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Disclaimer:


The descriptions, the methods and the algorithms in this book are provided solely for educational purposes. The author and MMbbls Ltd. assume no liability whatsoever for any loss or damage that results from the use of any of the material in this book. Therefore, use of the material in this book is solely at the risk of the user.


This book is accompanied by software on the MMbbls web site.


Software on the MMbbls web site is provided 'as is' without warranty of any kind, either express or implied, including, but not limited to, the implied warranties of fitness for a purpose, or the warranty of non-infringement. Without limiting the foregoing, MMbbls makes no warranty that:




	the software will meet your requirements


	the software will be uninterrupted, timely, secure or error-free


	the results that may be obtained from the use of the software will be effective, accurate or reliable


	the quality of the software will meet your expectations


	any errors in the software obtained from the Mmbbls web site will be corrected.





Software and its documentation made available on the MMbbls web site:




	could include mistakes, inaccuracies or typographical errors. MMbbls may make changes to the software or documentation made available on its web site.


	may be out of date, and MMbbls makes no commitment to update such materials.





MMbbls assumes no responsibility for errors or omissions in the software or documentation available from its web site.


In no event shall MMbbls be liable to you or any third parties for any special, punitive, incidental, indirect or consequential damages of any kind, or any damages whatsoever, including, without limitation, those resulting from loss of use, data or profits, whether or not MMbbls has been advised of the possibility of such damages, and on any theory of liability, arising out of or in connection with the use of this software.


The use of the software used through the MMbbls web site is done at your own discretion and risk and with agreement that you will be solely responsible for any damage to your computer system or loss of data that results from such activities. No advice or information, whether oral or written, obtained by you from MMbbls or from the MMbbls web site shall create any warranty for the software.


MMbbls can terminate this service whenever it likes. No implication of length of service is implied or intended. MMbbls reserves the right to end this service without notification at its sole discresion.


MMbbls reserves the right to update and amend the terms and conditions without notificiation.


Use of this software is full acceptance of the terms and conditions. Terms and conditions are available on request.




1. Introduction


This Technical Description and Manual gives a comprehensive description of the Buckley-Leverett theory and extensions of the theory to practical application areas. Furthermore, a description is given of the Buckley-Leverett tool, which is available from the MMbbls website at www.mmbbls.com.


The purpose of the Buckley-Leverett tool is to enable subsurface professionals to quickly compute the expected fractional flow behaviour over time of their mixed phase reservoirs. The tool is accompanied by a comprehensive reference manual which gives a detailed description of the concept of fractional flow, the Buckley-Leverett theory (Buckley & Leverett, 1942), the mathematical equations and the practical application of the theory within subsurface reservoir management.


The basic Buckley-Leverett equation describes the one-dimensional, frontal displacement of incompressible, immiscible water and oil, without mass transfer between the water and oil phases. In addition, Welge's method derives an expression for the position of the water front and the average water saturation value behind a propagating front. The derived equations can be used for the following purposes:




	Obtain an estimate for the time of water breakthrough in a production well from a given location of water injection.a


	Obtain an estimate of the sweep efficiency.


	Obtain an estimate of water cut development after time of water breakthrough.


	Obtain an estimate of the number of pore volumes that need to be injected in order to achieve a certain recovery factor.


	Obtain an estimate of the range of water breakthrough times and the range of recovery factors and water cuts at the time of water breakthrough, under a range of relative permeability curves.


	Obtain an estimate of a critical rate for an oil production well, by finding the balance between viscous forces and gravitational forces.





These estimates are based upon simplified physics and a 1D reservoir geometry and so can be very useful to obtain an understanding of the water flooding process at hand. The application areas are described in more detail in the chapter about THE BUCKLEY-LEVERETT THEORY. Traditionally, the Buckley-Leverett theory is described and applied by assuming a rectangular reservoir geometry or a radial reservoir geometry. In this Technical Description and Manual we have extended the Buckley-Leverett model to a trapezoidal reservoir geometry and coning geometries for vertical and horizontal wells. The latter extension can be used to model the production behavior of vertical and horizontal wells with bottom water coning after time of water breakthrough. Next to that, the Buckley-Leverett model has been extended to a composite reservoir model for rectangular and radial geometries with an arbitrary number of reservoir segments.


Furthermore, the chapter about THE BUCKLEY-LEVERETT APPLICATION describes the input and output parameters of the Buckley-Leverett tool related to the estimates described above.


A comprehensive description of various aspects of waterflooding can be found in (Forrest, 1971).




THE BUCKLEY-LEVERETT THEORY




2. Fractional flow


In this section we derive the fractional flow equation, which is based on a number of principles describing multi-phase flow, such as relative permeability and Darcy’s law. When two immiscible fluids simultaneously flow through a porous medium, they mutually hinder each other to flow due to capillary forces. In other words, the total flow capacity is reduced. This is expressed by the relative permeability curves of water and oil as a function of water saturation. The relative permeability curve of one fluid models how much the mobility of this fluid is reduced in the presence of a certain amount of the other fluid. In other words, it describes how well a fluid is transmitted in the presence of another fluid. Figure 1 (a) shows the typical shape of relative permeability curves in the case the rock is preferentially water-wet, Figure 1 (b) shows the typical shape of these curves for preferentially oil-wet rock.




[image: image]


Figure 1. Relative permeability curves for water-wet rock (a) and oil-wet rock (b).





In most cases relative permeability curves are non-linear. Furthermore, there exists a contrast in mobility between the displacing fluid and the fluid being displaced due to differences in fluid viscosity. As a result, even though the displacing fluid (water) is immiscible with the fluid being displaced (oil), the displacement does not take place as a piston-like process. Instead the saturations of the fluids change gradually, with varying fractions of the total stream consisting of water flow and oil flow. Hence, the usage of the concept of “fractional” flow, which was introduced by Leverett in 1941. Fractional flow of water expresses the fraction of water in the total flowing stream and is therefore also referred to as water cut. It is derived as follows. Consider Darcy's law for water and oil:
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where α is the dipping angle of the one-dimensional reservoir. When we use the expression “one-dimensional reservoir”, we mean that the displacement process can be described by equations that are expressed in a single spatial variable x and in a time variable t. Furthermore, the geometry of the reservoir can be defined be specifying the cross-sectional area A(x) at location x along the length of the reservoir. As a result, the bulk volume of the reservoir between two locations x1 and x2 is then given by [image: image]. However, for the time being, we restrict ourselves to a reservoir of constant cross-sectional area A. This is illustrated in Figure 2. The locations of the injector and the producer are also illustrated, such that a positive dipping angle means we are injecting down-dip in the reservoir.
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