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OPTIMIZING FLOW CONTROL DEVICE PROPERTIES ON INJECTOR WELLS 

IN LIQUID FLOODING SYSTEMS 

BACKGROUND OF THE INVENTION 

5 1. Field of the Invention 

[0001] The present disclosure relates generally to the recovery of subterranean deposits and 

more specifically to methods and systems for optimizing the placement and other properties of 

one or more flow control devices along a liquid injection well for the purpose of improving 

recovery from a reservoir. 

10 2. Discussion of the Related Art 

[0002] Liquid injection refers to the method in the oil industry where fluid (usually water) is 

injected into the reservoir, to increase pressure and stimulate production. For example, in 

certain instances, the water replaces the oil which has been taken, thus, maintaining the 

production rate and the pressure over the long term. In addition, in certain situations, the 

15 water displaces or sweeps oil from the reservoir and pushes it towards a well. Liquid injection 

wells can be found both on and off shore to increase oil recovery from an existing reservoir. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0003] Illustrative embodiments of the present invention are described in detail below with 

20 reference to the attached drawing figures, which are incorporated by reference herein and 

wherein: 

[0004] Figure 1 is a diagram depicting a liquid injection method that uses flow control devices 

on an injector well in accordance with the disclosed embodiments; 

[0005] Figure 2 is a schematic diagram indicating a cross-section of the reservoir area next to 

25 a pair of injection and production wells in accordance with a disclosed embodiment; 

[0006] Figure 3 is a flowchart depicting an example of computer-implemented method for 

determining the optimum properties for flow control devices on an injector well that yields a 

uniform displacement front towards the production well in accordance with a disclosed 

embodiment; 
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[0007] Figure 4 is a diagram that illustrates an example of a graph that depicts the 

convergence of the disclosed process in the case of a formation having uniform properties in 

accordance with the disclosed embodiments; 

[0008] Figure 5 is a diagram that illustrates an example of a graph that depicts the flow control 

5 device distribution function for a formation having uniform properties and for a formation 

having a step-wise change in permeability in accordance with the disclosed embodiments; 

[0009] Figure 6 is a diagram that illustrates an example of a graph that depicts the optimized 

distribution of the flow control device diameter for formation having uniform properties and 

for a formation having a step-wise change in permeability in accordance with the disclosed 

10 embodiments; 

[0010] Figure 7 is a diagram that illustrates an example of a graph that depicts a profile of 

porosity with a step-wise change in accordance with the disclosed embodiments; and 

[0011] Figure 8 is a block diagram illustrating one embodiment of a system for implementing 

the disclosed embodiments. 

15 
DETAILED DESCRIPTION 

[0012] As stated above, water injection is a widely used method of providing reservoir 

pressure support that significantly increases the amount of oil recovered from a reservoir. 

Water injection is used in both vertical and horizontal wells. The injected water, sometimes 

20 with chemical additives, helps to increase depleted pressure in reservoir and move the oil in 

the direction of the production well. However, due to the frictional pressure drop and 

reservoir permeability variations along the well, there is usually a non-uniform fluid flux along 

the well length. For instance, typically, higher injection and production flow rates occur at the 

heel of the well that increases the possibility of breakthrough of injected liquid in this area. 

25 [0013] In accordance with the disclosed embodiments, one method to counter this imbalance 

is to use one or more flow control devices (FCDs) 102 along the injection well 100 to balance 

or equalize flow rates the fluid injected into the formation 104 as illustrated in Figure 1. As 

referenced herein, a flow control device (FCD) is any device including an inflow control 

device (ICD) that is coupled to a wellbore that causes a pressure drop between the wellbore 

30 and a reservoir to reduce flow between the wellbore and the reservoir at the location of the 

flow control device. Non-limiting real examples of FCDs in accordance with the disclosed 
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embodiments include the EquiFlow® Inject system and the EquiFlow® inflow control device 

(ICD) both available from Halliburton®. 

[0014] To optimize production from wells assisted by liquid flooding, the FCD design must 

account for high drawdown from heel to toe and reservoir heterogeneity. For optimal 

5 injection, the FCD placement needs to be linked to detailed physical characteristics of the 

reservoir and wellbore. However, to date, no easy methods for determining the proper 

placement or other properties of FCDs have been developed. Instead, current methods rely on 

a manual trial and error process in which various sizing/types and placement of FCDs are 

simulated along a horizontal well using simulation software such as NETool™ available from 

10 Landmark Graphics Corporation. 

[0015] Therefore, the disclosed embodiments present a numerical algorithm and simulation 

approach for calculating the optimal FCD placement and other parameters (e.g., number of 

holes and hole sizes, and/or number and types of FCDs) for an injection well that yields a 

uniform flooding front along the wellbore for maximizing the overall recovery of oil. 

15 [0016] The disclosed embodiments will be illustrated by several examples utilizing a 

simplified coupled reservoir-wellbore hydrodynamic model which accounts for FCD effects 

on the flow in the injection and production wellbore and flooding dynamics. However, the 

disclosed embodiments and methodology can be applied to coupled reservoir-wellbore models 

of varying levels of complexity. 

20 [0017] The disclosed embodiments and advantages thereof are best understood by referring to 

Figures 1-8 of the drawings, like numerals being used for like and corresponding parts of the 

various drawings. Other features and advantages of the disclosed embodiments will be or will 

become apparent to one of ordinary skill in the art upon examination of the following figures 

and detailed description. It is intended that all such additional features and advantages be 

25 included within the scope of the disclosed embodiments. Further, the illustrated figures are 

only exemplary and are not intended to assert or imply any limitation with regard to the 

environment, architecture, design, or process in which different embodiments may be 

implemented. 

[0018] As used herein, the singular forms "a", "an" and "the" are intended to include the plural 

30 forms as well, unless the context clearly indicates otherwise. It will be further understood that 

the terms "comprise" and/or "comprising," when used in this specification and/or the claims, 

specify the presence of stated features, integers, steps, operations, elements, and/or 
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components, but do not preclude the presence or addition of one or more other features, 

integers, steps, operations, elements, components, and/or groups thereof. The corresponding 

structures, materials, acts, and equivalents of all means or step plus function elements in the 

claims below are intended to include any structure, material, or act for performing the function 

5 in combination with other claimed elements as specifically claimed. The description of the 

present invention has been presented for purposes of illustration and description, but is not 

intended to be exhaustive or limited to the invention in the form disclosed. The embodiments 

were chosen and described to explain the principles of the invention and the practical 

application, and to enable others of ordinary skill in the art to understand the claimed 

10 inventions. 

[0019] With reference now to Figure 2, a diagram depicting a schematic of the cross-section 

of the reservoir area next to a pair of injection and production wells is presented. The 

injection zone 110 near the injection well 100 is filled with injected fluid, while the liquid 

occupying the production zone 210 near the production well 200 is mostly oil. The injection 

15 zone 110 and the production zone 210 are separated by the displacement front 150, slowly 

moving away from the injection well 100 to the production well 200. In one embodiment, the 

pressure distributions in both the injection zone 110 and the production zone 210 are 

determined using the Laplace equations, which are postulated to have the following simple 

form: 

[0022] where rin and rpr are the radius-vectors of the centers of the injection and production 

well, respectively, and r0 is the well radius, assumed to be the same for both wells. Significant 

differences of physical properties of the injection liquid and oil are accounted by the fact that 

25 the coefficients hm and Cj„ for the injection zone are different from the corresponding 

coefficients for the expansion coefficients in the production zone apv, bpr and cpr. These 

coefficients are found from the continuity conditions at the front and the reservoir boundary: 

[0023] In one embodiment, pressures at the well-reservoir boundary (sandface) pf and pp are 

found from solving the fluid dynamics problems in the wells and used to determine constants 

30 in Equations 1 and 1.1 according to the following equations: 

20 [0020] pin = ain In (^r^) + bin In (^r^) + cin 

[0021] ppr = apr In + bpr In + cpr (Equation 1.1) 

(Equation 1) 
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[0024] \r — rin\ = r0, \r - rpr\ = d : pin = pf (Equation 2) 

[0025] \r — rpr\ = r0, \r — rin\ = d : ppr = pp (Equation 2.1) 

[0026] pp = bpr In + cpr; pf = bin In + cin (Equation 2.2) 

[0027] where d is the distance between the wells, which is assumed to be much larger than 

5 their radii. In addition, in certain embodiments, a pressure value at the reservoir boundary ps 

is used to determine constants in Equations 1 and 1.1 according to the following equations: 

[0028] |r — rpr\ = rB : ppr = pB (Equation 3) 

[0029] pB = apr bpr In + cpr (Equation 3.1) 

[0030] In one embodiment, the pressure is set to be continuous across the displacement front 

10 based on the following set of equations: 

[0031] \r — rin\ = y, \r - rpr\ = d - y: pin = ppr (Equation 4) 

[0032] ain In + bin In + cin = apr In + bpr In + cpr (Equation 4.1) 

[0033] where v is the distance between the front and the center injection well along the line 

connecting the centers of the wells. In one embodiment, the front velocity written in terms of 

15 each of the expressions for pressure (as expressed in Equations 1 and 1.1) is assumed to be the 

same and is determined based on the following set of equations: 

[0034] Vf = Vfi = Vfp (Equation 5) 

[°035] Vfi = Vfv = ~iS^rn • (Equation 5.1) 

[0036] _ £ = r (to _ £) : r = (Equation 5.2) 

20 [0037] ain = ybpr =>bin = yapr (Equation 5.3) 

[0038] where V/is the front speed, ko and (j> are the absolute permeability and porosity of the 

formation, k )„ and k'pr are the relative permeabilities of injected liquid and oil, and npr are 

the viscosities of these liquids, and ASin and ASpr are the saturation changes at the front for the 

injected liquid and oil. In one embodiment, the proportionality of coefficients ain and bpr is 

25 obtained by integrating Equation 5.1 along the contour representing the displacement front. 

Accounting for Equation 5.2, representing the equality of velocities Vp and V/, at the 
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intersection of the front and the line connecting producer and injector, results in the 

proportionality between the coefficients bin and apr. 

[0039] In one embodiment, the linear system of Equations 2-5 can be solved to find the 

coefficients ain, binr cirir apv, bpr and cpr, provided that the pressure distributions at the sandface 

(r = r0) of the injector and producer wells pf(z) and pp (z) are known. These distributions can 

be found by solving the following system of fluid dynamics equations for the flows in wells: 

[0040] — = Ji; qt = PiViAf, i = in,pr (Equation 6) 

[0044] where i is the index equal to in and pr for the injector and production well, 

respectively, p, and V-, are the fluid density and average flow velocity, A-, and A are the 

wellbore cross-section area and diameter, c/,; is the mass flow rate, f]d is the Darcy friction 

factor, sor and Lor are the FCD orifice cross-section and spacing, respectively, with some 

default values sor° and Lor°, and C is the orifice flow coefficient. Equations 6-6.3 describe a 

pair of horizontal injector and producer well. Due to the incompressibility of the liquids, the 

vertical case can be also considered within the frame of this model using a substitute 

[0045] Pi -> pi + PiQZ (Equation 7) 

[0046] where g is the gravity acceleration. 

[0047] In accordance with the disclosed embodiments, the FCD devices are installed only on 

the injection well, so the pressure inside the production well ppr is the same as the sandface 

pressure ppre in the formation immediately next to it. Function f(z) characterizes the 

longitudinal variation of hole diameter or linear density of FCD devices. Increase of f(z) 

results in reduction the pressure drop across the FCD and therefore increase of the local 

injection rates at point z that can be determined, in one embodiment, using the below 

equation. These rates are related to the coefficients ain and apv in Equations 1-1.1: 

[°041] S = " i (Equation 6.1) 

[0042] Jin = ^]2pif (yZ) (pin - pfn): Ppr = Ppr 
L0r 

(Equation 6.2) 

(Equation 6.3) 

[0048] Ji = - i = in,pr (Equation 8) 



WO 2015/073033 PCT/US2013/070404 

[0049] The disclosed process can then solve Equations 1-7 to find flow distribution inside and 

outside the wells for any given profile of the front y(z) in the plane containing axes of both 

wells. However, in order to find the evolution of the front in time, in one embodiment, the 

disclosed process simultaneously solves the following equation with Equations 1-7: 

5 [0050] — = (— - —) (Equation 9) 
1 1 dt (pASiniiin V y d-yj n 

[0051] Equation 8 follows from the set of equations 5 for the front velocity V/. Initially, the 

front coincides with the injector well surface in accordance with the below conditions: 

[0052] t = 0; 0 < z < L) y = r0 (Equation 10) 

[0053] where L is the well length, assumed to be the same for both the injection and the 

10 production well. At a moment the front reaches the production well at some location z,: 

[0054] y(z1, trn) = d — r0 (Equation 11) 

[0055] Equation 11 is the condition of breakthrough at point zj. Due to pressure variations 

along the wells and inhomogeneity of the reservoir properties, the front does not reach the 

production well at other locations: 

15 [0056] z ^ z1:y(z, trn) < d — r0 (Equation 12) 

[0057] In accordance with the disclosed embodiments, one goal of the optimized FCD 

placement is to find a such FCD distribution, characterized by the function f(z), that the FCDs 

compensate the pressure drop and formation properties' variation, so that the displacement 

front approaches the production well uniformly: 

20 [0058] t = trn; 0 < z < L: y(z, t) = d — r0 (Equation 13) 

[0059] In one embodiment, the disclosed optimization algorithm uses the solution of the 

initial-boundary value problem (Equations 1-10) for finding the FCD distribution function f(z) 

such, that the displacement front approaches the production well uniformly and 

condition/Equation 13 is fulfilled at a certain moment tm. 

25 [0060] For example, Figure 3 illustrates a flowchart depicting an example of computer-

implemented method 300 for determining the optimum flow control device properties for an 

injection well that yields a uniform flooding front along the wellbore for maximizing the 

overall recovery of oil in accordance with the disclosed embodiments. The process 300 begins 
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at step 302 by using an initial uniform FCD placement f(z) =1 (e.g., assume all FCDs are fully 

open) in accordance with Equation 14. 

[0061] /(z) = /0(z) = 1; 0 < z < L (Equation 14) 

[0062] At step 304, the process determines the distribution of flow in the wellbore and front 

5 propagation until the injected volume reaches the production well. For instance, in one 

embodiment, the disclosed process determines the evolution of the displacement front y(z,t) by 

integrating Equation 8 (e.g., using the Runge-Kutta integration method or other suitable 

integrations methods), while the distributions of pressure and flow rate in the wellbore are 

calculated at each time step using Equations 1-7. In one embodiment, the disclosed process 

10 stops the time integration at time t = tm when the below condition (Equation 15) is reached, 

where n is the iteration number. 

[0063] yn(z, tm) = d — r0 (Equation 15) 

[0064] The process at step 306 determines a point/location zo along the horizontal production 

length of the wellbore having the least front advance in accordance with the following 

15 condition/equation: 

[0065] y1(z0, trn) = min[y1(z, £m)]; 0 < z < L (Equation 16) 

[0066] In one embodiment, the point zo and the corresponding value of the FCD distribution 

function f(zo) remains fixed for all of the following iterations: 

[0067] fn(z0) = 1; n = 1,2,... (Equation 17) 

20 [0068] where n is the iteration number. 

[0069] At step 308, based on the results of step 304, the process modifies the FCD distribution 

function. For instance, in one embodiment, the disclosed process decreases values of the FCD 

distribution function at points where the front has advanced compared to position z = zO. For 

example, in one embodiment, the process uses the following equation for performing the 

25 adjustment: 

[0070] /n+1(z) = /n(z) (Equation 18) 

[0071] The process at step 310, determines the axial variation A between the obtained final 

injected front shape and the target profile. For example, in one embodiment, the process uses 

the following equation for determining the axial variation A: 
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[0072] A =max[yn+1(z, tm)] —min[yn+1(z, £m)]; 0 < z < L 

(Equation 19) 

[0073] At step 312, the process determines whether the axial variation A is within a 

predetermined convergence value (i.e., A< sd). For example, in one embodiment, the s is of 

5 order 10~5. In certain embodiments, the value of s may vary or be determined by a user. If the 

deviation is not within the predetermined convergence value, the process returns to step 302 

and repeats the disclosed process. However, if the deviation is within the predetermined 

convergence value, then process determines the corresponding function /n+1(z) that yields 

the optimized FCD properties, with process 300 terminating thereafter. In certain 

10 embodiments, if the wells are not parallel to each other, d (the distance between the wells) will 

depend on coordinate z, but the disclosed process remains applicable. 

[0074] To help further describe the disclosed embodiments, Figures 4-7 illustrate a set of 

examples that demonstrate how the disclosed embodiments can be applied in various practical 

situations. In the given examples, the algorithm is configured to assume that the both injection 

15 and production horizontal wells have a diameter 0.114 m and a length 2500 m. A gap of d 

=100 m separates the horizontal injector and producer wells. Water is chosen as the injection 

fluid with viscosity 10~3 Pa s, while the oil viscosity is equal to 0.15 Pa s. The reservoir 

absolute permeability is set to 0.1 Darcy and porosity to 0.07. The FCD default hole diameter 

D°or is 3 mm with spacing L°or equal to 12 m. The reservoir boundary pressure ps is set as a 

20 constant value 5.4 bar, while the pressures at the toe of injector and producer are equal to 33.3 

bar and 5.3 bar, respectively. One of ordinary skill in the art would recognize that the 

disclosed embodiments are not limited to the above example parameters and may vary 

depending on the actual parameters of a particular well. 

[0075] The convergence of the disclosed process is illustrated by Figure 4, which depicts the 

25 final shape of the displacement front at maximum time t = tm. The position z = 0 corresponds 

to the toe end of the wells. As described above, calculations at the first iteration are performed 

assuming uniform placement of FCD, which results in breakthrough at the heel (z = L). In the 

simulated example, the disclosed process/algorithm converges fast and at iteration 12, the flat 

shape of the front is achieved, indicating that the optimization is successful. 

30 [0076] Figure 5 illustrates the corresponding FCD distribution function as indicated by line 1 

in the graph. The depicted result, based the set of Equations 5-5.3, yields the optimized 

distribution of the FCD orifice diameter along the injection well, as indicated by line 1 in 
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Figure 6. The FCD diameter reduction at heel increases the hydrodynamic pressure drop 

across the FCD, which in turn reduces the injection rate in the area so that the resulting final 

displacement front shape is uniform. 

[0077] Very often, the material properties of the formation change along the direction of the 

5 wells. Thus, in accordance with a second example of the disclosed embodiments, the 

disclosed process/algorithm is configured to assume that all parameters of the injection and 

production wells, as well as the liquid properties are the same as in Example 1, but the 

formation porosity (j) changes stepwise as shown in Figure 7. The absolute permeability ko of 

reservoir is assumed to be proportional to the porosity and changes correspondingly, while all 

10 other parameters remain constant. 

[0078] The increase of the reservoir permeability in the center of the domain results in the 

reduction of the pressure gradient in the area, which reduces the velocity of the displacement 

front according to Equation 5, while the ratio k0/<f> remains constant everywhere: 

100791 = (Equation 20) 

15 [0080] Placement of FCDs with equal properties in such a situation would result in higher 

breakthrough risk in the beginning and end parts of the injection well. To compensate for this 

effect, the diameters of the FCDs in the middle part need to be increased compared to the side 

areas, as shown by line 2 in Figure 6. Accordingly, the FCD placement with this distribution 

of nozzle diameters, calculated by the disclosed process/algorithm, would result in uniform 

20 displacement front and least risk of water breakthrough. 

[0081] Referring now to Figure 8, a block diagram illustrating one embodiment of a system 

800 for implementing the features and functions of the disclosed embodiments is presented. 

The system 800 may be any type of computing device including, but not limited to, a desktop 

computer, a laptop, a server, a mainframe, a tablet, and a mobile device. The system 800 

25 includes, among other components, a processor 802, memory 804, secondary storage unit 806, 

an input/output interface module 808, and a communication interface module 810. 

[0082] The processor 802 may be any type microprocessor including single core and multi-

core processors capable of executing instructions for performing the features and functions of 

the disclosed embodiments. The input/output interface module 808 enables the system 800 to 

30 receive user input (e.g., from a keyboard and mouse) and output information to one or more 

devices such as, but not limited to, printers, external data storage devices, and audio speakers. 
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The system 800 may optionally include a separate display module 812 to enable information 

to be displayed on an integrated or external display device. For instance, the display module 

812 may include instructions or hardware (e.g., a graphics card or chip) for providing 

enhanced graphics, touchscreen, and/or multi-touch functionalities associated with one or 

5 more display devices. 

[0083] Memory 804 is volatile memory that stores currently executing instructions/data or 

instructions/data that are prefetched for execution. The secondary storage unit 806 is non­

volatile memory for storing persistent data. The secondary storage unit 806 may be or include 

any type of data storage component such as a hard drive, a flash drive, or a memory card. In 

10 one embodiment, the secondary storage unit 806 stores the computer executable 

code/instructions and other relevant data for enabling a user to perform the features and 

functions of the disclosed embodiments. 

[0084] For example, in accordance with the disclosed embodiments, the secondary storage 

unit 806 may permanently store executable code/instructions 820 for performing the above-

15 described flow control device optimization process. The instructions 820 associated with the 

flow control device optimization process are then loaded from the secondary storage unit 806 

to memory 804 during execution by the processor 802 for performing the disclosed 

embodiments. In addition, the secondary storage unit 806 may store other executable 

code/instructions and data 822 such as, but not limited to, a wellbore simulator application 

20 and/or a reservoir simulation application for use with the disclosed embodiments. 

[0085] The communication interface module 810 enables the system 800 to communicate with 

the communications network 830. For example, the network interface module 808 may 

include a network interface card and/or a wireless transceiver for enabling the system 800 to 

send and receive data through the communications network 830 and/or directly with other 

25 devices. 

[0086] The communications network 830 may be any type of network including a 

combination of one or more of the following networks: a wide area network, a local area 

network, one or more private networks, the Internet, a telephone network such as the public 

switched telephone network (PSTN), one or more cellular networks, and wireless data 

30 networks. The communications network 830 may include a plurality of network nodes (not 

depicted) such as routers, network access points/gateways, switches, DNS servers, proxy 

11 



WO 2015/073033 PCT/US2013/070404 

servers, and other network nodes for assisting in routing of data/communications between 

devices. 

[0087] For example, in one embodiment, the system 800 may interact with one or more 

servers 834 or databases 832 for performing the features of the disclosed embodiments. For 

5 instance, the system 800 may query the database 832 for well log information for creating a 

coupled wellbore-reservoir model in accordance with the disclosed embodiments. Further, in 

certain embodiments, the system 800 may act as a server system for one or more client devices 

or a peer system for peer to peer communications or parallel processing with one or more 

devices/computing systems (e.g., clusters, grids). 

10 [0088] Accordingly, the disclosed embodiments provide a system and computer implemented 

method that is able to determine, using a numerical algorithm and simulation process, the 

optimum FCD placements or other properties such as, but not limited to, hole diameter, for 

FCDs on an injection well that yields a uniform flooding front along the wellbore to prevent 

the premature breakthrough of injection fluid. 

15 [0089] One advantage of the disclosed embodiments is that it can be applied to coupled 

wellbore-reservoir simulations of various complexity levels. Another advantage is that the 

disclosed process is computationally efficient as it is optimized for a specific set of problems 

and is much simpler than a universal optimization method. In addition, the disclosed process 

exhibits an excellent convergence as it does not involve the Lagrange multipliers. 

20 [0090] As stated above, a traditional approach for flow control device placement/optimization 

involves running multiple reservoir models and choosing the best design (which is usually 

good, but not optimal) from a set of simulations with different completion placements. In 

contrast, application of the disclosed embodiments would not only yield to the best 

placement/optimization design, but also substantially reduce the total computational effort. 

25 [0091] In certain embodiments, the disclosed embodiments may be used to provide a very 

good initial guess for CPU-expensive simulations involving detailed 3D models ( for example 

field reservoir simulations), thus saving days of simulation time. In one embodiment, the 

disclosed processes may be integrated into production simulation software package (e.g., 

NETool™). Moreover, the disclosed process is flexible enough to account for many physical 

30 phenomena and reservoir conditions that might be not captured by the reservoir simulator 

model but be seen in the formation from the log measurements. Additionally, in certain 
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embodiments, vertical-horizontal anisotropy of permeabilities can be accounted for by using 

effective permeabilities. 

[0092] While specific details about the above embodiments have been described, the above 

hardware and software descriptions are intended merely as example embodiments and are not 

5 intended to limit the structure or implementation of the disclosed embodiments. For instance, 

although many other internal components of the system 800 are not shown, those of ordinary 

skill in the art will appreciate that such components and their interconnection are well known. 

[0093] In addition, certain aspects of the disclosed embodiments, as outlined above, may be 

embodied in software that is executed using one or more processing units/components. 

10 Program aspects of the technology may be thought of as "products" or "articles of 

manufacture" typically in the form of executable code and/or associated data that is carried on 

or embodied in a type of machine readable medium. Tangible non-transitory "storage" type 

media include any or all of the memory or other storage for the computers, processors or the 

like, or associated modules thereof, such as various semiconductor memories, tape drives, disk 

15 drives, optical or magnetic disks, and the like, which may provide storage at any time for the 

software programming. 

[0094] Additionally, the flowchart and block diagrams in the figures illustrate the architecture, 

functionality, and operation of possible implementations of systems, methods and computer 

program products according to various embodiments of the present invention. It should also 

20 be noted that, in some alternative implementations, the functions noted in the block may occur 

out of the order noted in the figures. For example, two blocks shown in succession may, in 

fact, be executed substantially concurrently, or the blocks may sometimes be executed in the 

reverse order, depending upon the functionality involved. It will also be noted that each block 

of the block diagrams and/or flowchart illustration, and combinations of blocks in the block 

25 diagrams and/or flowchart illustration, can be implemented by special purpose hardware-based 

systems that perform the specified functions or acts, or combinations of special purpose 

hardware and computer instructions. 

[0095] In addition to the embodiments described above, many examples of specific 

combinations are within the scope of the disclosure, some of which are detailed below. 

30 [0096] Example 1 is a computer implemented method for determining FCD properties for an 

injection well that yields a uniform flooding front along a production well, the method 

comprising: initializing a FCD distribution function to have a uniform FCD distribution 
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profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

5 axial variation between obtained final injected front shape and target profile; determining 

whether the axial variation is within a predetermined convergence value; responsive to a 

determination that the axial variation is not within the predetermined convergence value, 

repeating the loop; responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and determining the FCD properties for 

10 the injection well that yields the uniform flooding front along the production well. 

[0097] Example 2 is a computer implemented method for determining FCD properties for an 

injection well that yields a uniform flooding front along a production well, the method 

comprising: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

15 distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function by decreasing 

values of the FCD distribution function at points where the front has advanced compared to 

the front at the reference location; determining an axial variation between obtained final 

20 injected front shape and target profile; determining whether the axial variation is within a 

predetermined convergence value; responsive to a determination that the axial variation is not 

within the predetermined convergence value, repeating the loop; responsive to a determination 

that the axial variation is within the predetermined convergence value, exiting the loop; and 

determining the FCD properties for the injection well that yields the uniform flooding front 

25 along the production well. 

[0098] Example 3 is a computer implemented method for determining FCD properties for an 

injection well that yields a uniform flooding front along a production well, the method 

comprising: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

30 distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

axial variation between obtained final injected front shape and target profile; determining 
14 
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whether the axial variation is within a predetermined convergence value, wherein the 

predetermined convergence value is 10-5 of the distance between the injection well and the 

production well; responsive to a determination that the axial variation is not within the 

predetermined convergence value, repeating the loop; responsive to a determination that the 

5 axial variation is within the predetermined convergence value, exiting the loop; and 

determining the FCD properties for the injection well that yields the uniform flooding front 

along the production well. 

[0099] Example 4 is a computer implemented method for determining FCD properties for an 

injection well that yields a uniform flooding front along a production well, the method 

10 comprising: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

15 axial variation between obtained final injected front shape and target profile; determining 

whether the axial variation is within a predetermined convergence value; responsive to a 

determination that the axial variation is not within the predetermined convergence value, 

repeating the loop, wherein the reference location along the length of the injection well does 

not change during subsequent iterations of the loop; responsive to a determination that the 

20 axial variation is within the predetermined convergence value, exiting the loop; and 

determining the FCD properties for the injection well that yields the uniform flooding front 

along the production well. 

[0100] Example 5 is a computer implemented method for determining FCD properties for an 

injection well that yields a uniform flooding front along a production well, the method 

25 comprising: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

30 axial variation between obtained final injected front shape and target profile; determining 

whether the axial variation is within a predetermined convergence value; responsive to a 

determination that the axial variation is not within the predetermined convergence value, 

repeating the loop; responsive to a determination that the axial variation is within the 
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predetermined convergence value, exiting the loop; and determining the FCD properties for 

the injection well that yields the uniform flooding front along the production well, wherein 

determining the FCD properties includes determining various hole diameters of the FCDs 

along the length of the injection well. 

5 [0101] Example 6 is a computer implemented method for determining FCD properties for an 

injection well that yields a uniform flooding front along a production well, the method 

comprising: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

10 reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

axial variation between obtained final injected front shape and target profile; determining 

whether the axial variation is within a predetermined convergence value; responsive to a 

determination that the axial variation is not within the predetermined convergence value, 

15 repeating the loop; responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and determining the FCD properties for 

the injection well that yields the uniform flooding front along the production well determining 

the FCD properties includes determining placement of the FCDs along the length of the 

injection well. 

20 [0102] Example 7 is a computer implemented method for determining FCD properties for an 

injection well that yields a uniform flooding front along a production well, the method 

comprising: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

25 reaches the production well, wherein the injection well and the production well are 

nonparallel; determining a reference location along a length of the injection well having a least 

front advance; adjusting the FCD distribution function; determining an axial variation between 

obtained final injected front shape and target profile; determining whether the axial variation is 

within a predetermined convergence value; responsive to a determination that the axial 

30 variation is not within the predetermined convergence value, repeating the loop; responsive to 

a determination that the axial variation is within the predetermined convergence value, exiting 

the loop; and determining the FCD properties for the injection well that yields the uniform 

flooding front along the production well. 
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[0103] Example 8 is a computer implemented method for determining FCD properties for an 

injection well that yields a uniform flooding front along a production well, the method 

comprising: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

5 distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

axial variation between obtained final injected front shape and target profile; determining 

whether the axial variation is within a predetermined convergence value; responsive to a 

10 determination that the axial variation is not within the predetermined convergence value, 

repeating the loop; responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; determining the FCD properties for the 

injection well that yields the uniform flooding front along the production well; and wherein 

the axial variation is within the predetermined convergence value prior to fifteen iterations of 

15 the loop. 

[0104] Example 9 is a computer implemented method for determining FCD properties for an 

injection well that yields a uniform flooding front along a production well, the method 

comprising: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

20 distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function by decreasing 

values of the FCD distribution function at points where the front has advanced compared to 

the front at the reference location; determining an axial variation between obtained final 

25 injected front shape and target profile; determining whether the axial variation is within a 

predetermined convergence value; responsive to a determination that the axial variation is not 

within the predetermined convergence value, repeating the loop, wherein the reference 

location along the length of the injection well does not change during subsequent iterations of 

the loop; responsive to a determination that the axial variation is within the predetermined 

30 convergence value, exiting the loop; and determining the FCD properties for the injection well 

that yields the uniform flooding front along the production well, wherein determining the FCD 

properties includes determining placement of the FCDs along the length of the injection well. 
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[0105] Example 10 is a system, comprising: at least one processor; and at least one memory 

coupled to the at least one processor, the at least one memory storing computer executable 

instructions for determining FCD properties for an injection well that yields a uniform 

flooding front along a production well, the computer executable instructions comprises 

5 instructions for: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

10 axial variation between obtained final injected front shape and target profile; determining 

whether the axial variation is within a predetermined convergence value; responsive to a 

determination that the axial variation is not within the predetermined convergence value, 

repeating the loop; responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and determining the FCD properties for 

15 the injection well that yields the uniform flooding front along the production well. 

[0106] Example 11 is a system, comprising: at least one processor; and at least one memory 

coupled to the at least one processor, the at least one memory storing computer executable 

instructions for determining FCD properties for an injection well that yields a uniform 

flooding front along a production well, the computer executable instructions comprises 

20 instructions for: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function by decreasing 

25 values of the FCD distribution function at points where the front has advanced compared to 

the front at the reference location; determining an axial variation between obtained final 

injected front shape and target profile; determining whether the axial variation is within a 

predetermined convergence value; responsive to a determination that the axial variation is not 

within the predetermined convergence value, repeating the loop; responsive to a determination 

30 that the axial variation is within the predetermined convergence value, exiting the loop; and 

determining the FCD properties for the injection well that yields the uniform flooding front 

along the production well. 
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[0107] Example 12 is a system, comprising: at least one processor; and at least one memory 

coupled to the at least one processor, the at least one memory storing computer executable 

instructions for determining FCD properties for an injection well that yields a uniform 

flooding front along a production well, the computer executable instructions comprises 

5 instructions for: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

10 axial variation between obtained final injected front shape and target profile; determining 

whether the axial variation is within a predetermined convergence value, wherein the 

predetermined convergence value is 10-5 of the distance between the injection well and the 

production well; responsive to a determination that the axial variation is not within the 

predetermined convergence value, repeating the loop; responsive to a determination that the 

15 axial variation is within the predetermined convergence value, exiting the loop; and 

determining the FCD properties for the injection well that yields the uniform flooding front 

along the production well. 

[0108] Example 13 is a system, comprising: at least one processor; and at least one memory 

coupled to the at least one processor, the at least one memory storing computer executable 

20 instructions for determining FCD properties for an injection well that yields a uniform 

flooding front along a production well, the computer executable instructions comprises 

instructions for: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

25 reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

axial variation between obtained final injected front shape and target profile; determining 

whether the axial variation is within a predetermined convergence value; responsive to a 

determination that the axial variation is not within the predetermined convergence value, 

30 repeating the loop, wherein the reference location along the length of the injection well does 

not change during subsequent iterations of the loop; responsive to a determination that the 

axial variation is within the predetermined convergence value, exiting the loop; and 

19 



WO 2015/073033 PCT/US2013/070404 

determining the FCD properties for the injection well that yields the uniform flooding front 

along the production well. 

[0109] Example 14 is a system, comprising: at least one processor; and at least one memory 

coupled to the at least one processor, the at least one memory storing computer executable 

5 instructions for determining FCD properties for an injection well that yields a uniform 

flooding front along a production well, the computer executable instructions comprises 

instructions for: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

10 reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

axial variation between obtained final injected front shape and target profile; determining 

whether the axial variation is within a predetermined convergence value; responsive to a 

determination that the axial variation is not within the predetermined convergence value, 

15 repeating the loop; responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and determining the FCD properties for 

the injection well that yields the uniform flooding front along the production well, wherein 

determining the FCD properties includes determining various hole diameters of the FCDs 

along the length of the injection well. 

20 [0110] Example 15 is a system, comprising: at least one processor; and at least one memory 

coupled to the at least one processor, the at least one memory storing computer executable 

instructions for determining FCD properties for an injection well that yields a uniform 

flooding front along a production well, the computer executable instructions comprises 

instructions for: initializing a FCD distribution function to have a uniform FCD distribution 

25 profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

axial variation between obtained final injected front shape and target profile; determining 

30 whether the axial variation is within a predetermined convergence value; responsive to a 

determination that the axial variation is not within the predetermined convergence value, 

repeating the loop; responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and determining the FCD properties for 
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the injection well that yields the uniform flooding front along the production well determining 

the FCD properties includes determining placement of the FCDs along the length of the 

injection well. 

[0111] Example 16 is a system, comprising: at least one processor; and at least one memory 

5 coupled to the at least one processor, the at least one memory storing computer executable 

instructions for determining FCD properties for an injection well that yields a uniform 

flooding front along a production well, the computer executable instructions comprises 

instructions for: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

10 distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well, wherein the injection well and the production well are 

nonparallel; determining a reference location along a length of the injection well having a least 

front advance; adjusting the FCD distribution function; determining an axial variation between 

obtained final injected front shape and target profile; determining whether the axial variation is 

15 within a predetermined convergence value; responsive to a determination that the axial 

variation is not within the predetermined convergence value, repeating the loop; responsive to 

a determination that the axial variation is within the predetermined convergence value, exiting 

the loop; and determining the FCD properties for the injection well that yields the uniform 

flooding front along the production well. 

20 [0112] Example 17 is a system, comprising: at least one processor; and at least one memory 

coupled to the at least one processor, the at least one memory storing computer executable 

instructions for determining FCD properties for an injection well that yields a uniform 

flooding front along a production well, the computer executable instructions comprises 

instructions for: initializing a FCD distribution function to have a uniform FCD distribution 

25 profile; executing a loop of instructions that perform operations comprising: determining 

distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function; determining an 

axial variation between obtained final injected front shape and target profile; determining 

30 whether the axial variation is within a predetermined convergence value; responsive to a 

determination that the axial variation is not within the predetermined convergence value, 

repeating the loop; responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; determining the FCD properties for the 
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injection well that yields the uniform flooding front along the production well; and wherein 

the axial variation is within the predetermined convergence value prior to fifteen iterations of 

the loop. 

[0113] Example 18 is a system, comprising: at least one processor; and at least one memory 

5 coupled to the at least one processor, the at least one memory storing computer executable 

instructions for determining FCD properties for an injection well that yields a uniform 

flooding front along a production well, the computer executable instructions comprises 

instructions for: initializing a FCD distribution function to have a uniform FCD distribution 

profile; executing a loop of instructions that perform operations comprising: determining 

10 distribution of flow in the injection well and front propagation until an injected volume 

reaches the production well; determining a reference location along a length of the injection 

well having a least front advance; adjusting the FCD distribution function by decreasing 

values of the FCD distribution function at points where the front has advanced compared to 

the front at the reference location; determining an axial variation between obtained final 

15 injected front shape and target profile; determining whether the axial variation is within a 

predetermined convergence value; responsive to a determination that the axial variation is not 

within the predetermined convergence value, repeating the loop, wherein the reference 

location along the length of the injection well does not change during subsequent iterations of 

the loop; responsive to a determination that the axial variation is within the predetermined 

20 convergence value, exiting the loop; and determining the FCD properties for the injection well 

that yields the uniform flooding front along the production well, wherein determining the FCD 

properties includes determining placement of the FCDs along the length of the injection well. 

[0114] Example 19 is non-transitory computer readable medium comprising computer 

executable instructions for determining FCD properties for an injection well that yields a 

25 uniform flooding front along a production well, the computer executable instructions when 

executed causes one or more machines to perform operations comprising: initializing a FCD 

distribution function to have a uniform FCD distribution profile; executing a loop of 

instructions that perform operations comprising: determining distribution of flow in the 

injection well and front propagation until an injected volume reaches the production well; 

30 determining a reference location along a length of the injection well having a least front 

advance; adjusting the FCD distribution function; determining an axial variation between 

obtained final injected front shape and target profile; determining whether the axial variation is 

within a predetermined convergence value; responsive to a determination that the axial 
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variation is not within the predetermined convergence value, repeating the loop; responsive to 

a determination that the axial variation is within the predetermined convergence value, exiting 

the loop; and determining the FCD properties for the injection well that yields the uniform 

flooding front along the production well. 

5 [0115] Example 20 is non-transitory computer readable medium comprising computer 

executable instructions for determining FCD properties for an injection well that yields a 

uniform flooding front along a production well, the computer executable instructions when 

executed causes one or more machines to perform operations comprising: initializing a FCD 

distribution function to have a uniform FCD distribution profile; executing a loop of 

10 instructions that perform operations comprising: determining distribution of flow in the 

injection well and front propagation until an injected volume reaches the production well; 

determining a reference location along a length of the injection well having a least front 

advance; adjusting the FCD distribution function by decreasing values of the FCD distribution 

function at points where the front has advanced compared to the front at the reference location; 

15 determining an axial variation between obtained final injected front shape and target profile; 

determining whether the axial variation is within a predetermined convergence value; 

responsive to a determination that the axial variation is not within the predetermined 

convergence value, repeating the loop; responsive to a determination that the axial variation is 

within the predetermined convergence value, exiting the loop; and determining the FCD 

20 properties for the injection well that yields the uniform flooding front along the production 

well. 

[0116] Example 21 is non-transitory computer readable medium comprising computer 

executable instructions for determining FCD properties for an injection well that yields a 

uniform flooding front along a production well, the computer executable instructions when 

25 executed causes one or more machines to perform operations comprising: initializing a FCD 

distribution function to have a uniform FCD distribution profile; executing a loop of 

instructions that perform operations comprising: determining distribution of flow in the 

injection well and front propagation until an injected volume reaches the production well; 

determining a reference location along a length of the injection well having a least front 

30 advance; adjusting the FCD distribution function; determining an axial variation between 

obtained final injected front shape and target profile; determining whether the axial variation is 

within a predetermined convergence value, wherein the predetermined convergence value is 

10-5 of the distance between the injection well and the production well; responsive to a 
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determination that the axial variation is not within the predetermined convergence value, 

repeating the loop; responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and determining the FCD properties for 

the injection well that yields the uniform flooding front along the production well. 

5 [0117] Example 22 is non-transitory computer readable medium comprising computer 

executable instructions for determining FCD properties for an injection well that yields a 

uniform flooding front along a production well, the computer executable instructions when 

executed causes one or more machines to perform operations comprising: initializing a FCD 

distribution function to have a uniform FCD distribution profile; executing a loop of 

10 instructions that perform operations comprising: determining distribution of flow in the 

injection well and front propagation until an injected volume reaches the production well; 

determining a reference location along a length of the injection well having a least front 

advance; adjusting the FCD distribution function; determining an axial variation between 

obtained final injected front shape and target profile; determining whether the axial variation is 

15 within a predetermined convergence value; responsive to a determination that the axial 

variation is not within the predetermined convergence value, repeating the loop, wherein the 

reference location along the length of the injection well does not change during subsequent 

iterations of the loop; responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and determining the FCD properties for 

20 the injection well that yields the uniform flooding front along the production well. 

[0118] Example 23 is non-transitory computer readable medium comprising computer 

executable instructions for determining FCD properties for an injection well that yields a 

uniform flooding front along a production well, the computer executable instructions when 

executed causes one or more machines to perform operations comprising: initializing a FCD 

25 distribution function to have a uniform FCD distribution profile; executing a loop of 

instructions that perform operations comprising: determining distribution of flow in the 

injection well and front propagation until an injected volume reaches the production well; 

determining a reference location along a length of the injection well having a least front 

advance; adjusting the FCD distribution function; determining an axial variation between 

30 obtained final injected front shape and target profile; determining whether the axial variation is 

within a predetermined convergence value; responsive to a determination that the axial 

variation is not within the predetermined convergence value, repeating the loop; responsive to 

a determination that the axial variation is within the predetermined convergence value, exiting 
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the loop; and determining the FCD properties for the injection well that yields the uniform 

flooding front along the production well, wherein determining the FCD properties includes 

determining various hole diameters of the FCDs along the length of the injection well. 

[0119] Example 24 is non-transitory computer readable medium comprising computer 

5 executable instructions for determining FCD properties for an injection well that yields a 

uniform flooding front along a production well, the computer executable instructions when 

executed causes one or more machines to perform operations comprising: initializing a FCD 

distribution function to have a uniform FCD distribution profile; executing a loop of 

instructions that perform operations comprising: determining distribution of flow in the 

10 injection well and front propagation until an injected volume reaches the production well; 

determining a reference location along a length of the injection well having a least front 

advance; adjusting the FCD distribution function; determining an axial variation between 

obtained final injected front shape and target profile; determining whether the axial variation is 

within a predetermined convergence value; responsive to a determination that the axial 

15 variation is not within the predetermined convergence value, repeating the loop; responsive to 

a determination that the axial variation is within the predetermined convergence value, exiting 

the loop; and determining the FCD properties for the injection well that yields the uniform 

flooding front along the production well determining the FCD properties includes determining 

placement of the FCDs along the length of the injection well. 

20 [0120] Example 25 is non-transitory computer readable medium comprising computer 

executable instructions for determining FCD properties for an injection well that yields a 

uniform flooding front along a production well, the computer executable instructions when 

executed causes one or more machines to perform operations comprising: initializing a FCD 

distribution function to have a uniform FCD distribution profile; executing a loop of 

25 instructions that perform operations comprising: determining distribution of flow in the 

injection well and front propagation until an injected volume reaches the production well, 

wherein the injection well and the production well are nonparallel; determining a reference 

location along a length of the injection well having a least front advance; adjusting the FCD 

distribution function; determining an axial variation between obtained final injected front 

30 shape and target profile; determining whether the axial variation is within a predetermined 

convergence value; responsive to a determination that the axial variation is not within the 

predetermined convergence value, repeating the loop; responsive to a determination that the 

axial variation is within the predetermined convergence value, exiting the loop; and 
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determining the FCD properties for the injection well that yields the uniform flooding front 

along the production well. 

[0121] Example 26 is non-transitory computer readable medium comprising computer 

executable instructions for determining FCD properties for an injection well that yields a 

5 uniform flooding front along a production well, the computer executable instructions when 

executed causes one or more machines to perform operations comprising: initializing a FCD 

distribution function to have a uniform FCD distribution profile; executing a loop of 

instructions that perform operations comprising: determining distribution of flow in the 

injection well and front propagation until an injected volume reaches the production well; 

10 determining a reference location along a length of the injection well having a least front 

advance; adjusting the FCD distribution function; determining an axial variation between 

obtained final injected front shape and target profile; determining whether the axial variation is 

within a predetermined convergence value; responsive to a determination that the axial 

variation is not within the predetermined convergence value, repeating the loop; responsive to 

15 a determination that the axial variation is within the predetermined convergence value, exiting 

the loop; determining the FCD properties for the injection well that yields the uniform 

flooding front along the production well; and wherein the axial variation is within the 

predetermined convergence value prior to fifteen iterations of the loop. 

[0122] Example 27 is non-transitory computer readable medium comprising computer 

20 executable instructions for determining FCD properties for an injection well that yields a 

uniform flooding front along a production well, the computer executable instructions when 

executed causes one or more machines to perform operations comprising: initializing a FCD 

distribution function to have a uniform FCD distribution profile; executing a loop of 

instructions that perform operations comprising: determining distribution of flow in the 

25 injection well and front propagation until an injected volume reaches the production well; 

determining a reference location along a length of the injection well having a least front 

advance; adjusting the FCD distribution function by decreasing values of the FCD distribution 

function at points where the front has advanced compared to the front at the reference location; 

determining an axial variation between obtained final injected front shape and target profile; 

30 determining whether the axial variation is within a predetermined convergence value; 

responsive to a determination that the axial variation is not within the predetermined 

convergence value, repeating the loop, wherein the reference location along the length of the 

injection well does not change during subsequent iterations of the loop; responsive to a 
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determination that the axial variation is within the predetermined convergence value, exiting 

the loop; and determining the FCD properties for the injection well that yields the uniform 

flooding front along the production well, wherein determining the FCD properties includes 

determining placement of the FCDs along the length of the injection well. 

5 [0123] While many specific example embodiments are described above, the above examples 

are not intended to be exhaustive or limit the invention in the form disclosed. Many 

modifications and variations will be apparent to those of ordinary skill in the art without 

departing from the scope and spirit of the invention. The scope of the claims is intended to 

broadly cover the disclosed embodiments and any such modification. 
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CLAIMS 

Claim 1. A computer implemented method for determining flow control device (FCD) 

properties for an injection well that yields a uniform flooding front along a 

production well, the method comprising: 

initializing a FCD distribution function to have a uniform FCD distribution 

profile; 

executing a loop of instructions that perform operations comprising: 

determining distribution of flow in the injection well and front 

propagation until an injected volume reaches the production 

well; 

determining a reference location along a length of the injection 

well having a least front advance; 

adjusting the FCD distribution function; 

determining an axial variation between obtained final injected 

front shape and target profile; 

determining whether the axial variation is within a predetermined 

convergence value; 

responsive to a determination that the axial variation is not within 

the predetermined convergence value, repeating the loop; 

responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and 

determining the FCD properties for the injection well that yields 

the uniform flooding front along the production well. 

Claim 2. The computer implemented method of Claim 1, wherein adjusting the FCD 

distribution function comprises: 

decreasing values of the FCD distribution function at points where the front 

has advanced compared to the front at the reference location. 

Claim 3. The computer implemented method of Claim 1, wherein the predetermined 

convergence value is 10~5 of the distance between the injection well and the 

production well. 
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Claim 4. The computer implemented method of Claim 1, wherein the reference location 

along the length of the injection well does not change during subsequent 

iterations of the loop. 

Claim 5. The computer implemented method of Claim 1, wherein determining the FCD 

properties includes determining various hole diameters of the FCDs along the 

length of the injection well. 

Claim 6. The computer implemented method of Claim 1, wherein determining the FCD 

properties includes determining placement of the FCDs along the length of the 

injection well. 

Claim 7. The computer implemented method of Claim 1, wherein the injection well and 

the production well are nonparallel. 

Claim 8. The computer implemented method of Claim 1, wherein the axial variation is 

within the predetermined convergence value prior to fifteen iterations of the loop. 

Claim 9. A system, comprising: 

at least one processor; and 

at least one memory coupled to the at least one processor, the at least one 

memory storing computer executable instructions for determining 

flow control device (FCD) properties for an injection well that yields 

a uniform flooding front along a production well, the computer 

executable instructions comprises instructions for: 

initializing a FCD distribution function to have a uniform FCD distribution 

profile; 

executing a loop of instructions that perform operations comprising: 

determining distribution of flow in the injection well and front 

propagation until an injected volume reaches the production 

well; 

determining a reference location along a length of the injection 

well having a least front advance; 

adjusting the FCD distribution function; 
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determining an axial variation between obtained final injected 

front shape and target profile; 

determining whether the axial variation is within a predetermined 

convergence value; 

responsive to a determination that the axial variation is not within 

the predetermined convergence value, repeating the loop; 

responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and 

determining the FCD properties for the injection well that yields 

the uniform flooding front along the production well. 

The system of Claim 9, wherein adjusting the FCD distribution function 

comprises decreasing values of the FCD distribution function at points where the 

front has advanced compared to the front at the reference location. 

The system of Claim 9, wherein the predetermined convergence value is 10~5 of 

the distance between the injection well and the production well. 

The system of Claim 9, wherein the reference location along the length of the 

injection well does not change during subsequent iterations of the loop. 

The system of Claim 9, wherein determining the FCD properties includes 

determining various hole diameters of the FCDs along the length of the injection 

well. 

The system of Claim 9, wherein determining the FCD properties includes 

determining placement of the FCDs along the length of the injection well. 

The system of Claim 9, wherein the injection well and the production well are 

nonparallel. 

The system of Claim 9, wherein the axial variation is within the predetermined 

convergence value prior to fifteen iterations of the loop. 

Claim 10. 

Claim 11. 

Claim 12. 

Claim 13. 

Claim 14. 

Claim 15. 

Claim 16. 
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Claim 17. A non-transitory computer readable medium comprising computer executable 

instructions for determining flow control device (FCD) properties for an injection 

well that yields a uniform flooding front along a production well, the computer 

executable instructions when executed causes one or more machines to perform 

operations comprising: 

initializing a FCD distribution function to have a uniform FCD distribution 

profile; 

executing a loop of instructions that perform operations comprising: 

determining distribution of flow in the injection well and front 

propagation until an injected volume reaches the production 

well; 

determining a reference location along a length of the injection 

well having a least front advance; 

adjusting the FCD distribution function; 

determining an axial variation between obtained final injected 

front shape and target profile; 

determining whether the axial variation is within a predetermined 

convergence value; 

responsive to a determination that the axial variation is not within 

the predetermined convergence value, repeating the loop; 

responsive to a determination that the axial variation is within the 

predetermined convergence value, exiting the loop; and 

determining the FCD properties for the injection well that yields 

the uniform flooding front along the production well. 

Claim 18. The non-transitory computer readable medium of Claim 17, wherein adjusting 

the FCD distribution function comprises decreasing values of the FCD 

distribution function at points where the front has advanced compared to the front 

at the reference location. 

Claim 19. The non-transitory computer readable medium of Claim 17, wherein determining 

the FCD properties includes determining various hole diameters of the FCDs 

along the length of the injection well. 
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Claim 20. The non-transitory computer readable medium of Claim 17, wherein determining 
the FCD properties includes determining placement of the FCDs along the length 

of the injection well. 
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