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Abstract 

Steady-state two-phase (oiYwater) flows in single fractures were studied 
experimentally. Tests were performed in three smooth-walled and one rough-walled 
fractures of parallel-plate type with adjustable apertures varying from 0.045 to 0.5 16 mm. 
The fractures were made of stainless steel and glass. or plexiglas plates with visualization 

capability. In a series of tests, the capillary number, Ca, the flow-rate ratio, r, and the 
viscosity ratio, A, were changed systematically covering a wide range of flow parameters 
of practical interest. Optical observations and macroscopic measurements were used to 
study the flow pattems, and to calculate the corresponding relative permeabilities. It was 
observed that, contrary to what is generally presumed for flow in porous media, the flow 
of oil took place almost entirely through disconnected bodies of varying sizes and shapes. 
while the water preserved its connectivity by forming constantly changing networks of 
connected pathways or wetting films. Four main flow pattems were observed. namely 
channel flow, dispersed flow, mixed flow and stratified flow. Dispersed flow may be 
subdivided further into oil droplet flow and island flow depending on the dominant size 
of the disconnected oil bodies. Mixed flow comprises oil-in-water and water-in-oil 
complex flows. The evolution of flow patterns indicates that the viscous forces, instead of 
capillary forces, govern the two-phase flow in the fractures of the type investigated in this 
study, implying that the traditional heterogeneous porous medium approach to model 
two-phase flow in the fractures is inappropriate. The relative permeability to oil is a 
function not only of saturation but also of viscosity ratio, capillary number and flow 
pattern. The "lubrication" phenomenon was observed during cocurrent oiVwater flow in 
the fracture with slightly oil-wet surfaces, corresponding to the flow patterns of stratified 
and encapsulated droplet flows. It was observed that localized "thick" films of water were 
flowing along the wall(s) of the fracture, separating the oil from contacting the walls. On 
the other hand, the relative permeability to water is a strong function of saturation, not 
affected significantly by the other parameters identified above. Theoretical analyses 
based on idealized flow configurations support the findings of laboratory experiments 
and provide physical bases for the constitutive correlation developed to predict saturation 
and two-phase pressure gradient. The saturation data from all of the tests are found to 
correlate with the Lockhart-Martinelli parameter, X, very well. The dimensionless two- 
phase pressure gradient data of the tests have a good correlation with the parameter X as 
well. The relative permeabilities can be calculated from simple relationships based on the 
dimensionless two-phase pressure gradient. 
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Chapter 1 

Introduction 

Study of multiphase fluid flow in porous and fractured media is of practical importance in 

areas such as the recovery of oil and gas, the isolation and remediation of nuclear and 

toxic wastes in geological formation, and the exploitation of geothermal energy. In these 

applications, fluid flow in fractured media is often dominated by the highly permeable 

pathways provided by rock fractures and joints. In particular, the factors controlling how 

fluid(s) can be removed from the subsurface will be of critical importance for making 

reliable predictions regarding the recovery of oil and gas or the clean-up of accidentally 

spilled toxic substances. For fractured geologic media, as for porous media. prediction of 

pressure drop and saturation from flow rates of the fluids involved, properties of the 

fluids and characterization of the formation is fundamental to describing the behavioral 

dynamics of multiphase flow. 

The recovery of natural resources from the earth, such as oil and gas from 

petroleum reservoirs, steam and hot water from geothermal reservoirs, or methane from 

coalbeds, often depends critically on the ability of f r a c m s  to readily conduct these 

fluids. During production process, as the pressure in a fractured reservoir is decreased, 

fluids drain from the porous matrix into fractures, and large-scale flow then occurs in the 
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fracture networks as the fluids flow from the reservoir to the production wellbore. 

Therefore, a comprehensive understanding of the mechanisms governing multiphase flow 

through fractures is very important to the prediction of the production rate, the relative 

volumes of the fluids produced. Consequently, a distinctive economic benefit will be 

achieved through understanding and controlling the recovery process of a reservoir. 

From an environmental perspective, concern about groundwater contamination by 

toxic fluids, such as chlorinated solvents, creosote or coal tar, and in most cases. gasoline, 

has been increasing in recent years. These fluids are usually immiscible with 

groundwater. Once these fluids penetrate the ground surface and migrate. groundwater 

contamination in the long term is expected. If the subsurface media contains fractures. 

these fractures can serve as conduits for rapid transmission of the liquids from the source 

of release. Recently developed in-situ biological remediation technology involves 

fracturing the contaminated zone to facilitate fast supply and uniform distribution of 

nutrient and oxygen to the contaminated area. The transport of nutrient and oxygen in 

fractures requires the knowledge of multiphase flow characteristics in fractures. 

A survey of literature indicates that two different approaches have been adopted 

in the analysis of multiphase flow in a fracture. Some authors consider the flow in a 

fracture as a limiting case of flow in a two-dimensional heterogeneous porous medium 

(Persoff and Pruess, 1995; Pruess and Tsang, 1990; Pyrak-Nolte, 199 1). This approach 

emphasizes the importance of capillary forces with negligible viscous forces and inertial 

forces so that the phase distribution in a fracture is governed by capillary forces only. 

Under conditions of high flow velocity and relatively large aperture, however, rnultiphase 

flow in a fracture may not be controlled only by capillary forces. Especially when near 

the production wellbores, the fractures are usually open and the flow velocities of fluids 

are high. A different approach, in which the dynamic nature of multiphase flow is 

formulated as a limiting case of multiphase pipe flow, has been used by others (Fouru et 

al., 1993 and 1995; Pan et al., 1998). 

In the porous medium approach, Darcy's law governs the fluid flow under 

laminar flow conditions. It is widely accepted that the flow of multiphase fluids in a 
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porous medium is generally governed by the saturation of the pore space occupied by the 

percolating fluids. Pores occupied by one phase are not available for the flow of the 

other, that is, each phase flows in its own paths. The discontinuous or the residual fluids, 

usually accounting for about 30 % of the total pore volume. will be trapped in the pores. 

The phase interference is controlled primarily by the action of capillary forces developed 

at the contact zones of the fluid phases in the pore canals. The smaller the size of the 

pores. the more significant will be the effect of capillary forces. To describe the ease with 

which any fluid can flow in the presence of the other phase(s), relative permeability 

functions are introduced in the extended Darcy's law and defined as, 

where k is the absolute permeability of the medium, and k" is the relative permeability to 

phase i in the flow direction of j. Numerous studies have shown that the relative 

permeabilities in a porous medium are strong functions of phase saturation and phase 

saturation is a function of capillary forces. 

A natural fracture consists of two rough surfaces in partial contact. Between the 

areas of contact there exist voids of various geometry and variable aperture. The physics 

of fluid flow in a fracture is more complicated on macro-scale than in a homogeneous 

porous material because of the difficulty involved with the characterization of the fracture 

geometry and flow heterogeneity. Unlike the three dimensional nature of flow in a porous 

medium, fluid flow in a fracture occurs in a two-dimensional variable aperture plane. The 

dynamic behavior of multiphase flow is controlled by the flow rates of the fluids, fracture 

geometry. the physicochemical properties of the fracture surfaces, and effective stress 

change in the formation which contains the fracture. The aperture of a fracture may vary 

from tens to hundreds microns (Romm, 1966). It is expected that, in areas of small 

aperture and slow percolation, capillary forces would dominate the flow, whereas in areas 

of large aperture and high-velocity flow viscous forces would play a more significant 

role. Although researches have been conducted on studying multiphase flow in single 
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fractures in the past decades, our knowledge on the subject is still limited due to 

relatively limited effort and difficulties associated with the acquisition of reliable 

laboratory data. 

Given the wide range of application of multiphase flow through fractures, it is 

deemed necessary to gain more insight into this problem. Before we are able to 

understand the complexity of multiphase flow in fracture networks, it is important for us 

to understand the physics of two-phase flow in a single fracture first. The objectives of 

this research are i) to identify the most important parameters controlling two-phase flow 

in a single fracture under viscous controlled conditions through laboratory experiments 

and ii) to develop average constitutive relationships or correlation that describe the 

dynamics of two-phase flow in a single fracture in geologic media, such as pressure 

gradient and saturation. The average relationships are desired because they provide a 

macroscopic description of complex physical processes such as two-phase flow in a 

fracture, which are more suitable for the engineering applications. The models to be 

developed will provide basic description of the dynamics of two-phase flow in a single 

fracture, which may be incorporated into numerical codes or with other forms of 

predictive models for interpreting experimental results or making predictions of reservoir 

behavior. With these objectives in mind, the scope of this research is defined as follows: 

I). Theoretical analyses of the fundamentals of immiscible two-phase flow in a 

horizontal smooth-walled parallel-plate fracture to identify the important 

parameters controlling the flow and establish physical basis for predictive 

model development. 

m. Laboratory experimentation and visualization of two-phase flow in single 

horizontal fractures of parallel plates type with either smooth or rough 

surfaces. Parallel-plate type is preferred because it is relatively easy to 

fabricate in laboratory yet basic to various natural fractures on micro-scale. 

Large-scale variation in fracture apermre distribution is not investigated in 

this study. 
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X). Analysis of results from experiments and development of average 

constitutive reIationships/comlation for macroscopic description of the 

dynamics of two-phase flow in a single horizontal fracture of parallel-plate 

type* 

IV). Provision of recommendations for future research. 



Chapter 2 

Literature Review 

Multiphase flow occurs in various systems such as porous media, fractures, closed 

conduits like pipes. and open space. Extensive research ha9 k e n  conducted in the realm 

of muhiphue flow and results have been published in journals, conference proceedings 

and technical reports covering a wide range of engineering applications from geothermal 

engineering to aerospace engineering. A comprehensive literature review on the subject 

would be prohibitive. Therefore this survey is limited to multiphase flow in fractures and 

analogous systems, i.e., porous media and pipe flows. This chapter starts with a survey on 

single-phase flow in fractures, and then the topic of multiphase flow is followed. 

2.1 Single-Phase Flow 

The usual approach for modeling single-phase flow in a fracture is to simplify the 

fracture to a simple pair of smooth parallel plates. Steady-state flow of a single-phase 

fluid between smooth parallel plates can be calculated using the following expression that 

is known as the "cubic law" (Witherspoon et al., 1980; Pyrak-Nolte et al., 1988), 
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where the phase volumetric flux q is the flow per unit width of the fracture plane normal 

to the flow direction i, and the fracture aperture is represented by h. Equation 3.1 can be 

derived from the Navier-Stokes equation. Therefore all the assumptions inherent in 

Navier-Stokes equation also apply to this equation. In addition, there is one more 

assumption imposed in the derivation of equation 2.1 that the aperture of the fracture is 

very small compared to the dimensions in the fracture plane. The validity of the "cubic 

law" has been verified by many experiments in smooth-walled fractures and can be 

extended to fluid flow through loosely mated. open fractures (Iwai. 1976) as well as for 

fractures with high correlation between the two fractures surfaces (Witherspoon at al.. 

1980). 

There is also controversy with regard to the applicability of the analogy of 

parallel-plate to a natural fracture. On a large scale, surface contacts are inevitable in 

natural fractures. The presence of contacts produces barriers to flow and increases the 

tonuosity of the flow paths through the fracture. Computer simulations on two- 

dimensional resistor networks (Tsang, 1984) indicated that tonuosity can substantially 

reduce the flow rates below those predicted from the cubic law, especially for tight 

fractures. Measurements of fluid flow through both induced and natural fractures indicate 

that the relationships between fluid flow and fracture aperture involving an exponent 

greater than cubic (Raven and Gale, 1985). Those discrepancies from cubic law were 

attributed to surface roughness and flow path tortuosity (Tsang, 1984). 

In addition to the effect of surface roughness and flow tortuosity, flow though a 

fracture is controlled by the distribution of voids within the fracture. The existence of 

critical paths, i.e., the paths of the largest apertures across a fracture, dominates the flow 

through the fractures thus causes flow channeling (Pyrdc-Noltre and Mortemagno, 1994). 

Field experiments of solute migration in fractures in the Stripa mine (Neretnicks, 1985) 

showed that the flow was very unevenly distributed along the fracture plane investigated 
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and large areas did not carry any water. The flow paths, or channels, accounted for only 

5-20% of the fracture area. The field experiment carried out in a single fracture in granite 

in Cornwall, South West England, by Bourke (1987) demonstrated that flow in a single 

fracture also took place in a limited number of channels. The measurements showed that 

the flow took place in only a few channels and that the channels occupied a total area of 

about 10-20% of the fracture plane. In a recent study, Pyrak-Nolte and Montemagno 

(1994) directly quantified the importance of the critical paths for flow channeling by 

using Wood's metal porosimetry and methane flow rate measurements in natural 

fractures of coal core from Wetzel County, West Virginia. They found that the methane 

gas flow rates through the fractures were reduced by 70% to 9 8 8  after the critical paths 

were filled with Wood's metal. 

The controversy over the parallel-plate representation of a natural fracture arises 

from its incapability to take into account (i) the roughness or variability of natural 

fracture, (ii) the tortuosity of the flow paths and flow channeling, and (iii) the existence 

of surface contacts. All these point to the necessity to develop a physical model that 

represents the roughness and variability of a natural fracture. An alternative way of 

characterizing a natural fracture is to represent a natural rough-walled fracture by a set of 

parallel plate cells to which geostatistically generated apertures are assigned (Moreno et 

al.. 1988). Each cell is treated as a parallel plate Frafture in which the cubic law governs 

the fluid flow. A correlation structure may be specified to incorporate point-to-point 

trends in aperture values. The most commonly used model is the log-normal distribution. 

which has been supported by the experimental measurements of Gentier (1986), Gale 

(1987) and Hakami (1988). Other probability density functions used to represent fracture 

aperture distribution include the Gamma distribution (Tsang and Tsang, 1987) and 

inverted Chi-squared distribution (Brown and Scholtz, 1985). Nolte et al. (1986) and 

Pyrak-Nolte et al. (1988) adopted an approach that combines the standard random 

continuum percolation and fractal into a new model called stratified continuum 

percolation to reproduce fracture void geometry. The idea of using geostatistical method 

to discretize a fixture into a two-dimensional grid of parallel plates has been used by 

Brown (1987), Monno et al. (1988, 1990), Pyrak-Nolte et al. (1988), Pruess and Tsang 
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(1990). Tsang and Tsang (1990). Mendoza (1992), Murphy and Thomson (1993) to study 

both single- and two-phase flow in a rough-walled natural fracture. The results of these 

studied indicate that a fracture plane can be adequately represented by an equivalent 

parallel-plate aperture when good correlation exists between the surfaces and the number 

of contacts is small; however, when there are more contacts and less correlation between 

the surfaces, deviation from an equivalent parallel-plate model is significant. 

2.2 Two-Phase Flow 

Two-phase flow in porous media has been the subject of extensive research. resulting in a 

large body of literature. Instead of conducting an extensive review of two-phase flow in 

porous media. Focus was on topics that are particularly relevant to this study such as the 

dynamic interaction of immiscible flow in porous structure and the dependence of the 

flow on capillary number, flow-rate ratio, viscosity ratio and distribution of fluids. These 

are deemed important for two-phase flow in open fractures. 

The concept of relative permeabilities is very important to two-phase theory and 

practice. For two-phase flow in porous media, it is presumed that each fluid flows in its 

own separate network of interconnected pathways, and any body of disconnected oil is 

stranded behind pore throat. Based on the presumption. the relative permeabilities can be 

obtained from the extended Darcy's law. The conventional relative permeabilities, as 

defined in the extended Darcy's law. should be interpreted as a representation of the drag 

due to the flow of each fluid through a solid boundary. In fact, it is assumed that the solid 

surface and each one of the fluids form a new porous matrix through which the other 

fluid flows. This implies that the numerous interfaces between the two fluids remain 

immobile and, therefore, do not influence the two-phase flow. However, laboratory tests 

of immiscible oiUwater flow in a transparent model of pore networks reveal that 

disconnected oil contributes substantially to the flow of oil (Avraarn and Payatalces, 

1995). The authors argued that the flow of oil took place predominantly through the 
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motion of disconnected bodies of oil ganglia andor droplets. In addition. flow patterns 

were identified and found to affect the relative permeabilities strongly. 

In addition to the direct observation of fluid interaction in the 2D model of pore 

networks, other studies of two-phase flow in 3D porous media also show strong evidence 

that fluid interaction is important to relative permeabilities directly or indirectly. For 

example. it has been found that, besides the saturation and saturation history of the fluids. 

relative pemeabilities of steady-state two-phase flow depend on the capillary number 

(Lefebvre du Prey. 1973; Arnaefule and Handy. 1982; Fulcher et d.. 1985). the viscosity 

ratio (Yuster, 1951; Odeh. 1959). wettability (McCaffrey and Bennion, 1974). and 

distribution of fluids, pore geometry and topology (Jerault and Salter, 199 1). 

With the accumulation of physical evidence that fluid interactions during two- 

phase flow in porous media cannot be neglected. theories have also been advanced to 

take into account the interactions in terms of quantifying the drag due to momentum 

transfer across the fluid-fluid interfaces. The most common one is the viscous coupling 

theory which states, according to Rose ( 1988). "By coupling is meant a situation where 

the motion of elements of pore fluid reciprocally will be subject to viscous drag 

extending across the fluid-fluid interfaces that separate them from other contiguous 

element of immiscible fluids...". It has been shown theoretically that additional 

interaction coefficients (cross terms) appear in the generalized Darcy's law for two-phase 

flow. which account for the viscous drag across the interfaces (Rose. 1988: de la Cruz 

and Spanos, 1983; Whittaker, 1986; Kalaydjian, 1987). The coupled equations are given 

in equation 3.40 of Chapter 3. 

Since two-phase flow in a fracture takes place in an extended 2D void space, it is 

expected that the interactions between the two fluids are inevitable and could be an 

important factor that influences the relative pemeabilities, especially under viscous 

controlled conditions. Limited laboratory studies (Merill. 1975; Fourar et al., 1993 and 

1995) and some earlier results of this study (Pan et al., 1998) indicate this is indeed the 

case and the evolution of flow patterns as a result of phase interaction has some impact 

on the fractional flow characteristics of immiscible flow in a fracture. Alternatively, the 
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traditional 2D porous medium approach has also been adopted by some researchers to 

study percolation of fluids through tight fractures with application mainly to the two- 

phase flow problem associated with the isolation of nuclear waste in deep formations 

(Rassmusson and Evans, 1988; Pruess and Tsang, 1990; Pyrak-Nolte et al., 1990 and 

1992; Glass, 1993) and groundwater contamination by immiscible fluids (Kueper and 

McWhorter, 1992; Mendoza, 1992). The different approaches are evaluated below. 

Historically the relative permeabilities of two-phase flow in a fracture have been 

treated to be straight-line functions of saturation, i.e., k, = S, and k, = So, for cocurrent 

oil and water flow in a fracture. The correlation is based on laboratory tests of the 

cocurrent flow of kerosene and water in artificial parallel-plate fractures with apertures 

varying from 0.065 mm to 0.125 mm, performed by Romm (1966). The parallel-plate 

fracture Romm used to conduct the tests were lined with strips and sheets of celluloid 

film and waxed paper to separate the fracture into many sub-fractures. As a result, the 

fluids flowed in many parallel fractures, leading to reduced interaction between the 

fluids. The straight-line relative permeability model of Romm has been widely used by 

petroleum engineers in numerical simulations of fractured reservoirs (Gilman and 

Kazami, 1983). 

Merrill (1975) did experiments in parallel glass plates and fractures in porous 

rocks made by sawing and reassembling. The range of the apertures of the fractures he 

investigated varied from 0.075 mm to 0.1 mm. A linear relationship was found between 

the flow rate and pressure drop for several two-phase (oil and water) mixtures. Because 

most of the data were measured over a narrow range of saturation, no correlation was 

made between relative permeability and saturation, although the limited data indicated 

that the sum of the two relative permeabilities was less than 1. In the transparent parallel- 

plates model, instead of stable phase occupancy, "moving islands" of oil were observed, 

and similar behavior was inferred for fractures in rock. 

Fourar et al. (1993. 1995) also did two-phase flow experiments in parallel glass 

plates, with either smooth or rough surfaces (rough surfaces were made by gluing a layer 

of glass beads of uniform size on the walls), and in a fracture made of bricks. The 
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apeme of the fractures varied from 0. L 8 mm to 0.54 mm. Air and water were used as the 

fluids. In the experiments a large range of flow rates was covered, and a variety of 

moving structures (flow pattems) were observed. Both liquid continuous and gas 

continuous regimes were observed when the flow rate of the respective phase was much 

larger than the other. The results indicate that the relative permeability to water equals its 

saturation but that to air is a non-linear function of saturation. The authors also found 

strong dependence of relative permeabilities on liquid velocity. Because of the 

similarities of the moving structures to those observed in pipe flow, data were analyzed 

and well fitted by the model of Lochhart and Martinelli ( 1949) developed of two-phase 

pipe flow. 

In the earlier experiments of cocurrent oiVwater flow in a parallel-plate fracture of 

the current research, a variety of flow pattems and phase interactions were identified (Pan 

et al., 1998). Experimental data indicate that the summation of the relative permeabilities 

is less then one. A pressure drop correlation based on a homogeneous model was 

developed and compared with experimental data. Good agreement was obtained. 

The flow pattems observed by Merrill (1975), Fourar et al. (1993, 1995) and Pan 

et al. (1998) indicate that capillary forces did not control the phase distribution and flow 

pattems in smooth-walled fractures. As a matter of fact, the constant aperture of the 

smooth-walled fractures in these cases prohibited the formation of stable regions of 

wetting phase and non-wetting phase from the occupancy point of view, such as what 

would exist in porous media under capillary controlled conditions that the wetting phase 

would occupy small pores leaving the non-wetting phase in the big pores. 

Persoff and Pruess (1993, 1995) reported results of two-phase flow tests in 

transparent rough-walled fractures with aperture varying from 0.0085 mm to 0.022 rnm, 

which were made of replicas of the walls of a nanual rough-walled fracture. Experiments 

at carefully controlled flow rate and pressure conditions were prformed using the fluids 

of de-aired water and nitrogen gas. They reported that two-phase flow exhibited 

persistent instabilities with cyclic pressure and flow rate variations even under constant 

applied boundary conditions. Water slug flow was observed in some tests. However, the 
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predominant flow pattern generally followed the capillary theory that the wetting phase 

(water) flow continuously through pores with small apertures and the nonwetting phase 

(gas) formed flow paths through pores with large apertures. Changes in phase occupancy 

at certain critical pore throat were observed in the tests. Repeated blocking and 

unblocking of nonwetting phase flow paths by the wetting phase fluid (water) led to 

pressure cycling. The cyclic pressure variation data from the test with natural rock 

fracture also suggest similar changes in phase occupancy. Measurements of relative 

permeabilities indicated strong phase interference, with both liquid and gas relative 

permeabilities are much less than 1 at intermediate saturations. 

Pyrak-Nolte et al. (1992) conducted an experiment to study wetting fluid. under 

the influence of low pressure, invading a transparent fracture cast saturated with non- 

wetting fluid. The fluid distribution was heterogeneous and related to the fracture void 

geometry. Trapping of both phases was observed and attributed to the significantly 

reduction of the relative permeabilities to both phases. 

There are several numerical analyses of two-phase flow through single rough- 

walled fracture reported in the literature. All of them assumed capillary controlled 

condition equivalent to heterogeneous 2D porous medium. Pruess and Tsang (1990) used 

percolation theory and obtained simulated capillary pressure and relative permeabilities 

of two-phase flow in a fracture described by a correlated log-normal aperture distribution. 

The basis of the model was built on percolation theory that for a specified capillary 

pressure PC, all cells with apertures smaller than the corresponding cut off aperture 

h,=2dPC (where the surface tension is represented by O* and the contact angle 0 is 

assumed to be 0)  were occupied by the wetting phase. Using a simple, one-dimensional 

application of Darcy's law with the known boundary conditions and flow rate, effective 

phase permeability was determined at a specific capillary pressure. By repeating this 

procedure for a range of capillary pressure values, they obtained relationships between 

capillary pressure and saturation as well as between relative permeability and saturation. 

Their primary findings were that there was strong interference between the fluids. The 

relative permeabilities to both phases were very small at intermediate saturations and 
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simultaneous flow was not likely to occur in the long range, anisotropic, spatial 

correlation on the order of the grid size. 

Based on a "stratified continuum percolation model". Pyrak-Nolte ( 199 1) and 

Pyrak-Noltre et al. (1992) evaluated the impact of phase accessibility and residual 

trapping constraints on capillary pressure and relative permeability versus saturation 

relationships for the case of wetting phase penetration. Pyrak-Noltre ( 199 1 ) limited 

access of the penetrating phase to aperture regions that are connected to the 

corresponding inlet boundary. This constraint was found to slightly reduce the relative 

permeability and saturation of the penetrating phase for a given capillary pressure. A 

much greater influence was observed from the implementation of trapping of non-wetting 

phase. Trapping conditions further reduced penetrating phase relative permeability and 

saturation for a given capillary pressure. However, with trapping conditions the 

relationships are changed because of the inability of the wetting phase to displace trapped 

globules of non-wetting phase residual. The model presented by Pyrak-Noltre (199 1 )  and 

Pyrak-Noltre et al. (1992) provides insight into two-phase flow behavior in fractures. 

Specifically, they demonstrate the effects of ignoring inlet accessibility and trapping 

constraints as what was done by Press and Tsang (1990). The model does not, however, 

incorporate the viscous effects on two-phase flow. 

Mendoza ( 1992) also used percolation techniques to calculate capillary pressure 

and relative permeability versus saturation relationships in single geostatistically 

generated fractures with either correlated or uncorrelated log-normal aperture 

distribution. Macro-scale capillary pressure and relative permeability versus saturation 

curves were determined from fluid distributions obtained using percolation theory. He 

found, by Monte Carlo simulations, that the capillary pressure relationships were most 

sensitive to the geometric mean of the aperture field. and the relative permeability 

depended on the variance of the random field. Power-law functional relationships were 

obtained for both the capillary pressure and relative permeability versus saturation. He 

found that the capillary controlled two-phase flow happens under a capillary number of 

lo4. 
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Murphy and Thomson (1993) developed a dynamic two-dimensional two-phase 

flow model for a single variable aperture fracture. The fracture was represented by a set 

of uniform two-dimensional cells with geostatistically generated apertures. The 

difference between their model and others is that two fluids are allowed to occupy one 

cell in the model based on 15 possible saturation shapes within a cell. The saturation 

shape of a cell depends on the local aperture, phase pressure and assumptions such as that 

only one phase can cross the cell borders at a time and the penetrating phase is not 

allowed to flow out of the cell until it is filled with this phase. The study was 

phenomenological only. No quantitative analysis on fractional flow characteristics was 

performed. It is believed that the assignment of 15 grid saturation shapes and the 

assumptions are too restrictive to represent the real flow behavior. 

Rosen and Kumar (1992) used the effective medium approximation (EMA) to 

investigate two-phase flow problem in a rough-walled fracture under capillary controlled 

condition. This approach does not need to consider fluid accessibility or trapping criteria 

in a fracture and does not permit the incorporation of spatial correlation into aperture 

distributions. The results obtained, however. were similar to those of Pruess and Tsang 

(1990) and Mendoza (1992). They also pointed out the limitation of the capillary 

controlled assumption, as adopted in most of the numerical studies, with respect to two- 

phase flow problem in naturally fractured reservoirs and strengthened the necessity to 

study the problem under viscous/pressure gradient controlled conditions. 

The evolution of flow patterns during two-phase flow in smooth-walled fractures 

suggests that similarities exist with two-phase flow in open conduits such as pipes and 

narrow channels. The methodology and models developed for two-phase flow in those 

conduits are of reference value for the current research, especially if the dynamic 

interaction during the flow under viscous controlled conditions is to be emphasized. But 

the differences also exist between flow in a fracture and pipes. The most significant 

difference lies in the geometry of these two media. A fracture is generally hypothesized 

as a slit between two flat surfaces with a large aspect ratio, while a pipe is a closed 

conduit with circular cross-sectional area. It is expected that two-phase flow in a fracture 
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differs from that in a pipe due to increased surface forces and frictional pressure drop. 

The differences may change the flow pattems in a fracture in comparison to that in a 

pipe. The most geometrically similar closed conduit to a fracture is that of a narrow 

rectangular channel. Nevertheless, there are strong similarities between two-phase flow in 

pipes and in narrow channels in terms of flow characteristics and research methodology. 

Richardson (1958) investigated adiabatic air-water flow in rectangular channels 

(narrowest being 50.8 mm x 6.35 rnm) in horizontal position. He concluded that the 

aspect ratio had a significant influence on the range of occurrence of flow pattems. 

Hosler (1968) investigated flow patterns in boiling two-phase flow in a heated, vertical 

narrow rectangular channel (24.5 mm x 3.14 mm). He observed that pressure had a 

significant effect on the flow pattern transitions in the steam-water system. 

Lowry and Kawaji (1988) and Mishima et al. (1991) have investigated adiabatic 

two-phase vertical flow of air and water in narrow channels between parallel plates with 

gap widths ranging from 0.75 to 3 mm. In both studies, the basic flow patterns observed 

were intermittent, bubbly and annular. Row pattern transitions w e n  found to be similar 

to those in larger channels, but there were some differences, especially in transition 

between slug and annular flows. 

Wambsganss et al. (1991) examined two-phase flow pattems and frictional 

pressure gradients in small rectangular channels. In comparison with other work done in 

small circular tubes, they found that the flow maps were not similar and could not be 

used on a quantitative basis. A correlation was developed for the frictional pressure 

gradient after it was found that the existing correlation would not be sufficient to predict 

the data. 

Ali and Kawaji (1991) and Ali et al. (1993) reported on the flow regime maps, 

void fraction and frictional pressure drop data for two-phase (air-water) flow between 

two flat plates with gaps of 1.465 and 0.778 rnm in six different flow orientations. The 

effect of gap width and flow orientation on flow pattern, void fraction and frictional 

pressure drop were found to be small in the channels tested. Experimental data of void 
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fraction and two-phase pressure drop were reasonably well correlated using the Lockhart- 

Martinelli parameter (Lockhart and Martinelli, 1949). 

Mishima et al. (1993) conducted two-phase (air-water) vertical flow experiments 

in rectangular channels with gap widths of 1.0, 2.4, and 5.0 rnm. They used drift flux 

model, with the original correlation for the distribution parameter, to correlate the 

experimental void fraction data. Good agreement was obtained. They suggested, based on 

some other research, that a larger distribution parameter should be used when the gap is 

smaller than 0.1 mm. The frictional pressure drop was found to be well correlated by the 

Chisholm-Laid (1958) correlation for all the experimental data. 

Wilmarth and Ishii (1994) investigated vertical and horizontal two-phase (air- 

water) flow in narrow rectangular channels with gap widths of 1 and 2 mm. Flow regime 

mapping and transition criteria examination were the objectives of the research. They 

identified that the flow patterns observed in the narrow rectangular channels were similar 

to that in pipes. The transition criteria developed by Mishima and Ishii (1984) was found 

to be the best correlation for prediction of bubbly to slug flow transition in vertical flow. 

No satisfactory correlation was found to give good prediction for the transitions other 

than bubbly to slug for vertical flow and all the transitions in horizontal flow. 

2.3 Summary 

Results of experimental and numerical studies of single-phase flow through a 

fracture indicate that the cubic law governs single-phase flow through the fracture if the 

walls of the fracture are either smooth or have good correlation between them. In this 

case, the fracture can be idealized as between a pair of parallel plates. However, if the 

fracture has numerous contacts and unmatched surfaces, deviation from the idealized 

parallel-plate fracture is expected. The approach of representing a rough-walled fracture 

by a set of parallel-plate cells with apertures generated by geostatistical methods, 

however. proves to be a reasonable physical simplification of the complex system. 
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Strong evidence suggests that the traditional model of describing two-phase flow 

in a fracture, i.e., k,+k,=l, cannot explain the experimental and numerical results. 

Significant phase interference exists when two immiscible fluids flow through a fracture 

under capillary controlled conditions. The characteristics of two-phase flow in a fracture 

under viscous controlled conditions are not clear, especially for immiscible liquid-liquid 

flow. Given its relevance to many engineering processes. e.g., oil recovery from naturally 

fractured reservoirs, it is important that we have a better understanding of the subject. 

Both 2D heterogeneous porous medium and pipe flow approaches have been used 

to analyze two-phase flow in rough-walled fractures under either capillary controlled or 

viscous controlled conditions. The porous medium approach may be appropriate for 

natural percolation or forced flow under small pressure gradient. such as two-phase flow 

from a contamination source or the flow of oil and water far away from a wellbore. 

However, it does not apply to dynamic two-phase flow in fractures under viscous 

controlled conditions, such as what would be expected for flow near a wellbore or in 

secondary recovery process in which water drive is employed. The pipe flow approach 

may be more appropriate for flows under viscous controlled conditions. Laboratory 

observations of two-phase flow in transparent fractures also support the latter. Regardless 

of which approach, results from all researchers point to the fact that phase interaction 

affects the behavioral characteristics of two-phase flow in a fracture. 

The results of studies on two-phase narrow channel flow indicate that flow pattern 

mapping is important to characterize vdous flow regimes in which the mechanisms of 

two-phase flow is specific, which means different correlations may have to be developed 

to describe the flow in different flow regimes. Although no general correlations were 

developed and inconsistent results were obtained by different authors, the achievement in 

the research of two-phase flow in pipe and narrow rectangular channels is still valuable to 

the research of two-phase flow in a fracture. 



Chapter 3 

Theoretical Considerations of Fluid Flow 

in a Fracture 

3.1 SinglemPhase Flow in a Fracture 

The topic of fluid flow through a single fracture has been the subject of extensive 

research. In nearly all applications, the problem is assumed analogous to laminar flow 

between two smooth parallel plates. Both theoretical and experimental works have 

concluded that the flow varies as the cube of the aperture between the plates, i.e.. the so- 

called "cubic law" (Rornm, 1966; Louis, 1969; Iwai. 1976; Witherspoon et d., 1980) 

where the volumetric flow rate Q varies as the cube of the aperture between the plates h 

(Figure 3.1). Here W is the width of the fracture in the direction normal to fluid flow, p is 

the fluid viscosity, and d p / '  is the fluid pressure gradient along the fracture. The 

fundamental equation. 3.1, can be derived from either the Navier-Stokes equation or 

directly from the momentum balance equation established on a control volume. Iwai 
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(1976) has given the former approach. The latter is presented in Appendix A. Equation 

3.1 characterizes laminar flow in a smooth-walled parallel plate fracture provided the 

effects of inertia are negligible. All others being constant. the pressure gradient of a 

laminar flow in the fracture should be linearly proportional to the flow velocity. If we 

compare equation 3.1 to Darcy's Law we see that the intrinsic permeability of the parallel 

plate fracture is k = h2/12. 

Figure 3.1. Geometry of a parallel-plate fracture. 

Nonlinear flow may occur as a result of inertia loss arising from a variety of 

sources such as entrance and exit losses, change in flow velocity or direction along the 

flow path due to constrictions or obstructions, and initiation of turbulence due to 

localized eddy formation. Such inertial losses are generally proportional to the square of 

the fluid velocity (Schrauf and Evans. 1986). 

A general dimensionless expression of equation 3.1 can be obtained by 

introducing two dimensionless parameters, Re (Reynolds number), andf(friction factor). 

as defined as follows: 

where v = Ql(hw), v = pip is the kinematic viscosity of the fluid and Dh is defined by 
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because W >> h. Combining equations 3.2 to 3.4 with equation 3.1, and substituting 

v=Q/(h W), gives 

Solving for f gives 

The physical meaning of Reynolds number is the ratio of inertia forces to viscous 

forces in the flow system. Therefore Reynolds number indexes the flow regime. that is, as 

Reynolds number increases, the inertia forces become more significant. and turbulence 

takes place. It is well known that the transition from laminar to turbulent flow in a pipe 

takes place at a Reynolds number of about 2100. However, the critical Reynolds number 

defining the transition from laminar to turbulent flow in a fracture is about 500 (Romm. 

1 966). 

The smooth-walled parallel plate model can be considered only a qualitative 

description of a real fracture. Real fracture surfaces are not smooth parallel plates, but are 

rough and contact each other at discrete points. Fluid is expected to take a tortuous path 

when flowing though s real fracture. Various approaches have been used to account for 

surface roughness. Empirical flow laws have been presented that are based on 

experiments with idealized geometry. Among them. the one proposed by Lomize (1961) 

and later verified by Louis (1969) is the most representative to the artificial rough-walled 

fracture used in this study. By introducing a surface relative roughness parameter, &Dl,, 

they formulated similar empirical flow laws which predict a reduction of flow rate due to 

surface roughness 
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where E is the absolute roughness of the surfaces and Dh is the hydraulic diameter of the 

fracture as defined before. Note that equation 3.7 was established based on experiments 

on flow through fractures with parallel surfaces but roughened with sand grains. For 

laminar flow, the effect of surface roughness can be characterized as a conduit with a 

lengthened flow path. The lengthened flow path is accounted for by the incorporation of 

the relative roughness parameter. For a real fracture, this idealized roughness may be 

applicable locally but can not represent large-scale roughness such as waviness and 

irregularities as categorized by Lornize (1961). The study of large-scale roughness on the 

flow is beyond the scope of this study. Interested readers are directed to papers by Ge 

(1997). Zimrnerman et al. (1991), Brown (1987). Schrauf and Evans (1986). Tsang and 

Witherspoon ( 198 I), and Walsh ( 198 1). 

3.2 Two-Phase Immiscible Flow in a Fracture 

Given its importance in engineering applications, the subject of two-phase flow in 

a fracture deserves more attention than it has received so far. Due to limited research, our 

understanding of the physics of two-phase flow in a fracture is limited as compared to 

that in porous media. Available publications often lead to contradictory results and touch 

little on the basic side of the problem such as the factors controlling two-phase flow in a 

fracture. This section presents the theoretical considerations of two-phase immiscible 

flow in a parallel-plate fracture with the aim of identifying the important parameters 

controlling the flow. In contrast to the two-dimensional heterogeneous porous medium 

approach of Pruess and Tsang (1990) and the percolation approach of Pyrak-Nolte et al. 

(1992) and Mendoza (1992). this study investigated the characteristics of side-by-side 

immiscible flow, with the consideration of viscous drag between the two fluids, through a 

parallel-plate fracture. Rigorous analytical solutions are obtained for idealized flow 
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configurations under the premise of viscous controlled over capillary controlled 

conditions. The solutions are used to interpret the laboratory test results introduced in 

Chapter 5. 

3.2.1 Idealized Flow Configurations 

Before looking at the idealized flow configurations, let us first take a look at the 

theory describing flow in a conduit of an arbitrary cross section. Consider steady-state 

rectilinear flow of an incompressible viscous fluid through a conduit of an arbitrary cross 

section as shown in Figure 3.2. 

t Since V, is the only non-vanishing velocity 

component, from the equation of continuity 

X av, 
b - -=o,  vz=v,(.r,Y) az 

(3.8) 

For steady state horizontal flow, the inertia 

term on the left side and the z component of 
Figure* 3*2* Flow through a conduit of 

the gravitational term on the right ,.ide of 
arbitrary shape. the Navier-Stokes equation are zero, the 

equation reduces to 

since V, is a function of x, y only, differentiating 3.9 with respect to t gives 

a2p -=o,  3 - d~ = constant 
az2 dz 

Hence the equation to determine the velocity V, reduces to the Poisson equation 
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dp where p,  =- 
dz 

Solution of equation 3.1 1 can be obtained subject to appropriate boundary conditions. 

As a parametric study aiming at identifying factors influencing two-phase flow in 

a parallel-plate fracture, some simplifications are invoked to the phase distribution in the 

fracture in order to make the theoretical derivation tractable without the necessity of 

introducing local averaging parameters. The idealized flow configurations are i )  

alternating channel flow; ii) stratified flow, iii) sandwich flow I (water wetting the walls), 

and iv) sandwich flow Ii (oil wetting the walls). They represent a variety of the flow 

structures that may exist, yet having simple boundary conditions under which solutions of 

the Navier-Stokes equation are possible. Although the stability under which the idealized 

flow structures exist may be a question, this can be the subject of further research. Thus. 

the study of instability of the flow structure is not considered here and, as a first-degree 

approximation. no mixing between the two phases is assumed. The study of each of the 

four idealized flow configurations forms the main focus in the rest of this section. 

Although the fluids of consideration are oil and water, the results may be applicable to 

other pairs of immiscible liquids. The following hypotheses are imposed in the theoretical 

analysis: 

H1. The influence of capillary force is neglected in comparison with viscous 

force. Consequently, p, = p,, and (dp/d& = (dp/d*)),. 

H2. No slip boundary condition is assumed at the walls of the fracture and 

velocities are continuous at interfaces. 

H3. The system is isothermal. 

H4. The cross section of the fracture is of constant shape and size as well as non- 

reacting with the fluids (oil and water). 
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Alternating Channel Flow 

Consider rectilinear flow of oil and water through a horizontal parallel-plate 

fracture in the form of alternating channels as shown in Figure 3.3. Based on the first 

Y 
! cell 

Figure 3.3. Alternating channel flow of oil a d  water in a parallel-plate fracture. 

hypothesis (HI), the oil and water flow in rectangular channels with venicd interfaces. It 

is further assumed that both phases wet the surfaces of contact within their respective 

channels. Let VLW and V: denote the z-component velocities of the water and oil, 

respectively. From equation 3.1 1 

for x. [o,al 

YE [ -b .4  

From HI, (dp/dt), = (dp/dz), = p,. For a repeated cell pattern in Figure 3.3. the boundary 

conditions including the periodicity become, 

V:=O for X E [ O , ~ ]  
At v = + b  
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At x = a  a vVw a vVo 
P , ~ = P o ~  for y~ [-b,b] 

The general solutions of equations 3.12a and b are 

C," and C, satisfy Laplace equation 

for [o,a] 

YE [-b.61 

The boundary conditions for C, and C, become 

C,=O for X E [ O , U ]  
At y = f b  

C,=O for X P [ U . ~ ]  

c, =c,-- ' ( I  --- io&y2) for y ~ [ - b , b ]  
At x = u  2 PW (3.17b) 

acw P W Z -  - P O X  f Y E  [ -b,b]  
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for y e  [- b,b] (3.18a) 

for Y E [ - b , b ]  

Equations 3.18a and 3.18b represent the periodic boundary conditions, which imply that 

the cell duplicates itself across the width of the fracture. The following general solution 

may be constructed for C, and C, (see Appendix B for details) 

Using the boundary conditions in equations 3.17 and 3.18, the coefficients Anw. B.", A,,". 

and B,," can be obtained as follows, 

where the coefficients Fl .  F2, F3, F4 are given by 
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where 

where 

Thus the complete solution of equation 3.12 of the alternating channel flow is obtained 

by combining equations 3.15.3.19 to 3.23. For more details referr to Appendix B. 
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Stratitied Flow 

The stratified flow configuration depicts a layered flow structure in which oil 

flows above water due to gravity segregation, as shown in Figure 3.4. Russell and 

! Oil 

Figure 3.4. Stratified flow of oil and water in a parallel-plate fracture. 

Charles (1959) have undertaken similar analysis of this flow configuration. The 

governing equations are the same as the Poisson equation 3.11. Written for each phase, 

they are 

subject to the boundary conditions, 

Solution of equation 3.24 may be written in the form, 
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where A, B, C, D are constants to be determined from the boundary conditions in 

equation 3.25. The constants are. 

where A =- Po . Note that alh is actually the water saturation in the fracture. The 
P w  

velocities of the two phases are obtained by substituting equation 3.27 into equation 3.26. 
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Sandwich Flow I (water wetting the coarlW 

The 'sandwich' flow configuration depicts a layered flow structure in which two 

layers of water flow along the walls with oil flowing cocurrently between them, as shown 

in Figure 3.5. This configuration represents the scenario of a water wetting system in 

which the non-wetting phase, oil, is separated from the walls of the fracture by the 

wetting phase, water. This simplification of two-phase flow in a parallel-plate fracture is 

similar to that of the frequently cited works of Yuster (195 1) and Odeh ( 1959), in which 

they treated porous media as capillary tubes of different sizes with oil, the non-wetting 

phase, flowing in the middle of tubes, separated from the wall by water, the wetting 

phase. The governing equations written for each phase are. 

Figure 3.5. Sandwich flow of oil and water in a parallel-plate fracture. 

ye (a, b), or y E (- a,-&) (3 .29a) 

subject to the boundary conditions. 
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VJ is an even function of y . 

Solution of  3.29 may be written in the form, 

where constants A. B, C, D can be determined from the boundary conditions in 3.30 as, 

w h e ~  A I&. Note that a16 is actually the oil saturation, So, in the fracture. The 
P w  

velocities of  the two phases are obtained by substituting equation 3.32 into equation 3.3 1 .  



Chapter 3. Theoretical Considerations of Fluid Flow in a Fracture 

Sandwich Flow It (oiL wetting the wall.) 

'This flow configuration is the same as the last one except that the wetting phase 

has been changed from water to oil. Since, geometrically, the distribution of water and oil 

can be interchangeable; the velocities of water and oil in this configuration may be 

written directly from equation 3.28 as 

3.2.2 Conventional Relative Permeability 

If sections of a fracture are occupied by one fluid, these sections are unavailable for the 

flow of the second fluid and, thus, the second fluid must flow through areas that are not 

occupied by that fluid. Following the same treatment as in porous media, the change in 

permeability due to the presence of another fluid is accounted for by a relative 

permeability term in the generalized Darcy's law for multiphase flow. The concept of 

relative permeability is of fundamental importance in the analysis of multiphase flow 

because the functions of relative permeability determine the ease with which each fluid 

can flow in the presence of the other phases. For steady-state, one-dimensional, 

horizontal, immiscible two-phase flow in a fracture. the extended Darcy's law takes the 

form of, 
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when krl and kr2 are the conventional relative permeabilities for fluids 1 and 2, 

respectively, and k is the absolute permeability of the fracture, vl and vz are the 

superficial velocities (or Darcy's velocities) of the two fluids. 

In section 3.2.1, the solutions of Navier-Stokes equation for the idealized two- 

phase flow configurations in a parallel-plate fracture are obtained. For the purpose of 

general application. the two-dimensional solutions in section 3.2. L are converted to one- 

dimensional solutions, and the results are compared with the generalized Darcy's law to 

obtain the relative permeability functions. 

Alternating Channel Flow 

Let Q, and Q, denote the water and oil flow rates through the unit cell. refer to 

Figure 3.3, then 

when parametea are defined in section 3.2.2. The superficial velocities (Darcy's 

velocities) v, and v, are given by, 
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where b2/3 is the absolute permeability of the fracture and k,, k, are the relative 

permeabilities to water and oil. respectiveiy. Comparison of equation 3.3 1 with equation 

3.30 results in the following expression for k, and k,. 

in which Sw = d l  and S, = (Lay! are the water and oil saturation in the cell. Since it is 

assumed that the cell duplicates itself in the fracture, the functions in equation 3.32 are 

actually the relative permeability functions for the alternating channel flow of water and 

oil in a parallel-plate fracture. 

Equation 3.32 indicates that the relative permeabilities of water and oil flowing in 

alternating channels in a parallel-plate fracture are functions of saturation, viscosity ratio 

and the aspect ratio of the cell (IRb). The second term in both equations is small as long 

as the ratio, IRb, is large. If the width of the channels of oil and water is of comparable 

magnitude to the aperture of the fracture the contribution of the second term is not 

negligible. Figures 3.6 and 3.7 show the relative permeabilities versus saturation 

relationships at two different VLb ratios, which illustrates the difference due to the change 
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of the ratio. Shown also in the figures are the relative permeabilities versus saturation 

relationships proposed by Romm (1966). The theoretical calculation at 0'26 of 20 is very 

close to Romm's comlation, as shown in Figure 3.6. However, significant deviation from 

Romm's correlation is observed when the IRb ratio is reduced to 2, as shown in Figure 

3.7. The relative permeability of oil is greater than the diagonal comlation while the 

opposite is true for the relative permeability of water. It is noted that Romm's correlation 

was based on experiments of kerosene and water in a parallel-plate fracture subdivided 

into many small, parallel sub-fracture of 2 - 3 mm in width (U2b = 20-30). Consequently 

this arrangement might have facilitated channeling flow similar to the idealized 

alternating channel flow discussed above. However, this could not be confirmed, as the 

fracture model used by Romm was not designed for visualization. It is reasonable that the 

theoretical relationship fits Romm's experimental correlation very well. At relatively 

large channel width to aperture ratio, the fiction at the walls controls the flow. As the 

width of oiywater channels decreases, the number of channel increases, which leads to 

increased contacts between oil and water. The flow of oil and water is no longer 

controlled by the friction at the walls alone but also by the interaction at the interfaces. 

The increased phase interaction may cause the deviation from the diagonal relationship. 

Strutifled Flow 

Let Qw and Qo denote the water and oil flow rates per unit width of the fracture, 

refer to Figure 3.4, then 

The Darcy's velocities v, v, are given by 
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Comparing equation 3.34 with the Darcy's law, one can obtain the relative permeabilities 

k, and k*, 

Equation 3.35 indicates that relative permeabilities to water and oil in a parallel- 

plate fracture are functions of saturation as well as the viscosity ratio. A plot of the 

relative permeailities versus saturation at two different viscosity ratios is given in Figure 

3.8. It is evident that, over a range of saturations, the relative permeability to oil can be 

greater than unity. The reason for this will be given in the section 3.2.3. 

Sandwich Ffow I (water wetting) 

The flow rates of water and oil per unit width of the fracture for this flow 

configuration are (refer to Figure 3.9 ,  

The Darcy's velocities v, v. are given by, 
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The relative permeabilities k,, k, are obtained by comparing equation 3.37 with the 

Darcy's law 

The relative permeabilities to oil and water for this flow configuration are plotted 

in Figure 3.9. Again, the functions of relative permeability depend on both saturation and 

viscosity ratio. The relative permeability to oil can be greater than unity in this flow 

configuration. 

Sandwich F k  II (oil wetting the walls) 

Using the same procedure, the relative permeabilities to water and oil in the case 

of this flow configuration are 

The relative permeability versus saturation relationship for this flow configuration 

is given in Figure 3.10. Switching the spatial dismiution of the fluids alters the relative 
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Figure 3.6. Relative permeabilities of alternating channel flow at UZb = 20, it = 10. 

Figure 3.7. Relative permeabilities of alternating channel flow at V26 = 2, L = 10. 
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- - - kro, visc. ratio = 5 - - -krw, visc. ratio = 10 

r r D g m ,  - km, visc. ratio = 10 1 

Figure 3.8. Relative permeabilities of stratified flow in a parallel-plate fracture. 

-km, visc. ratio = 10 - - kro, visc. ratio = 5  - law, visc. ratio = 5, 10 

Figure 3.9. Relative petmeabilities of sandwich flow (water wet) in a parallel-plate 

fiacnue* 
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Although the analytical solutions of the Mavier-Stokes equation are obtained from 

special cases of several idealized flow configurations, they provide some insights to the 

characteristics of two-phase flow in a fracture of parallel-plate type. In addition to 

identifying those important factors governing the fractional flow behavior, the analytical 

solutions may provide physical basis for predictive model development. The potential use 

of the solutions in dinct application of analyzing two-phase flow in a fracture relies on 

whether such flow configurations exist in reaiity or not. The experimental p i  of this 

research is meant to answer this question. 

9.8.3 Viscous Coupling 

The generalized Darcy's law, used to describe multiphase flow in porous media, neglects 

the interaction between the fluids. The conventional relative permeability to one fluid is a 

reflection of the drag due to the flow of that fluid as if it were! flowing over a solid 

surface, i.e., the pore surface and the other fluids form a new porous matrix through 

which the fluid in question flows. This implies that all fluid-fluid interfaces remain static 

in steady-state flow as adopted to be the presumption of the conventional multiphase flow 

theory. However, this is not true, especially for flow in a fracture. 

The neglected fact by the conventional relative permeability concept is the 

viscous coupling due to momentum transfer across interfaces between two immiscible 

fluids. "By coupling is meant a situation where the motion of elements of pore fluid 

reciprocally will be subject to viscous drag extending across the fluid-fluid interfaces that 

separate them from other contiguous element of immiscible fluid(s). . ." (Rose, 1988). The 

governing equations for coupled immiscible two-phase flow in homogeneous and 

isotropic porous media have been written in the form as (Rose. 1988; de la Cnu and 

Spanos, 1983; Whitaker, 1986; Waydjian, 1987) 
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where kil, k12, kZ1, and kz2 are the four transport coefficients necessary for a more 

rigorous description of two-phase flow in porous media. 

The physical meaning of the coupling equations is that if two fluids, 1 and 2, flow 

side-by-side, then the velocity of, for example, fluid 1, v,, will not only be affected by the 

pressure gradient of itself and its viscosity, but also by the pressure gradient in the 

adjacent fluid 2 and the viscosity of fluid 2. The incorporation of the transport 

coefficients k12 and k2, provides explanation to some of the experimental results in which 

viscosity ratio, capillary number, and flow regimes wen found to affect relative 

penneabilities of two-phase flow in porous media (Odeh, 1959; Fulcher et al., 1985; 

Avraam and Payatakes, 1995). Because the absolute permeability of a fracture is two to 

six orders of magnitude greater than that of a porous medium, the capillary number of 

flow in a fracture would be greater than that in a porous medium by the same amount. 

Consequently, viscous forces would generally dominate flow in a fracture, which would 

result in constantly moving interfaces between two immiscible fluids and significant 

momentum transfer across the interfaces. 

Now consider the theoretical solutions of two-phase flow in a parallel-plate 

fracture introduced earlier. It is theoretically proven that the so called "lubrication 

phenomenon" found in porous media exists in two-phase flow in a fracture as well. It is 

postulated that viscous coupling plays an important role in two-phase flow in a fracture. 

If it is true, the questions are i) on what magnitude viscous coupling contributes to the 

flow and ii) what parametex@) affects the transport coefficients. 

Since it is assumed that the pressure gradients in both phases are equal, it is not 

possible to quantify the effect of the flow of the other fluid in term of differences in 

pressure gradient. Here a simplified approach is adopted in which the terms in the 
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theoretical expressions of the Darcy's velocities of each phase are regrouped with respect 

to viscosity of each phase, following a similar method used by Dullien (1993). First 

exmine the case of sandwich flow I (oil-in-middle) in a parallel-plate fracture. The 

Darcy's velocities of water and oil can be written as 

Compared with equation 3.40, the following transport coefficients can be obtained. 

Following the same procedure, the transport coefficients for sandwich flow I1 

(water-in-middle) are 

The Darcy's velocities of stratified flow in a parallel-plate fracture may be written 
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Compared with the coupling equation 3.40, the following transport coefficients may be 

obtained 

The transport coefficients are plotted as functions of saturation in Figures 3.11, 

3.12 aod 3.13, for the cases of sandwich flow I (oil-in-middle), sandwich flow II (water- 

in-middle), and stratified flow, respectively. The diagonal terms of the transport 

coefficients for all of the cases, i.e., k, and km, are functions of saturation only. It is 

noted that the transport coefficients describing the inflaence of the fluid flowing in the 

middle section on the fluid flowing along the walls are zeros for both water wetting and 

oil wetting scenarios. Ari examination of Figures 3.9 and 3.10 reveals that the relative 

permeability of the fluid flowing along the walls is not a function of viscosity ratio, 

implying no influence from the fluid flowing in the middle section. Meanwhile, the 

relative permeability of the fluid flowing in the middle section is a function of viscosity 

ratio, implying that there is influence from the fluid flowing along the walls. The 

transport coefficients of the cross-diagonal terms for both the water- and oil-wetting flow 

configurations agree with the analyses. Both the cross diagonal terms of stratified flow, 

k,, and &, are nonzero and depend on viscosity ratio. This is in agreement with the 

relative permeability versus saturation relationships plotted in F i p  3.8, following the 

same argument. 

It is now understood that the remarkable increase of mobility of the more viscous 

fluid (oil) is due to viscous coupling effect ia the cocumnt immiscible flow system. And 

the viscous coupling effect always favor the flow of the more viscous fluid and work 

against the flow of less viscous fluid (water). This provides an explanation of why the 



Chapter 3. n2eontical Consideratiions of Fluid Flow in a Fracture 

0 0.2 0.4 0.6 0.8 1 

st" 

Figure 3.1 1. Transport coefficients of sandwich flow I (water wet) in a parallel-plate 

fracture. 

Figure 3.12. Transport coefficients of sandwich flow II (oil wet) in a parallel-plate 

fracture. 
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Figure 3.13. Transport coefficients of stratified flow in a parallel-plate fracture. 

relative permeability to oil could be greater than unity. The physical content of viscous 

coupling is very easy to understand if one takes a look at the simplest situation of, e.g., 

sandwich flow I (oil-inmiddle). Because of the continuity of velocity at the interfaces, 

the flow of water at the walls is actually 'helping' the flow of oil at the center by 

transferring its maximum velocity to the oil. If there were no pressure gradient applied in 

the oil, it would still flow at the same velocity as that at the owwater interface. The 

existence of a pressure gradient in the oil, however, induces a velocity profde in itself so 

that the velocity at everywhere within the oil is greater than or, at least, equals to the 

velocity at the interfaces. As a result, the oil flows faster than it would be if it were 

flowing alone in the fracture. 

The interaction between immiscible fluids flowing in a nahual fracture is much 

more complex than what have k e n  discussed so far. Limited laboratory data of two- 

phase flow in a frecture have shown a dynamic pictun of phase interaction with 

constantly moving fluid-fluid interfaces end changing patterns over a range of flow-rate 
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ratios (r  = QJeo) (Fourar et al., 1993; Founu et al., 1995; Pan et d., 1998(a); Pan et al., 

1998(b)). Viscous coupling played an important role in the cocurrent two-phase flow 

reported in the two papers by Pan et al. (1998(a), 1998(b)). Although there was no direct 

measurement of the transport coefficients in the experiments, the theoretical analysis did 

provide a reasonable interpretation of the results. Due to the complexity of phase 

interaction of immiscible two-phase flow in a fracture, it would be impossible to develop 

a general equation that can describe the whole process over a wide range of flow 

properties. Therefore, the value of the transport coefficients derived based on the 

idealized flow configurations would be at providing qualitative interpretation of 

laboratory results from a mechanistic approach. 

8.2.4 Saturation and Prerreure Gradient 

Limited laboratory data of two-phase flow in a fracture have shown a dynamic picture of 

phase interaction with constantly moving fluid-fluid interfaces and changing patterns, 

implying that the nature of two-phase flow in a fracture is more like that in a closed 

conduit, such as a pipe, than in a porous medium. Thus, it is reasonable to refer to the 

methodology and model(s) used in two-phase pipe flow analysis. 

There is no doubt that the work of Lockhart and Martinelli (1949) is one of the 

most important achievements in the analysis of two-phase gas-liquid flow in a pipe. Their 

basic contribution lies in the suggestion that the dimensionless pressure drop aG or 

and the holdup R (liquid phase saturation) are unique functions of the parameter X where 

x2 = WdG'PGs is the ratio of the frictional pressure gradient of the liquid to that of the 

gas when each phase flows alone in the pipe. The subscripts L and G refer to the liquid 

and gas respectively, the subscript s designates "superficial" or the situation where the 

designated phase flows alone in the pipe. Likewise & and a are defined by e2 = 

VP/VPGS and a2 = V P f f P b .  VP is the frictioual pressure gradient when both phases 

flow together. In reality luge amount of data support the existence of the relationship 
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between @ and X as well as R and X. However, Lockhart-Martinelli relationship 

remained as an ingenious assumption for a long time before it was proven theoretically 

by Johannessen (1972) for stratified flow and later by Taitel and Dukler (1976) and 

Brauner (199 1) in dimensionless representation for both stratified and annular flow. 

From equations 3.34 and 3.37, which are the analytical solutions for the stratified 

and sandwich oiUwater flow in a parallel-plate fracture, it can be proven that simiiilr 

dependence of the dimensionless pressure drop = VP/VPos as well as saturation Su on 

the L-M parameter X also exists for two-phase flow in a fracture. For the case of stratified 

flow, from equation 3.34, the ratio of Darcy's velocities vJiw can be written as 

If both phases flow in laminar regime, and define X ~ = V P ~ ~ ~ P , , ,  then the following 

equation is valid 

Following the same procedure, the expression for the case of sandwich flow can be 

obtained as, 

Given the flow rates, saturation Sv of stratified and sandwich flow can be solved from 

equations 3.47 and 3.48 by iterative method, respectively. It is interesting to note that the 

saturation is a function of the L M  parameter X for both flow configurations. This is in 

agreement with the proven relationship for two-phase pipe flow. However, in addition to 

parameter X. there arc other parameters on which the satwation depends. These are the 

viscosity ratio A and the flow pattern; the latter is implicitly manifested by the two 
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Figure 3.14. Relationship between S, and L-M parameter X of stratified flow. 

-visc.ratio= 10 - - visc. ratio = 50 

I I 

Figure 3.15. Relationship between S,,, and LM parameter X of sandwich flow. 
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- vkc. ntio = I 0 0  

Figure 3.16. a0' versus S, relationship of stratified flow at different A. 

- visc. ntio = 10 
v i s c .  ntio = 100 

Figure 3.17. versus S, relationship of sandwich flow at different A. 
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Figure 3.18. The relationship between 0,' and L-M parameter X of stratified flow. 

I - - visc. ratio = 10 , 

v i s c .  ntio = 50 
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Figure 3.19. The relationship between a,' and L-M parameter X of sandwich flow. 
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different equations for these flow pattems. The X versus S,, relationships are plotted in 

Figures 3.14 and 3.15 for stratified and sandwich flow, respectively. 

Dividing both sides of the equation v, of 3.34 by the single phase (oil) pressure 

gradient. -VP, = 1 2 ~ , p ~ I )  (assuming laminar flow), the following equation is obtained 

as the dimensionless pressure gradient of stratified flow 

Similarly, the dimensionless pressure gradient of sandwich flow can be obtained by 

dividing the equation v, of 3.37 with -VP,, = 3 ~ , p f l b )  

As we know that saturation S, is a function of L-M parameter X, viscosity ratio A and 

flow pattem. and equations 3.49 and 3.50 contain no additional parameter, it implies that 

the dimensionless pressure gradient is also a function of the same parameters. i.e.. 

0; = f (x, A, flow pattern) (3.5 1) 

The dependence of the dimensionless two-phase pressure gradient on viscosity ratio A 

changes with flow pattern. The effect of 1 on a0 is less significant for stratified flow than 

for sandwich flow, as shown in Figures 3.16 and 3.17. The dependence of a, on L-M 

parameter X is shown in Figures 3.18 and 3.19 for the stratified and sandwich flow 

pattems. respective1 y. 

Similar correlation exists for alternating channel flow. The dependence of 

saturation on X may be obtained, following the same method used for the other two 

flows, ;Is 
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and the dimensionless two-phase pressure gradient may be obtained as 

If the aspect ratio of the unit cell is large (1/2b>50), the following relationship between a,, 
and X may be obtained from equations 3.52 and 3.53 

The dependence of saturation and dimensionless pressure gradient on X is illustrated in 

Figures 3.20 and 3.21. respectively. Only the results at large aspect ratio (ratio of oil and 

water channel width to aperture) are presented in the figures. 

3.2.6 Non-Idealized Flow Configuration 

Since the flow of two immiscible fluids in a fracture may not take the form of the 

aforementioned idealized flow configurations, a more generalized analysis is necessary to 

describe non-idealized flow in the fracture. From a fluid mechanics approach, with 

reference to what have been already achieved in modelling multiphase flow in a pipe and 

earlier laboratory observation of oiVwater flow in a fracture, a more generalized approach 

is adopted to model non-idealized two-phase flow in a fracture. Especially, the modeling 

of saturation (void fraction or holdup as in pipe flow analysis) and pressure gradient of 

two-phase flow in a fracture is presented in this section. 
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- Aspect ratio = 50 

Figure 3.20. Relationship between SH. and L-M parameter X of channel flow. 

Figure 3.2 1. The relationship between a,' and L-M parameter X of channel flow. 
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Before we look at the more generalized model. it is useful to introduce some basic 

parameters for the analysis of two-phase flow in a fracture. An important parameter in the 

cocurrent oillwater flow in a fracture is saturation. It is defined as the proportion of the 

cross-section of an open fracture occupied by one of the fluids, i.e., water saturation, Sw. 

is the proportion of the cross-section of the fracture occupied by water. It is evident that 

phase velocities and thus the momentum are dependent on the saturation. 

The continuity equations are, for the water phase, 

and for the oil, 

where Mi, A,, Ui, pi ( i  = W ,  O )  are the mass flow rate, cross-sectional area occupied by 

phase i ,  true average velocity, and density of phase i, respectively. Note that Ui is the true 

avenge velocity, not the superficial (or Darcy's) velocity, v i e  The ratio of the true avenge 

velocities is defined as 

From equations 3.54 to 3 56, the following equation of saturation may be obtained 

The ratio of true average velocities, K, is the key to developing correlation for saturation. 

Dimensional analysis shows that the ratio depends on several parameters, 

K = K(s,, r, A, Ca, 8,. 8,. /lowhistory, suface roughness) 
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where r is the ratio of volumetric flow rates (QJQtV), A is the ratio of fluid viscosity 

Wpw). Ca is the capillary number (which is defined as Ca = pwv,,&,,,l, where y,, is the 

interfacial tension), 8, and 0, are the advancing and receding contact angles. The ' ' o w  

history' denotes the manner in which the flow has been established whether through 

initial imbibition or drainage. Row history has been known to affect the distribution of 

two fluids in pore spaces and, consequently, the fractional flow. Surface roughness may 

affect the velocities at which the fluids travel through the fracture. Nevertheless, even 

with all of the parameters known, it would still be impossible to develop a theoretical 

relationship of K with all of the identified parameters in it. Therefore, semi-empirical 

approach may be more suitable in developing correlation of this kind with some factors 

that have to be determined from experiment. Adopting the convention in two-phase pipe 

flow analysis, the Lockhart-Martinelli (L-M) parameter, X, is defined as, 

where VP,, and VP,, are the single phase frictional pressure gradients of oil and water, 

respectively, as if they wen flowing alone in a pipe. Thus they 

dependent. The frictional pressure gradients may be written as, 

are superficial velocity 

in which the friction factors. f, and f,, are given by the Blasius equation 

co f* =- Re: 

C w  
f w  =- Re: 

The Reynolds numben are, 
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where Dh is the hydraulic diameter of the fracture (Dh = 2h). In laminar flow regime. Cu = 

C, = 96 and n = rn = 1. Substituting 3.60 and 3.6 1 into 3.59, the L-M parameter becomes 

It has been observed that one of the representative flow patterns of two-phase 

oilwater flow in a horizontal parallel-plate fracture takes the form of alternating channels 

as depicted in Figure 3.22(a) (Pan et al. 1998). Figure 3.22(b) is an equivalent unit width 

element on which one-dimensional analysis is established. Assuming equilibrium 

condition, r simple momentum balance on each channel yields 

In the equations, A is the flow area of each channel, t, is the stress at the walls and I is 

the perimeter over which the stress acts. Z( is the interfacial stress acting on the interfaces, 

which is in the flow direction for the oil and in the opposite direction for the water. Since 

the pressure gradient in both phases is assumed to be equal, by eliminating the pressure 

gradients. 



Chapter 3. Theoretical Considerations of Fluid Flow in a Fracture 

How direction - oil drodet 

oil channel 

Water channel with oil Oil channel 

(a) Typical view (b) Unit width equivalent 

Figure 3.22. Schematic diagram of oil-water channeling flow in a fracture 

The shear stresses can be evaluated conventionally in terms of the corresponding friction 

factor, fw and S,. based on the annulus hydraulic diameter, D 9  and D,, and the 

corresponding Reynolds number, 

Note that the wall frictions of both channels are evaluated on the basis of true average 

velocities, assuming both phases are in contact with the walls. The hydraulic diameters of 

the oil and water channels are velocity dependent. The water channel has both the walls 

and interfaces as its perimeter for the water flows faster than the oil in the oil channel that 

has the walls as its perimeter. Because the water channel contains oil droplets the 
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physical properties of the water change to mixture properties, e.g., p,,tc and F , ~ ~ ,  which are 

defined as, 

where a, = AoJAw is the fraction of oil droplets entrained into the water channel and 

flowing along with the water. 

The interfacial shear stress between the two channels is evaluated by 

In equations 3.67, 3.68 and 3.71 the constants C,,.. C,. n and m are chosen 

according to the flow regime in each phase, i.e., either laminar or turbulent or a 

combination of these two. For laminar flow, C = 96 and n = m = 1. No data is known to 

be available for turbulent flow in a fracture. Nevertheless, the dominant flow regimes in a 

fracture for both phases are laminar flow. 

In order to establish a connection between the true average phase velocity and 

input flow rates, overall mass balances on oil and water are formulated. assuming no slip 

between the phases in each channel, 

from which the dimensionless true average velocities can be obtained. 
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Equations 3.66 to 3.68 can be written in dimensionless form. The reference 

variables are chosen as: h for length, h' for area, the superficial velocities v ,  and v, for 

the true avenge velocities u, and v,, respectively. The geometric dimensionless 

variables. designated by a tilde. are. 

All of the dimensionless variables depend on ( and 7, which are the dimensionless 

width of the water channel and the aspect ratio of the repeating channels, respectively. 

The dimensionless width of the water channel indirectly represents the water saturation 

(if a, is zero. then it is the water saturation). Equation 3.64 can be written as. 

Combining 3.76 and 3.77, 
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where 

Substituting the dimensionless variables into equation 3.78 and assuming 6 = 1, an 

implicit function of S, may be obtained which states. 

in which r = QJQ,, A = pJp,, and is the aspect ratio of the water channel (channel- 

width to aperture). Equation 3.78 indicates that. in addition to parameter X, saturation is a 

function of r, A and the aspect ratio of the water channel. 

The dimensionless two-phase pressure gradient is obtained by eliminating q from 

3.64 and 3.65 as 

Similarly, the dimensionless two-phase pressure gradient 8,' may be obtained by 

substituting the dimensionless variables into equation 3.81, which is a function of x', r, 

1 md a;, 



Chapter 3. Theorerical Considerations of Fluid Flow in a Fracture 

If there is no entrainment of oil droplets in the water channels, i.e., a; = 0, then equation 

3.82 becomes, 

Equation 3.83 states that the dimensionless two-phase pressure gradient of alternating 

channel flow without any oil entrainment in water is a function of L-M parameter X only. 

A plot of the relationship between 0,' and X is given in Figure 3.21, as identified by the 

two-fluid model. It is observed that, for idealized alternating channel flow without any oil 

entrainment, the two-fluid model is simplified to be exactly the same as the analytical 

model. This is in agreement with the work of Taitel and Duckler (1976) who developed 

the two-fluid model originally for two-phase gas-liquid flow in circular pipes. The above 

analysis on the alternating channel flow with oil entrainment is also based on the two- 

fluid model. 

As presented earlier, solution of a more rigorous equation for either stratified or 

sandwich liquid-liquid flow indicates that the dimensionless two-phase pressure gradient 

depends not only on the parameter X, but also on the viscosity ratio of the two fluids. In a 

study of liquid-liquid flow in circular pipes, Hall and Hewitt (1993) also noticed the 

difference and pointed out that it is an inherent setback of the two-fluid model. They 

found that the dependence on the viscosity ratio is important for liquid-liquid flow, 

whereas in gas-liquid flows the viscosity ratio is very small and has little effect on the 

results. 

The theoretical analyses of idealized and non-idealized flow of two immiscible 

liquids in a parallel-plate fracture indicate that the saturation and pressure gradient of the 

flow are strong functions of L-M parameter X. Other parameters that are also important 

include viscosity ratio i3. and flow pattern. Note that the dynamic interaction of two 
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immiscible liquids in a fracture is very complicated. Even the non-idealized flow 

discussed in this section represents only a relatively simple one among other complicated 

flow patterns that may develop in two-phase flow in a fracture. The flow patterns 

identified in laboratory tests will be introduced in Chapter 5. The theoretical analyses 

provide a sound physical basis to study more complicated system and point out that 

relationships between saturation and X as well as dimensionless pressure gradient and X 

may exist so that simp% correlation may be established to describe the dynamics of 

cocunent two-phase flow in a fracture. 

A simple relationship exists between the relative permeability to oil, k, and the 

dimensionless two-phase pressure gradient, a,. as shown in equations 3.49, 3.50 and 3.53 

for the flow configuration of stratified. sandwich and channel flow. respectively. Similar 

relationship between the relative permeability to water and the dimensionless two-phase 

pressure gradient. a,$*, may be derived using the same method. The relationships are 

given as follow 

for each flow configuration of stratified, sandwich and channel flow. It is postulated that 

the relationships in equation 3.84 are valid for non-idealized flow configuration as well. 

The significance of these simple relationships lies in that. as long as the dimensionless 

two-phase pressure gradients. a0 and a ,  are known, the relative permeabilities may be 

obtained directly from equation 3.84. 
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Experimental Setup and Test Methods 

Flow visualization provides a valuable tool that enables us to directly observe the 

interaction and distribution of immiscible fluids in a fracture plane and understand some 

of the complex mechanisms of muhiphase flow in a fracture. Substantial efforts have 

been undertaken to develop transparent single-fracture models with both smooth- and 

rough-walled surfaces. This chapter gives details of the fracture models and test 

procedures used to study the physics of immiscible flow of oil and water in a single 

fracture. 

4.1 SmoothmWalled Fracture Models 

The fracture models developed for this study are of parallel-plate (Hele-Shaw cell) type. 

consisting of two smooth-walled impermeable plates separated by an adjustable distance. 

The models provide a relatively simple representation of a natural fracture, but the basic 

physics of fluid flow remains the same whether it is a natural fracture or a parallel-plate 

representation of it since the flow of fluids takes place in an open two-dimensional space. 
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Therefore, the quantitative aspects of the flow in a parallel-plate fracture can be applied 

to a real fracture. However, in system with a non-planar fracture the multiphase flow is 

expected to deviate from that in a planar fracture such as the ones investigated in this 

study. The parallel-plate model has been used by several investigators to study 

multiphase flow in a fracture (Romm, L966; Merril. 1975; Fourar et al., 1993 and 1995). 

Three smooth-walled parallel-plate models were developed in this study, with 

different injection methods and representing steps of progressive refinement of design 

and test methods. The details of the models are given in the following. 

4.1.1 Description of Models I and 11 

Models I and II were the models developed in the early stage of this study. It was the 

purpose to design a transparent water wet system with easy installation of all the 

accessory parts such as the inlet, outlet, and pressure measurement devices while still 

preserving the basic features of a parallel-plate fracture. Both models were constructed 

with a transparent glass plate 20 nun in thickness and a stainless steel plate 25 mrn in 

thickness. A horizontal parallel-plate fracture was formed with the glass plate on top of 

the stainless steel plate separated by stainless steel shim metals of known thickness 

inserted outside the periphery of the fracture, which was sealed by an O-ring. The 

aperture of the fracture could be adjusted by inserting shim metals of different thickness. 

The range of apertures varied from 45 p n  to 150 pm in the tests conducted with these 

two models. The bottom plate holds all of the fittings including the differential pressure 

transducer pons as well as the inlet and outlet manifolds, as shown in Figures 4.1 (a) and 

(b), respectively for Models I and I.. A distribution channel of triangle cross-section was 

cut in the stainless steel plate at both the inlet and outlet of Model I to facilitate uniform 

pressure distribution across the width of the fracture so that fluids can entedexit the 

fracture uniformly. Four holes were drilled in the inlet distribution channel of the bottom 

plate, each with a diameter of 3.1-mm (118 inch), as the fluid injection ports. The same 
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Figure 4.2 Schematic diagram of the experimental setup of Models I and I1 
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arrangement was employed at the outlet end for fluid production. In Model I[, the 

distribution channel at the inlet end was wadded with epoxy resin and the four 3.1-mrn 

diameter fluid inflow ports were replaced by tubes with internal diameter of 1.56 mm 

(1116 inch). The reason for this will be explained later. 

Figure 4.2 shows a schematic diagram of the experimental setup, whereas Figure 

4.1 shows the cletaiis of the fracture itself and the connections. Both Models i and II use 

two constant rate piston-type pumps (Ruska) to inject fluids into the fractures. The pumps 

are capable of injecting fluids at constant rate up to 10 ml/rnin. In Model I, the fluids are 

injected into the fracture separately. The inlet tubing are arranged in a way that oil and 

water are injected alternatively into the fracture through the four injection ports. i.e. one 

for oil, the next one for water and so on (Figure 4.2 (a)). It was expected that this method 

of injection would provide continuous flow of each fluid and a stable fluid distribution in 

the fracture. The expectation was met at some injection rates, when the difference 

between the flow rates of the fluids was not more than about SO%, but not in others, 

especially when the flow rate of one fluid was significantly higher than that of the other. 

The latter usually led to fluctuation and pulsation of the flow such that the experiment 

became unstable at some flow rates. 

A different injection method is employed in Model U, as shown in Figure 4.2 (b). 

After being pumped, the fluids are mixed at a T-joint before being distributed into four 

injection tubing and then enter the fracture directly from the end of the tubing without 

passing through a distribution channel. Consequently the fluids are injected into the 

fracture in the form of a oil-in-water mixture as opposed to that in Model I in which the 

fluids are injected separately into the fracture. In the experiments conducted with Model 

D, the two-phase flow was well mixed and considerably more stable over a wider range 

of flow rates than that in Model I. 

The pressure drop was measured by the differential pressure transducer 

(Validyne) connecting the two pressure ports in the bottom plate. The connecting tubes 

w e n  tilled with de-ionized water. In two-phase flow experiments, the transducer 
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measured the average pressure drop in two-phase flow. A linear plotter (HP) was used to 

record the pressure drop in the experiments. In addition to the differential pressure drop 

transducer in the fracture, two pressure gauges were installed outside the fracture in the 

inlet tubes to monitor the total pressure at the inlet and as a check to verify the 

measurement of the differential pressure transducer, see Figure 4.2. Since the outlet of the 

fracture was directly connected to the atmosphere, the pressure recorded by the gauges at 

the inlet should be close to that measured by the differential pressure transducer. In fact 

the test results support this expectation. 

An objective of this study was to relate the flow phenomena observed in the 

fracture plane with macroscopic quantities such as the relative perrneabilities. As in a 

porous medium, phase saturation in a fracture is also an important parameter for the 

analysis of multiphase flow. Since the distance between the surfaces of a parallel-plate 

fracture is constant everywhere within the fracture, the saturation of one fluid in the 

fracture can be determined by the ratio of the area occupied by that fluid to the total flow 

area. An image analysis approach was adopted to determine the phase saturation in the 

parallel-plate fracture models in this study. A camem with a macro lens (Nikon) was used 

to observe and record the flow phenomena during 'steady-state' two-phase flow, while 

macroscopic flow rate and pressure drop measurements were being taken continually. 

The images taken during 'steady-state' flow were then digitized and analyzed for the 

mean saturation value and size distribution of the disintegrated phase as a function of 

flow rate, viscosity ratio. In addition to these measurements, key flow phenomena 

occurring in the fracture plane, e.g. the motion, the breaking, the stranding and 

coalescence of oil gangliddroplets, were observed in detail, while the corresponding 

macroscopic flow patterns were identified. The flow patterns were monitored by a TV 

monitor and recorded on videotapes for future studies. At the same time, the pressure 

drop data were monitored continually. The mean values of pressure gradients were 

evaluated with fluid flow rates to obtain the relative permeabilities to both phases, which 

were correlated with the mean saturation value and the fracture flow mechanisms. 
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4.1.2 Experimental Procedures for Models I and II 

Initially, the glass fracture model was saturated with water. The air trapped in the system 

was removed from the fracture, all inlet/outlet connections and pressure transducer 

fittings using continuous flow of water at a high flow rate. The system was then tested for 

water tightness under a pressure of 200 kPa. No water leakags and measurable 

deformation of the fracture were detected. 

At fiat, water was injected at a constant rate into the fracture and a single-phase 

flow test was conducted to calibrate the system and calculate the equivalent hydraulic 

aperture of the fracture using the cubic law. The test was run long enough so that the 

pressure drop over the length of the fracture was allowed to stabilize and a final reading 

from the differential pressure transducer was taken to be the stabilized pressure drop of 

the single-phase flow. The water production rate at the outlet was measured three times 

and an average value was taken to be the actual flow rate. Single-phase flow test was 

repeated at different injection rates. 

Following the single-phase (water) flow test. the immiscible oiywater two-phase 

flow test was conducted. The test was initiated by first injecting water at a constant rate 

using one of the Ruska pumps. Oil injection was then started and increased to the pre- 

designed flow rate by another Ruska pump. In Model I, oil and water were injected 

separately into the fracture through the tubes. In Model [I, oil and water were mixed at 

the joint and remained mixed before entering the fracture. After the flow of oil and water 

reached equilibrium' or 'steady-state'. measurements were taken in which the two-phase 

pressure drop was obtained as the time-average of the corresponding continuous reading 

' Equilibrium here is considered as that the macroscopically stable (but microscopically fluctuating) flow 

rates. pressure drop and fluid saturation have k n  achieved as the result of dynamic interplay of the two 

immiscible fluids flowing simultaneously in the fracture. 
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from the differential pressure transducer. And the flow distribution pictures were taken 

covering the whole flow section, from which saturation was determined from subsequent 

image analyses of the pictures. The length of time required for establishing 'steady-state' 

condition varied from minutes to hours, depending on the flow rates and physicochernical 

properties of the fluids. The critical parameter used to determine the condition of 'steady- 

state' in the tests was the stabilization of the two-phase pressure drop over a period of 30 

minutes. Here it must be noted that even at 'steady-state' the pressure drop signal may 

fluctuate around a mean value. This was not an artifact; rather, it was caused by the 

periodic passage of different fluids (oil or water) at the pressure ports. It was the 

stabilization of the mean pressure drop that was used as the criterion to judge whether the 

'steady-state' had been reached or not. The 'steady-state' pressure drop and saturation 

data were correlated using Darcy's law together with the geometrical data of the fracture. 

After one test (at one flow-rate ratio, r=Q&) was finished, another test (at a 

lower r )  was conducted with the same procedure but at a reduced water flow rate and an 

increased oil flow rate. At least eight two-phase flow tests were conducted for the same 

fracture geometry to cover a wide range of fluid saturation. Some of the two-phase flow 

tests were performed twice to check the reproducibility. Very good reproducibility was 

found in all cases. 

Following the two-phase flow experiment, single-phase (oil) flow tests were 

conducted at different oil flow rates. The results were used to verify the results of the 

water flow rests and as the base for the calculation of the oil relative permeability. 

Before and after each set of tests (including both the single-phase and two-phase 

flow tests), the glass fracture model was cleaned thoroughly as follows. The model was 

flooded with large amount of acetone, followed by methylene chloride, and then followed 

by acetone again to clean the oil-contaminated surfaces. After that, the model was 

flooded thoroughly with distilled water to remove any acetone left in the fracture and the 

tubing system. This procedure restored the original wettability of the glass model, which 

might change after each experiment. 
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The same procedures were employed in the experiments conducted in both 

Models I and 11, 

4.1.3 Description of Model I11 

Model III is also a smooth-walled parallel-plate fracture model. However, i t  differs from 

the previous models in three major aspects: i) the fluids enter the fracture through a 

porous medium (sintered metal) instead of individual tubes, mimicking field situation. ii) 

the model is made of transparent Plexiglas plates instead of glass and stainless steel 

plates, iii) electrical resistivity device was added for the measurement of saturation in 

addition to the photographic measurement of saturation. The rationale of developing the 

third model came from the requirement of developing an effective method of saturation 

measurement in a rough-walled fracture in which photographic measurement of 

saturation is deemed to be difficult and not accurate. Calibrated with the photographic 

measurement, the Archer's relationship of resistivity index vs. saturation. developed for 

the smooth-walled fracture, can be used for the determination of saturation in a rough- 

walled fracture given that the test condition in the rough-walled fracture does not change 

very much from that of its counterpart. The details of the model 111 are given below. 

Model III was constructed with two Plexiglas plates of 38 mrn in thickness. They 

formed a parallel-plate fracture with an adjustable aperture that could be changed from 

zero to 0.5 rnm. The aperture of the fracture was controlled by inserting strips of shim 

metals of known thickness outside the periphery of the fracture, which was sealed by a 

compressible O-ring. Three pairs of differential pressure measurement manifolds were 

installed in the bottom plate distributed evenly across the width of the fracture. Both the 

upstream and downstream pressure manifolds were installed 100 rnm away from the fluid 

inlet and outlet to reduce the end effect. The pressure manifolds were connected to a 

differential pressure transducer via two Sway stainless steel valves. The pressure drop 

between any pair of the differential pressure ports was measured by switching the valves 

so that the corresponding pressure tubes were connected. The fluid inlet and outlet were 
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made of sintered metal bars with a nominal permeability of 10 p~? (10 Darcy). The 

sintered metal bars were embedded into the bottom plate at the two ends of the fracture in 

a way that the tops of the sintered metal bars were leveled with the surface of the bottom 

plate. The porous bars measure 3 rnm in width, 5 mm in depth and 98 mm in length. They 

are 2 mm shorter than the net width of the fracture. The fracture was placed horizontally 

and had a flow area of 100 (width) x 550 (length) mm, measured between the inlet and 

outlet. The effective testing area was 100 x 340 mm measured between the differential 

pressure manifolds. Three pairs of steel bars were used to constrain the fracture plane 

from bulging under pressure. A schematic diagram showing details of the fracture model 

is presented in Figure 4.3. 

A light table slightly bigger than the total flow area was built and placed beneath 

the fracture. The light table cast strong and even illumination of the fracture. This 

improvement greatly enhanced the quality of the pictures and recording of the flow 

patterns. 

Figure 4.4 gives a schematic illustration of the setup of Model Iu. Two high- 

pressure liquid chromatography (HPLC, Beckman) constant rate pumps were used to 

inject oil and water into the fracture. The pumps are capable of injecting liquids 

accurately at rates between 0.05 mVrnin and 10 Mrnin. After being pumped. the oil and 

water were mixed at a T-joint and then distributed into four tubes which were connected 

to the sintered metal bar in the bottom plate. Uniform mixture of oil and water was 

obtained after passing through the porous bar under a wide range of flow rates. The fluids 

were collected at the outlet end connected with the sintered metal by four tubes. 

The pressure drop was measured by the differential pressure transducer 

(Validyne) connecting the three pairs of pressure ports in the bottom plate via two Sway 

valves, as shown in Figure 4.4. The connecting tubes were filled with deionized water 

before being connected to the pressure ports. The pressure drop between any of the three 

pairs was measured by switching the valves so that the corresponding tubes were 

connected. The pressure drops were continually monitored during a test. 
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Figure 4.3. Schematic diagram illustrating details of the Model IXI fracture. 

In the tests conducted with Model III, a new saturation measurement device, the 

electrical resistivity measurement set, was installed in addition to the photographic 

method of saturation measurement. The electrical resistivity method is based on a 

conelation relating saturation to electrical resistivity developed by Archie half a century 
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ago (Archie, 1947). The original correlation is developed for porous material and 

expressed as. 

where R, = resistivity of brine filled core 

Rw = resistivity of core at saturation. S, 

n = saturation exponent, determined from laboratory test. 

RI = RJR,, resistivity index. 

The same correlation should be applicable to two-phase flow in a fracture as long 

as brine is continuous in the flow area. A schematic depiction of the setup is given in 

Figure 4.4. The electrical resistivity setup consists of two parts. One is the fracture with 

its two porous metal bars as the electrodes. Another is a dummy resistor made of a plastic 

tube 3.2 rnm (118 inch) in diameter with the steel connectors at its ends as the electrodes. 

The length of the plastic tube was selected based on the requirement that the volume of 

the dummy resistor was about the same as that of the fracture. The dummy resistor was 

placed at the upstream of the T-joint where the oil and water are mixed so that the plastic 

tube was filled completely with electrolyte (water with 2% NaCI). An AC oscillator was 

connected to the upstream electrode of the dummy resistor with the downstream electrode 

of the fracture. The voltage of the AC cumnt in the dummy and the fracture was 

measured separately by two voltmeters, VI and V2, during a two-phase flow test. Since 

the resistivities were not measured directly, modification has to be made in order to use 

equation 4.1. 

Assuming the resistivities of the dummy and fracture resistors at 100% brine 

saturation are Rd and Rfi and the measured voltages of the respective resistors are Vd and 

V, the following equation is valid. 
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Figure 4.4 Schematic diagram of the details of the experimental setup of Model III. 

In the nrh two-phase flow test, the resistivity and the voltage of the fracture resistor 

change to Rfi and Vfi, while those of the dummy resistor are Rd and Vdn. The resistivity of 

the dummy, Rd, remains the same because there is no change to the electrolyte inside. The 

following equation can be written for the nth test, 
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Combining equations 4.2 and 4.3, one can obtain, 

Substituting equation 4.4 into equation 4.1, one can obtain. 

Equation 4.5 was used to correlate electrical resistivity with saturation in the tests 

conducted with Model III. The saturations determined from the photographic method 

were used to calibrate the exponent n. It is widely accepted that the exponent n is usually 

a constant in a porous medium. Reasonably good correlation between saturation and 

electrical resistivity was also obtained for two-phase (oiVwater) flow in the parallel-plate 

fracture (Model III). The result will be introduced in the next chapter. 

4.1.4 Experimental Rocedures for Model 111 

The fracture was initially saturated with water (256 NaCl brine). The air trapped in the 

system was removed by injecting water at high flow rate. At first. constant-rate single- 

phase (water) flow tests were conducted to calibrate the system and calculate the 

equivalent hydraulic aperture of the fracture using the cubic law. After steady state was 

reached, the water production rate at the outlet was measured three times and the average 

value was taken to be the actual flow rate. The pressure drop and flow rate data were used 

to calculate the hydraulic aperture of the fracture. The calculated aperture agreed well 

with the known value of the shim metal thickness. 

Following the single-phase test. immiscible oiYwater flow test was conducted. 

The test was initiated by first injecting water at a constant rate using one of the HPLC 

pumps. Oil (oil-1) injection was then started and increased to the pre-designed rate by the 
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other pump. The initial phase of the test started with the entering of oil into the fracture 

and displacing the water phase, while new water also entered into the fracture behind the 

oil front. After a while, the two phases become spread out over the entire flow area, and 

in all subsequent stages they flowed simultaneously through the whole cross-sectional 

area of the fracture. This process corresponds to initial drainage conditions. During the 

test, the pressure drops at the three pairs of pressure ports were continually monitored. 

After the mean pressure drops of the two-phase flow became stabilized, steady-state 

measurements were taken. The same criterion as the one adopted in the Models I and U 

was used to define the steady-state condition. The length of time required to establish 

steady-state ranged from minutes to hours, depending on the flow rates and properties of 

the fluids. The pressure drop of the two-phase flow was obtained as the time average of 

the signals taken from the measurements at the differential pressure ports. At the same 

time the flow pattern was pictured and recorded by the stationary and video camera. Then 

the electrical resistivity measurement was taken. The flow image was subsequently 

analyzed to obtain the saturation and quantitative statistical data of the flow pattern. The 

saturation determined from the digital image analysis was then used to calibrate the 

measurement of electrical resistivity. A correlation was then established with the 11 value 

in equation 4.5 determined. 

After two-phase flow test at selected water flow rate and oil flow rate was 

finished, another test was continued by increasing oil injection rate to the next pre- 

designed value while keeping the water injection rate the same. The same set of 

measurements was taken after steady-state was reached. The test was again repeated at 

incremental oil injection rates and fixed water rate until data from a complete set of tests 

were obtained, covering a wide range of saturation spectrum. A typical set of tests 

comprised 8 to 9 two-phase flow tests, within which the physicochernical properties of 

the fluids, the geometry of the fracture, the temperature and the water injection rate were 

kept constant while the oil injection rate varied. The same procedures were followed in 

every two-phase flow test to record the test data until all of the tests in the set were 

finished. Another set of tests was conducted with the same system parameters (viscosity 
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ratio. fracture geometry, and oil injection rates) as the last one but at a higher water 

injection rate to investigate the effect of water velocity on the immiscible flow. 

After the aforementioned two sets of tests were finished, another two sets of tests 

were conducted with a different viscosity ratio (oil-2), while maintaining the aperture, 

water injection rates as well as the oil injection rates the same, following the sarne 

procedures stated above. 

Another four sets of tests, two sets with oil4 and two sets with oil-2, were 

conducted in the same fracture model but at a larger aperture. following the sarne test 

procedures. In total. there were eight sets of tests conducted with the purpose of 

investigating the effect of saturation, water velocity. viscosity ratio, and fracture aperture 

on the characteristics of cocurrent oil and water flow in a parallel-plate fracture. while 

keeping the other parameters constant. These parameters are believed to affect the 

relative permeabilities of oil and water in o fracture. Some tests were repeated and very 

good reproducibility was found in all cases. Furthermore the flow phenomena and 

macroscopic flow patterns were the same under the same flow conditions. 

The last test in each set of tests was the single-phase oil flow test. The result was 

used to verify that of the single-phase water flow tests. and to form the end point of the 

oil relative permeability curve. 

4.2 Rough-Walled Fracture Model 

Like the smooth-walled fracture models, the rough-walled fracture model developed for 

this study is also of parallel-plate (Hele-Shaw cell with rough surfaces) type, consisting 

of two rough-walled impermeable plates separated by an adjustable distance. Although 

accurate physical model of a natural fracture is difficult to build in laboratory, the rough- 

walled parallel-plate model is deemed to be a close representation of a fracture in a 

naturally fractured tight formation. The areal variation of contacts and orientation of a 
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natural fracture can not be modeled by this relatively simple model. However, a small 

area of interest' of a natural fracture can be simulated by 3 rough-walled parallel-plate 

model either with or without local asperity contacts. Since the flow of fluids in a parallel- 

plate fracture takes place in a two-dimensional space, the result is more applicable to 

fractures in a low permeability formation than that in a high permeability formation. 

Similar approach of using a rough-walled parallel-plate model to study multiphase flow 

in a fracture has been documented in the literature (Fourar et al.. L993h 

4.2.1 Description of the Rough-Walled Model 

A schematic diagram showing the details of the model is given in Figure 4.5. The basic 

structure is similar to that of the Model III. It was made of two transparent Plexiglas 

plates 51 mm in thickness. The aperture of the fracture was controlled by inserting strips 

of shim metals of known thickness outside the periphery of the fracture, which was 

sealed by an O-ring. Three pairs of differential pressure measurement manifolds were 

installed in the top plate distributed evenly across the width of the fracture. Both the 

upstream and downstream pressure manifolds were installed 85 mm away from the fluid 

inlet and outlet. The pressure manifolds were connected to a differential pressure 

transducer via two 5-way stainless steel valves. The pressure drop between any pair of 

the differential pressure pons was measured by switching the valves so that the 

corresponding pressure tubes wen connected. The fluid inlet and outlet were made of 

sintered metal bars with a nominal permeability of 10 p' (10 Darcy). The sintered metal 

bars were imbedded into the bottom plate at the two ends of the fracture in a way that the 

tops of the sintend metal bars were leveled with the surface of the bottom plate. The 

porous bars measure 3 mrn in width, 5 mm in depth and 58 mm in length. They are 2 mm 

' The area of interest should be small enough to exclude the variation of contacts and orientation but big 

enough to exclude the microscopic heterogeneity. 
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shorter than the net width of the fracture. The fracture was placed horizontally and had a 

flow area of 60 (width) x 410 (length) d. measured between the inlet and outlet. The 

effective testing area was 60 x 240 mm' measured between the differential pressure 

manifolds. Three pairs of steel bars were used to constrain the fracture plane from 

bulging under pressure. 

The surfaces of the plates within the flow area were covered by a layer of glass 

beads with a nominal diameter of 0.22 mrn. The procedure was as follows. The glass 

beads were first cleaned in 6M HC1 acid solution and then washed with de-ionized water 

followed by air drying. A thin layer of epoxy was applied uniformly on the thoroughly 

cleaned pre-roughened surface of a plate. The beads were carefully sprinkled on top of 

the plate by a sieve with openings of 0.25 mm. The epoxy was left for overnight curing 

under ambient humidity. An air hose was used to dislodge loose beads after the curing. 

The plate was then soaked in water for another 48 hours and checked for any loose patch. 

If such a spot was found the epoxy and the beads were removed from the surface. A 

completely new surface was prepared and then coated with a layer of glass beads 

following the same procedures. The epoxy proved to be an effective agent that provided 

sufficiently strong bonding between the gloss beads and the plates under the test 

conditions in this study. Post-test examination showed little or no erosion of the glass 

beads depending on the aperture of the fracture. Generally, the smaller the aperture, the 

less the erosion of the glass beads observed. A picture of a part of one surface of the 

rough-walled fracture is shown in Figure 4.6. 

The same light table as the one used in model III was used in the tests performed 

in the rough-walled fracture. The glass bead coatings reduced the transparency of the 

fracture. However, the flow was still clearly visible in the fracture with a large aperture. 

Pictures of the flow patterns were taken and recorded with the aid of the light table. In 

tests conducted in the fracture having the smallest gap (- 1 10 pn), the visibility of the test 

was very low, especially to the camera. The measurement of saturation had to depend 

solely on the electrical resistivity method. 
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Figure 4.5 Schematic diagram illustrating details of the rough-walled fracture. 

Figure 4.7 gives a schematic illustration of the setup of the rough-walled model. 

The setup was identically the same as that of Model III. One can refer to section 4.1.3 for 

description. 
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Figure 4.6. Photograph showing a layer of glass beads of 0.22 mm nominal diameter 

glued to the surface of the fracture. 
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Figure 4.7. Schematic diagram of the details of the experimental setup for a rough-walled 

fracture. 

4.2.2 Experimental Procedures 

The aperture of a smooth-walled fracture may be estimated directly from the thickness of 

the shim metal. This method is deemed inappropriate to estimate the apenure of the 

rough-walled fracture. Here, it is noted that it was not intended to measure the aperture 

profile of the fracture, neither was it necessary to do that. It is the average aperture or the 

hydraulic aperture that is of interest because of the fact that the rough-walled fracture is 

of parallel-plate type. Macroscopically, an average aperture would be adequate to 

describe the hydraulic properties of the fracture. A simple method of measuring the 
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average aperture of the rough-walled parallel-plate fracture was developed. It was based 

on volumetric measurement. The fracture cell was placed upright on its injection end. 

Water was injected into the fracture slowly by a syringe to displace air until the water 

front reached the outlet porous bar. The volume of water required to fill the fracture was 

recorded. The average aperture was calculated by dividing the volume with the planar 

area of the fracture occupied by water. 

After the average aperture of the fracture was measured, it was connected to the 

pumps and differential pressure transducer with 100% water saturation. At first, single- 

phase (water) flow test was conducted by injecting water (2% NaCl brine) at a constant 

rate. After steady state was reached, pressure drops at the three pairs of the pressure ports 

were recorded and an average value was taken. Water production rate at the outlet was 

measured three times and the average value was taken to be the actual flow rate. The 

pressure drop and flow rate data were used to calculate the hydraulic aperture of the 

fracture based on the cubic law. Under no circumstances did the hydraulic aperture agree 

with the measured average aperture, which will be shown in the next chapter. 

Following the single-phase tests, two-phase (oiUwater) flow test was conducted. 

The test was initiated by first injecting water at a constant rate using one of the HPLC 

pumps. Oil (oil-1) injection was then started and increased to the pre-designed rate by the 

other pump. The initial phase of the test started with the oil entering the fracture in the 

form of small blobs and droplets and displacing the water phase, while water continued 

entering the fracture as a continuous phase. After a while, the two phases become spread 

out over the entire flow area, and in all subsequent stages they flowed simultaneously 

through the whole cross-sectional area of the fracture. During the test, the pressure drops 

at the three pairs of pressure ports were continually monitored. After the mean pressure 

drop of the two-phase flow became stabilized. steady-state pressure drop measurements 

wen taken. The same criterion as the one adopted in the tests performed with the 

previous models was used to define the steady-state condition. The length of time 

required to establish steady-state ranged from minutes to hours, depending on the flow 

rates and physicochemical properties of the fluids. The pressure drop of the two-phase 
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flow was obtained as the time average of the signals taken from the measurements at the 

differential pressure ports. At the same time the flow pattem was pictured and recorded 

by the stationary and video cameras. The electrical resistivity measurement was then 

taken. The flow image was subsequently analyzed to obtain the saturation and 

quantitative statistical data of the flow pattem if the flow images were of acceptable 

quality. If the flow images were not clear on the picture, the data from the electrical 

resistivity measurement was used to calculate h e  saturation based on Archie's correlation 

calibrated for the rough-walled fracture. 

After the two-phase flow test at the selected water and oil flow rates was finished, 

another test was continued by increasing the oil injection rate to the next pre-designed 

value while keeping the water injection rate the same. The same set of measurements was 

taken after the steady state was reached. The test was again repeated at incremental oil 

injection rates and fixed water rate until data from a complete set of tests were obtained, 

covering a wide range of saturation spectrum. A typical set of tests comprised 8 to 9 two- 

phase flow tests, within which the physicochemical properties of the fluids, the geometry 

of the fracture, the temperature and the water injection rate were kept constant while the 

oil injection rate varied. The same procedures were followed in every two-phase flow test 

to record the test data until all of the tests in the set were finished. Another set of tests 

were conducted with the same system parameters (viscosity ratio, fracture geometry, and 

oil injection rates) as the last one but at a higher water injection rate to investigate the 

effect of water velocity on the immiscible flow. 

After the aforementioned two sets of tests were finished, another two sets of tests 

were conducted with a different viscosity ratio (oil-2), while maintaining all of the other 

parameters, e.g., the apewe,  water injection rates as well as the oil injection rates, the 

same, following the same procedures stated above. 

Another four sets of tests with exactly the same testing panmeten, two sets with 

oil4 and two sets with oil-2, were conducted in the same fracture model but at a smaller 

aperture, following the same test procedures (RFrac-2). 
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The above 8 sets of tests were conducted in the fractures with their surfaces set 

apart from each other, i.e.. there was no contact between the two rough-surfaces. In order 

to investigate the effect of contacts on the multiphase flow, the gap between the two 

plates was reduced to induce contacts at surface asperities of the two plates. Another four 

sets of tests with exactly the same testing parameters as above except the aperture were 

conducted, following the same test procedures (RFrac-3). 

In summary, there were twelve sets of tests conducted in the rough-walled model 

involving three fractures of different apertures, among them two with separated surfaces 

(RFrac-1 and Wrac-2) and one with its surfaces in contact (RFrac-3). Four sets of tests 

were conducted with each of the three fractures. The design of the experimental methods 

focused on investigating the effect of saturation. water velocity, viscosity ratio, and 

fracture aperture on the characteristics of cocurrent oil and water flow in a rough-walled 

parallel-plate fracture. These parameters are believed to be the important parameters 

affecting the relative permeabilities of oil and water in a fracture. Some of the tests were 

repeated and very good reproducibility was found in all cases. Furthermore the flow 

phenomena and macroscopic flow patterns were the same under the same flow 

conditions. 

The last test in each set was the single-phase oil flow test. It was used to verify the 

result of the single-phase water flow test. and to form the end point of the oil relative 

permeability curve. 

4.3 Properties of Fluids 

Reliable interpretation of the tests requires knowledge of the properties of the fluids 

involved in the tests. This section introduces the physicochemical properties of the fluids 

used in this study. As stated in the first chapter, the primary subject of the study is liquid 

hydrocarbon flow in a fracture. Naturally. water and oil were chosen to be the fluids 

involved in the multiphase flow tests in all of the aforementioned models. 
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The water phase used in the tests was a 2% (wiw) sodium chloride solution 

(brine). The reasons of using brine instead of water are two folds: i) reservoir water is 

typically brine and ii) an electrolyte is required for the electrical resistivity measurement 

of saturation. In order to facilitate visualization of the interaction between oil and water 

in the flow, a darkcolored dye named Acid Violet. produced by Fisher Chemicals Co, 

was added to the solution. As a result. the water phase in all of the black-white 

photographs presented hereafter appear white (from negatives). The amount of dye added 

was 0.3% by weight. De-ionized water was used to make the dyed NaCl solution. The 

density and viscosity of the brine were 1.01 14 g/ml and 1 .O 12 mPa*s (cp). respectively. 

Two mineral oils were used as the oil phase in the tests. namely Kaydal and Deo- 

base. These two oils were mixed with each other to make mixtures of different viscosity. 

Three mixtures of these oils were used in the tests. Oil-1 was a mixture of 50% Kaydd 

and 50% Deo-base (v/v) with a measured density of 830 kg/m3 and a viscosity of 9.6 

rnPa*s. Oil-2 was a mixture of 95% Kaydal and 5% Deo-base (vlv) with a measured 

density of 874 kg/m3 and a viscosity of 106 mPas Oil-3 was a mixture of 85% of Kaydal 

and 15% Deo-base with a measured density of 864 kg/m3 and a viscosity of 63 mPa*s. 

The third mixture. oil-3. was only used in the last two sets of test conducted in the rough- 

walled fracture with its surfaces in contact as a contingency measure because the 

maximum differential pressure of the two-phase flow with oil-2 exceeded the capacity of 

the differential pressure transducer. A lower viscosity mixture, oil-3, was used as a 

substitute to oil-2. All of the mixtures were transparent liquids without color. The oil 

phase appears dark (negatives) in all of the photographs presented herealter. 

The interfacial tension between the brine and oils were measured using the drop 

weight method. This method consists of producing a series of drops from a capillary of 

known size, measuring the volume of the drops and deriving the interfacial tension using 

the following equation: 
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where IFT = interfacial tension (mN/m), 

F = a dimensionless correction factore related to ~ / r i ,  

rb = radius of capillary tip (cm), 

m = Adensity between the drop (brine) and bulk liquid (oil) x volume of drop, 

g = gravity constant. 

The results are presented in Table 4.1. The water advancing and receding contact angles. 

0, and 0 ,  were also measured against oil on a plexiglas plate. The measured angles are 

also presented in Table 4.1. 

fluids. 

Fluid pair - 1 

Oil- llbrine 

Fluid p d  - 2 

Oil-2/brine 

Fluid pair - 3 

Oil-3/brine 

Oil viscosity, p, 
(mPa.s) 

- I 
Water viscosity, p, 
(Ma-s) 

I Viscosity ratio, I I 
Oil density, p, 
(kp/m3) 

Water density, p, 
(k%m3) 

1 Nor measured 

Contact angle'. Be 
(deg) 

Not measured 

Contact angle2, 
eJea (deg) 

Not measured 

1. Average of the advancing and receding angles measured with glass (Avraam and 
Payatakes. 1995, n-Dodecane/deionized water). 

2. Receding (8,) and advancing (8,) angles measured with plexiglas. 
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4.4 Test Conditions 

All of the tests were conducted under room temperature of 22' C and atmospheric 

pressure. The variation of temperature during the daytime in which most of the tests were 

conducted was less than 1' C. The physicochemical properties of the fluids were 

constants in all of the tests. 
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Experimental Results 

5.1 Single-Phase Flow 

As Darcy's law is for porous media, the 'cubic law' is the basic law governing single- 

phase flow in a fracture. Although it has been proven both theoretically and 

experimentally that fluid flow through parallel plates obeys the cubic law, there is still 

controversy as regard to its applicability to describe flow in a natural fracture. Single- 

phase flow tests, either water or oil, were conducted in all of the models introduced in 

Chapter 4. The results are used to verify the cubic law and to calculate the hydraulic 

apertures of the rough-walled fractures, which are needed for the analyses of two-phase 

flow tests conducted in them. The results of single-phase tests in smooth-walled fractures 

are presented fust, followed by that of the rough-walled fractures. 
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6,l.l Smooth-Walled Fracture 

The steady-state single-phase flow tests conducted in Models I and II were the same. 

consisting of injecting either water or oil through the fractures at certain rates and 

measuring the specific pressurr differential corresponding to each flow rate. The fracture 

opening was measured based on the volumetric method as introduced before, i.e., 

dividing the measured volume of the fracture by the area of it. On the basis of the 

experimental data, the Reynolds number (Re) and the friction factor V) were calculated 

from equations 3.2 and 3.3. Table 5.1 shows the results and fluid parameters of the tests 

conducted with Models I and II. 

Table 5.1. Single-phase flow tests in Models I and 11. 

Model 

Model-I 

Model41 

* measure 

0.132 Water 0.973 0.999 0,261 29,550 
57.4 17 

Fluid Viscosity Density Flow rate Pressure gradient Hydraulic aperture 
mPa s kgh3 mVs k P h  P 

0.033 17.302 53 
0.066 33.53 1 54 

Water 0.973 0.999 0.131 63.694 55 
0.264 1 20.958 56 

Average aperture* 
,ltm 

I 

53 

Water 0.973 0.999 0.089 3.292 128 
0.146 5.5 12 1 27 
0.06 1 4.134 105 

Water 0.973 0.999 0.092 6.124 106 
0.122 8.115 106 
0.0 16 5.994 126 

Oil-1 9.16 0.828 0.049 1753 1 127 

126 

104 

1 26 
aperture based on volumetric method. 
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From the results obtained in these experiments, the relationships Q = Q (dp/d-r) 

and f = f(Re) are plotted. These relationships are then compared with the theoretical 

relationships of equations 3.1 and 3.6 for laminar flow. The results are plotted in Figures 

5.1 to 5.5. From the Q = Q (dp/dx) relationships in Figures 5.1 to 5.4, we can see that 

there is a linear dependency between pressure gradient and flow rate below certain 

pressure gradients for both water and oil in fracture with different apertures. Furthermore, 

the proximity between the experimental data and theoretical relationship indicates that 

the cubic law provides a reasonable approximation with the experimental data. given that 

the slope is dependent on the cube of aperture and the theoretical prediction is calculated 

based on the measured average aperture of a fracture. The deviation from linearity above 

a pressure gradient of about 25 kPdm (based on the measured pressure differential. and 

there was little difference between this and the one calculated from the absolute pressure 

data) was probably due to deflection of the walls of the fractures under pressure. 

However, the change in aperture was so small that direct measurement using dial gauge 

of 0.01 mm accuracy did not indicate any deflection of the walls even at the largest 

gradient of 220 kPalm. Therefore, if there was any increase in aperture under the largest 

pressure gradient, it was less than 0.0 1 mm. 

The relationship between Reynolds number and friction factor calculated from 

experimental data is shown in Figure 5.5. The data points, with Reynolds number up to 

10, from all of the tests fit the theoretical relationship very well (although not all of them 

are shown for clarity). Since the theoretical relationship is derived based on the 

assumption of laminar flow, it is concluded that, for a Reynolds number up to 10, the 

flow in a parallel-plate fracture is laminar and obeys the cubic law. In this study and, 

practically, for most of natural fractures in a geological formation. the Reynolds number 

of water or oil flow through a single fracture is smaller than 10. Therefore, the flow 

regime of all of the tests, including two-phase tests, is assumed laminar hereafter without 

further specification. 
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Figure 5.1. Single-phase (water) tests conducted in Model I. 
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Figure 5.2. Single-phase (water) tests conducted in Model II. 
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Figure 5.3. Single-phase (oil- 1 ) tests conducted in Model I. 
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Figure 5.4. Single-phase (oil-1) tests conducted in Model I . .  



Chapter 5. Experimental Results 

Model I, water 
Model I, oil-1 

A Mo&lil.water 
x Model lI, oil-1 

\ 1000 - 
b 

-Theoretical relationship I 
3 

I 

U 

0 
.a 

0.1 1 

Reynolds number, Re 

Figure 5.5. Friction factor vs. Reynolds number relationship of single-phase tests 

conducted in Models I and II. 

The steady-state single-phase flow tests conducted with Model III were the same 

as that with Models I and II except the materials of which the fractures were made were 

different. The fracture of Model III was made of Plexiglas plates. The tests were 

conducted in two fractures of 0.1 rnrn and 0.245 mm apertures. The fracture opening was 

measured based on the volumetric method as introduced before, i.e., dividing the 

measured volume of the fracture by the area of it. On the basis of the experimental data 

and the measured average aperture, the Reynolds number (Re) and the friction factor V) 

were calculated from equations 3.2 and 3.3. Table 5.2 shows the results and fluid 

parameters of the tests conducted with Model m. 

The test results are plotted in terms of the relationships Q = Q (dp/dr) and f = 

flRe). These relationships an then compared with the theoretical relationships of 

equations 3.1 and 3.6 for laminar flow. The results are presented in Figures 5.6 to 5.1 1. 
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mPa s kg/& mVs k Palm p m  
0.03 3 17.302 10 1 
0.066 33.531 98 
0.131 63,694 100 

Water 0.997 0.999 0.264 120.958 101 
0.527 206.700 101 
0.066 14.852 101 
0.132 29.550 102 
0.008 9.646 98 
0.0 16 18,765 99 
0.033 35.524 100 

Oil- 1 9.17 0.828 0.065 64.948 104 
0.098 89.307 1 07 
0.130 1 10.625 109 

0.062 0.484 246 
0.077 0.584 249 

Water 0.97 1.012 0.108 0.834 248 
0.124 0.984 245 
0.139 1.101 245 

0.003 0.234 255 
0.006 0.5 17 247 

Oil- 1 9.96 0.829 0.026 2.336 238 
0.052 4.488 24 1 
0.104 9.243 238 
0.162 14.3 15 239 
0.002 1.635 233 
0.003 3.370 232 
0.0 13 1368 1 232 

Oil-2 109 0.873 0.026 26.729 234 
0.052 5 1.555 237 
0.08 1 76.949 240 
0.104 95.269 243 

measured aperture using volumetric method. 

Average aperture* 
urn 
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Figures 5.6 and 5.7 show the Q = Q (dm) relationships for the tests conducted 

in the fracture of 0.1 mm aperture. The experimental data fit with the theoretical 

relationship very well for pressure gradients smaller than about 40 kPdm, indicating that 

the single-phase flow of the testing fluids satisfies the cubic law. The significant 

nonlinear deviation from the theoretical line with increasing flow rates. especially the one 

in Figure 5.7 obtained from the tests with oil-2 of high viscosity, can be attributed to the 

possible deflection of the fracture walls under increasing pressure. Although no direct 

measurement of the bulging of the fracture walls was available to support the argument, 

there is not any other plausible explanation for it and the flexible nature of the material 

(Plexiglas) of the fracture makes it quite possible. However, this pressure dependent 

behavior does not defy the applicability of the cubic law that is based on the assumption 

of rigid fracture with fixed aperture, for that under pressure gradient of 40 kPdm the 

experimental data fit the theoretical relationship very well. 

Since fracture aperture is an important parameter in two-phase flow analysis. it is 

necessary to define an aperture vs. pressure differential relationship for this specific 

fracture. Based on the experimental data of single-phase (oil-2) tests in the fracture, the 

hydraulic aperture of the fracture has the following relationship with the differential 

pressure: 

where h, is the original aperture of the fracture, hd, is the aperture under the measure 

pressure differential Ap. In the analysis of two-phase flow tests conducted in this fracture, 

the aperture of the fracture is resalculated using the above equation, with the original 

aperture of 0.1 mm 

In light of the unwanted deformation of the fracture under pressure, a second 

fracture of Model IJI was made with a larger opening of 0.245 mm and with two 

additional pairs of restraining bars to increase the rigidity of the fracture. The results of 

similar single-phase tests are presented in Figures 5.8 and 5.9. This time, because of the 
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aforementioned change in the design of the fracture, the experimental data fit the 

theoretical relationship for all of the tests covering the same range of flow rates as that of 

the fracture with 0.1 mm aperture. Good agreement between the test data and the 

theoretical line has been found for the maximum pressure gradient of LOO kPa/rn. The 

results support the argument that the nonlinear dependence of flow rate on pressure 

gradient observed with the fracture of 0.1 mm opening was due to the deformation of the 

fracture wdls under pressure. 

The f = f(Re) relationships of the tests in both fractures are plotted in Figure 5.10 

and 5.1 1. Excellent agreement is found for the tests in the fracture of 0.245 mm aperture. 

while the same is not true for that in the fracture of 0.1 mm aperture due to the reason of 

fracture deformation. Since the theoretical relationship is derived based on the 

assumption of laminar flow. it is concluded that. for Reynolds number up to 10, the flow 

in a parallel-plate fracture is laminar and obeys the cubic law. 

On the basis of the above analyses it is possible to draw the following conclusions 

for single-phase flow in a smooth-walied parallel-plate fracture: 

Steady state single-phase flow in a parallel-plate fracture obeys the cubic law over the 

range of parameters used in the tests. i.e., fracture aperture between 0.07 mrn and 

0.242 nun, and fluids of water and oil with viscosity between 1 mPa-s and 100 mPa-s. 

For Reynolds number smaller than LO the flow in a parallel-plate fracture is laminar 

for all of the tests in this research. 

Fracture rigidity is a very important parameter controlling the linear dependence 

between pressure gradient and flow rate under laminar flow regime. An equation 

calculating the stress dependent hydraulic aperture for the fracture of 0.1 mrn initial 

opening of Model III is given, which will be used for the analysis of two-phase flow 

tests conducted in this fracture. 
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Figure 5.6. Single-phase (water or oil- 1) tests in Model ID ( h  = 0.1 rnrn). 
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Figure 5.7. Single-phase (oil-2) tests in Model III (h = 0.1 mm). 
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6.1.2 Rough-Walled Fracture 

Introduced in the last chapter, the rough-walled model is of parallel-plate type, but the 

walls were roughened with a layer of glass beads with nominal diameter of 0.22 mm. 

There were three fractures tested with this model, designated as RI, RII, and Rm, with 

each having an average aperture of 0.516 rnm, 0.26 mrn, and 0.175 mm as determined 

using the volumetric method, respectively. In anticipation of flow with higher pressure 

gradient due to increased resistance, the model used thicker Plexiglas plates (5 1 mm) and 

had shorter width (60 rnm). As a result, the model was much stiffer than its smooth- 

walled counterpart. The test method was the same as that in smooth-walled models, 

consisting of injecting either water or oil at constant rate and measuring the pressure 

differential after steady state was reached. On the basis of the experimental data, the 

Reynolds number (Re) and the friction factor (n were calculated from equations 3.2 and 

3.3. Same as before, The method of analyzing the experimental results is studying the 

relationships of Q = Q (dp/dr) and f = f (Re). These relationships are then compared with 

the theoretical relationships of equations 3.1 and 3.7 for laminar flow. The reason of 

choosing Lomize's (1961) and Louis' (1969) semi-empirical equation (3.7) is that it was 

developed using similar artificial rough-walled fracture as the one in this study. It is 

expected that equation 3.7 would provide reasonable correlation with experimental data. 

The Q = Q (dp/dr) relationships of the tests conducted in the three fractures are 

plotted with the theoretical correlations calculated using the measured average apertures 

in Figures 5.12 to 5.17. The calculated hydraulic aperture is also plotted in each of the 

figures. Linear correlation between flow rate and pressure gradient is prevalent in all of 

the three fractures, indicating the uniqueness of the correlation and no deformation of 

fracture walls in the entire range of the tests. However, the experimental data do not 

agree with the theoretical correlations for all of the tests conducted with the three rough- 

walled fractures, which are calculated using equation 3.1 and the measured average 

aperture of each fracture. The calculated pressure gradient (using the average aperture) is 

considerably lower than the experimental data compared at the same flow rate. The 

calculated hydraulic ape- (equation 3.1, cubic law), also shown in the figures, is 
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smaller than the measured average aperture of the same fracture. The increased pressure 

gradient is attributed to the increased flow resistance due to the roughness of the wails. 

Therefore, direct application of cubic law with average aperture is not supported for flow 

in rough- walled fracture. 

Figures 5.18 to 5.20 show the log-log plots of friction factor versus Reynolds 

number for all of the tests conducted with the three fractures, comparing the experimental 

data with the theoretical correlation based on equations 3.6 and 3.7. Note that, in equation 

3.7. a relative roughness parameter, a, is introduced to account for the effect of surface 

roughness. It is a modifier added to equation 3.6 for laminar flow so that the effect of 

surface roughness is translated into lengthened flow path. The parameter. E, is the 

absolute roughness of the walls (a measure of the average protuberance of asperities), 

which is assumed 0.11 mm (half of the glass bead diameter) in all of the rough-walled 

fractures in this study. The measured average aperture of each fracture was used to 

calculate the theoretical correlation. As shown in the figures, very good agreement has 

been found between the experimental data and the correlation of equation 3.7. This is 

expected since the correlation was developed based on experiments with parallel-plate 

fractures roughened with sand grains (Lomize, 1961; Louis, 1969), which is similar to the 

rough-walled fractures used in this study. The good agreement with the theoretical 

correlation, which is applicable only in the laminar flow regime. also indicates that the 

flow, with Reynolds number smaller than 10, was laminar. Based on the above analysis, 

it can be inferred that with a Reynolds number smaller than 10, the flow of either water or 

oil through an artificial rough-walled fracture with sandy surfaces follows the modified 

cubic law expressed in equation 3.7, as long as that the fracture is macroscopically 

smooth. i.e., without luge scale waviness or irregularity in its flow plane. 

In summary, the results of single-phase tests conducted in parallel-plate fractures 

with both smooth surfaces and rough surfaces lead to the following conclusions: 

i) Single-phase laminar flow in a smooth-walled fracture is governed by the 

cubic law. 
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Figure 5.13. Single-phase (oil-1 or oil-2) tests in RI of (ha, = 0.5 16 mm). 
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Figure 5.14. Single-phase (water) tests in RII of ( h a ,  = 0.26 mm). 

+ Experimental dam, oil- 1 
-.-._. 'Iheoretical relationship, oil- l 

+Experimental data, oil-2 ----- Theoretical relationship, oil-2 - Cdculated hydraulic aperture 

0 0.02 0.04 0.06 0.08 0.1 0.12 

Flow rate (mVs) 

Figure 5.15. Single-phase (oil- 1 or 2) tests in RII 

0.14 0.16 0.18 

of (h ,  = 0.26 mm). 



Chapter 5. Experimental Results 

25 140 

+ Experiment a1 data, water I 

i ----- Theoretical relationship, water rl I Calculated hydraulic aperture / 1 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 

Flow rate ( d s )  
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Figure 5.17. Single-phase (oil- 1 or 3 )  tests in RIII of ( h a ,  = 0.175 mrn). 
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Figure 5.19. f - Re relationship for tests in Rn (h,=0.26 mm). 
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Figure 5.20. f - Re relationship for tests in RlII (h,,,=O, 175 rnrn). 

ii) 

iii) 

iv) 

Fracture deformation may lead to non-linear relationship between flow 

rate and pressure gradient. However, the flow can still be characterized by 

the cubic law as long as the actual aperture after deformation is known. 

The laminar flow of single-phase fluid through the rough-walled fractures 

follows the modified cubic law in which a relative roughness parameter, 

dDh,  is included to account for the increased resistance at the walls. 

Unlike the smooth-walled fracture, the calculated hydraulic aperture of a 

rough-walled fracture, based on the cubic law, does not equal the 

measured average aperture, which is larger than the calculated value. 

The above conclusions are applicable for single-phase flow through a fracture of parallel- 

plate type with either smooth or rough surfaces under the condition of laminar flow 

(Reynolds number smaller than 10). For natural fractures with large-scale waviness 
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and/or irregularity, it is not recommended to use the cubic law or its modified form 

(equation 4.7). For treatment of this problem, interested readers can find solutions from 

the papers by Ge (19971, Zimmerman (1991), Brown (1987). Schrauf and Evans (1986). 

Tsang and Witherspoon ( 198 1). Walsh (198 1). and Iwai (1976). 

5.2 Two-Phase Flow 

Two-phase (oil and water) flow tests were conducted in both the smooth- and rough- 

walled fracture models introduced in Chapter 4. The tests were designed to study the 

effect of viscosity ratio (A), capillary number (Ca), flow-rate ratio (r) ,  and fracture 

aperture (h) on the characteristics of the flow of two immiscible fluids (oil and water) 

through the fractures. Clearly, a complete parametric study in which all the parameters 

are to be studied is a task that will require excessive effort. In this study we make a first 

attempt to determine the flow patterns (flow parameter regimes in which various flow 

geometry prevail) and to measure relative permeabilities by changing systematically r ,  

Ca, A, and h, while keeping the fracture surfaces and flow history the same in each group 

(tests conducted with the same model) of tests. The test parameters used in the 

experiments and the results are given in Appendix C in a way that the group of tests 

conducted with the same model is tabulated together. 

6.2.1 Flow Patterns 

A distinctive feature observed in the cocumnt oillwater flow tests in parallel-plate 

fractures was that the flow of oil took place predominantly through the motion of 

completely disconnected islands, blobs andor droplets dispersed in the water phase over 

a wide range of saturation in all of the tests, while water was the continuous phase over 

the same range of saturation. Only at high oil saturation (%0-70 %) were continuous oil 

channels observed in the tests conducted with Models II, III and the rough-walled model. 
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But, even if there was (were) continuous oil pathway(s), only a portion of the oil flowed 

in the channel(s), the rest still moved in the form of droplets and/or blobs of irregular 

shapes. The water phase, on the other hand, was continuous over a large range of 

saturation until a portion of the water was finally disconnected, fingering through the oil 

phase at low water saturation (-30%). The rest of the water phase flowed in the form of 

continuous film (like a structure of honeycomb with the walls being the water phase) 

separating the oil dropletslblobs. In some cases, especially in fractures with large 

aperture, stratified flow was observed separating oil from the wall(s). Another feature 

observed was that the irreducible saturation of both oil and water were very small, 

depending on the capillary number, especially in the tests conducted with the smooth- 

walled models in which almost all of the discontinuous droplets were mobile. 

The interaction between oil and water in the fractures was constant, leading to the 

formation of different flow pattems depending on the injection method, flow-rate ratio. 

capillary number, and viscosity ratio. Four main flow pattems may be defined, based on 

the connectivity of the oil and water phases, the mixing of the two phases, md the 

existence of water film(s) separating the oil from the walls of the fracture. These flow 

patterns are: channel flow (CH), dispersed flow, mixed flow (MX), and srrarified Pow 

(ST). Based on the mean size and velocity of the preponderant oil droplets, the dispersed 

flow can be subdivided into oil islandflow (IS), oil droplet flow (DP),  and encapsulated 

oil droplet flow (EDP). The mixed flow may be further subdivided into oil-in-water 

complex flow (OW) and water-in-oil complex flow (WO), depending on the 

preponderance of the self-stating flow phenomenon. The disconnected water in water-in- 

oil complexflow usually contains very fine oil droplets flowing along with water. 

Before proceeding with a detailed description of each flow pattern, it is useful to 

construct a map of flow pattems for each specific group of tests. The flow-rate ratio (r )  

and the capillary number (Ca) are used as the coordinates for the construction of the 

maps with the viscosity ratio (A) as the parameter. The tests in Models I and 11 are 

grouped together because the same materials were used for these models. A flow pattern 

map of the tests in this group is shown in Figure 5.2 1. There is no significant shift in the 
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flow pattem boundaries due to viscosity difference for the tests in this group. Figure 

5.22(a) and (b) illustrate the flow pattern maps of the tests conducted with the smooth- 

walled Model III. Two maps are constructed for this group of tests because of the 

dependence of flow pattem boundary on viscosity ratio. The development of flow 

pattems of the tests in rough-walled fractures seems to depend on the average aperture of 

a fracture. The tests conducted in the rough-walled fractures are divided into two groups. 

One is for the tests in the fracture with the largest aperture of 0.516 mm (RI). and the 

other is for the tests in the other two fractures with smaller apertures of 0.26 mm and 

0.175 rnm (RII and Rm). Again the boundaries of the flow patterns of these two groups 

of tests are viscosity ratio dependent, as shown in the maps presented in Figures 5.23 (a), 

(b) and 5.24 (a), (b). It has to be noted that these maps are somewhat rough, since the 

change from one pattem to another was not well defined and the lines separating the flow 

pattems could only be drawn based on a limited database. Sometimes the flow within a 

range of parameters displayed two identifiable patterns without predominance over each 

other. In this case the region on the map is marked by two names connected with a '+' 
sign. When there is not enough data. a broken line is used to represent a possible 

extension of the boundary. 

Increased difficulty was encountered when constructing the maps for rough- 

walled fractures for the roughness of walls hampered direct observation of the flow 

pattems, especially for the two fractures with smaller aperture (RII and RIII). There are 

some distinct features with respect to the flow patterns in theses two fractures. Under the 

test condition, there were no oil islands or even large droplets observed in the fractures, 

probably due to the proximity between the walls, which might result in asperity contacts, 

leading to the break-up of large oil islands. Meanwhile, there were many immobile oil 

droplets stranded between the walls at low flow-rate ratio and only a portion of the 

droplets flowed along with water in several pathways connecting large pores in which the 

resistance to flow was small. This corresponds to the panially mobilized DP pattern 

specific to these two fractures as noted in Figure 5.24 (a) and (b). As the flow-rate ratio 

increased, more and more of the stranded oil droplets became mobile either by collision 
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Figure 5.2 1. Flow pattern map of the tests conducted in Models I and II. 

with other oil droplets or by increased local viscous shear. Finally a fully mobilized oil 

droplets flow dominated to the end of each test. This is noted as the fully mobilized DP 

flow in the same figures. In the regime of fully mobilized DP flow, it was observed that 

slugs of water with oil droplets in them (the concentration was lower than the pre- or 

post-slug oil droplets concentration) flowed intermittently through the fracture causing 

pressure variations of f209 of the mean value. Since the slugs were not pure water but 

containing many oil droplets. it is not treated as a separate flow pattem. 

A detailed description of the characteristics of each flow pattem, other than those 

in the rough-walled fractures as introduced above. is given below. 

Channel Flow (CH) is the flow pattern in which water and a portion of oil flow in their 

respective continuous channels or pathways. The rest of the oil flows in the water 

channels in the form of disconnected islands or droplets. The width of the oil channel(s) 

is large enough so that over half of the oil flows through its own channel(s). Pictures of 
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Figure 5.22(a). Flow pattern map of the tests with A- 10 in Model 111. 

Figure 5.22(b). Flow pattern map of the tests with A 4 0 0  in Model III. 
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Figure 5.23(a). Flow pattern map of the tests with &lo in the RW fracture R1. 
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Figwe 5.23(b). Flow pattern map of the tests with A 4 0 0  in the RW fracture RI. 
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Figure 5.24(b). Flow pattern map of the tests with k70 in the RW fracture RII & III. 
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channel flow pattern are shown in Figure 5.25. Romrn's experiment (1966) of kerosene 

and water in a parallel-plate fracture deliberately separated into many parallel channels is 

a good example of this flow pattem. This pattem, however, was not observed or not 

obvious in most of the tests in this study except the ones conducted with Model I fracture 

which adopted the alternating point-injection method. The point-injection method 

facilitated separate and continuous injection of oil and water into the fracture, thus 

favored the formation of continuous channels for both phases as opposed to the mixed 

injection and porous injection methods adopted in later models (IT, UI and rough-walled 

models) in which the mixture of oil and water was injected into the fracture. This may 

explain the observed channel flow in the region of relative high Ca and low to 

intermediate r in the tests conducted in the Model I fracture. At even higher r the water 

phase would become disconnected by the high flow rate of oil. The channel flow pattern 

was also observed in the tests conducted with Model II fracture at high r and low Ca. A 

reasonable explanation for the development of channel flow in Model 11 fracture is that, 

at high r, the high concentration of oil islands and droplets induces frequent and 

prolonged collision which, when coalescence following collision is prompt, will lead to 

the formation of connected oil pathways. At the fringe of the oil channels oil droplets 

were being created frequently, as a portion of oil became separated from the continuous 

mass of the oil and mixed into the water carrying channels between the oil channels. This 

can be seen in Figure 5.25(d). 

Dispersed Flow is a flow pattem in which the oil flows predominantly in the form of 

large islands ador small droplets dispersed in the continuous water phase. This flow 

pattem has been observed in all of the tests in this study. It can be further subdivided into 

two sub-patterns as described below. 

Oil blond flow (IS) is characterized by the preponderance of large and 

disconnected 'oil blobs' with the shape of islands dispersed in the continuous water 

phase, as shown in Figure 5.26. This flow pattern was fmt observed and reported by 

Menil (1975) in his study of the flow of oil and water in transparent glass plates. The 

shape and size of some oil islands cbanged during the flow in the fracture as they were 
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either split into smaller islands by water or collided with other oil islands or droplets to 

merge into even larger oil islands. All of the oil islands were constantly moving, which 

contributed remarkably to the flow of oil. Oil island flow dominated in the experiments at 

a combination of low capillary number (low water flow rate) and low to intermediate r 

(low to intermediate oil saturation). This happens because low injection rates of the two 

fluids favor the motion of the larger islands while the smaller ones either are stranded or 

collide with each other to form larger islands. It is interesting to note that as the viscosity 

ratio decreases, oil island flow prevails in broader areas of the system parameters. 

especially with higher values of Ca and lower values of flow-rate ratio. This is in 

agreement with the findings of Rallison (1984) on the deformation and stability of 

viscous drops in shear flow, in which he concluded that i) low-viscosity drops are easy to 

deform and attain highly extended stable shapes and require very strong flow (high Ca) to 

break them, ii) high-viscosity drops are easier to be broken up by modest extensional 

flows, and iii) the critical Ca for breaking up a viscous drop is inversely proportional to 

viscosity ratio. As the viscosity ratio decreases, large oil islands are easier to deform but 

more difficult to be broken up. Oil island flow was not observed in two-phase flow 

system with large capillary number and high viscosity ratio. 

Oil droplet flow (DP) is similar to oil island flow in every respect except the 

droplets are round in shape and substantially smaller in size (d mm) and flowing faster 

than the oil islands, as shown in Figure 5.26. This flow pattern is transformed from the oil 

island flow but the boundary between the two is fuzzy. In the tests, oil droplets were 

formed at intermediate to high capillary number and low to intermediate flow-rate ratio, 

especially with the oil of high viscosity (oil-2). In many situations, they were found in co- 

existence with other flow patterns such as channels flow and oil island flow, usually in 

continuous water flow pathways. As viscosity ratio decreases, the domain of oil droplet 

flow shifts to larger values of Ca and smaller values of r. Because of their size, oil 

droplets were more stable than their larger counterparts. The shape of the oil droplets, 

especially those with high viscosity (oil-2), was round and did not change along their 

flow paths, although, sometimes, they collided and coalesced with oil islands. Oil droplet 

flow accounted for almost the entire oil production in this flow pattern. 
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Encapsukrlcd oil dropletflow (EDP) is the same as the oil droplet tlow in every 

respect except that it is conceived that the oil droplets are separated from the walls by a 

thin layer of water so that they move faster than non-encapsulated oil droplets flow. It is 

like the oil slug or droplet flow in a water-wet capillary tube in which a film of water 

separates the oil from the wall. The existence of this flow pattem is supported by the 

observation that some oil droplets, especially the small ones (Q mm), moved at or close 

to the velocity of water in some tests conducted in Model III and rough-walled fractures. 

These droplets were formed through vigorous breakup of the oil islands or larger droplets 

by high-Ca flows. The encapsulated oil droplets seemed to be stabilized by the flow of 

surrounding water and thus there was little tendency for the development of larger 

droplets or islands through collision or coalescence of the droplets. A combination of 

high Ca, intermediate to high flow-rate ratio and high viscosity ratio favored the 

development of this flow pattern. It coexisted with DP flow but had large portion of the 

droplets having sizes comparable with the aperture, and, instead of at low oil saturation, it 

dominated at intermediate and high oil saturation for flow of high Ca and high viscosity 

ratio. 

Mixed Flow (MX) is introduced here to describe the flow with difficult-to-define and 

complex interface geometry. It can be further divided into two sub-patterns described as 

follows* 

Oil-in-water complexJlow (OW) is defined as irregularly shaped oil bodies being 

vigorously split apart by water fingers or frequently coalescing with each other later, but 

still disconnected by the continuous water phase, as shown in Figure 5.27(a) and (c). It 

may coexist with oil droplet flow or oil island flow, for the tests with a high or low 

viscosity ratio, respectively. But at this point the oil-water interfaces are very rough and 

changing through constant fission and coalescence of the oil droplets or islands. A small 

fraction of the water may be disconnected from its continuous pathways and mixed in 

large oil islands in the form of fingers and droplets. The former usually rejoins the bulk 

water pathways afler breaking through the oil islands. while the latter remains within the 

oil islands or oil droplets of intermediate size. In the tests, this flow pattem was evolved 
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either from oil island flow or oil droplet flow as the flow-rate ratio increased and did not 

depend on viscosity ratio. However, a lower viscosity ratio favored the formation of this 

pattem at a smaller r. Oil-in-water complex flow dominated at intermediate to high 

saturation in all of our tests. Although there were some oil droplets andlor islands in this 

flow pattern, the predominant feature of it was the frequent splitting and coalescing of the 

disconnected oil blobs as well as the constantly changing interfaces between oil and 

water. 

Water-indl complex/low (WO) denotes a pattern in which the ever-continuous 

water phase becomes disconnected and dispersed in the continuous oil phase in the form 

of fingers and droplets. In the experiments, it happened at high flow-rate ratio (high oil 

saturation) only. As shown in the photograph in Figure 5.27(b) and (d), it is obvious that 

not all of the water was dispersed in the oil phase. At sufficiently high flow-rate ratio and 

low Ca, water was dispersed in continuous oil phase and flowed intermittently in the 

form of slugs of water fingers and droplets. In addition, there were many tiny oil droplets 

flowing along with the disconnected water phase, forming a complex oil-in-water-in-oil 

mixture. Although disconnected in the oil phase, water still had a higher mobility than oil 

as evidenced by the tiny oil droplets flowing at the back of the water fingers and/or 

droplets. 

Stratiied Flow (ST) is characterized by the existence of a thin water film separating 

large oil islands from the wall(s) by flow beneath the oil phase (or both on top and 

beneath the oil phase), as shown in Figure 5.28. It was observed in the tests conducted in 

the fracture with iarge aperture, under the combined condition of both low Ca and 

intermediate to high flow-rate ratio. This pattem was observed in tests conducted in the 

Model ILI fracture. The stratified flow pattern was not ubiquitous in the flow area, 

however, it was observed only in paths where very large oil islands flowed or in 

connected oil pathways. Although this flow pattern was not observed in the fracture with 

small apenure, it does not mean that this was not applicable to tight fractures because the 

water film might be so thin that it was not discernable to human eyes, as this might be the 

fact in our tests conducted in the fracture with small aperture (mC, D). 
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(a) IC, r = 0.14, Ca = 3.14E-04 (b) ID, r = 0.004, Ca = 4.948-04 

(c) IE, r = 0.02 1, Ca = 6.24E-04 (d) IIA, r = 0.5, Ca = 1.278-04 

Figure 5.25. Pictures showing various kinds of the channel flow pattern taken from the 

tests in Models I and II. Flow of oil (dark) and water (light) from left to right. 

The phenomenon that the less-viscous fluid tends to lubricate the wall has been 

found in plane Couette-Poiseuille flow (Yih, 1967) and pipe Hagen-Poiseuille flow 

(Joseph et al., 1984(a)). The stability of such a flow configuration has been proven both 

theoretically and experimentally by Joseph et al. (1984(b)). "High-viscosity liquids hate 

to work. Low-viscosity liquids are the victims of the laziness of high-viscosity liquids 

because they are easy to push around", as they summarized it this way. The phenomenon 

is supported by the application of viscous dissipation principle which states that the flow 

of two immiscible fluids chooses an interface which in some sense minimizes viscous 

dissipation for a given flow rate, or, equivalently, maximizes the volume flux for a given 

pressure gradient (Williams 1975; Everage 1973). As a result, the less viscous Liquid will 
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(a) ID, DP+IS, r = 0.0052, Ca = 3 .69~44  

(c) mA, DP, r = 0.012, Ca = 8.79E-04 (d) IDA, DP+IS, r = 0.19, Ca = 8.SE-04 

(e) IIIH, DP, r = 0.0036, Ca = 3.6E-04 (f) IDD, EDP, r = 0.375, Ca = 9.48-04 

Figure 5.26. Pictures of various dispersed flow patterns taken from the tests. Flow of oil 

(dark) and water (light) from left to right (to be continued). 
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(g) mG, IS+DP, r = 0.05 1, Ca = 9E-04 (h) RIA, IS, r = 0.013, Ca = 3.4E-04 

(i) RID, DP, r = 0.004, Ca = 3.6E-04 (j) RID, EDP, r = 0.2 12, Ca = 3.68-04 

Figure 5.26. Pictures of various dispersed flow patterns taken from the tests. Flow of oil 

(dark) and water (light) from left to right (continued from last page). 

break up the high-viscosity liquid and encapsulate the high-viscosity liquid by 

spontaneous migration of low-viscosity liquid into regions where the shearing is the 

greatest, which is the wall. However, the viscosity stratification governed by the viscous 

dissipation principle is not stable to shon and long waves if the volume fraction of the 

low-viscosity liquid, which encapsulates the high-viscosity liquid, is greater than a 

critical value. This critical volume fraction of the low-viscosity liquid is 0.51 for 

concentric oiVwater flow in a pipe without the consideration of surface tension (Joseph et 

al., 1984(a)). The stability is also dependent on Reynolds number and viscosity ratio, A. 

Flow with a large A is more stable at high Reynolds number flow than its counterpan. 
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(c) RIB, MX(OW), I= i .3O6, Ca=3.4E-04 

Figure 5.27. Pictures of various mixed flow patterns (MX) taken from the tests. Flow of 

oil (dark) and water (light) from left to right. 

(a) mE, MX+ST, e1.68, Ca=8.8E-05 (b) mG, MX+ST, -2.62, Ca=9E-05 

Figure 5.28. Pictures of stratified flow pattern (MX+ST) taken from the tests. 
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The mechanisms behind the development of various flow patterns are complex. 

At fust oil and water entered the fracture at low r, initiating the interaction between the 

two phases. Because the fracture was filled with water before the two-phase flow started. 

the flow pattem at the beginning of the test was either oil droplet or island flow 

depending on the capillary number (with the exception of Model I). The phase interaction 

was mild and did not feature constant splitting and coalescence of disconnected oil 

droplets/islands due to the small population. At this stage the flow was usually very 

stable with little pressure fluctuation. As the r increased, the population of disconnected 

oil islands/droplets increased, prompting more vigorous phase interaction as a result of 

increased interfaces. In addition, the area available for the flow of water was reduced, 

which led to increased local viscous shear. The increased local viscous force promoted 

fingering and fission. On the other hand, surface tension worked against disturbance or 

perturbation incurred by the increased phase interaction and applied a dampening effect 

to the distortion of interfaces. It also has a tendency to pull separate droplets together, 

thus promoting coalescence. Consequently, the equilibrium flow pattem is a reflection of 

the balancing between these two counter forces. If the viscous forces dominate (high Ca) 

the flow pattern would be droplet or encapsulated droplet flow. Otherwise a mixture of 

oil islands and droplets would prevail. Further increase in r left even less space for water. 

Water would then find its way in areas occupied by oil either through fingering or 

penetrating into region of greatest shear - the walls, leading to the development of mixed 

flow and/or viscosity stratification. Again capillary number may be the key as to which 

flow pattem would evolve. At high Ca, encapsulated droplet flow would be the 

prevailing pattem because the viscous forces would break up any large and slow-moving 

oil island and encapsulate the droplets. At low Ca, mixed flow due to fingering and 

stratified flow due to viscosity stratification would coexist over a range of saturation, see 

Figure 5.22. It is noted that the formation of stratified flow was not ubiquitous probably 

due to instability. It can be formed locally given the tight condition. Viscosity 

stratification led to smaller mechanical energy dissipation, which would be reflected by a 

reduction in pressure gradient (see section 5.2.3 Ressure Gradient). A further increase of 

r led to very high oil saturation. The coalescence among the oil islands and droplets made 
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oil the continuous phase. while a portion of water became disconnected and mixed into 

the continuous oil pathways in the form of fingers and droplets due to the overwhelming 

fraction of oil in the fracture. As the last flow pattem in a complete set of two-phase flow 

tests, water-in-oil mixed flow was characteristic under the condition of large flow-rate 

ratio. In the regime of water-in-oil mixed now, the mechanical energy dissipation was 

usually larger than that in the other regimes. Consequently the pressure gradient of the 

flow in this pattem was higher than that of the others. 

In addition to the flow-rate ratio and capillary number, viscosity ratio also played 

an important role in the development of flow patterns. This can be seen from Figures 5.22 

and 5.23. At comparable r and Ca, high viscosity ratio favored the formation of oil 

droplet and encapsulated oil droplet flow pattern. Whereas large oil island flow or a 

mixture of oil island and droplet flow dominated at low viscosity ratio. The effect of 

viscosity ratio on the development of flow patterns in rough-walled fracture of small 

aperture was not significant under the test conditions in this study, as shown in Figure 

5.24. A reasonable explanation is that the close proximity between the rough surfaces of 

the fracture and possible contacts at asperities did not even permit the formation of oil 

island flow, leaving droplet flow as the only flow pattem at low to intermediate r. 

It is interesting to note that the flow patterns of the two-phase flow in Models I 

and II fractures were different from that in Model III fracture, although the r and Ca were 

comparable for both test series. The differences lied in the materials used to construct the 

fractures and injection method. The fractures of Model I and 11 were made of smooth 

glass and stainless steel plates and employed point injection method. Whereas Model EI 

was made of Plexiglas plates and the fluids were injected into the fracture through a 

porous metal bar with a nominal permeability of 10 pm2 (10 Darcy). The dominating 

flow pattem of the tests in Model I fracture was continued flow of oil and water channels 

(a portion of oil flowed in water channels in the form of droplet or fingers) or long and 

narrow water fingers, while that in Model III fracture was dispersed flow of either oil 

droplets or islands. Different injection method may play a role in such a difference. But 

similar flow pattern development observed in Model II, with the change from continuous- 
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point-injection of Model I to mixed-point-injection, indicates that injection method was 

not the only source to cause the difference. Difference in surface properties of the 

materials used to build the fractures may be another important factor. Contact angle 

measurement reveals that clean plexiglas plates are slightly oil wet and the glass plate is 

water wet. Unfortunately the wetting preference of the stainless steel plate is unknown for 

no contact angle measurement was conducted with the plate. A simple visual examination 

of the spreading of oil and water droplets on the surface of the stainless steel plate 

indicates that it is oil wet because the oil droplet spread more easily than water. However, 

the wetting preference inferred from static contact angle measurement does not agree 

with the phenomenon of predominately dispersed flow pattern observed in Model I'II 

fracture, which implies that the walls of the fracture were wetted by water in dynamic 

environment. The existence of viscosity stratification and encapsulate droplet flow 

observed in Model III fracture further states that oil was separated from the walls by 

water in two-phase flow with a capillary number greater than the magnitude of 10". 
indicating that the static wetting preference may be overruled by viscous dissipation 

principle under dynamic flow conditions. Nevertheless, the reason for the lack of 

stratified and encapsulated flow patterns in Model I and [I fractures is not clear. 

The flow patterns observed in rough-walled fractures have some specific features. 

First the development of flow pattems seems to be aperture dependent. At large aperture 

the flow patterns observed in the rough-walled fracture, RI, were similar to that of the 

smooth-walled fracture (Model m). However, there was only one dominant flow pattern 

developed in the other two rough-walled fractures with smaller aperture (RII and RIII), 

i.e., the partially and fully mobilized droplet flow. Unfortunately the quality of the 

pictures taken for these two fractures are very poor because of the reduced visibility due 

to wall roughness and the small gap, thus they are not presented here. The partially 

mobilized droplet flow was the prevailing pattern at low r regardless of Ca and A, in 

which many oil droplets of sizes varying between 0.5 to 3 mm were stranded in some 

areas while the mobile ones were flowing in several high permeability pathways with 

water. Increasing r increased the number of mobile oil droplets and pathways carrying 

those mobile droplets. As r increased further, all of oil droplets, including those 



Chapter 5. Experimental Results 129 

previously stranded, were flowing but at different velocities. The ones in the high 

permeability pathways flowed faster than those not in them. Except for some water- 

slugging phenomenon at high r, there was no other flow pattern observed in these two 

fractures. Another feature of the flow pattems in rough-walled fracture is that large oil 

islands with jagged interfaces, as observed in the fracture with the largest aperture (EU). 

prevailed at low to intermediate r. especially for the flow with low A and at low Ca. 

In summary, oil and water flow tests conducted in fractures with both smooth- 

and rough-walled surfaces indicate that. unlike what is generally presumed for two-phase 

flow in a porous media, the flow in a fracture is characterized by the development of 

different flow pattems and the flow of oil takes place predominantly through 

disconnected islands and droplets over a wide range of saturation. The flow pattems are 

channel flow, dispersed flow, mixed flow, and stratified flow. The evolution of various 

flow pattems, as depicted in the flow pattern maps, depends on the flow-rate ratio (r). 

capillary number (Ca) and viscosity ratio (A). Fracture aperture does not seem to be an 

important factor influencing the flow pattems and their transition in the smooth-walled 

fractures investigated in this study. Aperture does affect the development of flow patterns 

in rough-walled fracture. The existence of flow pattems implies that, under viscous 

controlled condition, two-phase flow in a fracture is more similar to that in a pipe than in 

a porous media. 

6,2.2 Saturation 

In multiphase flow process saturation is one of the important parameters that needs to be 

determined. Because the flow in a fracture is similar to that in a pipe, it is reasonable to 

refer to what have already been achieved for the modeling of multiphase pipe flow. There 

are many methods for saturation correlation available in the literature including the 

Chisholm and Laird (1958) correlation between void fraction (a) and the MIvtinelli 

parameter (X), the drift flux model (Zuber and Findlay, 1965), and the general correlation 

proposed by Butterworth (1975), just to name a few. All of them are developed for pipe 
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flow. Like the flow itself that is flow pattern dependent, saturation is no exception. 

Therefore, a single relationship is usually not sufficient to correlate saturation data 

covering the whole spectrum of flow patterns. However this does not mean that there is 

not any model to correlate saturation data. Because of the complexity of the problem, 

even a good model with physical soundness must inherently incoporate some coefficients 

and/or exponents that are flow pattern dependent and have to be determined 

experimentally . 

Equation 3.57 provides a good basis for a saturation correlation because it is 

physically rigorous and the slip ratio, K = u,,ju,, may have some implication on the 

mobility of oil and water in the fracture. Since the slip ratio depends on many flow 

parameters on which the saturation is also dependent. The equation is nonlinear and the 

experimental data are not expected to fall on a line if the slip ratio is not a constant. The 

saturation data determined by image analysis are plotted as the saturation ratio, SJS,,,, 

versus the flow-rate ratio, r = QJQw, in Figures 5.29 to 5.3 1. 

Since Models I and II used the same material, the measured saturation data of the 

tests conducted with these two models are plotted together in Figure 5.29. The data fall 

into two distinct groups, one on the K = 100 line. and the other roughly on the K = 10 

line. A fiuther examination of the data reveals that the data fall on the K = 100 line are 

from the tests with oil-2. which have a nominal viscosity ratio of LOO. and those on the K 

= 10 line are from the tests with oil-1, which have a nominal viscosity ratio of 10. The 

saturation ratio increases proportionally with the flow-rate ratio up to a value of 0.2 along 

the lines of constant slip ratios for both groups of data, respectively. This indicates that. 

for these two models, the saturation is linearly dependent on the flow-rate ratio and 

viscosity ratio for a flow-rate ratio smaller than 0.2. Above this value the flow-rate ratio 

and viscosity ratio are not the only parameters that affect the saturation as shown by the 

deviation of the data (oil-1 tests) from the K = 10 line. Other variables investigated in the 

tests such as the aperture and capillary number do not appear to influence the saturation. 

Based on the available data a relatively simple correlation may be established for 
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0 IA, oiC1 
0 IB, oil-2 
A IC, oil- 1 

x ID, oil-2 
x E o b I  
0 IlA, oil-1 
+IIB,oiLI - IIC, oil- 1 

QdQw 

Figure 5.29. Saturation data of the tests conducted in Models I and II. 

Q mA oil-I, 
Ca=8.85 E-04 

0 mS, oil-I, 
Ca=5 A9 E-04 

A UIC, oil-?, 
Ca=5.7 1 E-04 

X UID, oil-?, 
Ca= 1 .O3 E-03 

0 mE, oil-1, 
Ca=8 J8E-05 

+ mF, oil- 1 ,  
Crtz3.5 E-04 

x IJIG, oil-2, 
Ca=9.02E-05 - IZIH, oiI-2, 
Ca=3.6E-04 

Figure 5.30. Saturation data of the tests conducted in Model III. 
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Cas2.06E-04 

A RIB, oil- 1, 
Ca=3.3E-04 

X RIC, oil-2, 
Ca=2.06E-0 4 

0.00 1 0.0 1 0.1 I 10 

QdQw 

Figure 5.3 1. Saturation data of the tests conducted in RI. 

saturation correlation of the tests conducted with these two models, The correlation will 

be given in the next chapter. 

Figure 5.29 also indicates that viscosity ratio is the most important panmeter 

controlling the slip ratio up to a flow-rate ratio of about 0.2. Above this value the flow- 

rate ratio has some effect on the slip ratio as indicated by the deviation of the data (oii-1) 

from the K = 10 line towards the K = 1 line. The good correlation between the data and 

the K = 10 and 100 lines means that the average velocity of water is faster than that of oil 

by a factor of viscosity ratio. As the flow-rate ratio increases above about 0.2, the slip 

ratio begins to drop below the K = 10 line. The average water velocity is still greater than 

oil, but not by a factor of any more. A drop in slip ratio implies a decrease in mobility 
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ratio. Based on the definition of mobility ratio, it is not difficult to obtain the following 

relationship from Darcy's law 

If K = pJ,pw, then 

Equation (5.3) implies that the relative permeability lines are symmetric with each other 

with respect to S, = 0.5. The test data indeed agree with this argument, as will be shown 

in the section of relative permeability (5.2.4). Equation 5.2 implies that the mobility ratio 

decreases nonlinearly with saturation ratio, S,,& if K does not equal the viscosity ratio. 

Usually the slip ratio K decreases with the saturation ratio for flow in a fracture. This 

results in an even lower mobility ratio or, equivalently, a higher relative permeability to 

oil. 

The saturation data of the tests conducted with Model UI are plotted in Figure 

5.30. While the data of Model III can be grouped based on viscosity ratios, there are 

some differences from the data of Models I and II. First, the saturation ratio of the data 

from tests with oil-2 lie below the K = 100 line for the full range of r. The same is true for 

the data from tests with oil-1 when r is greater than 0.05. Second, there is no linear 

dependency between saturation ratio and flow-rate ratio except for r less than 0.05 for the 

group of tests with oil-1. Third, there is a significant drop in slip ratio with increasing r, 

especially for the data of tests with oil-2. The slip ratios for both groups of data are close 

to one, but still greater than one, at the high end of the range of flow-rate ratios. These 

changes might have been brought about by the change of material from which the 

fracture was built. The walls of the Model ilI fracture were made of plexiglas plates that 

are intermediate to slightly oil-wet, whereas, the fractures of Model I and I1 were made of 

glass (water wet) and stainless-steel (oil wet) plates. A change in surface properties has 

been known to alter multiphase flow characteristics in pipes. This seems to be true in 

fractures also. With the rest of parameters at comparable values. the change from Models 
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I and II to Model III led to an increase in oil mobility and/or a decrease in water mobility 

with increasing oil saturation. This will become clearer later when the relative 

permeability curves are presented. The non-linear increase of saturation ratio with r 

indicates that a power law relationship may be appropriate for the correlation between 

them. The exponent of r must be less than one to reflect the change of slip ratio with r. 

Details of the saturation correlation will be given in the next chapter. 

The saturation data of four sets of iests with the rough-walled fracture I (RI) u e  

presented in Figure 5.3 1. Given the large aperture of this fracture (lt,,=0.5 16 mm), the 

data could still be determined from steady-state pictures using image analysis because the 

images were still of good quality. However, the saturation of the tests with the other two 

rough-walled fractures (RII and RIII) were determined by electrical resistivity method, 

which were calculated from a calibration equation based on the saturation determined by 

image analysis. The accuracy of saturation determined by the electrical resistivity method 

is expected to be lower than that by image analysis, thus the data are not included here. 

Generally the saturation ratio versus r correlation of the data of the rough-walled 

fracture are similar to that of the Model ID. However, there are two important 

differences. One is that the saturation ratio of the tests with oil-2 at a higher capillary 

number are lower than that of the tests at a lower capillary number compared at the same 

r. Whereas such a difference does not manifest itself in the data of those tests with oil-1, 

or, the difference is not remarkable for this group of data. The implication of this 

difference is that the capillary number played a role in the average velocities of oil and 

water if the viscosity ratio is high. The higher the capillary number, the lower is the slip 

ratio, which means the faster the oil flows. Again the relative permeability will give a 

better depiction of this later. The other difference is that the saturation ratios of the tests 

with oil4 at r less than 0.1 are above the K = 10 line. What this means is that the flow- 

rate ratio is greater than it would be if both fluids flowed in their own channels without 

interference with each other. The reduction in average velocity of oil is attributed to the 

immobilization of some oil droplets due to the roughness of the walls. This is supported 

by visual observation also. The stranded oil droplets increased oil saturation in the 

fracture, thus reduced the average velocity of oil. As r increased, so did the number of oil 
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Figure 5.32. RI vs. S, relationship of the tests conducted in Model a1 fractures. 

A m  

X RIC 

O R I D  

I 

Figure 5.33. RI vs. S, relationship of the tests in rough-walled fracture RI. 
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droplets and the local true capillary number. The increased local viscous drag and 

probability of collision with other oil droplets and/or islands would mobilize the stranded 

droplets. This is the reason why the slip ratio decreases with increasing r and drops below 

the K =10 line at r greater than 0.1, as shown in Figure 5.3 1. The same as that with the 

Model III, the saturation ratios of all of the tests fall on values close to K = 1 line at the 

high end of the range of flow-rate ratio. 

Figure 5.32 presents the Resistivity Index (M) versus saturation (S,) relationship 

for all of the tests conducted with the Model III fractures. The resistivity index data were 

calculated from equation 4.4. The saturation data were determined by image analysis. 

Good correlation among data from tests with different viscosity ratios and fractures with 

different apertures exists at high water saturation at which a high level of confidence 

could be given to the saturation determined from image analysis. A power law correlation 

can be established for the data and is given in Figure 5.32. 

The same method is used to plot the data from the tests conducted with the rough- 

walled fracture, as shown in Figure 5.33. Excellent correlation among the data may be 

attributed to the fact that they were from the same fracture. A power-law relationship 

between RI and S ,  may be obtained as 

Since equation (5.4) is established from the data of rough-walled fracture, it is reasonable 

to choose it as the calibration on which the calculation of saturation from electrical 

resistivity data should be based for the tests conducted with the other two rough-walled 

fractures. 

The accuracy of the prediction based on equation (5.4) is largely dependent on the 

accuracy of the image analysis in determining the saturation from flow pictures. The 

better the quality of an image, the more accurate would be the measurement by image 

analysis. The quality of the flow pictures taken at high water saturation is generally better 

than that at low water saturation because the flow is usually more stable and the 

interfaces are well separated at high water saturation. The drawback inherent in the image 
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analysis lies in its inability to discern the thin water film that might exist to separate oil 

from the walls and to appropriately treat the curvature of fluid interfaces. Depending on 

the dominating flow pattern, the error due to interface ambiguity is estimated at about 5% 

for oil island flow and 15% for oil droplet flow. The effect of a thin water film on the 

accuracy of saturation measurement is not significant at high water saturation. It may be a 

source of major error at low water saturation. especially if viscous stratification occurred. 

Unfortunately. no method has been found to correct errors due to these drawbacks. In 

case of any ambiguity, the approach of best estimation was adopted. 

The saturation of the tests conducted with the other two rough-walled fractures, 

RII and Rm, were determined using the electrical resistivity method. Equation (5.4) was 

used to calculate the saturation from measured electrical resistivity data. The results are 

plotted in the same way as before and presented in Figures 5.34 and 5.35. There is no 

difference between these two fractures and RI except the apertures are smaller (0.26 rnm 

for RU and 0.175 rnm for RIII) and the walls of Rm are in contact. Compared with the 

data of RI (Figure 5.3 I), it is observed that the differences in saturation ratio between the 

groups of data with different viscosity ratio at the same r is reduced. which implies that 

the effect of viscosity ratio on the saturation or slip ratio is not as significant as in 

smooth-walled fracture or rough-walled fracture with large aperture (no contact between 

the walls). It is also noticed that there are several data points below the K = 1 line at large 

r. On the line of K = I the average velocities of water and oil are the same. A drop of 

saturation ratio below the line indicates that the average velocity of oil is greater than that 

of water. This will not happen unless there are some water droplets stranded due to 

capillarity or irreducible water saturation. However, visual observation of the tests does 

not support the argument since there was little or no residual water saturation in the 

fractures when there was only oil flowing in the fractures. Another possible reason for the 

drop would be the inaccuracy of the calibration equation (5.4). It may overestimate the 

water saturation at large r, which would result in a drop of the saturation ratio. Except for 

these differences the saturation data of RI1 and RIII are similar to that of RI. 
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0 RIIA,oil-1, 
Ca= 1.94E-04 

A RIB, oil- 1 ,  
Ca=4.9 E-04 

+ RIIC, oil- I ,  
Ca=7.7E-04 

x R I D ,  oil-2, 
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Figure 5.34. Calculated saturation data of the tests in rough-walled fracture RII. 
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0 RQIA, oil-I, 
Ca=3.2E-04 

A RIIIB, oil- I ,  
Ca=8.2E-04 

X RIIIC, oil- l , 
Ca= 1.3E-03 

0 RIIID, oil-2, 
Ca=3.2E-04 

0 RIDE, oil-2, 
Ca=8.2E-04 

+ RI[IIF, oil-2, 
Ca= f .3E-03 

Figure 5.35. Calculated saturation data of tests in rough-walled Eracture RIII. 
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6.2.3 Pressure Gradient 

Average pressure gradient is an important parameter that can be directly measured from 

two-phase flow experiments. Its relative magnitude with reference to single-phase flow 

indicates the ease with which the immiscible fluids can flow in a fracture. A comparison 

between the average two-phase pressure gradient and the single-phase pressure gradient 

of the more viscous fluid as if it were flowing alone in the fracture is suitable for this 

purpose. In this section, the measured average two-phase pressure gradients are plotted 

against oil flow rate for all of the tests. Also plotted for comparisons are the single-phase 

pressure gradients of oil and water as if each were flowing alone in the fracture at its rate 

in the two-phase flow. Each point on the curves represents a single test. The points on the 

two-phase pressure gradient curves are the time-averaged value of those measured by the 

three pairs of differential pressure transducers. Depending on flow patterns, the pressure 

drop readings fluctuated even after steady state was reached. In the regimes of oil island 

and droplet flow, the pressure drops were very stable. In other regimes, they were quite 

noisy fluctuating within 20 % of the time-averaged values. The single-phase pressure 

gradients of oil and water were the actual measured values during single-phase flow tests. 

The nonlinear relationship between single-phase oil pressure gradient and its flow rate of 

tests conducted with the Model III fractures was due to the deformation of the fracture. 

This has been factored in all of the calculations by recalculating the hydraulic aperture at 

different pressure gradients using equation 5.1. 

The pressure gradient data of the tests conducted with Models I and II are 

presented in Figures 5.36 to 5.41. There were five sets of tests conducted with Model I, 

designated as IA to E, and three sets of tests conducted with Model II, designated as IIA 

to IIC. For convenience, the parameters of the fractures. fluids and flow are listed in 

Table 5.3. A complete list of test parameters and results are available in Appendix C, 

Tables C1 and C2. The tests series conducted with Model I were not standardized and 

employed a method of variable water and oil flow rates in a set of tests. The standard 

method was established beginning from tests with Model II, which adopted a method of 
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constant water flow rate in a set of tests with varying oil flow rates. It is noted that the 

single-phase water pressure gradients are also plotted in the figures for comparison. 

Table 5.3. Parameters for tests conducted with Models I and 11. 
I 1 

Model I 

Experiment 

The two-phase pressure gradient was greater than that of the oil flowing alone for 

every test conducted with the Model I fracture. The variation of two-phase gradient with 

the flow-rate ratio correlated well with that of the single-phase (oil) gradient that would 

be measured when there was only oil flowing alone in the fracture. The difference 

between the two-phase pressure gradient and single-phase (oil) pressure gradient 

compared at the same r does not noticeably change with viscosity ratio, as shown in 

Figures 5.36 and 5.37 as well as Figures 5.38 and 5.39. The aperture, however, showed 

some influence on two-phase pressure gradient. In the fracture with the smallest aperture 

(0.045 mm), the surplus of the two-phase pressure gradient over that of the oil becomes 

larger than that of the other two fractures (Figure 5.40), which implies increased 

resistance for two-phase flow in fractures with small aperture. It is interesting to note that 

there is a trend for the difference between two-phase and single-phase (oil) pressure 

gradients to decrease with increasing flow-rate ratio. The difference is the smallest at the 

end of the curve for every set of tests of Model I. 

1 Model tl 

The pressure gradient data of the tests with Model II are plotted against oil flow 

rate, as shown in Figure 5.41. For given water flow rate, increasing the oil flow rate 
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increased the two-phase pressure gradient. It is evident that the two-phase pressure 

gradient is not a linear function of oil flow rate, as compared to the single-phase pressure 

gradient measured when there was only oil flowing in the fracture. Same as that of the 

tests with Model I, the two-phase pressure gradients are greater than that of the single- 

phase (oil) for the entire range of oil flow rates. The increment of two-phase pressure 

gradient over that of the single-phase (oil) increases with the capillary number of the 

tests. The larger the Ca. the bigger is the increment. The same trend of reducins 

increment with increasing r is also evident in all three sets of tests with Model [I. 

In order to find out if the two-phase pressure gradient of a test is linked to the 

distribution of oil and water in the fracture, the flow patterns are superimposed on the 

pressure gradient plots. as shown in Figures 5.37 to 5.41. In the regimes of DP and 

DP+IS flows, the difference between the two-phase pressure gradient and the single- 

phase pressure gradient of oil is the largest, see Figures 5.38 and 5.41. In the regime of 

MX flow the difference is the smallest as shown in Figures 5.37 and 5.41. The difference 

in the regime of CH flow falls in between that of DP and MX flows. Generally, the 

increment of the two-phase pressun gradient over that of the oil decreases with flow-rate 

ratio or oil saturation, which also corresponds to the change of flow pattern from DP flow 

to MX flow. 

The pressure gradient data of the tests conducted in fractures of Model LU type are 

presented in Figures 5.42 to 5.45. There were eight sets of tests conducted with two 

fractures, designated as IIIA to IW. A list of the parameters of the fractures, fluids and 

flow are given in Table 5.4. A complete list of test parameters and results can be found in 

Appendix C. Table C3. It is observed from the figures that, for given water flow rate, 

increasing the oil flow rate increased the two-phase pressure gradient. It is also evident 

that the two-phase pressure gradient is not a linear function of oil flow rate, as compared 

to the single-phase pressure gradient measured when there was only oil flowing in the 

fracture. The two-phase pressure gradients dropped below single-phase oil pressure 
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Figure 5.36. Pressure gradient data of both two-phase and single-phase tests of IA. 

Figure 5.37. Pressure gradient data of both two-phase and single-phase tests of IB. 
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20 , 

.. .* .... . 03 1 

-.-.-. Water DP+IS CH 

Figure 5.38. Pressure gradient data of both two-phase and single-phase tests of IC. 

Figure 5.39. Pressure gradient data of both two-phase and single-phase tests of ID. 
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......... OiL 1 

-.-.-. Water 
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Figure 5.40. Pressure gradient data of both two-phase and single-phase tests of IE. 

Figure 5.41. Pressure gradient data of both two- and single-phase tests with Model 11. 
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gradients in most of the tests. The amount of reduction depends on water flow rate 

(capillary number). oil flow rate, and viscosity ratio. The effect of fracture aperture was 

not as significant as that of the identified parameters. 

Table 5.4. Parameters of the tests conducted with Model III fractures. 
I I 1 1 I I I 

Experiment 

Generally. given the same water flow rate, the reduction of two-phase pressure 

gradient increased with increasing oil flow rate for the tests with oil-1 in both fractures. 

This was not true for the tests with oil-2, in which the trend was reversed at high oil flow 

rate. as shown in Figures 5.43 and 5.45. An examination of the flow pattern at the oil 

flow rate where the sudden increase of two-phase pressure gradient was recorded reveals 

a mixed water-in-oil flow pattern (MX(WO)), which usually corresponds to highenergy 

flow requiring large pressure gradient. 

IlIC 

Compared at the same oil flow rate, the two-phase pressure gradient was lower in 

the flow at higher water flow rate (larger Ca) than that at lower water flow rate (smaller 

Ca). As explained before, flow at high capillary number favors the break up of large oil 

islands and encapsulation of oil droplets, leading to the formation of flow pattem with 

lower flow resistance such as the encapsulated droplet flow (EDP). In this flow regime, 

the oil flows in the form of droplets, separated from the walls by a film of flowing water. 
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2) pressure gradient for the tests conducted in the fracture with a small aperture and 70 % 

for the tests in the fracture with a large aperture. The significant reduction of two-phase 

pressure gradient could be linked to the mechanism of viscous coupling and the 

development of viscosity stratification. A thin film of water separating the high-viscosity 

oil from the walls where the shear resistance is the greatest would be the most energy- 

efficient flow. which would significantly reduce the pressure gradient. Visual 

examination of the flow pattern demonstrates that this i s  not just hypothetical. Stratified 

flow indeed developed at some area of the fracture where a light-colored film overlaid 

with oil, as shown in Figure 5.28 (a) and (b). The link between the significant reduction 

of two-phase pressure gradient and high viscosity ratio indicates that the viscosity ratio is 

one of the most important parameters controlling two-phase flow among other parameters 

such as capillary number, flow-rate ratio, flow pattem. and fracture aperture. The so- 

called lubrication phenomenon found in porous media is also linked to the viscosity ratio. 

It has been found experimentally by Odeh (1959) and Danis and iacquin (1983) (cited by 

Dullien, 1993) that the mobility to oil increased with the oil-to-water viscosity ratio at 

connate water saturation in sandstone. Dullien (1993) attributed the increased oil mobility 

at high oil saturation to viscous coupling. He postulated that oil flows in the central 

region of the pores, separated from the pore walls by "thick" water films flowing along 

the walls. 

The pressure gradient data of the tests conducted in rough-walled fractures are 

presented in Figures 5.46 to 5.5 1. A list of the parameters of the fractures, fluids and flow 

are given in Table 5.5. A complete list of test parameters and results are available in 

Appendix C, Table C4. Similar to the results of the tests in Model UI fractures, for given 

water flow rate, increasing the oil flow rate increased the two-phase pressure gradient. It 

is also evident that the two-phase pressure gradient is not a linear function of oil flow 

rate, as compared to the measured single-phase pressure gradient when there was only oil 

flowing in the fracture. The variation of two-phase pressure gradients with oil flow rate 

depends strongly on the viscosity ratio and flow pattem. The two-phase pressure 

gradients of those tests with a low viscosity-ratio are higher than the corresponding 

single-phase (oil-1) pressure gradients, whereas that with a high viscosity ratio are lower 
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--+- - 2-phase, mA, Ca=8.85E-04 
- r. 2--e, mB, Ca=5.49E-04 
+oil- 1 
----- water, Ca=8.85E-04 
.. ....... water, Cd.49E-04 

Figure 5.42. Pressure gradient data of the tests of mA and mB (oil- 1, h = 0.095 mm). 

-e- 2-phase, IIIC, Ca=5.7 1 E-04 
+ 2-phase, HID, Ca= 1.03E-03 
--aq- oil-2 
.*.- ..... water, Ca=5.7 1 E-04 1 ----- water, Ca= 1.03E-03 1 

EDP ! 
/e-# I 

/LC& I 
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Figure 5.43. Ekssure gradient data of the tests IIIC and IUD (oil-2, h = 0.090 mm). 
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Figure 5.44. Pressure gradient data of the tests of DIE and mF (oil-1. h = 0.242 mm). 

I +?-phase. IW. Ca==3.6E-04 / 
0' 

----- 0' 

water, Cs9.02E-05 ," 
- ..... ... water, Cie3.6E-04 

MX(W0) for DIG 

Figure 4.45. Pressure gradient data of the tests of IUG and IW (oil-2, h = 0.242 rnm). 
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than the single-phase (oil-2 or 3) pressure gradients. Even for the fracture with the walls 

in contact. the same pressure response is evident as shown in Figures 5.50 and 5.5 1. 

In addition to the viscosity ratio, the variation of two-phase pressure gradient with 

oil flow rate depends on capillary number also. The effect of capillary number is 

remarkably strong on the flow with high viscosity ratio and in fractures with large gap. 

See Figures 5.47, 5.49, 5.5 1 for comparison. Again the significant drop of two-phase 

pressure gradient below that of the single-phase (oil-2 or 3) could be attributed to 

viscosity stratification as a result of combined influences from high viscosity ratio and 

capillary number. Although no visual evidence could be found due to the semi- 

transparent nature of rough-walled fracture, the development of stratified or encapsulated 

droplet flow would be the cause leading to such a drop in pressure gradient. The effect of 

capillary number on the flow with low viscosity ratio is not its significant as that with 

high viscosity ratio, as shown in Figures 5.46 and 5.50. The exception for the tests in RII 

(Figure 5.48) is not clear. 

Table 5.5. Parameters of the tests conducted in rough-walled fractures. 
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ratio. The two-phase pressure gradients at low viscosity ratio are substantially higher than 

that of the oil flowing alone (see Figures 5.46, 5.48, 5.50), while the same is not true for 

the pressure gradient response in smooth-walled fracture (see Figures 5.42, 5.44). 

Increased flow resistance due to roughness could be the reason leading to increased 

pressure gradient. In addition, the dominating flow pattern observed in rough-walled 

fractures was dispersed flow (DP), which usually requires higher pressure gradient to 

sustain the flow. The pressure response of two-phase flow in rough-walled fractures at 

low viscosity ratio is similar to that in porous media. However, at high viscosity ratio, the 

pressure response of two-phase flow in a rough-walled fracture is similar to that in a 

smooth-walled fracture. 

After a set of two-phase flow tests under constant water flow rate were finished, 

the experiment was continued at constant oil rate (the end point oil rate when the set of 

tests were finished) with reducing water flow rate. Only selected sets of tests in the 

rough-walled fractures were continued in this way, following the above method. The 

reason for conducting these tests was to study the two-phase flow characteristics at very 

high oil saturation. The two-phase pressure gradients of the continued tests are plotted 

against flow-rate ratio in Figures 5.52 to 5.55. Also plotted for comparison in each figure 

is the single-phase pressure gradient if the oil flowed alone in the fracture. Although there 

are some drastic changes in two-phase pressure gradients with flow-rate ratio, all of them 

are approaching the asymptote of single-phase gradient at high r. The difference is that 

the two-phase pressure gradient of the tests with low viscosity ratio (oil- 1) approaches the 

asymptote from above, whereas that with the high viscosity ratio (oil-2 or 3) approaches 

from below. It is interesting to note that the two-phase gradient of the tests in RII at high 

viscosity ratio passes the asymptote from below at a low flow-rate ratio of about 3.5 

(Figure 5.53). It would drop back to the asymptote at a large r if the experiment were 

continued, as the cases shown in Figures 5.52 and 5.54. 
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12 - 
+ 2-phase, RIA, Ca=2.06E-04 
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Figure 5.46. Pressure gradient data of the tests in rough-walled fracture RI  (oil- I). 

Figure 5.47. Pressure gradient data of the tests in rough-walled fracture RI (oil-2). 
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+ Zphase, MIA, Ca=1.94E-04 
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Figure 5.48. Pressure gradient data of the tests in rough-walled fracture RII (oil- 1). 
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Figure 5.49. Pressure gradient data of the tests in rough-walled fracture RII (oil-2). 
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Figure 5.50. Pressure gradient data of the tests in rough-walled fracture RIII (oil- 1). 
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Figure 5.5 1 .  Pressure gradient data of the tests in rough-walled fracture RIII (oil-3). 



Chapter 5. Experimental Results 

Qo = constant (0.16 d s ) .  Q, decreases I 

I 1 I 

I 
1 I .I 

Figure 5.52. Pressure gradient data of continued tests in RII (oil- I ) .  
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Figure 5.53. Ressure gradient data of continued tests in RII (oil-2). 
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Figure 5.54. Pressure gradient data of continued tests in RIIl (oil- I ) .  
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Figure 5.55. Pressure gradient data of continued tests in RIII (oil-3). 
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6.2.4 Relative Permeability 

In the study of steady state two-phase flow in a fracture, the conventional relative 

permeabilities of water and oil, k, and k,, respectively, can be defined by the extended 

Darcy's law: 

where Q, and Q, are the volumetric flow ntes of water and oil. respectively, I2 is the 

hydraulic aperture of the fracture, A is the cross-sectional area of the fracture, L is the 

distance between the differential transducer ports, and Ap is the time-averaged pressure 

drop measured at steady-state by the differential transducers. By assuming negligible 

capillary pressure, we can calculate the conventional relative permeability from equation 

(5.5) and (5.6) by using the time-averaged two-phase pressure drops measured under 

steady-state condition. Together with the water saturation determined from either image 

analysis or electrical resistivity technique, the calculated relative permeability can be 

used to plot relative permeability versus saturation curves. The results are presented as 

follows. 

The relative permeability curves of the tests conducted in fractures of Model I 

type are shown in Figures 5.55 to 5.57. It is common in these figures that the 

conventional relative permeabilities of oil and water increase monotonically with their 

own saturation. Viscosity ratio does not seem to affect the relative perrneabilities of both 

phases very much. The effect of fracture aperture is also not very significant. In 

accordance with the prediction of equation (5.3). the relative permeability c w e s  cross at 

a saturation of about 0.5. Note that the equation is valid only when the slip ratio equals to 

the viscosity ratio of the two-phase flow. It happens that the slip ratios of all of the tests 

in Model I fractures approximately equal to their respective viscosity ratio. 
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Figure 5.55. Relative permeability curves of tests IA and IB in Model I (h,,=O. 1 15 mm). 

Figure 5.56. Relative permeability curves of tests IC and ID in Model I (haVe=O. 15 mrn). 
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+ krw, IE oil- 1 

Figure 5.57. Relative permeability curves of test E in Model I (h,,,=0.045 mm). 

Figwe 5.58. Relative permeability curves of the tests in Model II (have=O. 105 mm). 



Chapter 5. Experimental Results 159 

Although the relative permeability curves are approximately symmetric with respect to 

the medium saturation. they fall below the cross-diagonal lines of the relative 

permeability versus saturation relationship proposed by Romm ( 1966). 

Figure 5.58 includes the results of all three sets of tests conducted in Model II 

fracture. The characteristics of the relative permeability curves are similar to that in 

Model I fracture. The symmetry of the relative permeability curves with respect to the 

medium saturation is again a result from the fact that the slip ratio approximately equals 

to the viscosity ratio in each set of tests. The figure also illustrates that the relative 

permeability curves of the three sets of tests do not overlap with each other, indicating 

that the two-phase flow in the fracture is capillary number dependent. The convenrional 

relative permeabilities of the fluids increase as Cu increases. Given that the capillary 

number was changed only by changing the water flow rate, while the other parameters 

were kept constant. it follows that the relative permeabilities are also increasing functions 

of the water flow rate. This result holds over the entire range of the saturation measured 

in the experiment. 

The conventional relative permeability curves of the tests conducted with the 

Model III fractures are presented in Figures 5.59 to 5.62. It is evident that the 

conventional relative permeability of water for all of the tests is a monotonically 

increasing function of its saturation. It does not change very much with different capillary 

number, viscosity ratio, and fracture aperture; thus it does not change with the flow 

pattern either. This is in accordance with the finding of theoretical analysis in Chapter 3 

that the relative permeability of water changes little with viscosity ratio and flow pattern. 

Nevertheless. significant differences exist for the relative permeability of oil 

among tests with different capillary number and viscosity ratio. The relative permeability 

of oil was no longer a monotonically increasing function of its own saturation, as shown 

in Figures 5.60 and 5.62. It decreased after reaching a peak value which is about 2 to 4 

times greater than I ,  depending on capillary number and fracture aperture. The result 

deviates significantly from what is generally accepted in practice by assuming that the 

relative permeability equals to its own saturation. as recommended by Romm (1966). 
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Furthermore, the relative permeability of oil depends strongly on capillary number (water 

flow rate). It increases with increasing water flow rate in our experiments. This result is 

in line with the response of two-phase pressure gradient that higher water flow rate leads 

to a reduction in the resistance to the flow. Measurement of the velocity of disconnected 

oil islands/droplets also reveals that the smaller the size of an oil droplet, the faster it 

flowed, suggesting that the mobility of disconnected oil phase is size dependent. Avraam 

and Payatakes (1995) reported similar result based on experimental study of oiUwater 

flow in their pore network model. They found that oil droplet flow is faster than large 

ganglia flow (ganglia in pore networks is analogous to islands in a fracture). 

Besides capillary number and flow-rate ratio, viscosity ratio is another key factor 

controlling the relative permeability curve of oil. As the viscosity of oil increased, the 

relative permeability to oil increased significantly. The relative permeability to water, 

however, was not affected accordingly. The reason for the sharp increase of oil mobility 

at intermediate or high oil saturation(s) could be due to the existence of water film(s) 

flowing between the wall(s) and the oil, as we have shown in the theoretical analyses of 

the stratified flow and sandwich flow in a parallel-plate fracture. Dullien (1993) also 

postulated this in his analyses of the lubrication phenomenon in porous media. Since the 

fracture walls were intermediate wet and every set of tests started with a history of 100 % 

water saturation, it is quite possible that such film(s) may exist, not only at low capillary 

number as shown in Figure 5.28(a). but also at high capillary number (Figures 5.26 (f') 

and (j)), leading to the increase of relative permeability to oil. 

The sudden drop of relative permeability of oil after the peak was due to the 

change of flow pattern to water-in-oil complex flow that is shown in Figures 5.27(b) and 

(d). Because of unfavorable flow-rate ratio there was not enough water to supply the flow 

of the continuous water films that separate the oil from the walis. Water became the 

disconnected phase being pushed by oil. which led to increased shearing resistance. As a 

result, the mobility of both oil and water decreased, leading to the decrease of relative 

permeabilities of both oil and water. Flow pattern might have affected the relative 
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permeabilities over a large range of saturation, but it is not as discemable as it is for the 

inversion of relative permeability of oil. 

Because the rough-walled fracture model is a step closer to a real fracture, it is 

more interesting to study the characteristics of the relative permeabilities of the 

immiscible flow in such a fracture. The relative permeability curves of the tests 

conducted in the rough-walled fractures are presented in Figures 5.63 to 5.68. in harmony 

with the results presented above, the viscosity ratio, capillary number ilnd friclure 

aperture orchestrated to produce a similar outcome in terms of the relative permeabilities 

of the two-phase flow in the rough-walled fractures as that in the smooth-walled fractures 

(Model III). 

The relative permeability of water is a monotonically increasing function of its 

saturation only. Compared to their influence on the relative permeability of oil, the 

effects of viscosity ratio. capillary number and fracture aperture on the relative 

permeability of water is insignificant. 

A dramatic influence of viscosity ratio has been observed for the relative 

pemeability of oil in the rough-walled fractures. The relative permeability of oil did not 

surpass one over the full range of saturation in the tests of oil-1 and water (low viscosity 

ratio) conducted in all three fractures, regardless of the capillary number. This is different 

from the results obtained with the same fluid pair in the smooth-walled fractures (Model 

III) in which the k, surpassed one at high oil saturation. The k, of the tests with oil-! in 

any of the three rough-walled fractures is smaller than that of the smooth-walled 

fractures, compared at the same viscosity ratio. As pointed out before, the slip ratios of 

the tests with oil-1 in the rough-walled fractures are larger than that in the smooth-walled 

fractures (Model III), indicating that the average velocity of oil-1 in the rough-walled 

fracture is slower than that in the smooth-walled fracture. This manifests that the 

roughness of the walls might have slowed down the flow of oil-1. On the contrary, the 

relative permeability of oil in those tests with oiM(3) reached magnitudes much greater 

than one at intermediate to high oil saturation in everyone of the three rough-walled 
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Figure 5.59. Relative permeabilities of the tests IIIA and IIIB (k 10) in Model 111. 

+ krw, UIC, Ca=5.7 t E-04 

-8- kro, JIIC, Ca=5,7 1 E-04 

-A- knv, IDD, Ca= I .O3 E-03 

4 kro, IUD, Ca= 1.03E-03 

Figure 5.60. Relative permeabilities of the tests IIIC and IUD (& 100) in Model III. 
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4 kro, IIlF, Ca=3.SE-04 

+ kro, IIIE, Ca4.78E-05 

+ krw, IlIE Ca=3.5E-04 

+ knv, IIIE, Ca=8.78E-05 

Figure 5.6 1 .  Relative permeabilities of the tests IIIE and IIIF (1- 10) in Model UI. 

+ knv, IIIG, Ca=9.02E-05 

-6- kro, IIIG, Ca=9.02E-05 

-t- krw, aM, Ca=3.6E-04 
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Figure 5.62. Relative permeabilities of the tests IUG and JIIH (k100) in Model m. 
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1 

+ krw, RIA, Ca=ZQ6E-04 

0.8 - + kro, RIA, Ca=L06E-04 P 

Figure 5.63. Relative permeabilities of the tests (d - 10) in the rough-walled fracture RI. 

+ Kro, RIC, Cs2.06E-04 

d k r o ,  RID,Ca=3.3E-04 

+ Krw, RIC, Ca=2.06E-04 

+ krw, RID, Ca=3.3E-04 

Figure 5.64. Relative permeabilities of the tests (1 - 100) in the rough-walled fracture RX. 
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Figure 5.65. Relative permeabilities of the tests (A- 10) in the rough-walled fracture RII. 

Figure 5.66. Relative permeabilities of the tests (A-80) in the rough-walled fracture RII. 
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+law, RIIIA, Ce3.2E-04 + kro, Rmk Ca=3.2E-04 

+ krw, RmB 1, Ca=8.2E-04 + kro, RIlIB, Cad3.2E-04 

+krw, RmC,Ca=1.3E-03 *kro,WC,Ca=1.3E-03 

Figure 5.67. Relative permeabilities of the tests (k 10) in the rough-walled fracture RIII. 

+ krw, RID ,  Cg3.2E-04 + kro, FUtID, Ca=3.2E-04 
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Figure 5.68. Relative permeabilities of the tests (A-65) in the rough-walled fracture EUII. 
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fractures. The relative amount of increment over one is equivalent to that of the smooth- 

walled fracture, compared on the basis of fracture aperture. A significant drop in slip ratio 

with increasing flow-rate ratio has been shown before and may provide some explanation 

for the remarkable increase in oil mobility. Enough data have been accumulated to let us 

believe that, at high viscosity ratio, viscosity stratification would develop over a range of 

favorable flow-rate ratio, which would greatly increase the mobility of oil. 

Equally important to the relative permeability of oil is the influence of capiilary 

number. As we can see from the Figures 5.64 to 5.68, increasing the capillary number 

(water flow rate) increased the relative permeability of oil, especially for the more 

viscous oil. The favorable influence of capillary number is more significant in the 

fracture of large aperture (RI, Figure 5.64) than small ones (RII and RIII, Figures 5.66 

and 5.68). This is in agreement with the findings of smooth-walled fractures (Model 111). 

The significant effect of capillary number on the relative permeability of oil also implies 

that high water flow rate may facilitate the development of viscosity stratification and 

encapsulation and, thus. increase the proportion of oil that lost its contact with the walls. 

As a result the mobility of oil increases with increasing capillary number. 

The effect of apenure on the relative permeability of oil is not as significant as the 

two parameters discussed above, especially at low viscosity ratio. For those tests with 

high viscosity ratio, the relative permeability of oil reduced with decreasing aperture, as 

shown in Figures 5.64, 5.66 and 5.68. However, there is a complicating factor here 

because the more viscous oil used in the tests in RIII had a viscosity of about 65 mPa-s 

because of equipment limit, as compared with the viscosity of oil-2 of about 100 mPm 

used in Rn. and RI. The relative permeability of oil is expected to be slightly higher if the 

same oil-2 were used in the tests in FUII. However, the general trend is still the same 

because the resistance to flow increases with decreasing aperture, thus the probability of 

oil being stranded at small pores or throats increases. 

The non-monotonic variation of the rrlative permeability of oil with saturation is 

due to the change in flow patterns at different flow-rate ratio. Note that the data in 

Figures 5.65 to 5.68 at S, smaller than about 0.3 are from the continued tests after the 
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normal tests at constant water flow rate were finished (refer to Figures 5.52 to 5.55). The 

inversion of the relative permeability of oil at the peak usually corresponds to a change of 

flow pattern from stratified or encapsulated droplet flow to complex flow of both oil-in- 

water and water-in-oil. The sharp drop of the relative permeability of oil at high oil 

saturation corresponds to water-in-oil flow. As the water saturation dropped further the 

amount of water was so small that the flow was almost a single-phase oil flow, which led 

to another inversion of the relative permeability of oil to approach the end point of the 

relative permeability of oil (Figure 5.56). 

5.2.6 Fractional Flow 

When steady-state conditions are established, the fractional flow can be determined from 

its definition 

In the analysis of steady-state multiphase flow in porous media, the fractional flow is 

usually assumed to be a function of water saturation only. 

Figures 5.69 to 5.73 present the relationships off, with S, for all of the tests 

conducted in the Model III smooth-walled fractures and rough-walled fractures. These 

curves of fw vs. S, are similar to those used in industrial practice. However, it is not 

difficult to find that f, of the two-phase flow in various fractures depends strongly not 

only on Sw but also on Ca and A. 

The figures show that fw decreases as Ca increases, compared at the same S,v and 

A. On the other hand, fw increases as A increases, compared at the same S ,  and Ca. The 

same results are obtained for all of the tests with the fractional flow data plotted in the 

figures. 
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+ mA. oil- 1, Ca=8,85E-04 I 
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+ 0 B .  oil- 1. Ca=5.49E-04 j 
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Figure 5.69. Fractional flow data of the tests in the Model III fracture of h = 0.095 mm. 

I I 
i 

-+- mE, oil- 1, Ca=8.78E-05 

++ IIIF, oil- 1, Cs3.5E-04 

+ mG, oil-2, Ca=9.02E-05 

Figure 5.70. Fractional flow data of the tests in the Model III fracture of h = 0.242 mm. 
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+RIB, oil- I, Ca=3.3E-04 

* RIC, oil-2, Ca=2.06E-04 

4 RID, oil-2. Ca=3.3E-04 1 
0 1 r 1 1 + 

Figure 5.7 1. Fractional flow data of the tests in the rough-wailed fracture. RI. of 

I 

+ RIM, oil- 1. Ca= 1.94004 1 
-o- RUB, oiC I, Ca4.9E-04 
-6- RJIC, oiC I, Ca=7.7E-04 

I ++ IUD, oil-2, Ca= 1.94E-04 i 
-1- RIIE oib2, Ca4.9E-04 , 

I 

Figure 5.72. Fractional flow data of the tests in the rough-walled fracture. Rn, of 
h, = 0.26 mrn. 
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--A- RmC, oil- 1, Ca= 1.3E-03 
+ RIIID, oil-2. Ca=3.2E-04 
+ RIIIE, oil-2, Ca=8.2E-04 
-c+ RIIIF, oiE2, Ca= 1.3E-03 

Figure 5.73. Fractional flow data of the tests in the rough-walled fracture, RIII, of 

h,,, = 0.175 mm. 



Chapter 6 

Correlation for Saturation and Pressure 

Gradient 

Chapter 3 has indicated. based on theoretical analyses of both idealized and non-idealized 

flow patterns, that the saturation and dimensionless pressure gradient are strong functions 

of L-M parameter X. The analyses also show that other factors can be expected to change 

the functions depending on the fluids involved in the flow and the flow pattern. Chapter 5 

provided the results of laboratory experiments of cocurrent oiVwater flow through single 

fractures of varying surface properties and sizes. Large differences but consistent 

behavior (within each group) were observed in the experiments covering a wide range of 

flow and surface characteristics. The development of flow patterns in an open fracture 

signals the departure from the traditional assumption of flow in porous media. A new 

approach for modeling two-phase flow in a fracture is warrented. 

With known properties and flow rates of the fluids as well as the geometry of a 

fracture, the most important parameters necessary to model the flow are the saturation 

and two-phase pressure gradient. This chapter attempts to establish correlations for 

saturation and pressure gradient based on one or more parameters that are easily 



Chapter 6. Correlation for Saturation and Pressure Gradient 173 

obtainable. The theoretical correlations developed in Chapter 3 are examined against the 

laboratory data and empirical constants are added where necessary in order to bridge the 

differences between idealized flow in theory and real flow in the laboratory. Other 

correlations are also examined with the data. However, only those correlations developed 

for gas-liquid flow either in pipes or fractures are available since the author knows no 

published correlation for liquid-liquid flow in a fracture in literature except that of Romm 

( 1966). 

6.1 Saturation Correlation 

Butterworth (1975) and later Chen and Spedding (1983) developed from a large number 

data of gas-liquid flow in pipes the following correlation for holdup (saturation). 

where Sl is the liquid holdup. I and g refer to liquid and gas phase, respectively. The 

factors k, a, b and c assume various numerical values depending on flow regime and flow 

pattern. Chen and Spedding (1983) provided analytical prwf that equation 6.1 can be 

derived directly from idealized stratified and annular flows. They also found that the 

density term does not affect holdup in laminar flow regime and the effect of viscosity is 

more significant in laminar regime than in turbulent regime. Hall and Hewitt (1993) also 

found that the viscosity ratio is more important in liquid-liquid flow than in gas-liquid 

flow. Thus it is postulated that the density ratio can be dropped for liquid-liquid flow in a 

Fracture. Equation 6.1 becomes 
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The saturation data of the tests with Models I and [I are presented in Figure 6.1. 

Excellent correlation is obtained with equation 6.2 when the values of k, a and b are set at 

1, 0.87 and 0.87 respectively, as shown in the log-log plot of the saturation ratio, ( l -  

S,)/S,, versus Q&Qwpw. The saturation correlation for Models I and II is given below 

Figure 6.1. Saturation data of the tests with Models I and iI correlated with equation 6.1. 

It is interesting to note that, with both oil and water flowing in laminar regime (Re 

c lo), the following relationship is valid 
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which implies that the saturation may also be conelated with the L-M parameter X. An 

equivalent correlation in terms of X is obtained as 

The saturation data are plotted against the L-M parameter X in Figure 6.2. It is shown 

that excellent fit is also obtained with equation 6.5. Plotted for comparisons in the figure 

are the theoretical models for stratified. sandwich and alternating channel flows. Very 

good correlation is observed with the channel flow model. and big differences exist for 

the stratified and sandwich flow models. It is indeed true that the dominant flow patterns 

observed in these models were channel and droplet flows. Neither stratified nor sandwich 

flow was observed in the tests conducted with Models I and II. 

Figure 6.2. Saturation data of the tests with Models I and II correlated with equation 6.2. 
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Note that the tests conducted in these two models covered two viscosity ratios, 

varying aperture, different injection methods and several capillary numbers. These 

variables do not have remarkable effect on the general saturation correlation, which is in 

line with the well-known Lockhart-Martinelli model for two-phase gas-liquid flow in 

pipes. 

The saturation data of the tests with Model III are presented in Figures 6.3 and 

6.4, correlated using equation 6.2. Figure 6.3 presents the data of the tests with the less 

viscous oil (oil-1, &lo), and Figure 6.4 contains the data of the tests with the more 

viscous oil (oil-2, k100). Excellent agreement is obtained for both oils when four 

different equations are employed in order to get the best correlation as presented in the 

figures. There are two factors contributing to the variations. One is that the viscosity 

ratios of two oils played a different role as shown by the different exponents necessary to 

make the best fit. The higher the viscosity ratio, the smaller is the exponent b. Compared 

with that of Models I and U at the same flow-rate ratio and capillary number, the oil 

saturation is less in Model m, or equivalently, the oil flows faster in the fracture of 

Model III. The other is the influence of flow patterns. At small r, which corresponds to 

the dispersed droplet flow pattem, the saturation ratio, (I-S,)/S,, at low A is very close to 

that of alternating channel flow. At high A the slope of the correlation is the same as that 

of the alternating channel flow. Increasing r changes the flow pattem to more energy 

efficient patterns such as the encapsulated droplet flow or stratified flow. The saturation 

ratio drops even more from the line corresponding to the alternating channel flow. As a 

result the exponent a drops accordingly, together with exponent b, as shown in both 

figures. 

The saturation data do not show a dependence on fracture aperture and capillary 

number. 

The data are also correlated with the L-M parameter X as shown in Figure 6.5. A 

single equation provides a good correlation with all of the data. Plotted for comparison 

are the curves of t h e  idealized flow patterns. At small X the prediction of the channel 
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0 IIIA, oil-1, 
Ca=8.85E-04 

0 IIB, oil-1. 
C ~ 5 . 4 9 E - 0 4  

0 m o i l - 1 .  
Ca=8.78E-05 

+ JIIF, oil- 1, 
Ca=3.SE-04 

Figure 6.3. Saturation data of the tests at A- 10 conducted with Model El. 

Figure 6.4. Saturation data of the tests at A- 100 conducted with Model ID. 
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Figure 6.5. Saturation data of the tests conducted with Model III at &LO and 100. 

flow model fits the data very well. As X increases the data points move away from the 

curve of channel flow to that of the stratified flow, which is consistent with the change of 

flow pattern. The reason that the data do not fall on the curve of stratified flow is that the 

flow was not completely stratified but mixed with other flow patterns. Although the 

general correlation is not as good as the ones presented above, it is recommended for its 

simplicity. The correlation is given as 

The saturation data of the tests in rough-walled fractures are presented in Figures 

6.6 to 6.9. Correlations obtained using equation 6.2 are also plotted for comparison. 

Large variations in saturation necessitate different exponents of a and b to be chosen for 

fractures with different aperture and for different flow pattems. There are some 
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0 RIA, oil- 1, 
Cad.06E-04 

A RIB, oil- I, 
Ca=3.3 E-04 

, I 
i I 1 

0.00 1 0.0 1 0.1 1 10 
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Figure 6.6. Saturation data of the tests in rough-walled fracture RI (have=O.5 16, A- 10). 

0.00 1 0.0 1 0.1 1 10 

QdQw 

0 RID, oil-2, 
C3~3.3 E-04 

Figure 6.7. Saturation data of the tests in mugh-walled fracture RI (hmd.5 16, A-100). 
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10 1 

Figure 6.8. Saturation data of the tests in RII (h,+0.26 mm. &LO, 70). 

0 RlICAoil-I, 
Ca=3.2E-04 

A RUB, oil- I .  
Ca=8.2E-04 

X RIIIC, oil- I ,  
Ca= 1.3E-03 

0 RIIID, oil-?, 
Ca=3.2E-04 

EUIIE, oil-2, 
Ca=8.2E-04 

+ RIIIF, oil-?, 
Ca= 1.3E-03 

Figure 6.9. Saturation data of the tests in RIII (hmA. 17 mm, k 10,70). 
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Figure 6.10. Saturation data of all of the tests in the rough-walled fractures. 

differences from the data obtained with smooth-walled fractures. The saturation is 

viscosity ratio dependent only in the fracture of the largest aperture (0.56 mm). Data 

obtained from the other two fractures (0.26 mm and 0.175 mm) do not show significant 

dependence on viscosity ratio. This may be due to the asperity contacts as a result of the 

close distance between the rough walls of the fracture. Because of the geometry change. 

the characteristics of the flow changed as reflected in the specific change in flow pattern. 

There were only two identified flow patterns in these two fractures, i.e., the partially and 

fully mobilized droplet flows, regardless of viscosity ratio. Majority of the oil flowed in 

the form of droplets of less than 3 mm in diameter at velocity close to that of water 

through major pathways that connected the large pores. The droplets in those pathways 

were separated fiom the walls by water. Contrary to that of large island or channel flows, 

the effect of viscosity ratio is reduced to minimum in encapsulated droplet flow. This also 

provides an explanation to why data sets obtained from open fractures, representing two 
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viscosity ratios, show tendency to merge with each other at high flow-rate ratios in (1- 

S,,,)/S, versus r plots. 

As before, the complete saturation data obtained from rough-walled fractures is 

plotted against parameter X in Figure 6.10. Theoretical relationships and correlation for 

smooth-walled fracture are also plotted for comparison. The data exhibit some scattering. 

But most of them fall within f30 56 of the prediction represented by the following 

equation 

Considering the range of variables covered in the tests and the uncertainties associated 

with the measurement of saturation. the scattering was expected and within reasonable 

range . 

In this section attempts are made to correlate the saturation data obtained from the 

laboratory experiments of cocunent oivwater flow in fractures of varying aperture and 

surface property and geometry. Three saturation correlations are obtained as represented 

in equations 6.5, 6.6 and 6.7 for smooth-walled fracture of Models I, 11. ID and rough- 

walled fractures, respectively. All three correlations are based on L-M parameter X in the 

form that can be generalized as 

where p and g are assigned numerical values depending on surface property and 

geometry. Equation 6.8 is subject to calibration in order to determine the values of p and 

q. If such a calibration is not available the correlations for the current study can be used 

as a rough estimation of saturation of two-phase oiYwater flow in a fracture. It has been 

found that the void fraction of two-phase &/water flow in smooth parallel plates also 

follows a correlation similar to 6.8 (Ali et al., 1993). Thus equation 6.8 is of reference 

value for gas-oil and steam-water flow in a fracture. However, caution has to be taken in 
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dealing with these two pairs of miscible two-phase flows because phase change will 

induce a saturation gradient along the direction of the pressure gradient. 

6.2 Pressure Gradient Correlation 

Because of the complex conditions of two-phase flow in a fracture and the number of 

variables involved. it is logical that the first attempt at correlation be based on analogy to 

single-phase flow. By using this approach Pan et al. (1998) obtained a pressure gradient 

correlation based on homogeneous pseudo single-phase model and achieved some 

success with the data from the tests with Model I and II. However, the pseudo single- 

phase model failed when used to correlate data from tests with other fractures. The well- 

known Lockhart-Martinelli model, which was established half a century ago, is also a 

kind of single-phase model and yet very successful. Additionally, the theoretical proof by 

Johannessen (1972) and later by Taitel and Duckler (1976) of the unique dependence of 

the dimensionless pressure gradient on the L-M parameter X adds physical meaning to 

the originally ingenious correlation. However, direct application of the original L-M 

model to two-phase flow in a fracture would be deemed inaccurate because it was 

developed for gas-liquid flow in pipes. It is known that the L-M model is not suitable 

even for liquid-liquid flow in pipes (Fujii et al., 1994). Nevertheless, independent 

theoretical analyses of several idealized flow patterns in Chapter 3 confirm that the link 

between the dimensionless pressure gradient and the L-M parameter X also exists for 

liquid-liquid flow in a fracture, although the link is unique for each flow pattern and 

dependent on viscosity ratio. The correlation attempted herein is thus based on the 

findings of the theoretical analyses. Considering the large differences in the tests, several 

comlations are expected in order to correlate pressure gradient data. 

The pressure gradient data of the tests conducted with Models I and II are 

presented in Figure 6.1 1 in terms of the famous Lockhart-Martinelli plot, i.e., the 

dimensionless pmssure gradient cD. versus the L-M parameter X. Also plotted for 
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Figure 6.1 1. Pressure gradient data of Models I and II compared with theoretical 

relationships. 

comparison are the theoretical curves corresponding to stratified, sandwich and channel 

flows. which are calculated from equations 3.49, 3.50 and 3.53, respectively. Among 

these three, the best correlation with the data comes from that of the channel flow model, 

In fact, this is not unexpected since the data points that are closest to the theoretical curve 

of the channel model fall within the regime of the channel flow observed in the tests. The 

data points that are above the curve of channel model belong to the regime of either a 

completely dispersed droplet flow, e.g., [IA, or a mixture of droplet and channel flow in 

which a large amount of oil droplets was entrained in the water channels. It is found that 

the general correlation of Chisholm and Laird (1959), as shown the in following 

equation, fit the data reasonably well 
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Chisholm (1967) recommended that the value of C varies from 5 to 20 for gas-liquid flow 

in pipes, depending on the flow regime of each phase, Le., laminar or turbulent. The data 

of the tests in Models I and I1 fall between the curves represented by C = 0 and 3, as 

shown in Figure 6.1 1. When C = 0 equation 6.9 coincides with equation 3.83 of the 

channel flow model. 

The data in Figure 6.11 are from the tests in four fractures with apertures varying 

from about 0.045 to 0.15 mm and two different injection methods. The tests covered two 

viscosity ratios. 10 and 100, capillary numbers from 8x10-~~ to 9 x 1 0 ~ ~  and Reynolds 

numbers (water) from 0.1 to 2 (see Table 5.3 for details). The data do not show 

dependence on aperture, viscosity ratio and injection method, but slightly on capillary 

number as evidenced by the slight decrease in C with increasing Ca (see the test series in 

Model II). All of the data are above the QO = 1 line and approach this line at large X. 

The pressure gradient data of the tests conducted in the Model III fractures are 

presented in Figure 6.12. The theoretical relationship of stratified, sandwich and channel 

flows are also plotted for comparison. As expected some of the data point at relatively 

large X drop below the 0, = 1 line. For those points, the closest theoretical model is the 

sandwich flow model (curve plotted having a A of LO), which predicts a significant drop 

of two-phase pressure gradient if the flow of the more viscous liquid is separated from 

the walls by the less viscous liquid. At small X, the data are best correlated by the channel 

flow model. The stratified flow model fits the data at intermediate X better. However, the 

data show dependence on viscosity ratio at X 2 1 as the branches representing two 

different viscosity ratios widen at and beyond this point. The best-fit equations for these 

two groups of data are given below 
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Sandwich b w  
1 

Figure 6.12. Pressure gradient data of Model III compared with theoretical relationships. 

Equation 6.10 is for the group of data with a viscosity ratio of about 100. Equation 6.1 1 is 

for the other group. 

The group of data with a high viscosity ratio (filled markers) shows some 

scattering at large X. The branching at about X = 2 is due to change of aperture. Data 

series [UG and [IDI represent tests in the fracture with an aperture of 0.242 mm, while 

those of IIIC and mD are from tests in the fracture with an aperture of 0.09 mm. The 

larger the aperture, the more significant is the reduction in two-phase pressure gradient. 

However, it is not clear why the aperture effect, found with the tests at high viscosity 

ratio, is not evident with the data of low viscosity ratio. 

Capillary number does not seem to have noticeable effect on the pressure data. 
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Figure 6.13. Pressure gradient data of the rough-wailed fracture. RI (h,,1e=0.5 16 mrn), 

compared with theoretical relationships. 

The pressure gradient data of the tests in the rough-walled fracture with the 

largest aperture (haLIe=O.516 rnm) are presented in Figure 6.13. The correlation obtained 

with the smooth-walled fracture (Model III) and the theoretical relationships are also 

plotted for comparison. The data of RID have a very good correlation with the curve of 

equation 6.10. However, the data from other three sets of tests fall above the curve, even 

above the curves of the three theoretical models. Compared with the tests in the smooth- 

walled fracture at the same viscosity ratio, the capillary numbers of the tests in RI were 

generally equal or less except the aperture was larger in the rough-walled fracture. This is 

contrary to what has been found with the tests in the smooth-walled fractures, i.e., the 

dimensionless two-phase pressure gradient being inversely related to aperture. The only 

explanation is that the roughness of the fracture walls might have played a role in 
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increasing the two-phase pressure gradient of the tests. The increase due to the roughness, 

however, was not very significant. 

A significant difference in terms of the dimensionless two-phase pressure gradient 

is observed between the two sets of tests at different capillary number, RIC and RID, see 

Table 5.5 for test parameters. An increase in capillary number results in a decrease in 

two-phase pressure gradient, a phenomenon that was not very significant in tests 

conducted in the smooth-walled fractures. Although similar effect of capillary number is 

found with the tests in Model II, the magnitude is much smaller than that of the data 

presented in Figure 6.13. More research is required in order to describe quantitatively the 

contribution of Ca. Thus, no correlation is developed for these two sets of data. It is also 

observed that, for less viscous oil (oil-1), the effect of Ca on two-phase pressure gradient 

is negligible. An equation best fitted with the dimensionless pressure gradient data of the 

tests with oil- 1 is given below 

The pressure gradient data of the tests in the other two rough-walled fractures, RII 

(huye=0.26 mrn) and RIII (h,,=O. 175 mm), are presented in Figures 6.14 and 6.15, 

together with the curves of equation 6.10 and 6.12. The relationships of the theoretical 

models are not plotted for clarity. 

The data in these two figures are more scattered than before, showing strong 

dependence on capillary number. Still stronger is the influence of Ca on the flow with ;I 

high A. However, different from that in the smooth-walled fractures and RI, the Ca starts 

to show some influence on the flow of low A. As shown in the figures, three curves, 

parallel with each other, are plotted in both figures to illustrate the differences caused by 

the capillary numbers. The curves are obtained by changing the numerator of the third 

term of equation 6.10. It is noted that they are by no means the best correlation to be used 

to calculate two-phase pressure drops. They are plotted for illustration purpose only. The 

reason to say so is that so far the limited pressure gradient data of the rough-walled 
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Figure 6.14. Pressure gradient data of the rough-walled fracture, R1I (hu,,=0.26 mm), 

compared with theoretical relationships. 

fracture have indicated characteristics that depend on the properties of each fracture. This 

makes a general correlation of pressure gradient difficult to establish unless a large 

amount of good quality data covering a wide range of fractures is available so that 

common features may be found and used to develop a generalized correlation. 

The flow patterns in these two fractures were similar, only partially mobilized and 

fully mobilized droplet flows. The transition from partially mobilized to fully mobilized 

flow pattern is controlled by flow-rate ratio, not associated with the change of capillary 

number. Therefore, the scattering of two-phase pressure gradient data is not connected 

with flow pattern change. 

The effect of viscosity ratio is evident in the data from both fractures. Compared 

at the same X and Ca, the dimensionless pressure gradient is lower for the tests at high & 
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Figure 6.15. Pressure gradient data of the rough-walled fracture. RIII (h,,=O. 175 mm), 

compared with theoretical relationships. 

and vice versa. As before, the data of the tests with a A of 10 fall above the single- phase 

line (a, = 1) for the whole range of X, whereas some of the data points of the tests with 

A = 65.70 fall below the same line at the far end of the X. 

The aperture has some effect on the two-phase pressure gradient data. This is seen 

by comparing the data of the tests with A = 10 in both figures with the curve of equation 

6.12. Equation 6.12 is the best-fit correlation for the data from similar tests in RI which 

has an average aperture of 0.516 rnm. As the aperture decreases the data fall above the 

curve of equation 6.12, i.e.. the dimensionless two-phase pressure gradient increases with 

decreasing hydraulic aperture. This might be due, as a result of smaller aperture, to the 

increased capillary force - an important parameter controlling flow in porous media, 

which is deemed secondary in open fractures of large aperture. The fractws tested in this 

study may be classified as mega-fracture according to Aguilera (1999), in which the 
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capillary pressure is negligibly small over a wide range of saturation. When the aperture 

was close to 0.1 mm, as in the case of RIII (hhYdmu~icab1 1 mm), surface contact was 

induced. It was observed that velocity gradient existed in the direction perpendicular to 

the flow. The velocity of oil droplets flowing in several main pathways was faster than 

those not in the pathways. Increased trapping of oil droplets at small pores was 

significant in the fractures with smaller aperture (RII and Rm), indicating elevated 

capillary effect. Meanwhile, the data of the tests at 1 = 65 also move upwards from the 

curve of equation 6,10 as the aperture of the fracture changes from 0.5 16 mm to 0.175 

mm, as shown in Figure 6.15. The effect of aperture is consistent regardless of viscosity 

ratio. 

In summary, data of dimensionless two-phase pressure gradient of the tests in 

smooth-walled fractures show good correlation with the L-M parameter X. Because of 

the difference in surface properties of the fractures, different correlations are obtained for 

fractures of Models I, I1 and IU. The correlations are given in equations 6.9 to 6.11. 

Attempts to employ the Lockhart-Martinelli method to correlate data from the tests in 

rough-walled fractures were not successful due to the scattering of the data. It is found 

that the dimensionless two-phase pressure gradient depends not only on the L-M 

parameter X but also on capillary number, viscosity ratio, fracture aperture and, to a 

lesser degree, fracture roughness. If a correlation of Lockhut-Martinelli type is to be 

established, it may take the following form, 

where a, b, C, D are assigned numerical values that are fracture and fluids specific. The 

parameter a varies from 0 to I ,  depending on the viscosity ratio. The parameter b varies 

from 1.5 to 2, which controls the slope of the curve. The parameter C varies from -I  to 3. 

depending on viscosity ratio. The negative sign implies lubricated flow due to high 

viscosity ratio. The parameter D varies from 1 to 3 which controls the position of the 

curve with respect to the cD axis. Equation 6.13 is by no means the choice of generalized 

correlation for pressure gradient of two-phase flow in rough-walled fractures. A better 
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approach would be to include some or all of the variables that influence the pressure 

characterization of two-phase flow in a fracture. Continued research into this subject area 

is required to develop such a correlation. 



Chapter 7 

Conclusions and Recommendations 

7.1 Conclusions 

Steady-state two-phase flow of oil and water in single horizontal fractures was studied 

both theoretically and experimentally. Based on several idealized flow patterns and no 

slip boundary conditions, velocity distribution of cocurrent oiVwater flow in a parallel- 

plate fracture was obtained for each pattern by solving the Navier-Stokes equation. 

Dimensionless expressions of saturation and pressure gradient were also derived for an 

non-idealized flow pattern using the approach of two-fluid model (Taitel and Duckler. 

1976). Meanwhile, laboratory experiments of cocurrent oiVwater flow were conducted in 

single fractures with either smooth or rough walls. Three smooth-walled and one rough- 

walled fracture models were built and tested, with different apertures. surface properties, 

injection methods and surface roughness. The aperture of the fractures varied from 0.045 

to 0.516 mm. Surface wettability varied from water-wet to slightly oil-wet. The surface 

roughness was made by gluing a layer of glass beads of nominal size of 0.22 rnm to the 

f k i c ~  walls. During steady-state two-phase flow tests in each fracture, the capillary 

number, Ca, the flow-rate ratio, r, and the viscosity ratio, A, were changed systematically. 

Two mineral oils with viscosities of 10 and LOO mPa-s were used in the experiments. The 
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magnitude of capillary number varied between 10" and 16). The fluid saturation in the 

tests covered a range between 10% and 90%. All of the tests started with 100% water 

saturation. The conclusions of this study are summarized below: 

Steady-state laminar flow of a single-phase fluid in a smooth-walled parallel-plate 

fracture obeys the cubic law over the range of fluids and fracture apertures studied in 

these tests. A modified cubic law in which a relative roughness parameter. d&, is 

included to account for the roughness governs the laminar flow of a fluid in a rough- 

walled fracture. Based on the cubic law, the calculated hydraulic aperture of a rough- 

walled fracture is always smaller than the measured average aperture of the fracture. 

During cocurrent oil and water flow in a fracture, and over the range of testing 

parameters, the oil is disconnected in the form of droplets and/or islands. The water 

preserves its connectivity by forming ever-changing network of connected pathways 

or wetting films. Flow of oil, in spite of its disconnected form, takes place through the 

motion of almost all of the droplets and/or islands, regardless of surface roughness of 

the walls. This is in contrast with the presumption of two-phase flow in porous media 

that fluids move only in connected pathways, and that any disconnected oil bodies 

remain stranded, 

Connected oil channels were observed only in the case where a continuous supply of 

oil was available at their sources (Model I). Formation of oil channels was favored by 

large oil saturation. 

With varying flow-rate ratio, r, four main flow patterns were observed, namely, 

channel flow, dispersed flow, mixed flow, and stratified flow. Dispersed flow can be 

subdivided further into oil droplet flow and oil island flow. Mixed flow comprises oil- 

in-water and water-in-oil complex flows. The evolution of different flow patterns 

depends on the values of capillary number (Ca), flow-rate ratio (r) ,  viscosity ratio (A) 

and surface properties such as the wettability and roughness. The boundaries between 

the flow patterns are poorly defined with overlapping or mixing of flow patterns as 

the dominant phenomenon. For example, in channel flow there is usually some oil 
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entrained in the water channel(s) in the form of droplets or islands. Stratified flow 

coexists with dispersed flow or mixed flow. In rough-walled fractures, the evolution 

of flow pattems is also dependent on aperture. With average aperture smaller than 

0.26 mm, only dispersed droplet flow was observed under the test conditions in this 

study. 

The characteristics of cocurrent oil and water flow in a fracture under viscous 

controlled conditions differ from those under capillary controlled conditions. The 

development of flow pattems in a fracture resembles two-phase flow in pipes. 

Theoretical study of cocumnt oil and water flow with idealized flow patterns in a 

parallel-plate fracture indicates that the relative permeability to oil is a function of 

saturation, viscosity ratio and flow pattern, whereas the relative permeability to water 

is a strong function of saturation and not significantly affected by viscosity ratio and 

flow pattern. The relative permeability to oil increases with viscosity ratio and can be 

greater than one in the cases of stratified and sandwich flow patterns. Significant 

increase of oil mobility in these two idealized flows is attributed to the vviscous 

coupling effect. 

Laboratory tests reveal that the relative permeability to oil of cocurrent oil and water 

flow in a fracture is not a monotonically increasing function of oil saturation if the 

viscosity ratio is large ( A  > 65 mN dm2). It could be greater than one at intermediate 

to high oil saturation, supporting the result of the theoretical analyses. Flow at high 

viscosity ratios and at large capillary numbers favors the formation of a thin layer of 

water wetting the wall(s), which leads to the development of stratified and/or 

sandwich flow. As a result the mobility of oil increases. In addition to saturation, 

viscosity ratio and flow pattern, the relative permeability to oil depends on capillary 

number. With all of the other parameters constant, the relative permeability to oil 

increases with increasing capillary number. Relative permeability to oil is the lowest 

for dispersed oil droplet and island flows, highest for stratified and sandwich flows. 
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The relative permeability to water, k,. is a strong and monotonically increasing 

function of water saturation and always smaller than one. The effect of viscosity ratio, 

capillary number. aperture and flow pattern on it is not significant as compared with 

that on k,. 

The fact that k, increases strongly as the Ca and A increase is a possible indication 

that flowing films of water cut into area where the shearing is the greatest which is 

the walls. This usually happens with the dispersed and mixed flow pattems. 

r The effect of surface roughness on the fractional flow behavior in a rough-wailed 

fracture depends on the average aperture and pressure gradient. If the aperture is large 

enough so that there is no contact between the walls (a field analogy would be a 

natural hard rock fracture with sparse contacts), the relative permeabilities to both oil 

and water are similar to that in a smooth-walled fracture with an aperture equal to the 

hydraulic aperture of the rough-walled fracture. If the aperture is not big enough so 

that there are numerous contacts between the walls (a field analogy would be a 

natural soft rock fracture or an artificially induced fracture with propping agent), the 

fractional flow behavior is similar to that in porous media under normal reservoir 

pressure gradient. If the flow were under a pressure gradient greater than 200 kPdm, 

like in the vicinity of a wellbore, the characteristics of the fractional flow would be 

similar to that in an open fracture. 

Both theoretical analysis and experimental results indicate that the cross-diagonal 

type of relative permeability versus saturation relationships of Rornm is valid only for 

channel flow in which oil and water flow in their respective channels. Rornm's 

relationships are not valid for other flow pattems that dominate the cocurrent flow of 

oil and water in a fracture. 

Using the approach of pipe flow analysis, the saturation and dimensionless two-phase 

pressure gradient of cocurrent oil and water flow in a fracture have been proven 

theoretically and experimentally to be a strong function of the dimensionless 

Lockhart-Martinelli parameter, X. 
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Saturation correlation based on parameter X agrees with the experimental data of the 

smooth-walled fractures very well. Data from the rough-walled fractures fall within 

S O  % of the prediction. Surface properties, such wettability and roughness, may 

have some effect on saturation. 

Good agreement has been found between dimensionless pressure gradient 

correlations based on parameter X and experimental data of smooth-walled fractures. 

However, when applied to data of the rough-walled fractures, the fit is not very good 

due to scattering of pressure gradient data. It has been found that the dimensionless 

two-phase pressure gradient of oil and water flow in a fracture depends on other 

parameters such as the capillary number, viscosity ratio, and to a less degree on 

fracture aperture and surface properties. 

Simple relationships exist between the relative permeabilities, k, and k,.. and the 

dimensionless two-phase pressure gradients, 4j0 and a,,,. 

7.2 Recommendations 

Limited data from this study suggests that wettability may play an important role in flow 

pattern development and influence the saturation and two-phase pressure gradient. 

Laboratory observation and interpretation from two-phase pressure gradient data indicate 

that a water film may flow along the walls of a fracture with slightly oil-wet surfaces, 

leaving the oil flowing in the middle without touching the walls. It is also found that 

viscosity ratio and capillary number have some connections with this anomalous wetting 

behavior. It is still not clear, however, as regard to what relationship, under dynamic 

conditions, exists among surface wettability, fluid distribution, capillary number and 

viscosity ratio. A clear understanding of this relationship is deemed important to our 

understanding of two-phase flow in a fracture in general. 
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The effect of interfacial forces is not investigated in this study. The interfacial 

forces may be negligible in fractures with large aperture (mega fractures) in which two- 

phase flow is controlled by viscous forces. However, a large fraction of fractures in the 

field are classified as micro fractures. Interfacial forces are important for immiscible flow 

in these fractures. The study of the effect of interfacial forces could be achieved by 

conducting experiments of two-phase flow in a fracture with aperture smaller than 0.1 

mm. using fluid pairs with different interfacial tension. 

Natural fractures exist with various geometry and orientation in geological 

formations. The scope of this research covered only horizontal fractures of a parallel- 

plate type. The dynamics of two-phase flow in a vertical fracture would be of interest to 

investigate in future research. Negligible for flow in a horizontal fracture, gravity effect 

would be significant for two-phase flow in a vertical fracture. It is expected that 

segregation of fluids due to density difference would lead to stable stratified flow, 

depending on how the fluids enter the fracture. [n the range of practical interests, the flow 

patterns that might evolve could be fewer than that in a horizontal fracture; thus the 

problem might be simpler to model. Caution should be paid when conducting laboratory 

experiment of two-phase flow in a vertical fracture for the entrance effect would be much 

more significant than in a horizontal fracture. 

Saturation history is known to have a significant influence on two-phase flow in 

porous media. It is expected that the same would be true for two-phase flow in a fracture 

because different saturation history usually results in different fluid distribution, which, 

in turn, affects the saturation and pressure response of the flow. The effect of saturation 

history was not studied in this research. Given its relevance, it is recommended to study 

the effect of saturation history on the behavioral dynamics of two-phase flow in a 

fracture. 

Although a general saturation correlation based on the L-M parameter X has been 

obtained for cocumnt oil and water flow in a fracture, a general correlation for pressure 

gradient using the same approach is not observed because of its dependence on not only 

X, but also other parameter such as capillary number, viscosity ratio, aperture and surface 
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properties. An alternative approach of introducing important parameters that are known 

to affect the two-phase pressure gradient into the general correlation is recommended. 

This would require large quantity of high quaiity data from which the most important 

parameters could be found and introduced into a general correlation. Attempt to include 

all of the parameters would be difficult and unnecessary. 

The experimental data have sown that the relative permeability to oil is 

significantly different from that to water in the fractures. It is not very clear whether this 

difference is due to the wettability effects or the viscosity effects. It would be desirable to 

measure relative permeabilities in a fracture in which the viscosity ratio is reversed by 

making water more viscous than oil. 

This study has provided the means for modeling cocurrent oil and water flow in 

single smooth-walied and slightly rough-walled fractures. The functional relationships 

are appropriate for use in scenarios where natural fractures with large aperture may be 

easily identified and characterized, and thus may be incorporated into numerical 

simulators that treat fractures as discrete entities. However, in some cases, fractures may 

be so numerous that a continuum approach, in which average constitutive relationships or 

correlations are developed for large-scale blocks of porous media containing fracture 

networks, may be more appropriate. The derivation of average constitutive relationships 

or correlations for such a system, in which blocks of geological media would need to be 

characterized by fracture density functions, is one of the logical extensions of this study. 

Because of the differences in properties between the porous media and the fractures, it is 

expected that the average functions for such a system would be somewhere in between 

those of their own. However, uncertainty in such average functions is likely to be 

substantial. In order to have a better understanding of large-scale problems, further 

investigation of the type specified herein is recommended. 
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Appendix A 

Derivation of the Cubic Law 

control volume as shown in the 

Because the cross section is 

In the case of fully developed laminar tlow through s parallel-plate fracture, as shown in 

Figure A. 1, one can assume that the flow is two-dimensional, that is, the width W is vary 

large in comparison to the height h. Applying the general momentum equation to a 

! same figure yields 

constant, the right hand side of this equation is zero, 

Summing the force acting on the control volume gives 

CF, =O=ZWp+ZWdX-ZWz(p+dp]  

For a Newtonian fluid, 

By substitution into equation A.2, one can obtain 

Integrating gives an expression for V, 



Appendix A. Derivation of the Cubic Law 

where CI is a constant. Note at z = f M, we can find that V, = 0. Therefore, 

Figure A. 1 .  Laminar flow through a parallel-plate fracture 

The velocity becomes 

The average velocity is obtained by dividing the integration of equation A.3 over the 

distance between the plates by the fracture aperture. 

The volumetric flow rate over a width of W can be calculated using 

This is the so-called "cubic law" for single-phase flow through a smooth-walled parallel- 

plate fracture. 



Appendix B 

Alternating Channel Flow 

Equations 3.19a and 3.19b may be obtained by solving equations 3.16a and 3.16b using 

separation of variable method in the form 

C,, = (A, cosh mr + B ,  sinh nur)cos my 

Co = (4 cosh mr + Bo sinh mr)cos rny 

where symmetry of V with respect to x axis has been taken into account and m > 0. The 

no-slip boundary condition of 3.17a at y = ib for C, and C, leads to 

From equations B.1 to B.3. the following general solutions may be constructed for C,b. 

and C,: 

C, = (g cosh nu + B: sinhnu)cos my 
m 

Substituting equations BA and B.5 into the boundary conditions of 3.1% yields, 
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1 sinmb 
( ~ - 4 ) C a  + ( ~ : w ~ b a  =2Pz(&-K]- m3b 

and 

P , ~ ( ~ S ,  + W a ) - ~ 0 ( 4 ~ ,  + ~ 3 ,  )= 0 03-71 

Substituting equation 8.4 and B.5 into boundary conditions 3.18a and 3.18b yields. 

and 

where 

C, = cosh ma = cosh(2n + 1 ) ~  (% ) 
S, = sinhma = sinh(2n + lb [$I 
Cl = cosh ml = cosh(2n + 1)r (k ) 
Sf = sinh ma = sinh(2n + lb (k ) n = 0, 1,2,- 

From equation B.9 

where 

(B. lo) 

(B. 1 1) 

(B. 12) 

is the viscosity ratio. Substituting equation B. I 1 into B.7 
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where 

212 

(B. 13) 

(B. 14) 

Substitution of equations B.11 and B.13 into equations B.6 and 8.8 leads to the following 

pair of equations to determine 4 and 8; : 

where 

1 sinmb 
K = -2pz[-!-----)x P ,V 

Solution of 8 .15  may be written in the form 

(B. 15) 

(B. 16) 

(B. 17) 

where A is the discriminant given by 

Substituting equation B. 17 into B. 1 1 and 8.13, all of the coefficients kW, Bz , & , and 

Bg may be expressed in the following form 
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where the factors F,,  Fz. F3, and F4 are given by 

(B. 19) 

Thus the complete solutions of equations 3.15a and 3.15b are obtained with C,, C, given 

by B.4, B.5 and &w, B z ,  4, f?: given by B.19 and 8.20 

sin mb 
V o w = -  ~ P W  Pz  ( b 2 - y 2 ) - 2 p z  ( l - ~ ~ - ( F i e o s h n u + F 2 s i n h n l r ) c o r ~ ~ ~ y  (8.21) 

~ C I  I V  m3 

P 2~ sin mb vvu =--(b2 -y2)--(~-l)x- (F, cosh nu + F, sinh mr)cos my (B 22)  - 2 ~ 0  b ~ o  n m3 

in which 
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Experimental Data 
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fracture. 
Test Series 

aperture 
CItn 
107 
107 
107 
107 
107 
107 
107 
107 
107 

I15 
115 
115 
115 
115 
115 
115 
115 
115 

145 
145 
145 
145 
145 
145 
145 
145 
145 
145 

150 
150 
150 
150 
150 
1 50 
1 50 
150 
150 
150 

ta from the te 
Viscosity ratio Pressure 

Grad. 
kPa/m 

13.78 
14.55 
1 7 A5 
22.20 
29.86 
4 1.34 
54.35 
62.0 1 
7 1.20 
1 1.02 
14.55 
18.83 
23.73 
27.25 
33.84 
40.57 
5 1.29 
62.0 1 
4.29 
4.59 
5 .O5 
6.58 
7.8 1 
9.49 
11.64 
1 1 A8 
9.95 
5.05 

3.98 
9.95 
9.19 
7.35 
8.88 
13.78 
19.14 
22.20 
24.011 
19.90 
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Table C1. Exmrimental data from the tests in Model I f 
Test 

Series 

IE 

I 

Hydraulic 
aperture 

P'n 
45 

45 

45 

45 

45 

45 

45 

45 

45 

45 

Viscosity ratio 
[continued). 
Pressure 

Grad. 
kPa/m 

74.26 

82.68 

65.38 

68.90 

74.26 

63.54 

66.9 1 

56.65 

66.30 

96.46 

k, 

1 

0.90 

0.85 

0.81 

0.62 

0.44 

0.4 1 

0.33 

0.28 

0 
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Table C2. 
Test 

Series 

ixperimt 
Iydraulic 
aperture 
J!!L 
105 
105 
105 
105 
105 
105 
1 05 
105 
LO5 
105 
1 05 
LO5 
1 05 
1 05 
105 
1 05 
105 
1 05 
LO5 
1 05 
1 0s 
105 
105 
105 
105 
1 05 
105 
10s 
105 
105 
10s 
105 
105 
105 
105 
105 
105 
105 
105 
105 
10s 
105 
105 
10s 
10s 

tal data f 
I iscosity 

ratio 

9.4 1 
9.4 1 
9.4 ! 
9.4 1 
9.4 I 
9.4 1 
9.4 1 
9.41 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.41 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 - 

b r n  the te 

Qw 

cm% 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0,0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0305 
0.0000 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.0617 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.0617 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.06 17 
0.0617 
0.0000 

s in Moc 
QU 

cm3/s 
0.0000 
0,0005 
0.0008 
0.001 1 
0.0015 
0.0020 
0.0025 
0.0033 
0.0049 
0.0066 
0.0082 
0.01 15 
0.0 164 
0.0 197 
0.0246 
0.0296 
0.036 1 
0.0427 
0.0525 
0.0525 
0.0000 
0.0002 
0.0005 
0.0008 
0.0015 
0.00 16 
0.0023 
0.0030 
0.0036 
0.0049 
0.0057 
0.0066 
0.0082 
0.01 15 
0.0131 
0.0 164 
0.02 13 
0,0263 
0.0328 
0.0460 
0.059 1 
0.0758 
0.0858 
0.1317 
0.1317 

e. 
Pressure 
Grad. 
kP& 
2.04 
4.10 
5.52 
6.87 
8.43 
9.8 1 
1 1 .O3 
12.26 
13.64 
14.56 
15.63 
17.47 
19.46 
21.14 
22.48 
24.82 
27.27 
30.3 1 
34.99 
33.7 1 
4.14 
4.75 
5.52 
6.59 
8.59 
8.82 
10.13 
10.59 
1 1.59 
12.74 
12.97 
14.19 
15.42 
19.49 
20.29 
22.56 
27.70 
29.27 
33.64 
40.70 
47.80 
58.27 
62.03 
85.78 
84.47 
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Table C2. Experimental data from the tests in Model I1 fracture (continued). 

Test 
Series 

IIC 

3ydraulic 
aperture 

Ccm 
105 
105 
105 
10s 
105 
105 
105 
105 
105 
1 05 
105 
I05 
10s 
105 
1 0s 
I 05 
1 05 
1 0s 
105 
105 
105 
105 
to5 

Viscosity 
ratio 

9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 1 
9.4 L 
9.4 1 
9.4 1 
9.4 1 

Pressure 
Gmd. 
kPa/m 
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rest Series 

IlIA 

UIB 

IIIC 

rable C3. Exmrimental data from the 

aperture 
A 

99 
99 
100 
loo 
101 
102 
103 
105 
109 
112 
113 
91 
91 
92 
92 
93 
93 
94 
97 
100 
103 
107 
109 
8 8 
87 
87 
87 
8 8 
88 
89 
91 
96 
99 
159 
189 
87 
87 
87 
88 
89 
90 
92 
95 
99 
120 
162 

tests in Model III fiac 
I c Viscosity 

ratio 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
I0 
10 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 
104.2 

ue. 
Pressure 

Grad. 
kPa/m 
16.17 
17.89 
21.04 
23.4 1 
28.79 
36.23 
47.83 
65 -96 
94.37 
1 19.40 
129.89 
11.91 
13.70 
16.07 
20.63 
24.79 
29.02 
37.72 
54.46 
8220 
102.83 
139.36 
148.70 
13.39 
22.73 
29.83 
39.64 
50.13 
63.66 
84.63 
1 16.09 
154.99 
179.00 
392.78 
46 1.87 
23.86 
34.16 
4 1 .#4 
53.27 
66,16 
83.75 
lO8.11 
135.17 
164.26 
275.54 
46 1.87 
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Table C3. Experimental data from the tests in Model III fracture (continued). 

rest series 

IIIE 

I IIF 

IIIG 

IIIH 

Hydraulic 
aperture 
A 

239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
233 
233 
233 
233 
233 
233 
233 
233 
234 
235 
242 
244 
232 
232 
232 
232 
232 
233 
233 
233 
234 
234 
235 
244 

Viscosity 
ratio 

9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9*9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 

107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 
107.9 

Pressure 
Grad. 
kPdm 
0.27 
0.53 
0.85 
1.00 
1-48 
2.02 
2.71 
4.32 
6.86 
8.64 
14.30 
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Table C4. Experimental data from the tests in the rough-walled fractures (continued). 

Test 
Series 

m 

UIB 

UIC 

iydraulic 
aperture 
L 
188 
188 
188 
188 
188 
188 
188 
188 
188 
188 
185 
185 
185 
185 
185 
I85 
l8S 
185 
185 
185 
185 
185 
187 
187 
187 
187 
187 
1 87 
187 
187 
1 87 
1 87 
1 87 
1 87 

tiscosity 
ratio 

10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
LO. 1 
LO. 1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 

Pressure 
Grad. 
kPa/m 
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Table C4. Experimental data from the tests in the rough-walled fractures (continwd). 

Test 
Series 

UID 

UIE 

UIF 

lydraulic 
aperture 

A 
1 84 
184 
184 
184 
154 
184 
184 
184 
184 
184 
184 
184 
186 
186 
186 
186 
186 
186 
186 
186 
186 
186 
186 
186 
18 1 
18 1 
l8 1 
I8 1 
18 1 
181 
181 
18 1 
18 1 
18 1 
181 
18 1 

Viscosity 
ratio 

82.4 
82.4 
82.4 
82.4 
52.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82+4 
82.4 
82.4 
82.4 
82+4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 
82.4 

Pressure 
Grad. 
&Palm 

1.05 
8.42 
13.35 
16.36 
23.50 
4 1.39 
8 1.01 
167.13 
269.76 
36 I .39 
598.47 
450.39 
2.54 
9.7 1 
12.73 
14.78 
19.00 
26.65 
44.16 
82.78 
138.95 
182.0 1 
306.4 1 
488.04 
4.74 
10.53 
12.97 
14.59 
18.23 
24.93 
36.70 
66.99 
95.22 
134.2 1 
2 18.90 
485.4 1 
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Table C4. Experimental data from the tests in the rough-walled fractures (continued). 

Test 
Series 

tIIIA 

Jiscosity 
ratio 

9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9 *9 
9.9 

9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 

9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 
9.9 

Pressure 
Grad. 
kPdm 
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Table C4. Experimental data from the tests in the rough-walled fractures (continued). 

Test 
Series 

4 y dnrulic 
aperture 
A 

112 
112 
112 
112 
113, 
112 
112 
112 
112 
112 
112 
112 

Viscosity 
ratio 

65.4 
65.4 
65 $4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
60.8 
60.8 
60.8 
60.8 
60.8 
60.8 
60.8 
60.8 
60.8 
60.8 
60.8 
60.8 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 
65.4 

Pressure 
Grad. 
kPa/m 

5.02 
40.53 
61.39 
85.69 
123.69 
198.33 
327.99 
556.46 
799.05 
96 1.73 
1330.39 
1555.5 1 




