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1.2 Single & multiphase flow 
 

The physics of a single-phase fluid flowing through a pipe is well studied and predicted 

(Bobok, 1993). The motion of single-phase fluid is characterized according to its flow regime as 

either laminar or turbulent (White, 1998). Frictional losses are calculated from physical properties, 

and the shear stresses between the fluid and the pipe wall. This friction factor correlates with 

Reynolds number and the pipe roughness giving an acceptable estimate for single-phase frictional 

flow losses (White, 1998). 

The flow of two or more phases is not well understood as it can occur in various regimes 

depending on the percentage of each phase (Hanratty & Lin, 1987). In two-phase flow, both phases 

compete for the available flow volume. It becomes necessary to know the flow cross-section area 

occupied by each phase. The phases move with different velocities causing what is known as slip 

(Govier & Aziz, 1972). The distribution of the flow regimes in most cases is dependent on the 

expanding and collapsing of the gas phase and therefore affecting the gas-liquid interface. This 

interface results in a friction layer between the phases, and its value depends on the phases in 

contact (Rouhani & Sohal, 1982). Finding an appropriate relationship to estimate the shear stress 

becomes challenging since this varies with the flow regime (Kowalski, 1987). In general, 

multiphase flow imposes additional challenges due to the behavior of the phases in the flow 

geometry and the frictional losses (Taitel & Dukler, 1976).   

In some applications, multiphase flow can be avoided by separating the phases through 

production separators into individual fluid streams because they are subjected to flow instabilities, 

liquid surges, and pressure fluctuations (Speight, 2017). In other applications, multiphase flow 

cannot be avoided, e.g., the oil and gas industry transport multiphase mixtures over long distances 
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because it is more economically attractive than the separation of each phase for individual transport 

(Corteville et al., 1983).  

1.3 Impact of a multiphase flow 
 

Multiphase flows can cause erosion problems when flowing at high velocities due to liquid 

droplet impingement (Arabnejad et al., 2013). Solid particles in a multiphase flow can also cause 

erosion from particle impacts (Arabnejad et al., 2014). Erosion can cause the failure of pipes as well 

as other components found in production and transportation facilities. It is a major financial and 

environmental concern (Nokleberg & Sontvedt, 1995). 

1.3.1 Erosion and particle shape 
 

Previous researches reported that particle shape could drastically alter the erosion rate (Salik 

et al., 1981). Particles with sharp edges cause higher erosion rates than spherical particles (Levy & 

Chik, 1983). The maximum erosion magnitude also depends on the impact angle of the solid particle 

(Hutchings et al., 1976) when the target material is more challenging than the impinging particle, 

erosion increases as particle hardness increases (Arabnejad et al., 2015).  

1.4 Multiphase flow in the oil and gas industry 
 

Wellhead equipment in the oil and gas industry is subjected to demanding conditions such 

as high operating pressure, temperature. High fluid velocities, sand production, slugging, and 

multiphase flows produced from the well require specially designed equipment to withstand these 

challenges (Barton, 2003). Typical multiphase flow in the oil and gas industry would be at least 

three-phase flow, and solid particles (mainly sand) would be one of these phases. Its volumetric 

flow rate depends on the well production. Sand and other solid particles can cause material loss to 

the equipment downstream of the wellhead due to erosion, which eventually may lead to failure. 
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These failures have a severe impact on the safety of the personnel, environmental hazards, and 

potential loss of production.  

Managing sand particles during production is essential and requires an accurate analysis of 

their effect on the downstream equipment. Solids need to be removed as soon as possible after the 

wellhead (Andrews et al., 2005). Therefore, there is a need for a device that can separate sand from 

the multiphase mixture and can withstand the demanding operating conditions such as high 

temperature and pressure.  

 

1.5 Objective 
 

Different sand separators have been designed to separate sand from a multiphase mixture. 

Most separator designs are based on empirical correlations and analytical solutions. Designs based 

on experimental results are sometimes hard to achieve since the operating conditions in some cases 

are hard to replicate. Exact replication of design conditions requires a steel wall, and therefore the 

process inside the separator is challenging to observe. Even quartz windows will provide a 

relatively small view of the local flow behavior. Currently, numerical studies are the most efficient 

way to understand the physical fluid dynamics within the vessel so that it can be easily modified 

and optimized to best suit the operating conditions. Despite some extensive research in this area, 

significant knowledge gaps exist in horizontal gravity-based separator performance with three-

phase and four-phase flows. Also, studying the behavior of solid particles in multiphase flow is 

crucial since it provides an insight into the sand settling process, which can be used for further 

development of equipment.   

 In this study, simulations were carried out on a horizontal sand separator depicted in Figure 1.  
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Some of these research questions can be answered using an experimental setup and 

simulations, while others can only be answered through simulations due to the limitations in the 

experimental setups. Simulations and experiments will be performed on the two-phase and three-

phase flow. Results from the two-phase and three-phase experiments will be used to support the 

results of the simulations and build confidence with four-phase simulations at high operating 

pressure. 
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2.4 Flow Regimes 
 

A geometric distribution of the components is called a flow pattern or flow regime, and 

many of the names given to these flow patterns (such as annular flow or bubbly flow) are now 

quite standard. Usually, the flow patterns are recognized by visual inspection. However, other 

means, such as analysis of the spectral content of the unsteady pressures or the fluctuations in the 

volume fraction have been devised for those circumstances in which visual information is 

challenging to obtain (Jones & Zuber, 1974). For some of the simpler flows, such as those in 

vertical or horizontal pipes, a substantial number of investigations have been conducted to 

determine the dependence of the flow pattern on component volume fluxes, on volume fraction 

and the fluid properties such as density, viscosity, and surface tension (Parsi et al., 2015). The 

results are often displayed in the form of a flow regime map that identifies the flow patterns 

occurring in various parts of a parameter space defined by the component flow rates. 

Knowing the right flow regime is an essential aspect of developing an accurate multiphase 

model. Generally, there is a gradual change in the flow regime with the flow rates rather than a 

sudden change from one regime to another (Weisman, 1983). Since the flow regimes are mainly 

determined visually, there have been different interpretations in defining the specific flow regime. 

Since identifying the flow regime is subjective, researchers have used a wide range of descriptions 

to characterize these flow regimes (Govier & Aziz, 1972). Some of the regimes are alternative 

names for the same flow regimes, while others are a subdivision of significant groupings. To 

understand the different types of flow regimes, a brief explanation of the major ones presented in 

the next section. 
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2.4.1 Vertical up-flow 
 

When the pipe is oriented vertically, the regimes of multiphase flow are a little different 

from a horizontal flow. Five main flow regimes can be seen in a vertical up-flow, as shown in 

figure 2. A simplified description of each phase will follow. 

Bubble flow 
 

It is described as a continuous upward liquid phase with dispersed gas bubbles rising with 

the liquid. The bubbles travel as a complex motion within the flow without forming into slugs, and 

generally, the size of the bubbles varies. The velocity of the bubbles surpasses that of the liquid 

due to buoyancy. 

Slug flow  
 

This flow regime occurs due to an increase in the gas rate; bubbles gradually come together 

to form a slug that occupies the bulk of the cross-sectional area, creating unique bullet shape 

bubbles (Davies & Taylor, 1950). The thin film of liquid that surrounds a bubble moves towards 

the bottoms of the slug. As the gas rate increases, the length and velocity of the gas slugs increase. 

Slugs can occur in downward directions but are not usually initiated in this position. 

Churn flow 
 

At higher gas velocities, the gas becomes turbulent, and therefore the thin film of liquid is 

destroyed, and the slug flow breaks down into an unstable regime in which churning or oscillatory 

motion of the liquid occurs (Brennen, 2005). Since the churn flow has a lot in common with slug 

flow, the two flow regimes are often lumped together and called slug flow.  

Annular flow 
 

This flow is characterized by liquid traveling as a film on the channel walls and gas flowing 

through the center. Liquid droplets are carried through the gas stream. Annular flow behavior in 
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vertical flow is the same as horizontal flow, except for the slip between phases is affected by 

gravity. In up flow, the annular liquid film is slowed down by gravity, which increases the 

difference in velocities between gas and liquid. In a down-flow, gravity speeds up the liquid 

reducing the difference in velocities. In vertical annular flow, the liquid film thickness is more 

uniform around the circumference than in horizontal flow (Oliemans et al., 1986). 

Misty flow 
 

At very high gas rates, the liquid droplets are completely suspended into the gas, 

eliminating the effects of orientation, direction flow, and traveling. In the identification of vertical 

two-phase flow regimes, annular and mist flows sometimes are considered together and called 

annular-mist flow (Oliemans et al., 1986). 

 

 

 

 

 

                                                             

  

 

 

 

Figure 2 Vertical flow regimes (Weisman, 1983). 
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2.4.2 Horizontal flow 
 

When gravity acts perpendicular to the pipe axis, the separation of phases happens 

differently. This increases the possible flow regimes that may exist (Abduvayat et al., 2006). The 

ratio of gas to liquid controls the type of flow. These types of flows are demonstrated in a flow 

map presented in figure 3. 

Dispersed bubble flow 
 

Dispersed bubble flow consists of gas bubbles dispersed in a liquid continuum. However, 

gravity tends to make bubbles accumulate in the upper part of the pipe, except at very high 

velocities when the intensity of the turbulence is enough to disperse the bubbles about the cross-

section. Gas and liquid velocities are approximately the same.  

Stratified flow 
 

As the gas flow increases, the gas bubbles coalesce at the upper portion of the pipe, the 

liquid flowing below. The interface between the phases is relatively smooth, and the fraction 

occupied by each phase remains constant.  

 
Wavy flow 

 
As the gas rate increases even further, the gas moves faster than the liquid, and the resulting 

shear at the interface forms liquid waves. 
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Slug flow 
 

When the gas velocity increases, the crest of the liquid waves interact with the top of the 

pipe forming slugs. The gas bubbles are bigger, while the liquid slugs contain many smaller 

bubbles. When the slugs contain a higher percentage of gas than liquid, it is called frothy surges. 

Some researchers have used the term semi-slug to describe cases where surges do not fill the pipe. 

Annular flow 
 

The liquid can be dispersed as drops in the gas core. Gravity causes the film to be thicker 

on the bottom of the pipe, but as the gas velocity increases, the film becomes more uniform around 

the circumference. 

 

 

 

 

 

 

 

 

 

 

Figure 3 Flow regime map in different pipe diameters (Mandhane et al., 1974). 
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2.5 Separators 
 

Separators are designed to mechanically separate the different phases that exist at a specific 

temperature and pressure. Efficient separator design is vital because a separation vessel usually is 

the first processing vessel in any facility, and improper design can create a bottleneck and reduce 

the capacity of the facility. A separator is a pressure vessel designed to divide a mixture into 

separate components that are relatively free of each other (Maurice & Arnold, 2008). 

2.5.1 Characteristics of the flow stream 
 

Fluids from the well can include the following: gas, water, water vapor, and crude oil, as 

well as solid debris. The portion of each of the component varies from well to well. Well fluids 

exist as either in the emulsion or layered form, as shown in figure 4. 

 

 

Free fluids separate more easily than fluids in an emulsion (Maurice & Arnold, 2008). 

Solution gas is gas dissolved in well fluids, instead of being carried in the stream. As the pressure 

on the well fluids decreases, the capacity of the liquid to hold gas decreases. As well fluids reach 

Figure 4 Illustration of emulsion and layered fluids (Maurice & Arnold, 2008). 
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the bottom of the separator, the capacity of the liquid to hold solution gas decreases, and the gas 

separates of oil. 

Wells are usually classified according to the type of fluid they produce in the most 

significant quantity. A crude oil well produces mostly crude oil but can contain solid debris, water, 

and gas. A dry gas well contains mainly gas, water, and not crude or liquid hydrocarbons. Gas 

condensate well contains both liquid and gaseous hydrocarbons, water, but not crude oil. 

A condensate hydrocarbon is a very light hydrocarbon that changes from liquid to vapor at 

near atmospheric conditions (Maurice & Arnold, 2008). The gas produced with oil is called 

associated gas, while gas produced alone or with water is called non-associated gas. 

2.5.2 Hydraulic fracturing 
 

The hydraulic fracturing process is one of the most critical technologies that the oil and gas 

industry has ever developed (Guo & Xinghui, 2017). Tens of thousands of wells worldwide use 

hydraulic fracturing every year. Commercial developments of unconventional resources would not 

be possible today without hydraulic fracturing (Guo & Xinghui, 2017). 

Hydraulic fracturing is a process by which fluid is pumped into the wellbore through 

perforated tubes and into the formation containing the oil or gas at pressures high enough to break 

the rock and create a fracture. As the high-pressure fluid injection continues, some fluid leaks into 

the formation, and the rest keeps the pressure inside the fracture high enough to allow the fracture 

to propagate. Usually, clean fluids are used for pumping to create the fractures. Once the required 

fracture dimensions are achieved, the pumping shifts from the clean fluid to proppant, as shown in 

figure 5. After pumping calculated quantities of proppant, the process reaches its final stages as 

the fluid inside the fractures continues to leak into the formation until the fracture closes on the 
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proppant. The target is to leave the fractures filled with proppant to create a path from a wellbore 

deep into the formation (Guo & Xinghui, 2017). 

A hydraulic fracturing process is implemented at the well site using an array of specialized 

equipment, including high-pressure pumps, fluid tanks, and separators. In this process, it is 

essential to separate the proppant that flows back from the wellbore to protect the downstream 

equipment and prevent erosion that may lead to failures. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5 Hydraulic fracturing process (Flatley, 2015). 
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2.5.3 Well fluids 
 

Reservoir pressures are much higher than atmospheric pressure (Ahmed, 2006). As the 

fluids from the well reach the surface, the pressure on them decreases. Solution gas is then released 

as a free gas, which is held by the surface tension of the oil. Surface tension is reduced when the 

fluid warms up (White, 1998). Gravity alone will cause heavy components to settle out, and the 

light components will rise. Three significant factors affect separation: temperature, pressure, and 

density (Maurice & Arnold, 2008).  

Well fluid separation depends on the composition of the fluids and the pressure and 

temperature. A back-pressure control valve controls the pressure on the fluids. The temperature of 

the fluids is regulated by expanding fluids through a choke, heating the fluids in a heater treater, 

and heating or cooling the fluids in a heat exchanger.  
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When the liquid level increases inside the vessel, it triggers the liquid level controller, 

which opens the dump valve the reduce the liquid level inside the vessel. Gas and oil must flow 

over the inlet diverter and then through the gravity settling section above the liquid. As gas flows 

over this section, the liquid droplets fall into the liquid section due to gravity. Some of the droplets 

are of such a small diameter that they are not easily separated in the gravity section. Therefore, it 

passes through a mist extractor that removes these droplets of liquids in one final separation before 

the gas leaves the vessel. 

Design #2  

Figure 8 illustrates a double-barrel horizontal separator, which a variation of Design #1. 

The gas-liquid chamber is separated. These are usually used in applications with high gas flow 

rates and the possibility of large slugs. Flow streams enter the vessel in the upper barrel and hit the 

inlet diverter. The gas flows through the gravity settling and the mist extract to the outlet. Liquid 

falls to the lower barrel through-flow pipes, and small amounts of gas entrained in the liquid are 

liberated in the liquid section and flow up through the flow pipes. These are not widely used in oil 

field systems because of the additional cost and absence of the problems with single vessel 

Figure 7 Design #1 horizontal separator (Maurice & Arnold, 2008). 

Vessel wall 
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separator. Double barrel horizontal separators are typically used in gas handling, conditioning, and 

processing facilities. 

Figure 8 Design #2 Double barrel horizontal separator (Maurice & Arnold, 2008). 

 

  



27 
 

Design #3 

 
Figure 9 shows a two-barrel separator. It is a single barrel separator with a water pot at the 

outlet end. The main body of the separator operates mainly dry as in a double-barrel separator. 

Liquid moves to the water pot, which provides the liquid collection section. These vessels are less 

expensive than the double-barrel, but they also have lower liquid handling capacity. They are 

typically used when the flow rates are low enough that the water pot serves as a liquid-liquid 

separator as well (Maurice & Arnold, 2008). 

 

  

Figure 9 Design# 3 Horizontal separator with water pot (Maurice & Arnold, 2008). 
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Design #4 
 
The filter separator is frequently used in high gas / low liquid applications. It is designed 

to remove small amounts of liquid and solid particles from the gas stream. This design is used in 

applications where conventional separators employing gravitational or centrifugal force are 

ineffective. Figure 10 shows the horizontal vessel with filter separator. Filter tubes in the primary 

separation section cause coalescence of any liquid mist into larger droplets as the gas passes 

through the tubes. A secondary section of vanes or other mist extractor elements removes these 

coalesced droplets. The design is propriety and dependent on the type of filter element employed. 

Some elements can remove all particles within the specified size range when they are operated at 

rated capacity and recommended filter-change intervals. 

 

Figure 10 Design #4 Horizontal separator with filter (Maurice & Arnold, 2008). 
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This forces the liquid mixture (oil and water) to mix with the water section at the bottom 

of the vessel and rise through the water-oil interface. The liquid collecting section provides enough 

time so that the oil and emulsion form a layer on top of the water. The weir holds the oil level, and 

the level controller maintains the water level in the mixture. The oil skimmed over the weir is 

collected in the oil section, which is controlled by a level controller the operates the oil valve. The 

produced water flows from the nozzle that is located upstream of the weir. The water level 

controller sends a signal to the water valve, so it allows a certain amount of water to leave the 

vessel to maintain the oil-water interface. The gas usually flows out through the mist extractor to 

a pressure control valve that maintains a constant pressure across the vessel. 
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Design #2 

Figure 12 shows a typical flow splitter. This vessel has multiple outlets in different 

sections, which are sealed from each other by the adjustable weirs. Each section has its level 

controller. This specific design must be operated with a gas blanket above the oil. Oil moves over 

the weirs into the individual sections. The water level controller is used to maintain the oil layer 

above the highest weir. Individual-level controls in each section ensure that the oil leaves the 

sections at the same rate at which it enters. The flow of liquid across the weir is proportional to the 

difference in height between the liquid upstream of the weir and the bottom of the notch. When 

the weirs of the different sections are set at different heights, the flow into each section is different.  

The water level controller holds the water level constant, which ensures all oil that enters 

the separator leaves through the sections in proportion to the weir height.  

  

Figure 12 flow splitter with four sections (Maurice & Arnold, 2008). 
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Design #3 

 
Figure 13 shows a three-a phase horizontal separator with water boot on the bottom of the 

vessel. The boot collects water that settles out in the liquid section and travels to the outlet of the 

vessel. 

 

In the oil and gas industry, there have been several separator designs, for a specific 

separation process. As discussed in the previous section, some separators separate gas from liquids; 

others separate gas, and different types of liquid and some designs can separate the mixture of 

liquids. Separator design depends on the product the user wants for production purposes. Hydraulic 

fracking is one of the typical production techniques in Alberta, so it is expected that there are large 

volumes of frac sand produced. Therefore, the demand for frac sand separation becomes a priority 

to avoid erosion and damage to downstream equipment. 

Figure 13 Three-phase separator with a water boot (Maurice & Arnold, 2008). 
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2.6 Laboratory experiments  
 

Over the last decades, 2-phase and 3-phase unsteady flow problems have been 

computationally modeled and validated experimentally.  

Conte et al. (2017) studied a two-phase gas-liquid slug flow, which is the primary flow 

regime in many processes in the petroleum industries. The main characteristic of slug flow is the 

presence of liquid slugs that span the entire pipe diameter separated by gas bubbles. Statistics for 

slug initiation position, slug and bubble lengths, bubble velocity, slug, and unit-cell frequencies 

were analyzed. Further, the length and probability of occurrence of the bubble tail were also 

analyzed in the cases where the bubbles exhibited a staircase shape.  

Zhu et al. (2017) performed experimentally analysis of the pressure drop characteristics of 

steam-water two-phase flow at a low mass velocity in a four-head rifled tube under an adiabatic 

condition with pressure ranging from 11.3 to 21.5 MPa, mass velocity ranging from 250 to 1200 

kg/m2 s. A new correlation for the two-phase multiplier for the frictional pressure drop of steam-

water two-phase flow in the four-head rifled tube was proposed based on a total of 516 

experimental data points, with a root mean square error of less than 20%. Shams et al. (2017) 

investigated two-phase flow in a horizontal well experimentally by using a 12 m length and 30 

mm diameter well made of plexiglass. It was shown that simplistic models might not represent the 

pressure drop with the anticipated accuracy. As a result, a new model was proposed for pressure 

drop in each flow regime as a function of flow condition and fluid properties. Kesana et al. (2017) 

study the gas-liquid multiphase slug flow in a 76.2 mm horizontal pipe with air and water as the 

working fluids at atmospheric conditions. The superficial gas and liquid velocities ranged from 9 

m/s to 35 m/s and 0.45 m/s to 0.76 m/s, respectively. A 16 x 16 wide mesh screen was placed 17 

m away from the pipe inlet to measure spatiotemporal void-fraction distribution. The visualization 
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Deen et al. (1999) determined the turbulent properties such as strain rates and the 

correlation between the dispersed and continuous phase of a bubble column by measuring 

instantaneous velocity in the continuous phase using conventional PIV technique.  

Lindken & Merzkirch (2002) measured the pseudo turbulence in liquid induced by rising 

bubbles using a novel PIV techniques which involves combining three most used techniques, 

namely, PIV, digital masking, and shadowgraphs, which complement one another by minimizing 

their drawbacks.  

Aubin et al. (2004) used PIV to investigate a liquid-gas two-phase flow for the motion of 

the liquid in an air impregnated liquid vessel agitated by a six-bladed pitched turbine for both 

upward and downward pumping mode. The time-averaged radial-axial velocity readings were used 

to establish a relationship between aeration, average velocity, and turbulent fields occurring in the 

liquid phase. Harpold et al. (2006) showed that the mean Reynolds stresses diminish with the 

increase of Reynolds number and that the diminishing trend was more projecting in the seeded 

flow.  

Coupland et al. (2006)  investigated the critical flow field in a motored compression 

ignition engine considering the flow as three-dimensional (3D) and measured velocity components 

using the combination of holographic PIV and object conjugate reconstruction. 

Ning et al. (2009) performed an experimental investigation of gas-liquid flows in a 

turbulent bubbly mixing layer flow with drag-reducing polymers through the vertical channel 

using the PIV technique. Also, comparisons had been conducted with pure water single-phase 

turbulent mixing layer flow with Drag Reduced Polymers (DRP). Li & Hishida (2009) conducted 

a comprehensive overview of PIV techniques by illustrating measurements in multiphase flows 

such as free-surface flows, bubbly flows, and particle-laden flows to set guidelines to aid research 



38 
 

in multiphase flows. Abdulmouti & Jassim (2013) used the PIV technique to investigate surface 

flows generated by bubble plume to expand the scope of application of bubble flow and two-phase 

flow. They highlighted how surface flow generation by bubble plume differs from single-phase 

liquid jet and single-phase buoyant plume and how to flow characteristics are related to bubble 

parameters. Two different PIV methods in synchronization with two high-speed cameras were 

used to study the hydrodynamics and formation of slug in pipes (Czapp et al., 2012). The stereo 

PIV method was used to determine water velocity, among other parameters like flow rates, void 

fraction, and axial vortex structures. A 2D PIV method with two high-speed cameras was used to 

determine the centerline axial velocity. Comparisons were made between the two PIV methods, 

and numerical simulation was used to validate data such as turbulent intensities generated by both 

methods. It noted that similar techniques of the interfacial area and axial velocity were used by 

both methods to analyze the formation of a slug. 

PIV technique has proved to be an effective way to capture fluid properties in different 

experimental setups. Also, PIV has shown a high deal of accuracy and precision, whether it is a 

series of flow images or calculating the instantaneous velocities of the fluid. Therefore, in this 

study, the PIV technique will be used to measure the velocity of the water phase in the two-phase 

and three-phase experiments, and these results will be used to validate the simulation results. 
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can rebound, shatter, or coalesce by impinging on each other and particle-particle fluid dynamic 

interactions where the proximity of the particle affects their fluid dynamic forces (Davidson, 

1963).  

The dispersed flow will generally include one-way coupling whereby the dispersed phase 

motion is affected by the continuous phase, but not vice versa. Two-way coupling occurs when 

the dispersed phase also affects the continuous phase through the interphase (Brennen, 2005). 

Three-way coupling occurs when particle wakes, and other continuous-phase disturbances affect 

the motion and interaction of other particles. Four-way coupling includes collisions and other 

particle-particle interactions influencing, but not dominating the overall particle motion (Brennen, 

2005). Dense flows are generally defined as having a four-way coupling, although in some cases 

(e.g., granular flows), the effects of the particles on the continuous fluid are weak and often 

neglected (Davidson, 1963). In addition to the above classification for multiphase flow, it is 

possible to classify the various numerical formulations. For one-way coupling conditions, the 

continuous phase can be computed independently of the particle phase (Brennen, 2005).  

The optimum numerical formulation of the continuous flow is often strongly dependent on 

the flow Reynolds number, Re, but is described with an Eulerian reference-frame methodology. 

Typically, a spatial grid resolution is specified for which the continuous-flow equations are 

discretized in the Eulerian domain and solved. For two-way coupling, these equations need to be 

modified to include the interphase mass, force, and heat transfer (Brennen, 2005). Several 

variations and combinations of these numerical treatments have been put forth, but relevant fluid-

particle physics and the available computational resources are the primary determinants in 

determining which treatment is more appropriate for a flow field (Brennen, 2005).  
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Multiphase flow analysis aims to determine the behavior of each phase and the interaction between 

phases. In this work, a Euler-Euler approach was used to model computationally the characteristics 

of the multiphase dispersion encountered in gravity separators. Eulerian-Eulerian model has been 

used to represent the multiphase flow in different applications considering a two-phase system, 

where a continuous fluid (gas phase) interacts with one phase (liquid phase) using drag forces and 

mass and energy fluxes in the interface between phases. The main assumption of this model is that 

the phases interpenetrate in which both phases have fluid dynamic properties at the same point in 

the time-space domain, i.e., continuous properties, such as density, viscosity. Only the molecular 

behavior of the material is ignored (Meier et al., 2011). The four-phase flow model is an extension 

of the two-phase flow model by introducing another liquid phase and a solid phase. The next 

chapter presents details on the mathematical formulation of the four-phase flow model. 

The different phases are considered mathematically as interpenetrating continua (Loth, 

2006). Since each phase occupies its volume, the concept of volume fraction is introduced. The 

volume fractions sum to unity and are assumed to be continuous functions of space and time. 

Conservation equations for each phase are derived with a similar structure for all phases. These 

equations are closed by empirical relations, or in the case of granular flows by application of 

kinetic theory. Different Euler-Euler multiphase models are available: Volume of Fluid (VOF), 

Mixture, and Eulerian model (SIEMENS PLM, 2016). The Eulerian model is considered the most 

suitable model for this study since it solves a set of momentum and continuity equations for each 

phase. Coupling is achieved through the pressure and interphase exchange coefficients. The way 

this coupling is handled depends upon the type of phases involved; granular (fluid-solid) flows are 

handled differently to nongranular (fluid-fluid) flows. Momentum exchange between the phases is 

also reliant on the type of mixture modeled. 
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 SIEMENS PLM user-defined functions allow customizing the calculation of the 

momentum exchange (SIEMENS PLM, 2016). Applications of the Eulerian multiphase model 

includes bubble columns, risers, particle suspension, and fluidized beds. With the dispersion of 

sand particles in the continuous gas phase and the interaction of liquids with gas, gas is the primary 

phase, and liquids are considered secondary phases and sand particles in the tertiary phase. All 

interactions of liquids were modeled using the dispersed phase interaction model. Explanation and 

formulation of these models will be given in the next chapter 

For the two-phase flow, Kim et al. (2016) performed a computational fluid dynamics 

simulation to analyze the mixing associated with multiphase flow in a mud mixing system. The 

multiphase flow simulation was carried out for the mud mixer in the drilling handling system to 

understand mixing phenomena and predict the mixing efficiency. Cleary et al. (2017) presented 

recent work on computational modeling of industrial particle and multiphase flows. The model 

was applied to complex moving geometries, e.g., mixer, dragline filling, and tower mills. Kibicki 

& Lo (2012) demonstrated a CFD model of solid distribution in pipelines that gives better insight 

into the sedimentation process. The CFD model was constructed using the SIEMENS PLM 

software and validated with the experimental results performed by Roco & Shook (1983). The 

validation was performed on several cases with different pipe diameters and lengths and particle 

sizes. One of these cases was regenerated as part of the simulation work in this study and compared 

to the experimental results. This case was used as a benchmark case for the Eulerian equations in 

SIEMENS PLM software and compare it to the experimental results for validity and build 

confidence in the software, and the results are shown in appendix A.  
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Chapter Three: Methodology 
 

3.1 Introduction 

This chapter discusses the experimental setup and the numerical model. In the experimental 

work, the two-phase and three-phase experiments were carried out in a custom-designed and 

manufactured pipe flow facility at the University of Calgary. The two-phase experiment (air and 

water) was performed to observe the phase interaction between gas-liquid phases. The three-phase 

experiment (air, water, and sand) was performed to observe the solid phase interactions with gas 

and liquids.  The flow development of the gas-liquid interface was studied, and high-speed 

recordings were captured using PIV. Also, cumulative sand weight and sand distribution across 

the experimental Desander were analyzed in the three-phase experiment. In the numerical model, 

the Eulerian multiphase model was used to simulate the two-phase experiment (air and water) and 

the three-phase experiment (air, water, and sand). The results from the numerical analysis were 

compared to the experimental results for validation. 

After confidence is established in the simulation results, the four-phase model was 

developed. Three cases were analyzed at different operating pressures to observe the phase 

interaction between gas and other phases, sand distribution, and cumulative sand weight across the 

Desander. 

3.2 Experimental setup 

A new setup was assembled for this experiment. It is a replica of Specialized Desanders 

Inc. ® design using clear PVC components. It has been designed to be low cost and can be 

disassembled and relocated for demonstration purposes. 

The VicTsing submersible electric pump shown in figure 15 was used in this experiment. 

It is a 60-Watt centrifugal pump with a stainless-steel impeller shaft. The pump can deliver a 
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maximum flow rate of 83 m3/d and a 2.98 m lift. A series of adaptors and hoses are utilized to 

connect the centrifugal pump to the experiment. Details on the connectors can be found in 

Appendix B. 

  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 15 Submergible electric pump. 
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The goal of the experimental flow loop is to facilitate the mixing between two or three 

phases of liquids, gases, or solids, and evaluate the phase separation process within the Desander 

vessel. The mixture of phases takes place in a central two-inch diameter flow line that is connected 

to the submersible pump shown in figure 15. As shown in figure 16, the submersible pump is 

placed in a large, 1100L volume connected to the black Acrylonitrile Butadiene Styrene (ABS) 

pipe of 1.5D in length. A 90º elbow is connected to the pipe, followed by another 18D ABS pipe. 

Another 90º elbow is connected to an 18D length pipe followed by a 10D ABS pipe connected to 

the flow meter.f 

 The flowmeter used is the Blue-White F-1000 model that has an accuracy of +/- 2% of 

full-scale rate reading. The flowmeter has an inlet of 25.4 mm (1 inch), the pipe installed upstream 

the flowmeter is 10D in length. The recommended installation of the upstream pipe is 20D; 

therefore, a test was performed to compare the flowmeter readings using two different pipe length 

10D and 20D. It was found that the flow rate measurements were only different by 0.81%, which 

is within the accuracy of the flowmeter. Due to space constraints, a 10D section was deemed 

enough for the experiment and maintaining relatively accurate flow measurement readings. 

Downstream of the flowmeter, a 50.8 mm (2 inches) gate valve is used to control the liquid flow 

rate entering the setup. 

A solid phase (sand inlet) is placed downstream of the gate valve through a Tee-connection, 

with the sand inlet pipe having a length of 60D, as shown in figures 16 and 17. The pipe length is 

quite high to overcome the pump head and make sure the sand freely enters the main two-inch line 

(figure 17). A gaseous phase inlet is placed downstream of the sand inlet using a wye-connection, 

as shown in figures 16 and 17. The airflow rate was controlled using a pressure regulator connected 

to a 150 psi (1034 kPa) air compressor. Downstream of the air inlet, all phases are considered to 
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3.2.1 Particle Image Velocimetry 
 

Historically, the measurement of flow properties such as phase velocities, vortices, and 

induced turbulence has been carried out with numerous techniques. PIV is a modern new 

nonintrusive, optical measurement technique that allows measurement of the instantaneous 

velocity of single and multiphase flows in two and three dimensions. PIV enables resolution of the 

instantaneous velocity field with a high spatial and restricted resolution, which makes it relevant 

in studying the spatial structures in unsteady flows as opposed to single-point measurement 

capability of conventional methods (Li & Hishida, 2009) (Raffel et al., 2013). It is an indirect 

velocity measurement technique in the sense that the velocity of the flow field is determined from 

the measured tracer particle velocity (Raffel et al., 2013). The reliability, accuracy, and 

applicability to any optically accessible flow have made PIV one of the relevant diagnostic tools 

in industries and research as it extends the frontier of study into microfluidics, spray atomization, 

combustion and other applications (Li & Hishida, 2009). 

PIV measurement involves seeding the flow with tracer particles, illuminating the seeded 

flow in the target area with light sheets from the light source, and capturing the reflected light from 

the tracer particle by the camera as sequential frames separated by known time intervals. The 

frames are analyzed to determine the instantaneous velocity of the flow field. The analysis involves 

dividing the images into subsections termed interrogation windows containing fewer particles 

(Raffel et al., 2013). The cross-correlation of two interrogation windows ideally yields a strong 

signal peak, enabling a statistical measure of the displacement of the common particles. The 

velocity vectors are calculated by dividing each displacement vector by the associated time 

between image frames. Subpixel interpolation is relevant in achieving accurate measurement of 

displacement and velocity. Vector map generated by repeating cross-correlation of interrogation 
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windows over image pairs undergoes further processing to determine the desired properties like a 

vortex, streamlines (Alsurakji et al., 2018). 

Planar PIV measurements require image calibration procedures to map the particle image 

field to physical spatial dimensions. Usually, this process is relatively straight forward. However, 

if optical challenges persist like the curved wall of the Desander vessel, there are multiple phase 

constituents or particularly opaque sand, PIV becomes complex. The complexity encountered in 

multiphase flows can also be brought about by the interaction between the phases involved like 

gas-liquid, liquid-liquid, and solid-liquid phases (Abdulmouti & Jassim, 2013). The multiphase 

flow has led to various PIV techniques, which involve improved lighting and image acquisition 

and development of algorithms to cater to phase separation, size, and orientation of the dispersed 

phase, turbulence induced by dispersed phase, and other properties. The 2D-PIV (2D2C) 

measuring technique was used to study the flow characteristic of water in this study. This technique 

measures velocity in an x-y plane using a high-speed camera (Phantom Miro M340).  

 
3.2.2 PIV setup 
 

The PIV setup, as shown in figure 19, was conducted at Areas 1 and 2. A Phantom Miro 

M340 high-speed camera was used to capture particle images in the cylinder's wake. A high energy 

Photonics DM30 Nd generated a laser sheet: YLF pulsed laser to illuminate the particles in the 

wake. Before taking any images with the camera, it must be calibrated to account for any optical 

challenges. This calibration is done using a dotted pattern printed on a piece of paper laminated in 

plastic.  The dotted pattern contains a dot size of 3 mm, and the dot spacing of 10 mm was placed 

at the midplane of the vessel at the two identified areas. 10 µm hollow spherical glass particles 

were used as low seeding for PIV. These glass particles have a specific gravity of SG = 1.05 and 

a Stokes number St << 0.1, and therefore, should closely follow the water flow. A LaVision high-
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speed controller is used to trigger the laser and the camera simultaneously. The laser was operated 

in a double-pulse mode such that two laser pulses are fired within a small-time frame. Following 

the recommendations by Raffel et al. (2013), this time difference is selected so that the particle 

displacement between two consecutive images is approximately 7 pixels in the free stream. The 

camera recorded the particle images pairs at the frame rate of 40 Hz in a rectangular field of view, 

with a 5D x 2.75D dimension. Two data sets, each containing 2048 particle image pairs were 

collected for each of the tests. 
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Figure 18 PIV imaging areas relative to the geometry of the Desander. 

Figure 19 3D render of the PIV Setup. 
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3.2.3 Data analysis  
 

All position data acquired were processed in MATLAB for frequency analysis of the gas-

liquid interface. Figure 20 is a filtered PIV image sample to show the gas-liquid interface at the 

two different areas (area 1 and area 2). The yellow boxes identified at each image are the regions 

for which image processing analysis is applied to identify surface interface displacements as a 

function of time. For each data set, the surface displacements were identified, and amplitude 

response recorded. Once the displacement signal was extracted from the time series of images, 

Fourier analysis was applied to extract the frequency behavior of the surface oscillations. A Fourier 

transform was performed, the experiment was divided into seven segments of 12.7 seconds, each 

with an overlap of 6.3 seconds. The analysis was performed on each data set, and then an average 

of the results was obtained to generate the final spectrum. 

 

 

 LaVision DaVis 8.3 was utilized to process images using an iterative multi-grid cross-

correlation algorithm (Scarano & Riethmuller, 1999). Velocity fields were obtained from the 

particle images using two passes with the interrogation window sizes of 48 x 48 pixels followed 

by three passes with the window size of 24 x 24 pixels are performed. The overlap between the 

adjacent windows was selected to be 75 % yielding a final vector spacing of 0.125D. Universal 

Figure 20 Filtered PIV images - a: Area 1(Inlet), b: Area 2 (Weir). 

Air 

Water Water 

Air 

Weir 
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Figure 22 Calibration image in area 1. 

Figure 23 Calibration image in area 2. 
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All experiments reported in this study were conducted using atmospheric air as gas-phase and tap-

water. The properties of air and water used presented in table 1. 

 

Table 1 Properties of air and water (White, 1998). 

 

Substance Property Value 

Water Density @ 25ºC 998 kg/m3 

 Viscosity @ 25ºC 0.000985 Pa.s 

Air Density @ 25ºC 1.05 kg/m3 

 Viscosity @ 25ºC 0.000018 Pa.s 

 

The sand used in this experiment is typical sand used in the hydraulic fracturing process in 

drilling operations which has the properties shown in Table 2 

 

Table 2 Properties of sand particles (Krumbein & Sloss, 1951). 

 

Property Value 

Roundness 0.6-0.7 

Sphericity 0.7-0.8 

Bulk Density (g/cm3) 1.60-1.80 

Particle density (g/cm3) 2.64-2.66 

Mean Particle Diameter (mm) 0.300-0.306 

Median Particle Diameter (mm) 0.292-0.302 

Crush resistance Classification (K) 8-11 
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Polyhedral cells are relatively easy and practical to build, requiring no more surface 

preparation than the equivalent tetrahedral mesh. The polyhedral core mesh density can be adjusted 

by using the volume mesh density factors. Volumetric controls that are chosen from a range of 

shapes can also be included to adjust the mesh density. In the present case, the mesh density factors, 

which control the mesh to make it sufficiently dense in high gradient areas to capture flow features 

accurately, were set to unity. For geometries containing cylindrical elements, the polyhedral 

mesher was used with the generalized cylinder mesher to generate extruded orthogonal cells along 

the length of the cylindrical sections.   

3.5.1 Examining grid convergence 
 

Most methods for examining grid convergence to establish the uncertainty of the 

simulation are based on Richardson extrapolation, which can also indicate the order of solution 

when it is computed (Roache, 1990). Richardson extrapolation obtains a higher-order estimate 

from a series of lower order values. Extrapolation was computed on two grids of spacing h1 and 

h2, with h1 being the finer spacing.  

Based on Richardson extrapolation, the convergence of numerical simulation can be 

assessed using the grid convergence index (GCI). The GCI can be calculated using three grids to 

estimate the convergence. GCI is a measure of the difference between the computed value of an 

important variable (Roache, 1997). GCI indicates how the solution would change with any 

refinement in the mesh. The value of the GCI indicates that the relative discretization error of the 

analyzed solution. (Roache, 1998). Applying the GCI measure to the velocity of water to grids 

one, two, and three shown in figure 26. Grid two has a refinement ratio equal to 2.05, which means 

the number of cells in grid two is almost double the number of cells in grid one. Grid three has a 

refinement ratio of 0.52, which means that grid three has almost half the number of cells from the 
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and y at the termination point for one phase were used as initial conditions for the particle 

when it enters the next fluid region. 

The details of the MATLAB code used for the calculations are shown in Appendix C. 

The point of exit of the inlet pipe is considered the point of origin of the sand trajectory (X0 

= 0, Y0 = 0). The velocity of the particle can be calculated from the flow rates provided in table 3. 

The fluid properties are from table 1, and the sand particle density is from table 2. 

 Figure 28 shows the sand particle trajectory as it exits the inlet pipe to the bottom of the 

Desander. The figure shows the trajectory of spherical sand particles of diameter 150 and 300µm. 

The 150 µm sand particle enters the air region and travels in a parabolic path for 8.1D horizontally 

and 0.96D vertically for 0.085 seconds. At this point, the particle hits the air-water interface, and 

the trajectory of the particle changes significantly. In the water, the particle traveled 3.75D 

horizontally and 2.4D vertically for 3.865 seconds. Because of the much lower St for this phase, 

the trajectory is closer to a straight line. The sand particle took a total time of 3.95 seconds to reach 

the bottom of the Desander. 

 Similar behavior was observed with the 300 µm particle. In the air region, the particle 

travels in a parabolic path until it hits the air-water interface. The particle traveled 9.3D 

horizontally and 0.96D vertically for a time of 0.076 seconds. In the water region, the particle 

traveled 1.5D horizontally and 2.4D vertically for 1.42 seconds. The 300 µm particle took a total 

time of 1.5 seconds to reach the bottom of the Desander. The total time traveled by the 300 µm 

particle is 62% less than the 150 µm particle.  
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Although the overall distance traveled by the 150 µm was more than the 300 µm, the figure 

indicates that the 300 µm particle traveled further in the air region than the 150 µm. This is due to 

the lower drag coefficient on the 300 µm particle.  

Both particles, while traveling in the air region, did not reach terminal velocity, which is 

shown in the parabolic trajectories of both particles. When the particle reaches terminal velocity, 

the particle trajectory becomes linear until it hits the bottom of the vessel. This behavior was shown 

in both particles when it hits the water region as the particles reach terminal velocity very quickly. 

If the water is stagnant inside the Desander, then the particle trajectory would be a vertical straight 

line to the bottom of the vessel. Therefore, the trajectory of the sand particle is dependent on the 

velocity of the water. The water is moving in the horizontal direction, the particle is traveling in 

the same direction, and that is due to the deficient Stokes number, which is almost zero. 

These sand trajectories give an insight on where to expect the sand particle to settle inside 

the Desander and, the influence of particle diameter, and gas density and viscosity.  
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3.6.3 Four-phase analysis 
 

After running the two-phase and three-phase experimentally and numerically for validation 

purposes, a four-phase analysis was undertaken using SIEMENS PLM software. The four-phase 

analysis was a close replication of actual Desanders in gas wells. The multiphase mixture consists 

of natural gas (more than 90% methane), water, iso-octane, and sand. Iso-octane is the closest 

liquid to light oils produced from the well regarding density and viscosity. The properties of gas 

and iso-octane are shown in table 4, and the properties of water and sand are the same as discussed 

in other numerical runs for the two and three-phase cases in table 2. 

These wells run at high operating pressure, and hence the density of the natural gas can 

vary with pressure. Gas wells can vary from 3400 kPa to 42000 kPa. In this study, three cases were 

solved at different operating pressures, and the sand settling studied in each case and compared 

accordingly. The flow rates in all three cases are shown in table 5; the only variable will be the 

density and viscosity of the natural gas. 

Table 4 Properties of natural gas, water, iso-octane, and sand. 

 

 4Phase-S1 4Phase-S2 4Phase-S3 

 Density 
(kg/m3) 

Viscosity 
(Pa.s) 

Density 
(kg/m3) 

Viscosity 
(Pa.s) 

Density 
(kg/m3) 

Viscosity 
(Pa.s) 

Natural Gas 86 1.3702 x10-5 185 2.0395 x10-5 265 2.9705 x10-5 

Water 998 0.000985 998 0.000985 998 0.000985 

iso-octane 692 4.806 x10-4 692 4.806 x10-4 692 4.806 x10-4 

Sand 1750  1750  1750  
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Table 5 Multiphase flow conditions for three cases considered in this work (four-phase). 

 

 4Phase-S1 4Phase-S2 4Phase-S3 

Natural gas 6148 m3/d 13175 m3/d 26351 m3/d 

Water 6.2 m3/d 6.2 m3/d 6.2 m3/d 

iso-octane 6.2 m3/d 6.2 m3/d 6.2 m3/d 

Sand 0.125 m3/d 0.125 m3/d 0.125 m3/d 

Operating Pressure 9653 kPa 20684 kPa 41396kPa 
 

 

The flow rates shown in table 5 are at standard operating pressure and temperature. All cases ran 

for a physical time of 40 seconds to ensure the same amount of sand is introduced into the 

Desander. Sand cumulative weight was analyzed and compared between the three cases and 

observe if the change in physical properties of natural gas influences it. 

Table 6 Dimensionless numbers inside the inlet pipe. 

 

 Natural gas iso-octane Water Sand 

Re  395,982    4P-S1 

459,271    4P-S2 

418,712    4P-S3 

9890 

11671 
 
12,918 

5782 

6853 
 
7584 

54       4P-S1 

76       4P-S2 

93       4P-S3 

St 13.12         4P-S1   

8.8             4P-S2 

6.1             4P-S3 

0.036 0.017  
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The calculations in table 6 show Reynolds number for each phase separately inside the 

inlet pipe. Re values show that the phases are turbulent. Solid particles Reynolds number is 

calculated using equation (2.13) to determine whether the flow satisfies stakes flow. All Rep >> 1, 

which indicates that flow is not considered Stokes flow. Stokes number for natural gas at the 

different operating pressure shows St >>1, this indicates the particle velocity will be little affected 

by the fluid velocity changes. For the liquid phases, St ~ 0, which means that the continuous phase 

and the sand particle will have the same velocity. 

Table 7 Dimensionless number and terminal velocity calculation inside the Desander. 

 

 Natural gas iso-octane Water 

Re  126,420    4P-S1 

193,941    4P-S2 

191,108    4P-S3 

1812 

1835 
 
1911 

1525 

1605 
 
1613 

Terminal velocity 

of sand particle 

0.29 m/s    4P-S1 

0.19 m/s    4P-S2 

0.15 m/s    4P-S3 

0.032 m/s 0.016 m/s 

 

Table 7 shows Re for each phase separately inside the Desander, for the gas show the phase 

is likely to be turbulent, while Re for water and iso-octane show the phases are in the transition 

region. The terminal velocity of the sand particle was calculated, assuming a stratified flow, and 

the sand particle is traveling through each phase separately. The density of the gas changes due to 

change in pressure, the terminal velocity decreases because of change in the buoyancy force acting 

on the particle. In the liquid phase, the terminal velocity drops value significantly as the density 

and the viscosity is much higher.  
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3.6.4 Particle trajectories in the four-phase flow 
 

Using the MATLAB code in Appendix C, the sand trajectories for the three cases are shown 

in figure 29. The same assumptions used in the three-phase calculations apply to the four-phase 

analysis. The properties of each fluid are shown in table 4. The velocity of the particle is the same 

as the water, which can be calculated from flow rates shown in table 5. The density of the sand 

particle is shown in table 2. 

Figure 29 shows the sand particle trajectory from the inlet pipe to the bottom of the 

Desander. The figure shows the three trajectories at three different operating pressure of sand 

particles of diameters 150 µm. The sand particle at 9653 kPa enters the natural gas region and 

travels initially in a parabolic path and then into a straight path as it reaches terminal velocity for 

a distance of 0.77D horizontally and 0.99D vertically for 0.11 seconds. At this point, the particle 

reaches the natural gas-iso-octane interface, and the trajectory of the particle changes significantly 

due to the higher drag force in the horizontal direction exerted by the iso-octane phase. The figure 

shows that the trajectory is almost a straight line. In the iso-octane region, the particle traveled 

0.46D horizontally and 1.2D vertically for 0.96 seconds. At this point, the particle hits the iso-

octane-water interface. In the water region, the particle traveled 0.91D horizontally and 1.4D 

vertically for 1.93 seconds. The sand particle took a total time of 3 seconds to reach the bottom of 

the Desander. 

At 20684 kPa operating pressure, the particle enters the natural gas region through the inlet 

pipe and travels in a straight path until it hits the natural gas-iso-octane interface. The particle 

traveled 1.1D horizontally and 1.18D vertically for a time of 0.17 seconds, which is 54.5% more 

time-traveled in the natural gas-region than the sand trajectory at 9653 kPa. It is expected that the 

sand particle will have more time to reach the iso-octane interface due to the lower liquid interface. 
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Higher operating pressure causes a higher density of the natural gas, which exerts more weight on 

the liquid surface and causes it to be lower. Therefore, the sand particle will take more time to 

travel through the natural gas region with different drag forces applied to the particle as well. In 

the iso-octane region, the particle traveled 0.52D horizontally and 0.87D vertically for 0.9 seconds. 

The time taken for the particle to reach the water region is 6.25% less than the 9653kPa travel 

time. At this point, the particle hits the iso-octane-water interface, and the trajectory of the particle 

takes more of a nosedive behavior until it hits the bottom of the Desander. In the water region, the 

particle traveled 1.05D horizontally and 1.31D vertically for 1.77 seconds, which is 8.2% less time 

than 9653 kPa travel time. The sand particle took a total time of 2.84 seconds to reach the bottom 

of the Desander, which is 6.6% less time than the time traveled at 9653 kPa.  

At 41396 kPa operating pressure, the particle travels in a straight path until it hits the 

natural gas-iso-octane interface. In the natural gas, the particle traveled in natural gas a distance of 

1.38D horizontally and 1.72D vertically for a time of 0.23 seconds, which is 35% more time-

traveled in the natural gas-region than the sand trajectory at 20684 kPa. Again, more time was 

taken to travel in the natural gas phase due to the further lowering of the liquid level. In the iso-

octane region, the particle traveled 0.58D horizontally and 1.08D vertically for 0.87 seconds. The 

time taken for the particle to reach the water region is 3.3% less than the 20684kPa travel time. At 

this point, the particle hits the iso-octane-water interface, and the trajectory of the particle takes 

more of a linear behavior until it hits the bottom of the Desander. In the water region, the particle 

traveled 1.08D horizontally and 1.06D vertically for 1.7 seconds, which is 4% less time than 20684 

kPa travel time. The sand particle took a total time of 2.8 seconds to reach the bottom of the 

Desander  
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The geometry in the four-phase simulations is scaled with a ratio of 2:1 to the geometry shown in 

figure 30 to reduce the computational time needed to solve the numerical model. The inlet length 

is extended to be 14.5D to ensure a fully developed flow entering the Desander, as shown in figure 

30. 

Figure 30 The inlet geometry in the four-phase analysis. 
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Chapter Four: Results and Discussion 
 

This chapter discusses the simulations for the two-phase and three-phase and the 

comparison of the experiments. This is followed by the discussion of the four-phase simulation 

cases (4P-S1, 4P-S2, and 4P-S3). All velocity and volume fraction contour plots presented in this 

chapter are vertical slices along the center of the Desander. All sand settling contours plots are 

vertical slices across the length of the Desander. 

In the two-phase results, it is important to observe how liquid separate from the natural gas. 

The separation is explored through figures showing the volume fraction of gas relative to the liquid 

inside the Desander geometry. The velocity of water at Area 1 and Area 2 and the frequency of 

the gas-liquid interface at Area 2 were obtained from the experimental results and compared to the 

numerical results for validation purposes, phase interactions, and flow behavior. In the three-phase 

results, the focus was to observe the sand particles separating from the natural gas and liquid. The 

sand separation was displayed through figures showing the volume fraction of sand across the 

Desander. The sand distribution across the length of the Desander was analyzed and compared 

quantitively with the experimental results. In the four-phase results, there are three cases 

represented at different operating pressure. Since natural gas is the only compressible fluid in the 

mixture, it is essential to see how it affects phase separation and how it affects the sand distribution 

across the length of the Desander. Each phase in each case is represented with a volume fraction 

figure relative to the mixture. The sand distribution across the length of the Desander is compared 

quantitively between the three cases to observe the effect of the density change of natural gas on 

sand settling.   
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4.1 Two-phase simulation results 
 

The first simulation is of the laboratory experiment described section 3.6. Figure 31 shows 

the progress of the simulated phase separation between air and water with increasing time, which 

corresponds to the flow rates in table 3. Figure 31a shows separation resulting from the initial 

conditions (a homogeneous mixture of the two phases). The initial volume fractions of air and 

water are 0.8 and 0.2, respectively. Water settles at the bottom of the Desander while air rises to 

the top of the Desander through the action of gravity alone. There is still a mixture of air and water 

present in the lower half of the vessel, indication a volume fraction of air between 0.5 to 0.7. Within 

less than 1 second, completed gravity segregation of the two phases is observed. 

The results in figure 31b show at t= 60s, the phases are separated, and the gas-liquid 

interface is rising slowly as the water enters the inlet. The separation is starting from the inlet 

nozzle, and this is a consequence of the inlet conditions. A thin region exists at the gas-liquid 

interface where the phases interact. The interface is identifiable by the color scheme, and there is 

a subtle yellow/green line between the air and water. Air continuously exits the vessel while water 

is still in a transient phase of filling the vessel. 

The results in figure 31c show that at t = 120s, the phase separation is still maintained 

inside the inlet and the vessel. Air is still exiting through the outlet while water is still in a transient 

phase and filling up the geometry of the vessel. The results in figure 31d show that at t = 180s, 

stratified flow is still maintained inside the vessel. The water level has approached the lower edge 

of the weir at the end of the vessel near the outlet nozzle. The results in figure 31e show that at t = 

240s, phase separation is maintained inside the vessel, but as the liquid level starts to increase, a 

different behavior starts to occur. The liquid level starts to increase only downstream of the weir. 

That is, the weir acts to maintain a specific volume of gas within the upper portion of the vessel 
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between the vessel inlet and the location of the weir itself. It was observed that surface wave 

motions occur close to the weir where the liquid is trying to fill the volume behind the weir. At the 

same time, the air in the system is exiting. This behavior results in unsteady air-water interactions 

taking place near the weir. This oscillatory motion of the air-water interface is shown in figure 32. 

At this time, water is about to exit the system through the outlet nozzle.  

The results in figure 31f show at t = 250s, both phases have reached a steady-state 

condition, and both are exiting through the outlet nozzle. As water exits, it mixes with air again 

and comes out as a mixture; there was no clear phase separation at the outlet. The flow enters the 

vessel as a mixture and leaves the outlet as a mixture; the phase separation only happens inside the 

geometry of the Desander. This kind of separation is essential when sand particles are introduced 

in the three-phase experiment. 
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a 

t=0 

b 

t=60s 

c 

t=120s 

d 

t=180s 

e 

t=240s 

f 

t=250s 

Figure 31 Two-phase numerical results for the volume fraction of air. 



96 
 

  

Fi
gu

re
 3

2 
 Z

oo
m

-in
 o

n 
th

e 
liq

ui
d 

os
ci

lla
tio

n 
be

hi
nd

 th
e 

w
ei

r. 



97 
 

Figure 33 shows the velocity distribution of air inside the vessel at t= 250s; air enters the 

vessel through the inlet nozzle at a velocity of 7 m/s. Air expands from inlet diameter to the internal 

vessel diameter. As a result, the air velocity was reduced to about 3 m/s. The reduction in the air 

velocity is physically explained through basic mass conservation principles. The velocity contour 

in figure 33 is representing the velocity of air where the air is present relative to volume fraction 

distribution in figure 31. Air is present in the upper portion of the vessel, and the bottom of the 

vessel below the weir is filled with water. The velocity of air is an average of 3 m/s throughout the 

length of the vessel until the air approaches the weir area at this point air redirected under the weir 

and towards the outlet nozzle. As the air passes under the weir, the flow accelerates to 

approximately 7.5 m/s and at the outlet nozzle to a value approaching 18 m/s. 

This increase in velocity indicates the area available for air to exit the vessel through the 

outlet nozzle has been significantly reduced due to water occupying more volume fraction at the 

outlet.   

 

 

Figure 33 Two-phase at time 250s - velocity contour plot of air. 
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The results in figure 34 show the velocity distribution of water inside the vessel at t= 250s. 

Water enters the vessel at an average velocity of 7.07 m/s through the inlet. The velocity of the 

water decreases significantly inside the vessel to less than 1 m/s. At the outlet, there is a slight 

increase in velocity but not as significant as observed with the air. The velocity contours that are 

present in different areas not indicated from the volume fraction figures are related to small traces 

of the other phase dispersed in these regions. The value of these traces is minimal as the resolution 

of the volume fraction can be as low as 10-6. 

 

 

  

Figure 34 Two-phase at time 250s - velocity contour of water. 
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4.1.2 Two-phase comparison 
 

The qualitative analysis shows many similarities between the experimental results and the 

numerical model. 

4.1.2.1 Water velocity comparison 
 

 Figures 35 and 36 show the PIV images of the mean vector field in areas 1 and 2 defined 

in figure 19. The mean vector fields show the flow is reversed at the midplane of the vessel. Since 

water continuously leaving the outlet of the vessel, this indicates that the development must be 

three-dimensional for the net flow rate to be positive (toward the outlet). Figure 37 represents a 

hypothetical sketch of the flow patterns of water in the z-axis. The sketch shows the flow is 

reversed close to the midplane of the vessel and circulates to move forward. This behavior is 

expected to happen due to the position of the outlet. As the flow exits in an upward motion in a 

non-continuous fashion, this creates an oscillatory behavior that induces a backward motion. The 

data was exported from these vector fields and compared to the numerical data exported from 

figure 34. Both results were plotted and presented in figures 38 and 39. 
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Figure 36 PIV image of the mean vector field in area 2.  

Figure 35 PIV image of the mean vector field in area 1. 
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Figure 37 Hypothetical sketch of the flow patterns inside the vessel. 
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In figures 38 and 39, the x-axis represents the length of the PIV Observation window. The 

bars on the velocity values represent the variance of the velocity value at each position along the 

Desander.  

Figure 38 shows the velocity of the water in area 1 in both the experiment and simulation. 

In area one, it was observed that the velocity of the water is decreasing inside the Desander as the 

flow moves further downstream of the inlet. It was recorded that the maximum velocity in this 

region was 0.079 m/s, while the lowest velocity was almost zero. 

 Figure 39 shows that the velocity of the water is increasing towards the weir in both 

experimental and numerical data. This trend was expected since the water level is constant inside 

the vessel, and therefore the area available for air to escape around weir becomes smaller. It was 

recorded that the maximum velocity in this region was 0.083 m/s, while the lowest velocity was 

0.0305 m/s. The instantaneous velocity of the water at this area 2 had greater variations than area 

1 throughout experimental measurements. The changes in the flow rate of the air may cause 

different oscillatory motion for the water after the weir and variation in the velocity of the water. 
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Figure 40 Displacement of air-water interface vs. time in area 2 (weir) - a: Experiment, b: 
Simulation.  

a 

b 
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while the red color represents a reverse flow. In figure 44a at t= 2.2 s, the flow is at a reverse 

motion, and gradually the flow is trying to change direction, which can be observed in figures 44b 

and 44c. The velocity vectors start to point downwards, and some of them change direction, which 

is shown in figures 44d and 44e. Finally, the flow returns to its starting point, and most of the flow 

is at a reverse condition, which is shown in figure 44f. Since the flow is moving in reverse motion, 

it indicates the movement of the flow is around the mid-plane of the Desander.  
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4.3 Frequency analysis of the velocity vectors at area 2 (weir) 
 

Figure 45 shows velocity (Vx) vs. time and the frequency spectrum at area 2 (weir) specified 

in figure 18. Figure 41a shows the signal for the experiment for 12.7 seconds, and figure 45b shows 

the frequency spectrum. The spectrum shows three dominant frequencies f1, f2, and f3. The first 

dominant frequency f1 is ranging from 0.32 Hz - 0.38 Hz and is associated with dominant frequency 

fI1 present at area1, the second dominant frequency f2 is ranging from 1.22 Hz - 1.26 Hz and it is 

associated with the frequency fI3 present at area1. The third frequency f3 is ranging from 2.02 Hz - 

2.06 Hz, and it is the same frequency fw1 that is present at area 2 (weir).  

Figure 46 shows velocity (Vy) vs. time and the frequency spectrum at area 2 (weir) specified 

in figure 18. Figure 46a shows the signal for the experiment for 12.7 seconds, and figure 46b shows 

the frequency spectrum. The spectrum shows four dominant frequencies f1, f2, f3, and f4. The first 

three frequencies in figure 46b are the almost the same frequencies present in the frequency 

spectrum in figure 45b. The fourth frequency present f4 ranging from 3.14 Hz - 3.14 Hz, it is almost 

the same frequency fw2 that is present at area 2 (weir). 

The velocity spectrum of both Vx and Vy is affected by the behavior of the flow in area1 

and area 2. The dominant peaks in the spectrum of the air-water interface fluctuations in area 2 do 

not have any correspondence to the peaks found in the spectrum from area 1.  

Most of the dominant frequencies present are associated with a specific geometry of the 

Desander. Frequency f2 associated with water exiting the Desander. This behavior can be observed 

in figure 47. The figure shows PIV vector fields and corresponding filtered particle images 

showing the air-liquid interface as a white band. Analysis of the time series of PIV vector fields 

has revealed a low-frequency periodicity with a period of 0.875 seconds. Comparing the PIV 

filtered images with the velocity fields, it was found that the water level starts to increase gradually 
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behind the weir, as shown in figures 47a, 47b, and 47c. The increase in water level corresponds to 

0.03 m/s change in the velocity field. Figure 47d the water level at its maximum level, and fluid is 

exiting the Desander. The flow velocity shows a strong flow towards the outlet at this instant.  

Figures 47e and 47f, the water level starts to decrease until it reaches its original state in figure 

47g. 

By comparing the PIV filtered images with the velocity field snapshots, it was possible to 

determine the reason for sudden velocity changes present in the PIV vector fields. These sudden 

changes are associated with the upward and downward motion of the water exiting the Desander. 
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[a] t = 4.925 s 

[b] t = 5.07 s 

[c] t = 5.215 s 

[d] t = 5.36 s 

[e] t = 5.505 s 

[f] t = 5.65 s 

[g] t = 5.795 s 

Water 

Air-water 
interface 

Water level 
increases 

Weir 

Water exits 

Water level start 
to decrease 

Air-water interface 
almost back to the 
same position 
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4.4 Three-phase results 
 

In the three-phase analysis, the same flow rates in the two-phase were applied, as 

documented in table 3. The sand was introduced to the system through the sand inlet shown in 

figure 17, and sand settling was observed and analyzed. In this analysis, the amount of sand 

introduced into the system represents a 1% volume fraction of the flow rate introduced into the 

system. 

The phase separation and velocity distribution of air and water are almost the same as the 

two-phase analysis so that the focus will be mainly on sand settling and distribution throughout 

the length of the vessel. Figure 48 shows the sand settling across the length of the vessel for 240 

seconds. The results in figure 48a show that at time 0.1s, the volume fraction of sand is very small. 

In the numerical analysis, it is better to specify a minimum value for the volume fractions for all 

phases rather than declaring it as zero value. In these numerical results, the minimum volume 

fraction is 10-6, so as indicated in figure 48, the higher the volume fraction value than 10-6 indicates 

the presence of the required phase, as observed the sand particles entering the vessel through the 

inlet nozzle with the mixture of air and water. 

The results in figure 48b show sand settling inside the vessel can be observed from t = 60s. 

Although the amount of sand settled is very minimal, it still gives a primary indication of where 

sand particles will be most likely to settle. The sand has settled over a length of 9D. This 

observation indicates that sand settles across a specific range of length inside the vessel, not at a 

point, although the sand particle size in the simulation is constant. The results in figure 48c show 

that by t = 120s, sand settles over a length of 14.875D, and it is observed the amount of sand 

settling inside the vessel has increased in the area near to the inlet.  
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The maximum volume fraction recorded in figure 48c is 0.17 at distance 6.7D. The results 

in figure 48d show that at t =180s, the amount of sand has increased significantly and started to 

form a small sandbank inside the vessel. The sand at this point started to spread throughout the 

length of the Desander. Although the sand is distributed along a length of 40D still, most of the 

sand is settling in the region between 5.7D and 7D. Traces of sand were found along the vessel, 

but no sand particles were observed leaving the vessel outlet. At this point, 100% of the sand 

particles settle at the bottom of the vessel. The maximum volume fraction recorded in figure 48d 

is 0.2 at 6.9D. Although sand was distributed along a length of 40D, it was observed that 97% of 

sand particles were distributed along a length of 32.7D, and the remaining 3% was spread on a 

length of 7.3D. The results in figure 44e show that at t = 240s, the same distribution of sand was 

observed as in figure 44d, the amount of sand settling near the inlet has increased. The volume 

fraction has increased to a maximum of 0.26. The sand particles settled along a length of 41D; 99 

% of the sand amount was distributed along a length of 33D while the rest 1% was spread on length 

of 8D. 
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Figure 48 Three-phase results, the volume fraction of sand over 240s.   
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4.4.1 Comparing the experimental data to the simulation data 
 

The results show many similarities between the experimental setup and the numerical 

model. Figure 49 shows a snapshot of the sand inside the vessel while running the experiment.  

Figure 50 shows the simulation results of sand distribution across the length of the Desander. Close 

to the inlet, it was observed that the amount of sand settling is higher, which is reflected in the 

volume fraction of sand inside the vessel, and moving across the length of the vessel, the volume 

fraction decreases till it reaches almost zero. The figure only shows the volume fraction of sand 

until length 32.7D, as it was discussed before 99% of the sand settles across this length. The sand 

settling process was observed to be at different locations across the x-axis inside the vessel, not at 

a point location. Sand settling behavior indicates the importance of running 3D simulations to get 

a better understanding of the sand settling process and also to have a fair comparison with the 

experimental results since the comparison is made based on the cumulative weight of sand inside 

the vessel. 

  

Figure 49 Snapshot of sand inside the vessel. 

Sand Vessel 
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Figure 51 shows the quantitative results between the numerical and the experimental 

results. The inlet is located at 0.05 x/L, and the outlet is at 0.95 x/L; these are the two reference 

points in the vessel to observe the sand settling behavior. The results of both graphs are different, 

but they share an essential aspect of sand settling. The total amount of sand that introduced to the 

system settled in almost the same length. In the numerical results, 99% of the sand has settled at 

0.56 x/L while in the experimental results, the sand settled by 0.52 x/L. For the general trends of 

both graphs, the difference in the cumulative weight is due to different reasons. First, in the 

simulations, the sand particles have a constant diameter of 0.15mm (spherical particles), while in 

the experimental model, uses sand that has different particle sizes (150-400 micron) and shapes as 

discussed previously in chapter 3, hence the different sand distribution.  

The solution of particle trajectories in chapter 3 qualitatively supports the sand settling 

distribution along the Desander. Most of the sand particles settled within a few inches of the inlet 

pipe. The smaller the particle, the further the particle travels due to lower St, which indicates that 

the particle is much more affected by the velocity of the traveling fluid. As the particle size 

increases, St increases, and thus the effect of the fluid decreases. Therefore, bigger particles settle 

closer to the inlet pipe. It is very challenging to simulate different size particles. The current 

multiphase flow problem is complicated due to a large number of equations that need to be solved. 

Therefore, by introducing different sand sizes, the number of equations needed to be solved 

increases significantly, and computationally it will be very challenging to solve. 
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4.5 Four-phase numerical results 
 

The four-phase analysis used the flow applied listed in table 5. The flow rates of natural 

gas vary in each case to accommodate the change in density and to ensure the same velocity inlet 

is applied to all cases. 

The results in figure 52 show at t= 40s, natural gas separated from the other phases, and 

the liquid level is controlled by the height of the weir, which was observed in the previous cases. 

With increasing operating pressure, the density and the viscosity of natural gas change. This 

change in properties affects the interaction with the other phases. Figure 52 represents the volume 

fraction of natural gas relative to the mixture. The mixture from inlet hits the liquid inside the 

Desander; a change was observed in the liquid level due to the impact. As the operating pressure 

increases, the density of the gas increases, and thus the inlet momentum of the mixture increases, 

and this causes the change in liquid levels. Also, it is observed that the overall liquid level 

decreases with an increase in operating pressure. The effect of a change in the density of natural 

gas is affecting the rest of the mixture. It is noticeable at the weir area, the denser the gas, the more 

it suppresses the rest of the mixture to find its way around the weir to exit to the outlet, which can 

be observed from the height of the liquid in figure 52.  

It is observed that the amount of liquid behind the weir changes with the change in 

operating pressure. At low pressure, it is observed that the liquid occupies almost the whole area 

behind the weir, and as the pressure increases, the gas starts to occupy more area. 
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Figure 52 Four-phase results - volume fraction of natural gas at t=40s. 
 

Height of the liquid level = 2.01D 

Height of the liquid level = 1.86D 

Height of the liquid level = 1.55D 
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Figure 53 at t= 40s shows the volume fraction of iso-octane relative to the mixture. Iso-

Octane is lighter than water; therefore, it appears in figure 53 as a thin strip in the middle of the 

Desander because it is sitting on top of the water level. As the operating pressure increases, there 

is less iso-octane present behind the weir. This indicates lower residence time for iso-octane inside 

the Desander. 

  

Figure 53 Four-phase results - volume fraction of iso-octane at t=40s. 
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Figure 54 shows the volume fraction of water relative to the mixture at t= 40s. The water 

settled at the bottom of the Desander, which is expected because of its high density. In figure 54a, 

it is observed that there is no water exiting. In figure 54b, water is about to exit, and in figure 54c, 

water is exiting the Desander. This indicates that the liquid exiting at case 4P-S1 (9653 kPa) is 

100% iso-octane, and water is settling at the bottom of the Desander. In case 4P-S2 (20684 kPa), 

the liquid exiting is iso-octane with a few traces of water. For case 4P-S3 (41396 kPa), the liquid 

exiting is a mixture of iso-octane and water. This behavior also results from the change in the gas 

density. With increasing pressure, the gas is suppressing the liquid level inside the Desander, 

reducing the residence time for the liquids. 

At all pressures in figure 54, there is a green colored area at the bottom of the Desander 

and especially near the inlet showing the presence of a different phase. Based on the mixture 

entering the Desander, this indicates sand particles settling to the bottom close to the inlet. This is 

a good indication of phase separation inside the Desander. The sand distribution and settling will 

be analyzed later in this chapter. 
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The results in figure 55 at t= 40s show the volume fraction of sand relative to the mixture. 

Sand has settled to the bottom of the Desander, which was expected due to its density. There is no 

sand at the outlet for any case. This indicates sand must continue to settle, and sand level will never 

reach a steady state. As the operating pressure increases, a change occurs in the sand distribution 

across the length of the Desander. Case 4P-S1 (9653 kPa) the sand volume fraction near the inlet 

is the highest, and as the pressure increases, the sandbank near the inlet shrinks in size. This 

indicates that sand is moving further downstream inside the Desander due to the changes in the 

Figure 54 Four-phase - volume fraction of water at t=40s. 
 

Sand 

Sand 

Sand 
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density of natural gas. Volume fraction analysis was made of the sand distribution of all three cases 

along the length of the Desander to investigate this behavior in more detail. Quantitative data were 

exported from these results and comparing the cumulative sand weight across the length of the 

Desander. Figures 56- 58 show traverse cross-sections of the sand distribution. Near the inlet, it is 

observed that the amount of sand settling is higher than the rest of the Desander, and moving across 

the length of the vessel, the volume fraction decreases until it reaches almost zero value. The 

figures only show the volume fraction of sand to length 38.1D.  

Figure 59 shows the cumulative sand weight along the vessel for all three cases. The inlet 

is located at 0.05 x/L, and the outlet is at 0.95 x/L; these are the two reference points in the vessel 

to observe the sand settling behavior. The overall trend of all three graphs is similar, by which 

99% of the sand has settled at 0.65 x/L. From x/L= 0 to x/L = 0.07, there is a significant difference 

in sand cumulative weight values in this area between the three cases. Moving downstream of the 

inlet at x/L=0.1, the cumulative weight for cases 4P-S1 (9653 kPa) and 4P-S2 (20684 kPa) are 

almost equal in value, but case 4P-S3 (41369 kPa) is lower by 10%. From x/L= 0.1 to x/L= 0.35 

cases 4P-S1 and 4P-S2 are very close in values with a difference of 0.5%, and still case 4P-S3 is 

lower by an average of 5%. At Point, x/L =0.49, the values of cases 4P-S1 and 4P-S2 are almost 

identical, while case 3 is lower by 2%. From x/L= 0.65 to x/L =1 all cases show 1% sand 

cumulative weight is present in this region. The results shown in figure 59 suggest that the liquid 

level plays an important role in the sand settling behavior. The lower the liquid level, the more 

time the sand particle travel in the natural gas region and causes the liquid phases to increase in 

velocity. These two factors cause the sand to accumulate further downstream from the Desander 

inlet. The results from the simulations agree with the solution, and the results in figure 29, which 

was suggesting the sand particle will travel further as the operating pressure increases. This result 
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gives an insight into the Desander performance and how efficient is the Desander with different 

operating conditions.  

 

 

 

 

 

 

 

Figure 55 Four-phase results - volume fraction of sand at t=40s. 
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