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Abstract
The focus of this thesis is specifically on the effect that ultrasonic waves have on the interface curvature and subsequent capillary pressure alterations within capillary tubes. In order to optimize current ultrasonic treatments as a means of remediating oilfield complications, such as condensate banking, the exact microphenomena must first be better understood. Many contributing phenomena have been proposed and attributed to observed increases in production during acoustic stimulation, but the focus here in on interface manipulation. 
A mathematical model relating changes in curvature to capillary pressure is proposed, and the relationships therein were compared to simulations run using COMSOL Multiphysics®. It was found that under an external pressure gradient, acoustic frequencies increased the interface velocity by up to 18.75% with varying degrees of success under differing pressure gradients. Furthermore, the effective frequency range for a 1.5 µm pore was found to be approximately 750 MHz to 6,000 MHz, and the maximum benefit was observed when a frequency of around 1,800 MHz was applied. In terms of optimizing acoustic treatments, these exceedingly high acoustic frequencies may suggest that other mechanisms should be explored as the main contributors to observed increases in flow.
x
[bookmark: _Toc310579468][bookmark: _Toc482315987]Chapter 1: Introduction
[bookmark: _Toc478928743][bookmark: _Toc482315988]1.1 Scope of the problem
Gas condensate reservoirs have a tendency to exhibit a phenomenon called condensate banking. The exact mechanisms and ramifications of this phenomenon will be discussed in chapter 2.3, but the existence of condensate as a liquid phase within the near wellbore region can significantly reduce the flow potential in this zone. Furthermore, residual saturations of the heavier components trapped in their liquid phase, which are the more valuable or “sweeter” components, can lead to reduced quality of the production stream (Sayed & Al-Muntasheri, 2016). Many methods have been developed to prevent condensate dropout, mitigate the amount that becomes trapped once condensation occurs, and recover hydrocarbons that have been trapped. These methods have included, but are by no means limited to, using solvents or other chemicals to affect wettability within the reservoir, gas cycling, injection of nitrogen or supercritical CO2, acidizing, and various other completion techniques targeted at reducing skin or maximizing reservoir contact (Sayed & Al-Muntasheri, 2016). Each have various degrees of benefits and drawbacks and are explained in detail by Sayed and Al-Muntasheri (2016). 
[bookmark: _Toc478928744]Of the many techniques applied in industry, acoustic stimulation is proposed here as a possible alternative. It has the added benefit of not using chemicals that could pose a health or safety concern. Furthermore, it would not generate corrosive substances like carbonic acid from CO2 injection, and depending on method of implementation, it could allow for continual production during treatment. Finally, targeting effects in the near wellbore region would greatly lower the energy required due to the large attenuation that is experienced as waves propagate further distances into formations. O’Connell and Budiansky (1977) have shown how great attenuation of elastic waves can be through their evaluation of wave propagation in the presence of fluid filled cracks. In their work, they identified two conditions under which the attenuation was largest: fluid flow between cracks and shear stress relaxation in an isolated viscous fluid inclusion O’Connell and Budiansky (1977).

[bookmark: _Toc482315989]1.2 Research objectives
[bookmark: _Toc478928745]Although empirical evidence has shown positive effects on the flow of oil while in the presence of acoustic stimulation, which is discussed in greater detail in chapter 2.4, the exact micro-phenomena regarding the causes of observed productivity increases are not yet well defined. One dominant theory attributes these empirical increases in liquid mobility to poroelastic deformation of the rock matrix. Others attribute these increases to decreased fluid viscosities, destabilization of fluid adherence to wall surfaces, coalescence of oil droplets, and alterations to local pressure gradients within the reservoir (Zhu, Huang, & Vajjha, 2005). This thesis explores and attempts to better define the competing phenomena whereby capillary pressure is affected from changes in interface curvature. If this mechanism were to play a significant role in production increase, it would need to be taken into account for treatment optimization.

[bookmark: _Toc482315990]1.3 Chapter summaries
[bookmark: _Toc478928747]Chapter 2 gives background knowledge required to understand some of the mechanisms involved with this evaluation. The meniscus within capillary tubes is explained through the relationship between interfacial tension and the resulting surface wetting. The curvature created through wettability is used to describe the magnitude of pressure difference between the phases, which is described as capillary pressure. Additionally, Chapter 2 explains the phase behavior of gas condensate reservoirs and the process of developing a condensate bank near the wellbore where the reservoir pressure drops below the dewpoint.
	Chapter 3 derives the mathematical expression relating acoustic interference to interface displacement and subsequent effects on capillary pressure. Assuming no-slip boundaries, the maximum interface displacement would be in the center of the capillary tube. This results in an induced curvature change in the interface. Through the derived expression, this intimates that the energy propagated by the acoustic goes towards moving the interface and adjusting the resulting capillary pressures.
	Chapter 4 discusses and summarizes simulations using COMSOL Multiphysics®. Various pressure gradients and frequencies were simulated on a 1.5 μm tube, and increases in net interface displacement and velocities were observed. 
	Chapter 5 highlights some of the important conclusions from chapters 3 and 4, and summarizes the findings as well.

[bookmark: _Toc482315991]Chapter 2: Background and Literature Review
In order to understand how sound waves interact with multiphase flow within capillary tubes, some basic understanding of interfacial tension and capillary pressures must first be established. The following sections discuss the role of interfacial tension and the resulting surface wetting that occurs in capillary tubes to the definition of capillary pressure itself. Also discussed here are results from experiments and field application with current hypotheses for increased flow contribution due to acoustic stimulation. 

[bookmark: _Toc478928748][bookmark: _Toc482315992][bookmark: _Toc478928749]2.1 Fundamentals of Contact Angle and Capillary Pressure
[bookmark: _Toc482315993]2.1.1 Interfacial tension and contact angle
Due to cohesive properties between particles in their liquid phase, a disparity in forces is created when there is an interface between them and particles with different internal cohesive forces. This manifests as surface tension, where the particles exhibit stronger attractions to each like particle along the plane of the interface rather than to the apposing fluid. This disparity leads the fluid with greater cohesive forces to minimize the surface area in contact with the other fluid. The resulting sphericity is dependent on the magnitude of the disparity in forces, with larger disparities exhibiting more spherical behavior. When in contact with a solid surface, there exists an angle whereby the cohesive fluid partially exhibits its desired spherical nature, which can be seen in Fig. 1.
[image: ]
[bookmark: _Toc478928781][bookmark: _Toc482315558]Figure 1. Contact angle exhibited between the gas and liquid phases

	The contact angle, denoted by θ, is measured from the solid-liquid interface, γsl, to the liquid-gas interface, γlg. This angle is due to the cohesive forces of the fluids as well as the physical properties of the solid surfaces, such as composition and roughness. These factors lead to defining wettability, which is the liquid’s tendency to coat the solid surface when in the presence of another phase. In Fig. 1 above, the liquid represents the wetting fluid, or the fluid having the greater tendency to coat the solid surface. Between two liquids, like with water and oil, one may be considered wetting due to certain solid-liquid interactions and the other may be wetting with differing interactions. 
	Although the wetting interactions between solid surfaces and both oil and water are very important in relating flow in porous media, the work done in this thesis look more specifically at the interaction between oil or condensate as the wetting phase with natural gas as the non-wetting phase.

[bookmark: _Toc478928750][bookmark: _Toc482315994]2.1.2 Capillary pressure within tubes
	As a result of the interfacial tension and wettability, liquids within capillary tubes will develop a meniscus at the interface. This effect is shown in Fig. 2 along with the corresponding measure of contact angle.
[image: ]
[bookmark: _Toc478928782][bookmark: _Toc482315559]Figure 2. Contact angle measured from within a capillary tube

	The severity of the curvature is related to the factors affecting interfacial tension and wettability but is also dependent on the radius of the capillary tube. The disparity in forces leads to differing internal pressures between, in this case, the liquid and gaseous phases. Capillary pressure, or Pc, is defined as the difference between the internal pressure of the non-wetting and the wetting phases, which is represented below as Eq. 2.1.

									 (2.1)
	Capillary pressure, thus, is a function of the interfacial tension, the radius of the capillary tube, and the contact angle exhibited between the phases and the solid surface. This relationship is defined through the Young–Laplace equation, given as Eq 2.2, with γ being the interfacial tension and R being the radius of the capillary tube.

										 (2.2) 
Capillary forces have little impact on flow within sufficiently large pipes, but they become increasingly important when dealing with smaller tubes, like those exhibited within porous media. 

[bookmark: _Toc478928752][bookmark: _Toc482315995]2.2 Gas Condensate Reservoirs 
[bookmark: _Toc482315996]2.2.1 Condensate Reservoir Phase Behavior and Condensate Banking
Gas condensate, or retrograde-gas, reservoirs contain hydrocarbons with average molecular weights between those of wet gas and volatile oil reservoirs. Their distribution of hydrocarbons leads gas condensate reservoirs to initially begin as a single-phase gas in the reservoir, but unlike wet gas reservoirs, isothermal pressure depletion eventually leads to crossing the dewpoint line on the pressure versus temperature phase diagram (McCain, 1990) shown below in Fig. 3 by (Fan, et al., 2005).
[image: Image result for gas condensate reservoirs phase diagram]
[bookmark: _Toc482315560]Figure 3. Phase envelope for retrograde gas condensate reservoir (Fan, et al., 2005).

Once the reservoir crosses the dewpoint line, the existing pressure and temperature conditions no longer support molecular kinetic energies great enough to overcome the intermolecular forces. As a result, the hydrocarbon molecules coalesce into a liquid phase where the molecular interaction is dominated by the intermolecular forces. This typically occurs first with the heavier components due to the higher molecular weights of the longer hydrocarbon chains (McCain, 1990). 
As the pressure continues to deplete, the existing reservoir conditions continue further into the two-phase region of the phase envelope, and the ratio of components in the liquid phase proportionally increase compared to those of the gas. Although it can be seen that pressure depletion on the far right of the phase envelope, near the cricondentherm, may eventually lead back into the single-phase gas region at sufficiently low pressures, this phenomenon is unlikely to occur in the field (McCain, 1990).
The lowest pressure in a reservoir, and subsequently the most likely place to first enter the two phase region, is near the wellbore. As a result, the near wellbore region of a gas condensate reservoir tends to develop a repository of condensate, which is referred to as condensate banking. A simulated reservoir showing the condensate banking phenomenon can be seen below in Fig. 4 (Narayanaswamy et al., 1999). It can be clearly seen that the condensate is concentrated almost exclusively to the near wellbore region. The upper portion of the reservoir was simulated with greater permeability, which allows for a greater pressure gradient reaching into the formation. This greater pressure gradient is responsible for the condensate bank reaching further into the reservoir (Narayanaswamy et al., 1999).
[image: http://petrowiki.org/images/2/28/Vol4_Page_264_Image_0001.png]
[bookmark: _Toc482315561]Figure 4. Condensate saturation in the near wellbore region (Narayanaswamy, Pope, Sharma, Hwang, & Vaidya, 1999)

This banking is described in further detail by Marokane et al. (2002) and Sayed and Al-Muntasheri (2016) who explained four distinct regions of the condensate bank, which are listed and described below.
1. Region furthest from the wellbore where reservoir pressure is above the dewpoint and is exhibits single-phase flow
2. Region with condensate saturation below residual saturation. In this region, the condensate is immobile, and the flow still exists as single-phase.
3. Region with increased condensate saturation above critical saturation. In this region, two-phase flow exists.
4. Region directly adjacent to the wellbore where sufficiently high gas flow rates slightly increase liquid flow due to velocity stripping.

[bookmark: _Toc482315997]2.2.2 Two Phase Flow in the Reservoir and its Relation to Skin
Once there exists both gas and liquid phases, the flow potential in the reservoir is greatly changed, and the flow preferentially lends itself to the gaseous phase over that of the liquid. Although the tendencies of the denser phase towards wetting the solid surface play a role as to why gas preferentially flows over liquid, another dominating factor in this case is the difference in viscosity between the phases. This effect is clearly illustrated by taking the ratio of the gas to liquid flow rate correlated through Darcy’s Law, with Darcy’s Law being Eq 2.3 below.	
										 (2.3)
Under the same pressure gradient flowing through the same cross-sectional area, the ratio of the flow of gas over liquid is directly related to the permeabilities of each phase and their respective viscosities, which can be seen in Eq. 2.4.
										 (2.4)
	The viscosities of gasses and liquids vary greatly with pressure, temperature, and composition, but the difference between the viscosities of natural gas and oils can be orders of magnitude different with gas being significantly less viscous (Coats & Smart, 1986). This, along with differences in permeability between the phases and the capillary forces, significantly increases potential for gaseous flow over liquid.
	Due to the phenomenon of condensate banking, this decreased mobility of the liquid phase from viscosities and capillary forces occurs in the near wellbore region, most significantly in the aforementioned regions 2, 3, and 4 described by Marokane et al. (2002) and Sayed and Al-Muntasheri (2016). In addition to the economic considerations of losing the heavier and more costly hydrocarbons due to residual saturations (Sayed & Al-Muntasheri, 2016), there can exist significant alterations to the flow potential and productivity of the reservoir, with the productivity index relationship described below as Eq. 2.5.


;      								 (2.5)
	In the above equation, Pres and Pwf are the reservoir and wellbore pressures respectively, and q is the flow rate induced from the difference in these pressures. J represents the productivity index and is related to properties such as permeability, viscosity, formation volume factor, reservoir thickness, wellbore configuration, and skin (Economides et al., 2016). The important relationship, however, is the inverse relationship between skin and productivity index because the losses in productivity due to condensate banking may be correlated to an effective two-phase skin. Raghavan et al. (1999) proposes a means of quantifying this negative effect on productivity through correlations for skin using well testing.  
[image: Image result for condensate banking and ipr]
[bookmark: _Toc482315562]Figure 5. Pressure profile for a gas condensate well experiencing condensate banking (Fan, et al., 2005).

Figure 5 (Fan, et al., 2005) shows pressure as a function of distance from the wellbore for a condensate banking system. Region 3 in this figure represents the above dewpoint region, Region 2 is subcritical condensate saturation with single phase flow, and Region 1 represents the region where condensate saturation is above critical levels and where two phase flow exists. It should be noted that the largest changes in pressure are exhibited between the above Regions 1 and 2, which represent the two phase regions.

[bookmark: _Toc482315998]2.4 Empirical/Field Studies
	Much of the study and application of acoustic stimulation has been done in regards to increasing the efficiency of waterflooding with various other applications including heavy oils in China. To understand the potential applicability to gas condensate reservoirs, various experiments and field applications have been evaluated, and the proposed mechanisms are discussed in the following sections.

[bookmark: _Toc482315999]2.4.1 Seismic irradiation in heavy oil
	Vibration and ultrasonic based stimulation have been implemented successfully in a variety of field applications, many of which have targeted improving oil recovery during waterflooding or in reservoirs with heavy oil. Zhu et al. (2005) describes a few studies where vibration based stimulation successfully increased production in Liaohe, Huabei, and Shengli oilfields, among others. The downhole vibration system created 88 high amplitude shocks per minute. When the tool was implemented in the Liaohe field, which produces from a high permeability reservoir with heavy oil that was previously in late cyclic steam stimulation, there was an increase of 47.6% oil production with a decrease in water cut from 63% down to 58%. Not only was this treatment effective in the well from which the tool was placed, but nearby wells also experienced increases in oil production, with one in particular that experienced a 400% increase in production (Zhu et al., 2005). 
	When the treatment was applied in the Huabei field, which is a low-permeability reservoir when compared to the high permeability Liaohe, 58 wells surrounding the source of vibration experienced increases in production. The average production increase experienced was 27.5% with reductions in water oil ratio (WOR) ranging from 10% to 75% (Zhu, Huang, & Vajjha, 2005). It should be noted, though, that the vibration source emitted seismic waves whose wavelengths were well below ultrasonic frequencies discussed in this thesis. In contrast to the proposed effect on capillary pressure, the describing phenomena leading to these massive increases were attributed in these studies to large decreases in viscosities from shearing forces in these heavier oil reservoirs. 

[bookmark: _Toc482316000]2.4.2 Enhancement during waterflooding
	Many experiments, both in the lab and field trials, have shown improvements to waterflooding when acoustic stimulation has been implemented. Mohammadian et al. (2013) designed a sand pack experiment where Kerosene, Vaseline, and engine oil were tested as the non-wetting phase. Within the unconsolidated system, increases of 3-16% total oil recovery were observed when stimulated with ultrasonic irradiation. They proposed emulsification and cavitation as the likely mechanisms that lead to the observed increases (Mohammadian et al., 2013). Naderi and Babadagli (2010) performed experiments on a sandstone core placed within an imbibition cell. Frequencies from 22 to 40 kHz were applied, and in every test, oil recovery increased as compared to the base recovery without acoustic interference. 
	In core flooding experiments performed by Alhomadhi et al. (2014) on Barea sandstone saturated with Saudi crude oil, ultimate oil recovery was increased from 54% to 59% in horizontal core floods while vertical core floods increased from 49.9% to 58% when ultrasonic frequencies of 50 kHz where applied. They also noted that although water saturations within the core were ultimately lower, water breakthrough happened earlier in the horizontal core floods and later in the vertical core floods. They attributed these effects of increased production with varying degrees of breakthrough to increased gravitational separation, which led them to suggest that ultrasonic irradiation during waterflooding might be more effective in horizontal wells (Alhomadhi et al., 2014).
Kouznetsov et al. (1998) discussed both laboratory tests as well as field trials of vibro-seismic irradiation with frequencies in the range of 100 to 200 Hz. In two separate experiments on kerosene saturated sandstone cores, they observed 32% oil recovery after 300 hours for direct-flow capillary saturation and 56% recovery after 325 hours for inverse-flow capillary saturation. After the elastic waves were applied, the recoveries increased to 60% after 51 hours and 96% after 92 hours for the two cases. When the same frequencies were applied in field examples, the water cuts in both the Abuzy and Changirtash oilfields decreased by 20-26% and 25-30%. Kouznetsov et al. (1998) suggested three proposed mechanisms for these experimental and field results:
1. Periodic movements of the two liquid phases lessens their adherence to the pore walls, and due to the relative densities of oil and water, oil will experience greater acceleration than water.
2. The periodic movements break apart water films within the reservoir that block oil flow through the more narrow pores, leading to increases in the relative permeability to both phases.
3. Reductions in the interfacial tension and contact angle between the phases leads to increased relative permeability specifically to oil over water. 
Abramov et al. (2013) evaluated and described field implementation of ultrasonic stimulation in failing wells. In these field studies, a downhole tool emitted ultrasonic waves in both temporary and permanent applications. It was noted that wells in reservoirs above 15% porosity and greater than 20 mD experienced increases in oil production by up to 50% or more while wells with lower permeability or porosity were not as successful (Abramov et al., 2013).

[bookmark: _Toc482316001]2.4.2 General theory of the mechanisms
In addition to the many mechanisms addressed above, one other significant mechanism proposed is the contribution from pore deformation. The idea was initially proposed by Ganiev et al. (1989) who suggested the pore deformation would be caused by travelling transversal waves, and that this deformation would lead to increases in flow. The idea was later refined by Aarts and Ooms (1989) and Aarts et al. (1999) who demonstrated strong influences from both fluid compressibility and pore wall hardness. Furthermore, Aarts et al. (1999) went on to show how this version of “peristaltic transport” is only effective at ultrasonic frequencies, and that the effective range would be limited to near the wellbore due to large attenuation.
Although briefly mentioned by Kouznetsov et al. (1998), Sohrabi and Jamiolahmady (2009) goes into detail in describing the possible implications that ultrasonic waves have on the interface and interface displacement. They performed experiments on a 1 mm glass capillary tube as well as a modeled network of acid etched glass capillary tubes. With the application of 20 kHz ultrasonic waves, Sohrabi and Jamiolahmady (2009) showed thinning of the interface between the phases as well as a net movement in the direction of the less dense phase as the interface oscillates. Assuming no change in curvature of the interface, Sohrabi and Jamiolahmady (2009) derived Eq. 2.6 below based on Fig. 6 and showed that there is a net force on the interface in the direction of the less dense phase.
								(2.6)
	Where F is the force in the direction of propagation, k is the wave number and is equal to ,  is the acoustic pressure,  is the radius of curvature,  is the amplitude of radius movement, and  is the phase factor.
[image: ]
[bookmark: _Toc482315563]Figure 6. Interface model showing small amplitude oscillations (Sohrabi and Jamiolahmady, 2009)

To summarize the field observations and theoretical review, the following mechanisms all have implications in causing increases in oil production due to elastic wave propagation:
· Poroelastic deformation
· Decreases in fluid viscosity
· Emulsification and cavitation
· Increased gravitational separation
· Effects of periodic motion of the fluids
· Lessening fluid adherence to pore walls
· Interface destabilization
· Changes in capillary pressures. 
In order to better optimize field treatments, the effects and relative contributions of each must be evaluated. For the purposes of this thesis, the effect of ultrasonic waves on interfacial tension, contact angle, and capillary pressure are evaluated through chapters 3 and 4.



[bookmark: _Toc478928756][bookmark: _Toc482316002]Chapter 3: Methodology
This section proposes a mathematical derivation relating the work applied from acoustic stimulation to the effects on capillary pressure through changes in interface displacement.
[bookmark: _Toc478928757][bookmark: _Toc482316003]3.1 Assumptions
In order to understand how the following mathematical model was derived, as well as understanding its limitations and shortcoming, a general list of the assumptions is given below.
· Immiscible phase distinction with no exchange of components. Although this is clearly not what exists in a reservoir, it needs to be assumed in order to evaluate the specific work done on changing capillary pressures.
· Negligible work done on stretching the interface during periods of oscillation.
· The interface movement does not experience a hysteresis effect.
· Constant interface curvature with a no-slip boundary during interface movement.
· Incompressible matrix with no tube deformation and negligible liquid compressibility.
· Negligible interface thickness compared to pore diameter.
· Linear acoustic propagation parallel to the capillary tube and the direction of flow.
· Negligible phase shift between acoustic waves and observed interface behavior. Additionally, assumed no interaction between waves in terms of constructive and destructive.
· The system exists in local equilibrium, or Local Equilibrium Assumption (LEA).
Two of these assumptions in particular must first be addressed. For the following derivation, the two phases were assumed to be independent of each other with a clear distinction between the two. The phenomena of condensate banking occurs due to exchanges taking place within the two-phase region. Realistically, there would definitely be some exchange between the phases, but it is assumed here that the majority of phase exchange exists as liquid dropping out creating additional blocked pore throats.
Furthermore, the work done by stretching the interface is assumed to be negligible compared to the amount of energy going towards moving the interface itself. This neglected work is consumed as the particles along the interface are cyclically stretched away from each other and then compressed together. The actual work and interfacial energy associated with the interfacial tension is described in greater detail by Bonn et al. (2009), but for the purposes of this derivation, the differences in work from interface stretching done as two balanced interfaces move through compressional and extensional cycles is assumed to consume less than the displacement itself.

[bookmark: _Toc478928758][bookmark: _Toc482316004]3.2 Relating contact angle to curvature radius and capillary tube diameter 
The first step in describing the equation relating the work imposed on moving the gas-condensate interface begins with relating the contact angle to both the capillary tube diameter and the radius of curvature associated with the meniscus. This relation is first defined through system described by Fig. 7.
[image: ]
[bookmark: _Toc478928784][bookmark: _Toc482315564]Figure 7 - Inverse of capillary tube with defined reference frame

A constant curvature is assumed across the interface, and the second derivative of its position is set equal to constant a in Eq. 3.1.

										 (3.1)
This is then integrated twice over the displacement in the x direction to get Eq. 3.2 and 3.3 below with Eq. 3.2 describing the slope and Eq. 3.3 describing the position. As a result of the system being defined with the point of contact at (0, 0), the additional integration constant for the position function is 0.

										 (3.2)

										 (3.3)
According the reference frame given in Fig. 7, the following conditions describing the position of the interface are given.



At x = R, the first derivative is equal to 0, as shown in Eq. 3.4 below.

										 (3.4)
After solving for b, the term is inserted into the position function, which can be seen below in Eq. 3.5. 

									 (3.5)
At x = R and y = r, this simplifies to;

 										 (3.6)
Giving us the constant a as a function of tube diameter and the maximum displacement;

 										 (3.7)
At x = 0, the displacement in the y direction is 0, resulting in the first derivative being equal to b. Due to the assumption of constant curvature, the first derivative at x = 2R is equal to the negative derivative at x = 0. By inserting the constant a into the first derivative and equating the derivatives at each boundary, Eq. 3.8 is given below.
 								 (3.8)
After simplifying, the constant b is determined as a function of r and R.
 											  (3.9)
By combining these constants with the position function and its derivatives, we develop Eq. 3.10 to 3.12 below.

									           (3.10)

								           (3.11)

								           (3.12)
The second derivative is of special importance to relating the contact angle to r and R. At the boundary where the contact angle is defined, the derivative is equal constant b. Due to how the contact angle is defined through the wetting fluid, this slope is actually measuring the complementary angle to the contact angle. 
[image: ]
[bookmark: _Toc478928785][bookmark: _Toc482315565]Figure 8 - Measure of contact angle according to meniscus effect

This relation between the slope and the contact angle is given below as Eq. 3.13.

 								           (3.13)

[bookmark: _Toc478928759][bookmark: _Toc482316005]3.3 Relating acoustic interference and the gas-liquid interface
[bookmark: _Toc478928760][bookmark: _Toc482316006]3.3.1 Changes in contact angle
The cyclic nature of the local high and low pressure deviations should prompt interference on the interface between the liquid and gaseous phases. In an idealized system, the amplitude of particle displacement can be modeled by Eq. 3.14 below.

						                       (3.14)
In these equations, r represents radius of curvature, k is the wavenumber, which is equal to  with λ being the wavelength, ω is the angular frequency, t is time, and φ is the phase shift. The prime term in each represents the amplitude of variations, and the x subscript represents the unperturbed radius. Of special importance is the radius displacement as a function of time. The actual position of the radius as a function of time is the unperturbed radius plus the amplitude of displacement variations. By assuming no phase shift between the interface displacement and the sound wave oscillations, and after inserting in   for k, Eq. 3.14 becomes Eq. 3.15 below.

							           (3.15)
Assuming a no-slip boundary, the above equation for meniscus radius as a function of time is combined with Eq. 3.13 to get the contact angle as a function of time, seen below as Eq. 3.16.

 					           (3.16)

[bookmark: _Toc478928761][bookmark: _Toc482316007]3.3.2 Changes in meniscus volume
As the radius of the meniscus changes due to acoustic interference, there is a net volume displacement. This can be modeled by the volume of an ellipsoid, given below as Eq. 3.17 with x, y, and z being typical Cartesian coordinates.

									           (3.17)
In the case of a capillary tube with a meniscus the y and z directions represent the tube radius, and the third dimension is the radius of interface curvature, which is related to time using Eq. 3.18.

 						           (3.18)

[bookmark: _Toc478928762][bookmark: _Toc482316008]3.3.3 Effect on capillary pressure
By combining the contact angle as a function of time, or Eq. 3.16, with Eq. 2.2, we get Eq. 3.19 below.

				           (3.19)
The total pressure drop in the system is defined in this context as the sum of the pressure differences caused by the capillary forces as well as the external ambient pressure difference in the system, as denoted by .  

							           (3.20)
By inserting Eq. 3.19 into the above equation, we get Eq. 3.21.

			           (3.21)
	The above equation is now the total pressure drop across the interface as a function of time related through acoustic interference.


[bookmark: _Toc478928763][bookmark: _Toc482316009]3.5 Work done by acoustic interference
	Work can be described in many, one of which is pressure multiplied by volume. The work done by acoustic waves on the interface can be related by the net effect on capillary pressure through Eq. 3.21, to the change in volume of the ellipsoid through Eq. 3.18. The resulting relationship is given below as Eq. 3.22.

 (3.22)

When the displacement term, or the term related through Eq. 3.14, is negative, the effective radius of curvature decreases. During this period, the capillary pressure also decreases, and the energy induced into the system from the acoustic waves goes towards reducing the difference in wetting and non-wetting pressures. The opposite is true as the effective curvature radius increases. During this period, the capillary pressures are exaggerated, and the energy induced by the compressional waves goes towards increasing the pressure difference between the phases. Due to the cyclic nature of compressional waves, one complete cycle will be defined here as interface displacement from the neutral point through positive, through negative, and back to neutral, which can be seen in Fig. 9 below.
[image: ]
[bookmark: _Toc482315566]Figure 9. Representation of capillary tube with two interfaces.

If the length of capillary tube is small enough such that the attenuation between interfaces is negligible and under no external pressure gradient, the net work performed by moving the interface through one complete cycle would be zero. However, if there is an ambient pressure gradient, as one would expect with a flowing well, less work would be required to move the interfaces in the direction of lower pressure. If continuous energy is being provided equally to each interface by the acoustic waves, the extra energy during the period of positive displacement would translate to a larger volume displacement in that direction. With repeated cycles, there will be a net increase in flow in the direction of lower pressure gradient strictly due to the acoustic interference.


[bookmark: _Toc478928765][bookmark: _Toc482316010]Chapter 4: Simulation
[bookmark: _Toc478928766][bookmark: _Toc482316011]4.1 COMSOL Multiphysics® Model
	COMSOL Multiphysics® was used in the process of validating the proposed effect that sound waves have specifically on the interface between gas and condensate within capillary tubes. COMSOL is a robust numerical simulation software that allows for the coupling of many physics into one model. The numerical process used is based on the finite element method. For the purposes of this study, simulated acoustics were modeled within the computational fluid dynamics module in order to combine the capillary phenomena within the presence of an acoustic field.

[bookmark: _Toc482316012]4.1.1 Description of Physics Used within COMSOL
Based on the level set approach used in COMSOL, the transport of the fluid interface is modeled using Eq. 4.1 below (Capillary Filling - Level Set Method).  represents the phase with  being for the gaseous phase and  for the liquid.  represents the thickness of the interface, and  is a parameter that determines the amount of initialization, both of which are defined within the simulation itself.
						 (4.1)
	In terms of the mass and momentum transport within the capillary tube, Navier-Stokes equations were used (Capillary Filling - Level Set Method). Eq. 4.2 represents the Navier-Stokes equation taking into account capillary forces and surface tension.
			 (4.2)
Where,
										 (4.3)
									 (4.4)
	In the above equations,  represents the density,  is the dynamic viscosity, u is the velocity, p denotes the pressure, g is the gravity,  is the surface tension acting between the liquid and gaseous phase, I is the identity matrix, n is the interface normal,  is a surface tension coefficient,  is a Dirac delta function (Capillary Filling - Level Set Method).
	When defining slippage of the interface, COMSOL uses Eq. 4.5 below.
 										 (4.5)
	Where  is the frictional boundary force and  is the slip length.

[bookmark: _Toc482316013]4.1.2 Description of Model
	The basic schematic of the model used in these simulations can be seen below as Fig. 9. A capillary tube with a radius of 1.5 μm and a total length of 200 μm was modeled. The bottom 50 μm and top 100 μm were initialized with pure propane acting as the gaseous phase while the middle 50 μm was initialized with pure Heptane acting as the liquid phase. Due to an assumed symmetry within the capillary tube, the model was designed as a rectangle that is rotated about the r = 0 axis. The ambient temperature and pressures were set at 70 ̊F and 100 psi. respectively. The inlet is specified at the bottom of the model and the outlet at the top. 
Realistically, condensate reservoirs contain a spectrum of hydrocarbon components, and they exist at much higher pressures and temperatures than the above description, but justification of the existence of this interface based phenomenon requires each fluid stay within their respective phases. 
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[bookmark: _Toc482315567]Figure 10. Basic schematic of capillary tube. Assumed symmetry with rotation about r = 0 axis.

The meshing for the finite element method was generated within COMSOL itself and was refined according an internally defined normal coarseness based on the physics implemented. The resulting mesh for this model can be see below as Fig. 11.
[image: ][image: ]
[bookmark: _Toc482315568]Figure 11. Physics generated meshing generated within COMSOL
 
The revolved 3D model with the phases initialized in their respective regions can be seen below in Fig. 12, and the curvature of the interface can be seen in Fig. 13.
[image: ]
[bookmark: _Toc482315569]Figure 12. Model initialized with gaseous propane in red and liquid heptane in blue.

[image: ]
[bookmark: _Toc482315570]Figure 13. Model of interface with slight movement from initialized point due to non-equilibrium

[bookmark: _Toc482316014]4.1.3 Velocities under varying pressure gradients
	As a control, the model was run with the inlet and outlet pressures equal to 100 psi, and the heptane phase was initialized with pressure equal to the inlet minus the expected capillary pressure, all calculated within COMSOL. Negligible movement was seen in the interface position after 0.05 seconds, which can be seen below in Fig. 14, which shows interface position at time 0 seconds on the left and 0.05 seconds on the right.
[image: ]
[bookmark: _Toc482315571]Figure 14. Interface position t = 0 and t = 0.05 seconds under no pressure gradient

	To set a baseline for the additional contribution that acoustic waves have, effective pressure gradients of 2 psi/ft, 10 psi/ft, 30 psi/ft, and 50 psi/ft were evaluated with no acoustic interference. Figures 15 through 18 show the movement of the interface from 0 to 0.05 seconds under these pressure gradients respectively. 
[image: ]
[bookmark: _Toc482315572]Figure 15. Interface position t = 0 and t = 0.05 seconds under pressure gradient of 2 psi/ft
 
[image: ]
[bookmark: _Toc482315573]Figure 16. Interface position t = 0 and t = 0.05 seconds under pressure gradient of 10 psi/ft
[image: ]
[bookmark: _Toc482315574]Figure 17. Interface position t = 0 and t = 0.05 seconds under pressure gradient of 30 psi/ft

[image: ]
[bookmark: _Toc482315575]Figure 18. Interface position t = 0 and t = 0.05 seconds under pressure gradient of 40 psi/ft
The results from the four pressure gradients are summarized in Table 1 below. 
[bookmark: _Toc482315554]Table 1. Summary of interface movement under various pressure gradients.
	Gradient
	Interface Displacement
	Time
	Velocity

	psi/ft.
	μm
	s
	m/s

	2
	0.64
	0.05
	1.28 •10-5

	10
	4.13
	0.05
	8.26 •10-5

	30
	13.95
	0.05
	2.79 •10-4

	50
	26.22
	0.05
	5.24 •10-4



[bookmark: _Toc482316015][bookmark: _Toc478928768]4.2 Effective Frequencies
[bookmark: _Toc482316016]4.2.1 Approximating likely frequencies
To get a better idea of what range of frequencies might be the most effective, the amplitude of interface displacement, which is correlated to wavelength through an assumed phase factor of zero, might be most reasonably effective within 1/10 to 2 times the radius of the capillary tube. Smaller wavelengths, which correspond to higher frequencies, might exhibit diminishing increases in net velocity with the time average of the displacement cycles. Displacements larger than twice the radius of the capillary tube might not be reasonable based on the energy required for displacement, especially because the interface is being displaced past a contact angle of 90 degrees. Because the radius of the capillary tube in the following simulations was 1.5 µm, the most effective wavelengths might reasonably be between 0.15 µm and 3 µm. 
To translate these wavelengths to frequency approximations, Eq. 4.6 was employed, with f being the frequency in Hz, c being the wave velocity in m/s, and  being the wavelength in m. 
											 (4.6)
Although more accurate approximations of compressional wave velocities would be important to discerning exact frequencies, only general ranges are needed to find bounds for the simulation. A much more robust review of sound wave velocities through hydrocarbons is given by Tahani (2011), but they generally range as low as 200 m/s for propane and up to over 1300 m/s for heptane. The effect that this has on frequency approximations for the aforementioned wavelengths can be seen in Table 2 below.
[bookmark: _Toc482315555]Table 2. Frequencies in MHz at varying compressional wave velocities
	c, m/s
	λ = 0.15 µm
	λ = 3 µm

	200
	1,333
	66.7

	400
	2,667
	133

	600
	4,000
	200

	800
	5,333
	267

	1,000
	6,667
	333

	1,200
	8,000
	400

	1,400
	9,333
	467



	Although the spectrum of frequencies is quite large, much of it spans the MHz domain. This distinction will be discussed later, but it is important to note that much of the field successes and laboratory measurements were done in the kHz range, and that even the maximum wavelength corresponds to frequencies that are orders of magnitude greater than what is implemented.

[bookmark: _Toc482316017]4.2.2 Velocities under varying pressure gradients
Due to limitations in the modeling process, the acoustic waves were simulated as ambient pressure oscillations and not necessarily as waves being propagated from an acoustic source. This helped prevent interference between waves as well as disregarded attenuation across the length of the capillary tube. These pressure oscillations were applied across both the propane the heptane phases, and the interface displacement was determined within COMSOL.
In order to evaluate the additional contribution that these compressional oscillations had on the capillary velocities, a range of frequencies covering those in Table 3 were applied while the model was under a 10 psi/ft pressure gradient. Without the applied compressional waves, the displacement after 0.05 seconds for this pressure gradient was 4.67 µm. Table 3 below shows the new displacements of the interface after the same 0.05 seconds at varying frequencies.
[bookmark: _Toc482315556]Table 3. Frequency dependent displacements after 0.05 seconds under a 10 psi/ft pressure gradient
	Frequency
	Displacement
	Relative Increase

	MHz
	μm
	%

	100
	4.13
	0.0

	500
	4.18
	1.1

	1000
	4.63
	12.1

	1500
	4.66
	12.9

	1800
	4.67
	13.1

	2000
	4.67
	13.1

	3000
	4.60
	13.0

	4000
	4.52
	11.5

	5000
	4.43
	9.5

	6000
	4.29
	7.2



	The percentage increase in displacement at these frequencies was plotted below in Fig. 19. It can be seen that the maximum displacement occurred at around 1,800 MHz with the majority of increase occurring between about 750 MHz and 6,000 MHz.

[bookmark: _Toc482315576]Figure 19. Percentage increase of interface displacement after 0.05 seconds at varying frequencies under a 10 psi/ft pressure gradient.

	Assuming the other pressure gradients have similar distributions, the 1,800 MHz was then applied to the remaining 2 psi/ft, 30 psi/ft, and 50 psi/ft gradients respectively. The measured displacements after 0.05 seconds along with the magnitude and percentage increases from the base cases are recorded below in Table 4.

[bookmark: _Toc482315557]Table 4. Summary of interface displacements over 0.05 seconds with ambient pressure waves of 1,800 MHz
	Gradient
	Displacement
	∆Displacement
	Percentage Increase

	psi/ft
	μm
	μm
	%

	2
	0.76
	0.12
	18.75

	10
	4.67
	0.54
	13.08

	30
	15.07
	1.12
	8.03

	50
	27.65
	1.43
	5.45



Plotted in Fig. 20 is the magnitude of interface displacement and the percentage increase under the 1,800 MHz ambient pressure oscillation. Although the magnitude of displacement is still increasing as the pressure gradient increases, it should be noted that the percentage contribution is decreasing. This would indicate that the increases in velocity with increasing pressure gradients are due mostly to the changes in pressure gradient instead of the contribution from the pressure oscillations. 


[bookmark: _Toc482315577]Figure 20. Magnitude of interface displacement (Red) and percentage increase of initial displacement (Blue) after 0.05 seconds in the presence of 1,800 MHz pressure waves.





[bookmark: _Toc478928772][bookmark: _Toc482316018]Chapter 5: Conclusions and Future Work
[bookmark: _Toc478928773][bookmark: _Toc482316019]5.1 Conclusions
Condensate banking is a problem that may severely hinder flow rate around the wellbore, which often leads to describing it as an added skin as well as decreasing the quality of the fluid stream at the surface. Many methods for preventing condensate banking have been proposed along with those to mitigate the negative effects once it has occurred. One such mitigating prospective is the use of acoustic stimulation. Based on the results developed from chapters 3 and 4, the following conclusions have been made.
· In general, there was increased displacement of the gas-liquid interface when in the presence of simulated compressional waves. For a pore radius of 1.5 μm, the majority of the effective frequencies was contained within approximately 750 MHz and 6,000 MHz with the maximum benefit achieved at an approximate frequency of 1,800 MHz.
· Although there is considerable increases in flow with larger pressure gradients, the relative contribution that acoustic waves have on moving the gas-liquid interface diminishes with larger ambient pressure gradients. This would indicate that the pressure gradient plays a more significant role in the interface velocity.
· Frequencies targeted specifically at affecting capillary pressures through cyclic interface displacement in micrometer-sized pores result in incredibly high frequencies that range from MHz to even GHz range. The attenuation increases dramatically as frequencies increase, and not many acoustic sources can attain sustained frequencies in these ranges.
· In terms of optimizing field treatments to remove condensate banking, or even to continue with cases targeted at increasing production during waterflooding, the other competing mechanisms described in chapter 2.4.2 should be explored as controlling factors.
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[bookmark: _Toc482316021]Appendix A: Nomenclature
d		Interface distance, m
 		Frictional boundary force, N
 		Surface tension force, N
 		Gravity vector, m/s2
I 		Identity matrix, unitless
J 		Productivity index, unitless
k 		Wavenumber, and is equal to ,  m-1
P 		Pressure, psi
Pc 		Capillary pressure, psi
Pnon-wet 		Pressure of non-wetting fluid, psi
Pres 		Reservoir Pressure, psi
Pwet 		Pressure of wetting fluid, psi
Pwf 		Wellbore pressure, psi
r 		Radius of the meniscus, m
R 		Capillary tube diameter, m
s  		Skin, dimensionless
t 		Time, sec
v 		Interface velocity, m/s
 		Fluid velocity, m/s
 		Slip length, m
 		Dirac delta function, unitless
 		Thickness of the interface, m
 		Parameter of initialization, usually set equal to largest 	magnitude of velocity, unitless
γ 		Interfacial tension, dyne/cm
γsl 		Solid-liquid interface, unitless
γlg 		Liquid-gas interface, unitless
θ 		Contact angle, degrees
λ 		Wavelength, m
 		Dynamic viscosity, Ns/m2
 		Density, kg/m3
 		Surface tension coefficient, N/m
φ 		Phase shift, unitless
ω 		Frequency, Hz
 		Phase representation ( for gas,  for liquid), unitless


100	500	1000	1500	1800	2000	3000	4000	5000	6000	7500	0	1.0999999999999999	12.1	12.9	13.08	13.01	11.5	9.5	7.1999999999999993	3.9	2.6	2.5	Frequency, MHz


Percentage Increase of Displacement, %



Percentage Increase	2	10	30	50	18.75	13.075060532687655	8.028673835125467	5.4538520213577524	Difference in velocities	2	10	30	50	0.12	0.54	1.120000000000001	1.4299999999999997	Pressure Gradient, psi/ft


Percentage Increase in Displacement, %


∆ Displacement Increase, μm
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