribution. There are two important issues to making good mesh, they are the number of cells and their distribution and shape. The number of cells should have an adequate value for good resolution. They should be higher near the wall to take into consideration the viscosity that affects the walls and lower in the non-critical region.

Indeed, more accurate results are obtained with the finer mesh, thus dipping the error to obtain a smaller step size. The accuracy of the interpolation was examined by grid optimization as shown in Fig. 1. The figure showed that increasing the number of mesh more than 60000 has no effect on the pressure drop results. Hence, for more accurate results a mesh size of 72031 was adopted. The two dimensions mesh geometry of the pipe is shown in Fig. 2. The mesh that is considered has three shapes, namely structured, unstructured, and hybrid.
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Figure 1: Mesh sensitivity analysis
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Figure 2: Pipe meshing

2.3 Level Set Tracking Method

The level-set tracking method was introduced by Osher et al. [23]. This method allows the simulation of two immiscible flowing fluids separated by a moving interface. It is advected for a flow field. The function of the level set is a smooth continuous function, denoted as Φ. Two regions were set, for water Φ = 1 and oil Φ = 0. The function changes smoothly, in the transition layer near the interface, from 0 to 1.

The convection equation of the level set function is described as follows [23]:

∂∅∂t+u.∇∅=0(1)

Changing the fluid parameter at the interface causes a discontinuity in moving parameters which leads to difficulty in the numerical simulation. This difficulty can be overcome by identifying a fixed thickness of the interface where the parameters can change smoothly. However, this method can cause constant interface thickness and mass conservation problems [29]. In the CFD Module of COMSOL Multiphysics®, the following level-set equation is solved [30]:

∂∅∂t+u.∇∅=γ∇(εT∇∅−∅(1−∅)∇∅| ∇∅ |)(2)

In this equation, the motion of the interface is represented by the left part of the equation, while the numerical stabilization and reinitialization are defined on the right side. Parameter ε controls the thickness of the interface and parameter 
˚V
defines the reinitialization intensity.

The following Naiver-Stokes equations were solved:


∇.u→=0
(3)


ρ∂u→∂t+ρ(u→.∇)u→=∇[−p+μ(∇u→+∇u→T)]+F→+ρg→+σKδn→
(4)

The density as well as the dynamic viscosity are expressed by the following equations:


ρ=ρ1+(ρ2−ρ1)φ
(5)


μ=μ1+(μ2−μ1)φ
(6)

In which that ρ1 and ρ2 represent the density of fluid 1 and 2, respectively, while μ1 and μ2 are the viscosity of fluid 1 and 2, respectively. In this work, fluid 1 is water and fluid 2, is oil.

2.4 Turbulent Model

To model the turbulence effect, the standard k-ε model and realizability constraints were used. This type of model is very common in industrial applications because of its good convergence rate and relatively low memory requirements. In this model, two variables are solved k which is the turbulence kinetic energy; and the rate of dissipation of turbulence kinetic energy ε (epsilon). Wall functions were used to model the flow close to walls.

The turbulent viscosity can be calculated from the following equation:


μT=ρCμk2ε
(7)

In which Cμ represents the model constant

The transport equation (k) is written as:


ρ∂k∂t+ρu→.∇k= ∇((μ+μTσk)∇k)+pk−ρε
(8)

where pk is the production term and shown as follows:


pk=μT(∇u→:(∇u→+(∇u→)T−23(∇.u→)2−23ρk∇.∇u→
(9)

The transport equation (ε) is written as:


ρ∂ε∂t+ ρu→.∇ε=∇((μ+μTσε)∇ε)+Cε1εkpk−Cε2ε2k
(10)

The constant values in the above equations were specified as follows:

Cμ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1.00 and σε = 1.30, which are the standard values for homogeneous systems.

The turbulent intensity (IT) and the turbulent length (LT) were calculated according to the following equations:


k=32(uIT)2
(11)


ε=32Cμ3/4k3/2LT
(12)

The numerical procedure employs pressure and velocity as the main flow variables. The numerical simulation Multiphysics interface solves the Navier-Stokes equations for the conservation of momentum and a continuity equation for the conservation of mass using the finite element method. The interface position is tracked by solving a transport equation for the level-set function. These equations were solved with the integrated PARDISO solver. The pressure-velocity coupling was discretized by the P2 + P2 scheme and the level-set variables were discretized with quadratic elements. A generalized alpha method with automatic time-step selection was used as the time-step algorithm. The Navier-Stokes and level set equations were solved with a fully coupled approach. The temporal resolution of the result dataset was 0.1 s.

3  Experimental Method

3.1 Polymer Preparation

A purchased water-soluble polymer (polyethylene oxide) (MW 8 × 106, density 1.21 g/mL at 25°C, China) was used to prepare the test solution by adding the desired weight to dissolve in distilled water and stirring continuously for 4 h with a magnetic stirrer. The final solution that has a polymer concentration of 150 ppm was left for 24 h to allow maximum penetration of the polymer.

3.2 Experimental Apparatus

The experiments were carried out in a 3 m length of acrylic horizontal pipe with an inner diameter of 12.7 mm. The schematic diagram of the experimental setup is shown in Fig. 3.
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Figure 3: The experimental set-up

All the experiments were carried out under 1 atm and 25°C. The liquids used in the experiments were water and oil (viscosity at 5.5 cp, density 828 kg/m3, surface tension 27.5 mN/m, AL-Dura Refinery). Polyethylene oxide with 150 ppm concentration was added to water as a drag reducer.

The experiments were done under total mixture velocities of 2.3 m/s and four values of water to oil fraction (0.3, 0.4, 0.5, and 0.7). The oil flows in the pipe at the beginning of the experiment for a few seconds, to ensure the wall wettability of the pipe with oil. After, the water fraction was pumped from the storage tank to the test region through a T-junction to ensure proper mixing. The values of pressure were recorded for each meter along the pipe. For certainty, the experiment was repeated two to three times and the average measurement value was adopted.

4  Results and Discussion

4.1 Pressure Drops

The variation of pressure drop of two-phase flow water-oil with and without the polymer additive across a pipeline with an increasing volume fraction of water is shown in Figs. 4–7. It can be noticed that as the water fraction increased from 0.3, 0.4, 0.5, and 0.7 the pressure drops increased both with and without polymer addition. This can be explained by the dual effect of increasing superficial water velocity with decreasing superficial oil velocity. This can be explained that at the beginning with low water fraction and higher oil velocity, oil occupies a large part of the cross-section of the pipe, and hence the contribution of the two-phase pressure drop is more predominate, especially the wall of the pipe is wetted by oil. As the water fraction increase, the water-wetted perimeter increases inside the pipe, and this will enhance the turbulence causing to lower pressure drop [10,31–32].
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Figure 4: Pressure drop along the pipe with and without the addition of polymer at the water-to-oil ratio of 0.3
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Figure 5: Pressure drop along the pipe with and without the addition of polymer at the water-to-oil ratio of 0.4
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Figure 6: Pressure drop along the pipe with and without the addition of polymer at the water-to-oil ratio of 0.5
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Figure 7: Pressure drop along the pipe with and without the addition of polymer at the water-to-oil ratio of 0.7

Indeed, those figures observed that the pressure drop decreases with the polymer addition, in which the pressure drop values reduced to 50, 33, 21, and 17 mbar after polymer addition for water fractions of 0.3, 0.4, 0.5, and 0.7, respectively.

The polymer effect is expressed in terms of the drag-reduction (DR) which can be defined as:


DR%= Δpwithout polymer − Δpwith polymerΔpwithout polymer 
(13)

In which that ΔPwithout polymer and ΔPwith polymer represent the measured pressure drop values before and after the addition of polymer, respectively.

According to the above equation, the addition of the polymer effect can be shown in Fig. 8. The figure shows that the drag reduction changed with the changing of water to oil ratio, in which it increased from 0.38, 0.56, and 0.65 to 0.7 with water fractions 0.3, 0.4, 0.5, and 0.7, respectively.
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Figure 8: The drag reduction with water-oil fraction

This can be explained by the addition of polymer, at low water fraction which is a stratified water layer as will be shown in the next paragraph, the reduction of the pressure gradient is due to the wall shear stress reduction and interfacial shear reduction between oil and water. On the other hand, the addition of polymer helps to suppress the formation and propagation of the eddies which lead to inhibit the turbulence effect [15] and its effect be more significant with the increasing water fraction, where the water is more dominant than oil and this will enhance droplets coalescence rate and a gravity force dominates leading to stratification of the water phase.

This result is in a line with the work of Abubakar et al. [31] that revealed the increasing oil input fraction resulted in a decrease in drag reduction values. They also reported a zero as well as negative drag reduction at higher values of oil input fraction, while they reported a 64% drag reduction at high mixture velocity and low oil input fraction.

4.2 Volume Fraction Distribution

The radial distribution of the water fraction with/without polymer addition for all water-to-oil velocity ratios after the 1-m pipe entrance is shown by the contour graph as shown in Figs. 9–12. The figures show an interface high difference between the middle and the wall of the pipe. This interface height increases with increasing water-to-oil velocity ratio as expected. However, with polymer addition, a decrease in interface and oil fraction was observed for water to oil velocity ratio. This is due to the reduction of water flow frictional resistance which increases its velocity [33]. However, increasing the ratio to 0.7 a reduction in water fraction was observed, this can be attributed to the increase in damping of the interfacial wave and the drops coalescence that led to an increase of the continuous water layer. Al-Yaari et al. showed similar results that adding polymer caused an increase in the interface height [33].
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Figure 9: Radial distribution (x-axis) of the water volume fraction (y-axis) at the water-to-oil ratio of 0.3 (a) without polymer (b) with polymer
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Figure 10: Radial distribution (x-axis) of the water volume fraction (y-axis) at a water-to-oil ratio of 0.4 (a) without polymer (b) with polymer
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Figure 11: Radial distribution (x-axis) of the water volume fraction (y-axis) at the water-to-oil ratio of 0.5 (a) without polymer (b) with polymer
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Figure 12: The radial distribution (x-axis) of the water volume fraction (y-axis) at the water-to-oil ratio of 0.7 (a) without polymer (b) with polymer

On the other hand, according to the values of fraction, the water wave is near the pipe bottom due to gravity, and oil drops floated near the top of the pipe. By adding the polymer to the water phase, the characterization of the flow pattern and their transition boundaries changed, in which the wave clarity is observed with polymer addition for all water to oil fractions. The clarity of the wave also increases with increasing water velocity; this agrees with the increase in average water velocity after polymer addition as discussed above.

4.3 Velocity Distribution

Figs. 13–16 show the velocity profile of the mixture at different water fractions (0.3, 0.4, 0.5, and 0.7) with and without the addition of polymer which was plotted at pipe cross sections of (0.2, 0.5, 1, and 2 m) from the pipe inlet.
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Figure 13: Radial water velocity profile at different distances along the pipe and the water-to-oil ratio of 0.3 (a) without polymer (b) with polymer
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Figure 14: Radial water velocity profile at different distances along the pipe and the water-to-oil ratio of 0.4 (a) without polymer (b) with polymer
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Figure 15: Radial water velocity profile at different distances along the pipe and the water-to-oil ratio of 0.5 (a) without polymer (b) with polymer
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Figure 16: Radial water velocity profile at different distances along the pipe and the water-to-oil ratio of 0.7 (a) without polymer (b) with polymer

The figures show that the velocity is constant at the pipe core and is lower at the pipe wall due to the no-slip boundary condition. Also, the full velocity profile developed after a 0.2 m length distance from the pipe inlet. Indeed, the presence of polymer significantly changed the behavior of the velocity distribution in which that full distribution appears after the polymer addition. The velocity values increase at the wall with the addition of polymer for all oil fractions, for example, it is increased from 1.75 to 1.9 m/s at an oil fraction of 0.5 and section of 0.2 m. This can be attributed to the water layer in the bottom of the pipe, as discussed before, and adding polymer to this layer led to a reduction in friction force causing an increase in the velocity value. On the other hand, the velocity values decrease at the core of the pipe with polymer addition, for example, it decreased from 2.6 to 2.5 m/s at the water-to-oil fraction of 0.3. This is because of the existence of oil layers in the core of the pipe which is less affected by polymer addition. Also, the oil fraction increases did not change the velocity profile.

4.4 Reynolds Number Distribution

The Reynolds stress component of the flow along a 2-m distance from the flow entrance is shown in Figs. 17–20, those figures show that in the case with no polymer addition, the maximum axial velocity profiles increase with a water-oil ratio.
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Figure 17: Reynolds number of water along the pipe at the water-oil ratio of 0.3 (a) without polymer (b) with polymer
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Figure 18: Reynolds number of water along the pipe at the water-oil ratio of 0.4 (a) without polymer (b) with polymer
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Figure 19: Reynolds number of water along the pipe at the water-oil ratio of 0.5 (a) without polymer (b) with polymer
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Figure 20: Reynolds number of water along the pipe at the water-oil ratio of 0.7 (a) without polymer (b) with polymer

Indeed, the figures reveal that at water fraction 0.3 the Reynold number increases till 0.6 m distance, and its value has fluctuated along the pipe. The addition of polymer results in reducing Reynolds number fluctuation along the pipe and more significantly near interface regions and its value decrease, for example, from 2600 to 1700 (nearly 35%). Increasing the water fraction, the Reynolds number reduction increased to 70%, 82%, and 87% at water fractions 0.4, 0.5, and 0.7, respectively. This indicates that the effect of the polymer as a drag reducer is clearer at high values of the water fraction.

This reduction directs to the turbulent momentum transfer decreasing in the radial direction [34,35]. It is well known that turbulent eddies are formed from the high-velocity gradients near-wall region. Those eddies are transported into the bulk flow of the pipe in the radial direction in contradiction to the desired axial flow direction. This results in energy losses and an increase in pressure drop. With the addition of polymer, the reduction of eddies leads to a decrease in energy loss.

4.5 Model Validation

The model validation can be expressed in Fig. 21 which shows a comparison between the experimental pressure drops across the pipe and the predicted values from the model. The figure shows good agreement between the experimental and the predicted value with an error of less than 7%.
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Figure 21: The experimental and predicted values of pressure drop along the pipe of the water-oil ratio of 0.3 without polymer

5  Conclusion

In this study, the effect of polyethylene oxide on the pressure drop of oil-water flows in a horizontal acrylic pipe was experimentally investigated and simulated using the COMSOL software. The results show the following conclusions:

•   In all water-oil ratios, polymers’ addition affected the flow pattern and its transition. Overall, adding polymer increased the range of oil superficial velocity and flow clarity of the two phases and this clarity appeared more with increasing water fraction.

•   The pressure drop reduction differed at the various is related to the superficial velocity of the phases, i.e., water fraction. The largest drag reduction value was 70% at a water fraction of 0.7.

•   The drag reductions generally increased with water fraction and reduced with oil fraction in the region of strong turbulence. Reynolds number: Increasing the water fraction, the Reynolds number reduction increased to 70, 82, and 87% at water fractions 0.4, 0.5, and 0.7, respectively.

•   The level set model as well as the k-ε turbulence model show a reasonable phase distribution for the oil/water flow patterns. Quantitatively, the maximum pressure drop deviation between experimental and simulated values was 7%. This confirms that the presented model can describe well this type of two/phase flow.
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