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�ABSTRACT





PC-GEL is a three-dimensional, three-phase (oil, water, and gas) permeability modification simulator developed by incorporating an in-situ gelation model into a black oil simulator (BOAST) for personal computer application.  The features included in the simulator are: transport of each chemical species of the polymer/crosslinker system in porous media, gelation reaction kinetics of the polymer with crosslinking agents, rheology of the polymer and gel, inaccessible pore volume to macromolecules, adsorption of chemical species on rock surfaces, retention of gel on the rock matrix, and permeability reduction caused by the adsorption of polymer and gel.  The in-situ gelation model and simulator were validated against data reported in the literature.  The simulator PC-GEL is useful for simulating and optimizing any combination of primary production, waterflooding, polymer flooding, and permeability modification treatments.



A general background of permeability modification using crosslinked polymer gels is given in Section 1 and the governing equations, mechanisms, and numerical solutions of PC-GEL are given in Section 2.  Steps for preparing an input data file with reservoir and gel-chemical transport data, and recurrent data are described in Sections 3 and 4, respectively.  Example data inputs are enclosed after explanations of each input line to help the user prepare data files.  Major items of the output files are reviewed in Section 5.  Finally, three sample problems for running PC-GEL are described in Section 6.
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�1.  INTRODUCTION





Permeability heterogeneity is the main factor that leads to low sweep efficiency in oil recovery from petroleum reservoirs.  To improve sweep efficiency, a mobility control method based on using various viscosifying agents, such as dilute solutions of polymers, has been used.  This method has been successful in many field tests;1,2 however, it may leave large areas unswept and may be ineffective in reservoirs which have severe permeability contrast between horizontal strata.  To improve the sweep efficiency and increase oil recovery in such reservoirs, some form of permeability modification is necessary.  This technique has been used in injection and production wells.  In injection wells, it is used to block high-permeability or watered-out thief zones, thereby diverting most of the injected fluids into previously unswept zones.  In production wells, it is intended to reduce water production without adversely affecting oil production.  Many laboratory and field studies have addressed this problem  Colloidal suspensions, precipitates, emulsions, acrylic/epoxy resins, and gelled polymers are some of the systems that have been reported to provide significant fluid diversion away from thief zones.3-19



Much of the previous permeability modification work has focused on gelled polymers.  Gelled polymers are either in-situ polymer gels or crosslinked polymers.  In-situ polymer gels can be formed by in-situ polymerization of high concentration of monomer in the presence of a catalyst,11,12 or by in-situ copolymerization of formaldehyde with phenol or resorcinol.19,20  In-situ polymer gels can also be formed by using the "CAT-AN" process.13  This process involves injection of alternating slugs of cationic polyacrylamide and anionic polyacrylamide. Recently, two new methods have been developed to form in-situ polymer gels.  One method is to inject a recently developed microbial polymer in strong alkali followed by a slug of strong acid.21,22 Hydrogel is formed after the pH of the alkaline polymer solution is decreased.  The gelation process is reversible.  Another method to form in-situ polymer gel is to inject a slug of a mixture of hydroxypropylcellulose (HPC) and a surfactant (sodium dodecyl sulfate) into formation. Gel formation is initiated after the mixture contacts with connate brine.23



Crosslinked polymer gels are formed by reacting polymers with crosslinkers.  Two types of polymers, polyacrylamides and biopolymers, that are traditionally used in mobility control have been used to react with metallic crosslinking agents to form three-dimensional networks of crosslinked polymers.  The crosslinking sites in both types of polymer molecules are the -COO groups.  The formation of crosslinked polymer gels is accomplished by ionic bonding of metal ions at carboxyl groups.  In the oil industry, the most commonly used metallic crosslinking ions are inorganic Cr(III) ion6,7,24-26 and Al(III) ion4,5,15,27,28.  Crosslinked polymers formed by crosslinking polyacrylamides or biopolymers with these metallic crosslinking ions are only applicable to reservoirs with low temperatures and low hardness levels.  Using Cr(III) propionate,29 Cr(Ill) acetate16,17,30,31 or Cr(III) malonate32 as the crosslinking agent, the gels prepared with polyacrylamides can tolerate harsh reservoir conditions and are insensitive to oil field interferences and environments. In addition to metallic crosslinking agents, organic crosslinker has also been used to form thermally stable gels with thermally stable copolymers.18  The crosslinking condition, gelation time, and gel strength depend on a lot of factors including the type of polymer, type of crosslinker, polymer and crosslinker concentration, pH, temperature, total dissolved salts, and shear.  For polyacrylamides, gelation also depends on the degree of hydrolysis. 16,24,31,33-36



Crosslinked polymer gels can be either formed in situ or prepared on the surface prior to injection. Because of viscoelasticity, crosslinked high-molecular-weight polyacrylamide gels are usually formed in situ. In contrast to crosslinked high-molecular-weight polyacrylamide gels, crosslinked biopolymer gels are pseudoplastic; therefore, they can be prepared on the surface prior to injection.  Two types of methods have been developed to form crosslinked polymer gels in situ. The first type is based on a controlled release of an ionic crosslinker.  Examples of this type include  the  chromium  redox process3   and  Union  Oil  Company's  high-pH  aluminate  [Al(OH)4-]/polymer system.15   The second type involves alternate injection of a polymer slug and a slug containing a crosslinker to build up layers of crosslinked polymer. An example of this type is the aluminum citrate process.4,5



A simulator is very useful to facilitate the design of treatments and to assess potential fields for permeability modification treatments using crosslinked polymers.  Such a simulator must be able to describe the transport of the chemical species and the reaction kinetics of the gelation system in stratified reservoirs.  It must also be able to account for phenomena such as inaccessible pore volume to macromolecules, adsorption of chemical species on rock surfaces, and retention of crosslinked gels on the rock matrix.  Simulation of profile modification using crosslinked polymers have recently appeared in the literature.37-39  Calculations based on a simplified in-situ gelation model have also been made.38,40  These simulators were all developed based on chemical flood simulators and are not applicable to reservoirs which contain gas as a component.



In 1990, a three-dimensional, three-phase (oil, water, and gas) permeability modification simulator,41,42 was developed by incorporating the above-mentioned features into a three-dimensional, three-phase black oil simulator (BOAST).43  This permeability modification simulator is capable of modeling a three-dimensional reservoir of heterogeneous distributions of porosity, permeability, saturations, and depths to the formation top.  This multiple layer model allows investigations of cross flow of fluid in porous media at various vertical transmissibility values. Using the simulator the effects of selected parameters on additional oil recovery over that by waterflood and polymer flood can also be investigated.41,42,44 



Because of the relatively efficient mathematical formulation of BOAST and the fast advancement of personal computer technology, the developed permeability modification simulator was adapted for use on a personal computer.  The PC version of the simulator is called "PC-GEL".  To allow the PC simulator to perform multiple simulation runs using different input files, a batch file was created. The use of this batch file is explained in Section 2. Due to similar input parameters for constructing the reservoir model, data preparation steps described in sections 3 and 4 were modified from sections 5 and 6 of BOAST-VHS user's manual.45

�2. MODEL DESCRIPTION





2.1 	Mathematical Modeling of In-Situ Gelation





Chemical Transport Equations



To model the rate of gel formation through crosslinking of polymer, equations describing the transport and reaction kinetics of gelled polymer systems are formulated.  Assuming that all of the chemical species of the polymer/crosslinker system are transported by the aqueous phase only, the conservation equation for each chemical species in the aqueous phase can be written as46



	� EMBED Equation.2  ���	1



where ( = aqueous phase density, Ci = mass concentration of component i,� EMBED Equation.2  ��� = Darcy velocity vector, ( = porosity, S = aqueous phase saturation, (R = rock density, f = fraction of rock surface contacted by the aqueous phase, Cir = mass concentration of component i adsorbed on rock surface, Qi  well rate, V = wellblock volume, D = a constant dispersion coefficient, Ri = formation rate of component i in a unit volume of the porous medium, and (V = divergence operator.



To account for the inaccessible pore volume (IPV) effect, both ( on the left-hand side and in the first term of the right-hand side of Equation 1 are replaced by an appropriate porosity for the polymer, (p.





Gelation Reaction Kinetics



In this simulation study, a dichromate/thiourea redox system47,48 was chosen for kinetics modeling. In the chromium redox process, chromium in the +6 oxidation state is reduced to Cr(Ill) with a reducing agent, thiourea. The trivalent chromium then reacts with polymer to form a three-dimensional network of gel structure which is highly resistant to flow and not eluted readily.3



	1.  Chemical Reactions:



	� EMBED Equation.2  ���	2



and	n Cr3+ + polymer ( gel.	3



	2.  Experimental Kinetics:47-49 



	� EMBED Equation.2  ���	4



	� EMBED Equation.2  ���	5

�and	� EMBED Equation.2  ���	6



For a hydrolyzed polyacrylamide molecular weight of about 5 x 106, n is about 1 x 103 in Equations 3 and 537.





Physical Properties of Polymer and Gel



The polymer and gel physical properties and phenomena modeled in the simulator include viscosity, adsorption/retention on the rock matrix, permeability reduction, and inaccessible pore volume (IPV) to macromolecules.



Viscosity



The effect of polymer concentration on solution viscosity was modeled either by a quadratic50 or by a third-order polynomial.51,52



	(p = (w + ALPHA1 x Cp + ALPHA2 x Cp2 + ALPHA3 x Cp3.	7



The shear rate dependence of polymer viscosity was modeled by Meter's equation.53



	� EMBED Equation.2  ���	8



where (0 = zero shear rate viscosity, (( = infinite shear rate viscosity, � EMBED Equation.2  ��� = shear rate, � EMBED Equation.2  ��� = shear rate at which the viscosity is half of (0, and p = a parameter determined from experiments.



The equivalent shear rate in porous media was calculated from the following equation:50



� EMBED Equation.2  ���	9



where � EMBED Equation.2  ��� = Darcy velocity vector for the aqueous phase, k = absolute permeability in md, kr = aqueous phase relative permeability, and Equation 10 was used to calculate k.52,54



	� EMBED Equation.2  ���	10



where kx and ky = absolute permeabilities in the x and y directions, respectively.



Gel viscosity is treated in a manner similar to that by Sorbie et al.37  An additional cubic term was use to account for the smooth but rapid increase in gel viscosity at the gelation point.33



	(g = (w + BETA1 x Cg + BETA2 x Cg2;	(Cg < CGC),	11



and	(g = (w + BETA1 x Cg + BETA2 x Cg2 + BETA3 x (Cg - CGC)3; (Cg>CGC). 	12

�Adsorption/Retention on Rock Matrix



The adsorption isotherms for all five chemical components are assumed to follow the Langmuir equation.



	� EMBED Equation.2  ���	13



where i = 1 to 5, and AA(I) and BB(I) are adsorption parameters determined from laboratory for component i.  Irreversible adsorption is considered for both polyacrylamide polymer and gel.



Permeability Reduction



The permeability reduction caused by adsorbed polymer and gel is defined as;56



	k(C) = k/RRF,	14



where k = absolute permeability in mD and RRF = residual resistance factor.  In this study, RRF was modeled as:37





	� EMBED Equation.2  ���	15



for	gi = 0	((I ( (i(),	16



and	gi =(i -(i(	((i > (i(),	17



where the parameter (i = the amount of component i adsorbed, and (i( = a critical onset value for (i; i.e., the chemical does not block pores below a certain value of adsorption.  Values of coefficients, li have to be determined from the laboratory studies.  The reduction in permeability is assumed to affect both aqueous and oil phases.



Inaccessible Pore Volume



To account for the IPV effect,56-58 both (‘s on the left-hand side and in the first term of the right-hand side of Equation 1 are replaced by an apparent porosity for the polymer, (p.





2.2	Black Oil Model



The flux term in transport Equation 1 is solved from three-dimensional, three-phase continuity equations applicable in an environment of black oil reservoirs.43  The continuity equations are given by:



	� EMBED Equation.2  ���	18



where m = oil, water, or gas phase.  Sources (injectors) and sinks (producers) at various strengths are assigned through well rates (Q) in the model.



Black oil simulators describe multiphase flow in porous media without considering the change of composition of the hydrocarbon fluid with production time.  They assume that the liquid hydrocarbon phase consists of only two components: oil and dissolved gas.  The gas phase consists of only free hydrocarbon gas.  It is assumed that the fluid phase behavior can be represented by a PVT table which is a function of pressure only.



The reservoir fluid approximations are found to be acceptable for a large percentage of the world's oil reservoirs.  Thus, black oil simulators have a wide range of applicability and are routinely used for solving field production problems.  Although black oil simulators are well suited for studies of numerous problems, they do have some limitations in their scope of applications.  They cannot be used to study cases where mass transfer between phases is important.  For example, black oil simulators cannot be used to study problems associated with gas condensate and volatile oil reservoirs. In these reservoirs, the composition and physical properties of the phases change with pressure and time.  Since reservoirs are usually pressurized during gel chemical injection, oil composition does not change much with production time so that the black oil model treatment is acceptable to the in situ gelation simulations.



The well model in PC-GEL permits specification of rate or pressure constraints on well performance.  The model also allows the user to add or recomplete wells during the period represented by the simulation.  Several other features are included in the model, such as flexible initialization capabilities, a bubble point pressure tracking scheme, an automatic time step control method, a zero transmissibility option, and a material balance check on solution stability.





2.3	Numerical Solution



The fluid and chemical species flow in porous media is solved in two steps during each time step of the numerical simulation.  The fluid flow Equation 18 is first solved for Darcy velocity using the implicit pressure - explicit saturation (IMPES) procedure.  A no-flow boundary of the reservoir is implemented by setting pressure gradient at boundary interfaces to zero.  This is followed by the solution of transport equations of gel chemicals (Equations. 1 through 18).  To solve Equation 1, an extended method of lines37,59  (MOL) is used.  Applying MOL to Equation 1, the partial differential equation is converted to a system of coupled, non-linear ordinary differential equations.  The ordinary differential equations are then solved using the widely used fourth-order Runge-Kutta-Gill method.60   The amount of gelation is then calculated, and the permeability is adjusted for pressure calculations in the next time step.  The above solution procedures are repeated for each time step until the total simulation time is reached.



Numerical dispersion associated with the solution of Equation 1 in its finite difference form causes a smearing of sharp concentration/saturation fronts.  Sorbie et al.37 have found that using the high-order central difference method in spatial derivative approximation gives satisfactory results.  In our model, a central finite difference method of up to 10th order is used to approximate the spatial derivatives.



PC-GEL employs IMPES formulation for solving its system of finite-difference equations.  The IMPES method solves for the pressure distribution for a given time step first, then the saturation distribution for the same time step.  The IMPES formulation is straightforward, requires less arithmetic per time step, and hence usually is faster than other formulations.  The central processing unit (CPU) time for the iterative methods depends on the type of problem to be solved and the selection of the iterative parameter.  Further, the IMPES formulation requires less storage than a fully implicit formulation.  This permits the simulation of larger problems on a small computer such as a personal computer.



PC-GEL performs material-balance calculations at the end of each time-step, as a check to determine the degree to which the finite-difference solutions obtained from the IMPES procedure actually satisfy the conservation equations.  This basically involves comparing the change of each fluid phase over time with the quantities of fluid produced and injected over the same time period. The change in fluid content (STB or MCF) is estimated directly from calculated saturations and pressures. Quantities produced and/or injected are determined from the production and injection rates at all wells.



Time-step material balances are printed on each recurrent production report and should always be checked carefully before accepting any run as a 'final' result.  In general, time-step material balance errors should normally be less than 0.1%.  An excessive material-balance error is an indication of a large saturation and/or pressure change that causes the results of PC-GEL to be an inaccurate simulation  The problem can usually be overcome by reducing the time-step size. This can be performed by specifying a smaller minimum time step-size and reducing saturation and pressure tolerances.





2.4 	Model Validation



To validate the simulator, results from the in situ gelation model before being incorporated into the BOAST simulator were compared with those of Sorbie et al.37   Both concentration and viscosity profiles41  are in excellent agreement with those of Sorbie et al.  No residual resistance factor profile is available for comparison.



To validate the simulator, comparisons were made with three-layer61 and two-layer62 cross-sectional simulations of polymer floods.  The injection sequence for the three-layer, cross-sectional simulation was



(1)	180 days waterflood;

(2)	365 days polymer flood (about 0.17 PV); and

(3)	waterflood for the remainder of the project.



The effects of time step size (DT) and grid block size in the x-direction (DX) were studied for the first 600 days at fixed DZ=27 ft.  Table 2-1 shows the results after 180 days of waterflood. Changing the size of grid block from 6.6 to 33 ft at fixed DT=1 day, the cumulative oil production after 180 days of waterflood only changed by 2.0%; however, cumulative water production at 180th day decreased with a decrease in the grid block size.  Decreasing the grid block size also delayed the water breakthrough and resulted in a small cumulative water production.  This was caused by numerical dispersion.  Numerical dispersion can be suppressed by using a time step size such that63



	DT= DX/u	19



where u is the frontal advance rate . Calculated DT's for DX= 16.5 ft and DX= 13.2 ft were 5.24 and 4.19 days, respectively.  Simulation results for DT=5 days and DX=16.5 ft and for DT= 4 days and DX= 13.2 ft are shown in Table 2-1 (run numbers 8 and 9).  In these two cases, water broke through at about the same time, and a sharp water front existed.  Compared with runs 1 through 6, the oil production rate was much higher, and cumulative water production was much lower. Using DT= 5 days and DX= 33 ft (run number 10), the oil production rate and cumulative oil production were almost the same as those in run no. 8.  Further increasing the grid block size to 66 ft at DT=5 days, both oil production rate and cumulative oil production decreased, and cumulative water production increased. Hence, during the first 180 days of waterflood, DT=5 days and DX= 16.5 or 33 ft were used in sample problems.  After the 180th day, variable time steps (minimum=0.1 day, maximum=5 days) and DX=33 ft were used.  Compared with the fractional oil recovery obtained from a two-dimensional (2-D), three-phase, nine-component chemical flood simulator,61  the agreement between calculated fractional oil recovery in both cases is very good.41



TABLE 2-1

Effects of grid block length and time-step size on three-layer, cross-sectional simulation results at 180th day of waterflood.



	Cumu-	Cumu-

	   No.	Grid	Time	 Oil	lative	lative		Water

	   of	block	Step	prod	  oil	water	Water	break-

Run	  grid	length	Size	rate	prod.	prod.	 oil	through

 No	blocks	   ft	d	ft3/d	  bbl	  bbl	ratio	 d



	1	10	132	1	1093.0	50982.1	3017.9	0.54	122

	2	20	66	1	1080.8	52093.8	1096.2	0.56	150

	3	40	33	1	1045.8	52821.9	1178.1	0.61	165

	4	80	16.5	1	1031.7	53242.7	757.3	0.63	171

	5	100	13.2	1	1041.1	53577.8	642.0	0.62	172

	6	160	8.25	1	1043.3	53534.9	466.0	0.61	175

	7	200	6.6	1	1093.5	53657.2	342.8	0.54	176

	8	80	16.5	5	1684.3	53975.4	24.6	0.00	400

	9	100	13.2	4	1684.3	53974.4	25.6	0.00	500

	10	40	33	5	1684.5	53979.6	20.4	0.00	205

	11	20	66	5	1076.0	52448.4	608.5	0.57	160





In the two-layer, cross-sectional simulation runs, 40 and 80 grid blocks in the x-direction and variable time step sizes (0.01 to 5 days and 0.01 to 10 days) were used.  Results showed that fractional oil recovery did not change with the grid block size and time step size used, whereas the water-oil ratio did change slightly with the grid block size and time step size when there was no dispersion effect.  Calculated fractional oil recovery41 is in good agreement with those of Naiki (UT)62 and a predictive model (PM).64





2.5	Running PC-GEL



To allow the PC-GEL simulator to perform multiple simulation runs using different input files, a batch file was created. The batch file is named “rungel.bat” and it should normally be located in a directory (called the source directory) that is one level higher than the output and data subdirectories.  The batch file allows for three separate data subdirectories to store the input files for the simulator.  It also allows for three separate output subdirectories to store the output files of the simulator.  The three input subdirectories, the three output subdirectories, and the source directory can be set by editing the batch file with an editor.  This is a simple procedure; the batch file contains the necessary documentation.



The batch file requires extra memory in the DOS environment. To dedicate enough memory (about 1K) the SHELL command in the CONFIG.SYS file should be modified to:



	SHELL=\COMMAND.COM /P /E: 512



For detailed instructions on how to use the batch file, go to the subdirectory on the hard disk containing RUNGEL.BAT and type in response to the DOS prompt:



C:\>RUNGEL

�Running the Program PC-GEL



To use the batch file, all of the input files that are to be processed should be located in one of the three special input subdirectories. From the source directory (the directory containing RUNGEL.BAT) the command sequence is as follows:



rungel # dataname1 dataname2 path1(optional) path2(optional)



where:

rungel	is the name of the batch program (rungel.bat) 

# 	is the total number of input files (6 maximum)

dataname1 	is the name of the first input file EXCLUDING the extension “.dat”

dataname2 	is the name of the second input file excluding the extension “.dat”

dataname3 	is the name of the third input file... and so on.



Path1 	is the directory containing the input files beginning from the root directory.

	If path1 is left unspecified, the batch program will assume a default input subdirectory.



Path2	is the directory to send the output files to.

	If path2 is left unspecified, the batch program will assume a default output subdirectory.



If for example, the input files INPUT5A.DAT and BFIELD2.DAT were located in an input subdirectory named C:\RUNGEL\DATA2 and the output of the simulation was to be sent to an output subdirectory named C:\RUNGEL\OUTPUT3, then the proper command would be:



C:\>rungel>rungel 2 input5A bfield2 rungel\data2 rungel\output3





2.6 	Data Input Requirements



PC-GEL is a program that needs an input data file to run.  This section describes briefly the input requirements for PC-GEL.  A complete description of the input data required to run PC-GEL is given in Sections 3 and 4.



All input data for the simulator are contained in a single file.  These data can be divided into two groups: (a) initialization data and (b) recurrent data.  The initialization data include reservoir geometry, rock porosity and permeability, initial pressure and saturation data, relative permeability and capillary pressure tables, fluid PVT data, and in situ gelation parameters.  Also included in this section are the necessary run control parameters and solution specifications.

The recurrent data include the location and initial specifications of wells in the model, time step control information for advancing the simulation through time, a schedule of individual well rates and/or pressure performance, changes in well completions and operations over time, and controls on the type and frequency of printout information provided by the simulator.



Throughout the description of input data in Sections 4 and 5, the term "header" is used to refer to specific input data records.  These records are designed to serve as delineators and/or as data identifiers.  The header record may be used to identify conveniently specific data items on the subsequent record or records.



All data values are identified by a name that corresponds to the actual variable name in the model. All data except the 'header' records are entered as free-field format.  The term "free-field format" as applied to this program means that an item of data need not appear in a particular location on a data input line.  The term 'line' refers to an individual line in an input data set as entered on the monitor.  Input data must be entered in a sequence, and a value must be specified for each input datum.  If more than one value must appear on a line, each value must be separated from neighboring data by at least one space.

�3.  DATA INITIALIZATION





This section describes in detail the gel-chemical and reservoir data required to initialize the simulation program.  The gel-chemical data include dispersion, adsorption, and reaction rate coefficients for five chemical components and parameters for calculating changes in aqueous viscosity and rock permeability caused by gelation reactions.  The reservoir data include the reservoir model grid dimensions and geometry, porosity and permeability distributions, relative permeability and capillary pressure data, fluid PVT data, initial pressure and saturation distributions within the reservoir, run control and diagnostic parameters, time step control parameters, and parameters for numerical solution procedures. These data are read only once at the beginning of the simulation.  They must be read in the order in which they appear in the following input data subsections.



The next several subsections describe in detail the input data for the simulator. Each input entry is illustrated by an example.





3.1 	 Output File Names



Line 1:	Name of the regular output file

FORMAT:	8A1

READ:	OUTPUT

Note:	This line is used to define the name of the regular output file for the simulation run. Enter any desired alphanumeric name up to 8 characters. The output file name will be OUTPUT.OUT

Example:	GELTEST.	The regular output file name is GELTEST.OUT.



Line 2:	Name of the summary output file

FORMAT:	8A1

READ:	OUTRATE

Note:	This line is used to define the name of the summary output file for the simulation run. Enter any desired alphanumeric name up to 8 characters. The output file name will be OUTRATE.OUT

Example:	GELRATE	The rate output file name is GELRATE.OUT.



Line 3:	Name of the chemical concentration, RRF, and viscosity increase output file

FORMAT:	8A1

READ:	OUTGEL

Note:	This line is used to define the name of the chemical concentration output file for the simulation run. Enter any desired alphanumeric name up to 8 characters. The output file name will be OUTGEL OUT

Example:	GEL	The chemical concentration output file name is GEL.OUT.





3.2  	Grid Dimensions and Geometry



Line 1:	Title or name of the run

FORMAT:	40A2

READ:	Header

Note:	This line is used to enter the title of the simulation program.  Enter any desired alphanumeric run title information up to 80 characters.

Example:	IN SITU GELATION SIMULATION RUN



Line 2:	This line is used to enter the number of grid blocks in each direction.

READ:	II, JJ, KK

II	=	number of grid blocks in the X-direction

JJ	=	number of grid blocks in the Y-direction

KK	=	number of grid blocks in the Z-direction

Example:	9   9   1	This specifies that there are nine grid blocks in the X and Y directions, and one in the Z direction.



Line 3:	Use this line to identify the next set of data

READ:	Header (40A2)

Example:	NGEL



Line 4:	Enter switch code or flag

READ:	NGEL

NGEL	=	1,  “Gel Transport" option will be invoked.

	0,  "Gel Transport" option will not be invoked and PC-GEL will work as a regular black oil simulator.

Example:	1	This specifies that "Gel Chemical Transport" option will be invoked.



Line 5:	Use this line to identify the next set of data.

READ:	Header (40A2)

Example:	GRID BLOCK LENGTHS



Line 6:	This line is used to enter codes for inputting grid block dimensions.

READ:	KDX, KDY, KDZ

KDX	=	Code for specifying X-direction grid dimensions (see Table 3-1)

KDY 	=	Code for specifying Y-direction grid dimensions (see Table 3-1)

KDZ 	=	Code for specifying Z-direction grid dimensions (see Table 3-1)

Example:	-1-1-1  	Specifies a single length for each dimension of the grids.



Line 7:	This line is used to enter the X-direction grid dimensions in ft. 

READ:	DX

Example:	147

This specifies that the X-direction grid block length is 147 ft. 

Note:	See table 3-1 for the number of values. When KDX = 0 or 1, the order of input must be as follows: 

J = 1, I=1,2, . . . . II 

J = 2, I= 1,2, . . . . II

...................

J = JJ, I=1,2, . . . . II





TABLE 3-1  --  Options for grid-block geometry



Code	Value	Grid dimension specifications



KDX	-1	X-direction grid dimensions are the same for all grid blocks; input only one DX value



KDX	0	X-direction grid dimensions are read for each grid-block in the first row (J = 1) of layer one (K = 1) input II values of DX. These same x-direction dimensions are assigned to all other rows and all other layers in the model grid.



KDX	1	X-direction dimensions are read for every grid block in layer one (K = 1). Input II x JJ values of DX. These same X-direction dimensions are assigned to all other layers in the model grid.



KDY	-1	Y-direction grid dimensions are the same for all grid blocks; input only one DY value.



KDY	0	Y-direction grid dimensions are read for each grid block in the first column (I = 1) of layer one (K = 1).  Input JJ values of DY.  These same Y-direction dimensions are assigned to all other columns and all other layers in the model grid.



KDY	1	Y-direction dimensions are read for every grid block in layer one (K = 1); input II x JJ values of DY.  These same Y-direction dimensions are assigned to all other layers in the model grid.



KDZ	-1	Z-direction grid dimensions are the same for all grid blocks; input only one DZ value.



KDZ	0	A constant value of thickness is read for each layer in the grid; input KK values of DZ.



KDZ	1	Z-direction grid dimensions are read for every grid block; input II x JJ x KK values of DZ.





Line 8:	This line is used to enter the Y-direction grid dimensions in ft.

READ:	DY	This specifies that the Y-direction grid block length is 147 ft.

Note:	See table 3-1 for the number of values.  When KDY = 0 or 1, the order of input must be the same as that indicated in line 7.



Line 9:	This line is used to enter the Z-direction grid dimensions in ft.

READ:	DZ

Example:	20	This specifies that the Z-direction grid block length is 20 ft.

Note:	See table 3-1 for the number of values.  When KDZ = 1, the order of input must be as indicated in line 7 above with the layer order K = 1, 2,.... KK.





3.3	Modifications to Grid Dimensions:



Line 1:	Use this line to identify the next set of data.

READ:	Header (40A2)

Example:	GRID BLOCK DIMENSION MODIFICATIONS



Line 2:	This line is used to enter the number of grid blocks where grid dimensions are to be changed; plus print code.

READ:	NUMDX, NUMDY, NUMDZ, IDCODE

NUMDX 	=	Number of grid blocks where X-direction grid dimensions (DX) is to be changed.

NUMDY 	=	Number of grid blocks where Y-direction grid dimensions (DY) is to be changed.

NUMDZ	=	Number of grid blocks where Z-direction grid dimensions (DZ) is to be changed.

IDCODE 	=	Print code for grid dimension alterations.

If IDCODE = 0, do not print the modified grid dimensions. 

If IDCODE = 1, print the modified grid dimensions.

Example:	0 0 0 0	This specifies that there is no change in grid dimensions; and that the dimensions are not to be printed (even if they were modified).



Line 3:	Use NUMDX set of lines to enter the coordinates of the blocks in the X-direction whose dimensions are to be modified; omit this line if NUMDX =0.

READ:	I, J, K, DX

I 	= 	X-coordinate of block to be modified

J 	= 	Y-coordinate of block to be modified

K 	= 	Z-coordinate of block to be modified

DX 	= 	New X-direction grid dimension (DX) for block (I, J, K)

Note:	NUMDX lines must be read.



Line 4:	Use NUMDY set of lines to enter the coordinates of the blocks in the Y-direction whose dimensions are to be modified; omit this line if NUMDY = 0.

READ:	I, J, K, DY

I	=	X-coordinate of block to be modified

J	= 	Y-coordinate of block to be modified

K 	= 	Z-coordinate of block to be modified

DY 	= 	New Y-direction grid dimension (DY) for block (I, J, K)

Note:	NUMDY lines must be read.



Line 5:	Use NUMDZ Set of lines to enter the coordinates of the blocks in the Z-direction whose dimensions are to be modified; omit this line if NUMDZ = 0.

READ:	I, J, K, DZ

I 	= 	X-coordinate of block to be modified

J	= 	Y-coordinate of block to be modified

K	 = 	Z-coordinate of block to be modified

DZ	 = 	New Z-direction grid dimension (DZ) for block (I, J, K)

Note:	NUMDZ lines must be read.





3.4	Elevations to Top of Grid-Blocks in Layer I



Remember that with the coordinate system used here, Z-direction values increase going down. Thus, elevations must be read as positive depths below the user selected reference datum. Negative values will be interpreted as heights above the datum.



Line 1:	Use this line to identify the next set of data.

READ:	Reader (40A2)

Example:	CAP ROCK AT BASE DEPTHS



Line 2:	This line is used to enter the code for inputting grid-block elevations.

READ:	KEL

KEL = Input code

REMARKS: 	(1)	If KEL = 0, a single constant value is read for the elevation at the top of all grid blocks in Layer 1. (i.e., horizontal plane).

	(2)	If KEL = 1, a separate elevation value must be read for each grid block in Layer 1.  II x JJ values must be read. 

Example:	0	This specifies that a single elevation value is to be read.



Line 3:	This line is used to enter the depth values.

READ:	ELEV

ELEV:	Elevation to top of grid blocks in feet

Example:	8325.0	This specifies that the top of the formation is 8325 feet below the datum.

REMARKS:	(1)	When KEL = 0, read only one value

	(2)	When KEL = 1, read II x JJ values. These values must be read in the same order as indicated in line 7.

	(3)	Elevations to the top of the grid-blocks in layers below Layer 1 will be calculated by adding the layer thickness to the preceding layer elevation; i.e., TOP (I, J, K + 1) = TOP (I, J, K) + DZ (I, J, K)





3.5  	Porosity and Permeability Distributions



Line 1:	Use this line to identify next set of data.

READ:	Header (40A2)

Example:	POROSITY AND PERMEABILITY INPUTS



Line 2:	This line is used to enter the code for controlling porosity and permeability data input.

READ:	KPH, KKX, KKY, KKZ

KPH 	= 	Code for controlling porosity input data (See table 3-2)

KKX 	= 	Code for controlling X-direction permeability (See table 3-2)

KKY 	= 	Code for controlling Y-direction permeability (See table 3-2)

KKZ	 = 	Code for controlling Z-direction permeability (See table 3-2)

Example:	-1 -1 -1 -1	This specifies that porosity and permeabilities are uniform over the grid. Only one porosity value and one value of permeability for each X, Y and Z direction is to be read.



Line 3:	This line is used to enter porosity values as a fraction.

READ:	PHI

Example:	0.25  Specifies 25% porosity.

Note:	(a)	Porosity is read as a fraction (not as a percentage)

	(b)	See table 3-2 for the number of values. When KPH = + 1, the order of input must be as indicated below with layer order



for K = 1,2,. . . KK:

J = 1, I = 1,2, . . . . II

J = 2, I = 1,2, . . . . II

........................

J = JJ, I = 1,2,. . . . II





TABLE 3-2  --  Options for grid-block properties



Code	Value	Porosity and permeability specifications



KPH	-1	Porosity is uniform over the grid; input only one PHI value.

KPH	0	Porosity varies by layer; input KK values of PHI

KPH	+1	Porosity varies over the entire grid; input II x JJ x KK values of PHI

KKX	-1	X-direction permeability is uniform over the grid; input only one KX value

KKX	0	X-direction permeability varies by layer; input KK values of KX

KKX	+1	X-direction permeability varies over the entire grid; input II x JJ x KK values of KX

KKY	-1	Y-direction permeability is uniform over the grid; input only one KY value

KKY	0	Y-direction permeability varies by layer; input KK values of KY

KKY	+1	Y-direction permeability varies over the entire grid; input II x JJ x KK values of  KY

KKZ	-1	Z-direction permeability is uniform over the grid; input only one KZ value

KKZ	0	Z-direction permeability varies by layer; input KK values of KZ

KKZ	+1	Z-direction permeability varies over the entire grid; input II x JJ x KK values of KZ







Line 4:	This line is used to enter X-direction permeability values in md.

READ:	KX

KX = X-direction permeability values

Example:	200.0	This specifies that the X-direction permeability is 200 md.

Note:	(a) 	Permeabilities read in millidarcies (md); KX is a real variable.

	(b)	See table 3-2 for the number of values. When KKX = + 1, the order of input must be as indicated for Line 3 above with layer order K = 1,2, . . . . KK



Line 5:	This line is used to enter Y-direction permeability values in md.

READ:	KY

KY = Y-direction permeability values (in millidarcies) 

KY is a real variable

Example:	200.0	This specifies that the Y-direction permeability is 200 md.

Note:	See table 3-2 for the number of values. When KKY = + 1, the order of input must be as indicated for line 3 above with layer order K = 1, 2, . . . . KK



Line 6:	This line is used to enter Z-direction permeability values in md.

READ:	KZ

KZ = Z-direction permeability values (in millidarcies); 

KZ is a real variable

Example:	20.0	This specifies that the Z-direction permeability is 20 md.

Note:	See table 3-2 for the number of values. When KKZ = + 1, the order of input must be as indicated for line 3 above with layer order K = 1, 2, . . . KK





3.6	Modifications to Porosity and Permeability Distributions



Line 1:	Use this line to identify next set of data.

READ:	Header (40A2)

Example:	POROSITY AND PERMEABILITY MODIFICATION



Line 2:	This line is used to enter the number of grid blocks where porosity and/or permeability values are to be changed, as well as the print code.

READ:	NUMP, NUMKX, NUMKY, NUMKZ, IPCODE

NUMP	=	Number of grid-blocks where porosity (PHI) values are to be changed

NUMKX	=	Number of grid-blocks where X-direction permeability values (KX) are to be changed

NUMKY	=	Number of grid-blocks where Y-direction permeability values (KY) are to be changed

NUMKZ	=	Number of grid-blocks where Z-direction permeability values (KZ) are to be changed

IPCODE	=	Print code for porosity and permeability alterations

	If IPCODE = 0, do not print modified porosity and permeability alterations

	If IPCODE = 1, print modified porosity and permeability distribution

Example:	2 0 0 0 1	This specifies that the porosity values are to be modified in two grid blocks; no permeability changes and print the modified values.



Line 3:	Use NUMP sets of lines to enter the coordinates of the blocks where porosity is to be modified; omit this line if NUMP =0.

READ:	I, J, K, PHI

I 	= 	X-coordinate of block to be modified

J	= 	Y-coordinate of block to be modified

K 	= 	Z-coordinate of block to be modified

PHI	= 	New value of porosity in fraction for block (I, J, K)

Example:	1 1 1 0.125

9 1 1 0.125

This specifies that the porosity of the grids (1,1,1) and (9,1,1) are to be changed to 0.125.

Note:	(1)	Porosity must be entered as a fraction

	(2)	NUMP lines must be read



Line 4:	Use NUMKX sets of lines to enter the coordinates of the blocks in the X-direction where permeability (KX) is to be modified.

READ:	I, J, K, KX

I 	= 	X-coordinate of block to be modified

J 	= 	Y-coordinate of block to be modified

K	= 	Z-coordinate of block to be modified

KX	= 	New value of X-direction permeability (KX) for block (I, J, K) in millidarcies

Note:	(1)	NUMKX lines must be read

	(2)	KX is a real variable

Example:	No line in our example problem.



Line 5:	Use NUMKY sets of lines to enter the coordinates of the blocks in the Y-direction where permeability (KY) is to be modified.

READ:	I, J, K, KY

I 	= 	X-coordinate of block to be modified

J	= 	Y-coordinate of block to be modified

K	= 	Z-coordinate of block to be modified

KY	= 	New value of Y-direction permeability (KY) for block (I, J, K) in millidarcies

Example:	No line in our example problem.

Note:	(1)	NUMKY lines must be read

	(2)	KY is a real variable



Line 6:	Use NUMKZ sets of lines to enter the coordinates of the blocks in the Z-direction where permeability (KZ) is to be modified.

READ:	I, J, K, KZ

I 	= 	X-coordinate of block to be modified

J 	= 	Y-coordinate of block to be modified

K	= 	Z-coordinate of block to be modified

KZ 	= 	New value of Z-direction permeability (KZ) for block (I, J, K) in millidarcies

Example:	No line in our example problem.

Note:	(1)	NUMKZ lines must be read

	(2)	KZ is a real variable





3.7  	Transmissibility Modifications



Note:	It is extremely important to keep in mind the directional convention used in specifying transmissibility modifications. For example, in grid block (I, J, K),

TX (I, J, K) 	is the X-direction transmissibility which refers to flow across the boundary between blocks (I-1,J,K) and (I,J,K)

TY (I, J, K) 	is the Y-direction transmissibility which refers to flow across the boundary between blocks (I,J-1,K) and (I,J,K)

TZ (I, J, K) 	is the Z-direction transmissibility which refers to flow across the boundary between blocks (I,J,K-1) and (I,J,K)



Line 1:	Use this line to identify next set of data.

READ:	Header (40A2)

Example:	TRANSMISSIBILITY MODIFICATIONS



Line 2:	This line is used to enter the number of grid blocks where transmissibilities are to be changed, and print code.

READ:	NUMTX, NUMTY, NUMTZ, ITCODE

NUMTX 	=	Number of grid blocks where X-direction transmissibility (TX) is to be changed

NUMTY 	=	Number of grid blocks where Y-direction transmissibility (TY) is to be changed

NUMTZ 	=	Number of grid blocks where Z-direction transmissibility (TZ) is to be changed

ITCODE 	= 	Print code for transmissibility modification

If ITCODE = 0, do not print the modified transmissibility distributions

If ITCODE = 1, print the modified transmissibility distributions

Example:	0 0 0 0	This specifies that no transmissibility modifications are to be made or printed.



Line 3:	Use NUMTX sets of lines to enter the coordinates of the blocks in the X-direction where transmissibility (TX) is to be modified. Omit this line if NUMTX = 0.

READ:	I,J,K,TX

I 	= 	X-coordinate of block to be modified

J 	= 	Y-coordinate of block to be modified

K 	= 	Z-coordinate of block to be modified

TX 	= 	New value of X-direction transmissibility (TX) in md-ft for block (I, J, K)

Note:	NUMTX lines must be read



Line 4:	Use NUMTY sets of lines to enter the coordinates of the blocks in the Y-direction where transmissibility (TY) is to be modified. Omit this line if NUMTY = 0

READ:	I,J,K,TY

I 	= 	X-coordinate of block to be modified

J 	= 	Y-coordinate of block to be modified

K 	= 	Z-coordinate of block to be modified

TY 	= 	New value of Y-direction transmissibility (TY) for block (I, J, K)

Note:	NUMTY lines must be read



Line 5:	Use NUMTZ sets of lines to enter the coordinates of the blocks in the Z-direction where transmissibility (TZ) is to be modified. Omit this line if NUMTZ = 0.

READ:	I, J, K, TZ

I 	= 	X-coordinate of block to be modified

J 	= 	Y-coordinate of block to be modified

K 	= 	Z-coordinate of block to be modified

TZ	 = 	New value of Z-direction transmissibility (TZ) for block (I, J, K)

Note:	NUMTZ lines must be read





3.8	Relative Permeability and Capillary Pressure Tables



Line 1:	Use this line to input table headings.

READ:	Header (40A2)

Example:	SAT KRO KRW KRG PCOW PCGO



Line 2:	Read relative permeability and capillary pressure tables.

READ:	SAT1  KRO1  KRW1  KRG1  PCOW1  PCGO1

SAT2  KRO2  KRW2  KRG2  PCOW2  PCGO2

...................................................

SATn  KROn  KRWn  KRGn   PCOWn  PCGOn



Note:	(1)	SATn must be 1.1 or greater

	(2)	Read each saturation as a fraction in ascending order

	(3)	Read as many lines as there are table entries (Maximum number of table entries allowed is assigned in the ‘DIMENSION' block in PC-GEL)

	(4)	KRO, KRW etc. are real variables



Example: 	

	0.0	0.0	0.0	0.0	0.	0.	Begin the relative permeability/capillary

	0.10	0.0	0.0	0.0	0.	0.	pressure data with lowest saturation.

	0.20	0.0015	0.0	0.075	0.	0.

	0.30	0.0023	0.0122	0.190	0.	0.

	0.40	0.0370	0.0244	0.410	0.	0.

	0.50	0.0571	0.0336	0.72	0.	0.

	0.60	0.134	0.0672	0.87	0.	0.

	0.70	0.207	0.1344	0.94	0.	0.

	0.80	0.604	0.2688	0.966	0.	0.

	0.90	1.00	0.4704	0.993	0.	0.



	1.10	1.0	0.5	1.0	0.	 0.	Saturation greater than or equal to 1.10

	specifies the end of the relative

	permeability/capillary pressure data.



SAT 	=	 Phase saturation

KRO 	= 	Oil phase relative permeability, fraction

KRW 	= 	Water phase relative permeability, fraction

KRG 	= 	Gas phase relative permeability, fraction 

PCOW	= 	Oil-water capillary pressure, psi 

PCGO 	= 	Gas-oil capillary pressure, psi



REMARKS:	SAT refers to the saturation of each particular phase.

In a data line following SAT = 0.3; KRO would refer to the oil relative permeability in the presence of 30% oil saturation, KRW would refer to the water relative permeability in the presence of 30% water saturation; KRG would refer to the gas relative permeability in the presence of 30% gas saturation; PCOW would refer to the oil-water capillary pressure in the presence of 30% water saturation, and PCGO would refer to the gas-oil capillary pressure in the presence of 30% gas saturation.





3.9 	Oil-Water-Gas PVT Tables



Line 1:	Use this line to input table headings for next line.

READ:	Header (40A2)

Example:	PBO  VSLOPE  BSLOPE  RSLOPE  PMAX  IREPRS



Line 2:	Use this line to enter the values of bubble-point pressure, under-saturated oil properties, and maximum PVT table pressure.

READ:	PBO, VSLOPE, BSLOPE, RSLOPE, PMAX, IREPRS

PBO	=	Initial reservoir oil bubble-point pressure, psia

VSLOPE	=	Slope of the oil viscosity versus pressure curve for pressure above

		PBO (i.e., for under-saturated oil). This value is in cp/psi

BSLOPE	=	Slope of oil formation volume factor versus pressure curve for

		pressure above PBO (i.e., for under-saturated oil). This value is in

		RB/STB/psi.

RSLOPE	=	Slope of the solution gas-oil ratio versus pressure curve for pressure

		above PBO (i.e., for under-saturated oil). This value is in SCF/STB/psi

PMAX	=	Maximum pressure entry for all PVT tables, psia

IREPRS	=	Code for repressurization algorithm;

		IREPRES = 0 means no repressurization will be performed,

		IREPRES = 1 means repressurization will be performed.

Example:	4014.7  0.0  -0.000001  0.  9014.7  1

Notes: 	(1)	VSLOPE, BSLOPE and RSLOPE are used only for under-saturated oil

	(2)	BSLOPE should be a negative number and is related to under-saturated oil compressibility, Co by Co = BSLOPE/BO

	(3)	Normally, RSLOPE will be zero

	(4)	If IREPRS = 0, a new bubble-point pressure will be calculated for each grid block containing free gas at the end of each time step.

	(5)	PMAX (9014.7 in this example data file) is used as a termination flag for other PVT input variables.



Line 3:	Use this line to input oil-PVT table headings.

READ:	Header (40A2)

Example:	PRES  VISCO  BO  RSO



Line 4:	Read oil PVT data.

READ:	P1  	MUO1  	BO1  	RSO1

P2  	MUO2  	BO2  	RSO2

....................................

PMAX 	MUOn 	BOn 	RSOn

P	=	Pressure, psia

MUO	=	Oil viscosity, cP

BO	=	Oil formation volume factor, RB/STB

RSO	=	Solution gas-oil ratio, SCF/STB

Example:	14.7	 2.0 	1.5 	1.0 

	4014.7 	2.0 	1.5 	1.0

	9014.7 	2.0 	1.5	1.0	PMAX (9014.7) specifies end of oil PVT data



Note:	(1) 	The last pressure entry must be PMAX as specified in line 2.

	(2)	Oil properties must be entered as saturated data over the entire pressure range. Laboratory saturated oil data will generally have to be extrapolated above the measured bubble-point pressure to cover the maximum pressure range anticipated during the simulation run. The saturated oil data are required because of the bubble-point tracking scheme used by PC-GEL.

	(3)	The saturated oil data above the initial bubble point pressure will only be used if the local reservoir pressure rises above the initial bubble point pressure and free gas is introduced. An example of this would be pressure maintenance by gas injection into the oil zone.



Line 5:	Use this line to input water PVT table headings.

READ:	Header (40A2)

Example:	PRES  VISW  BW  RSW



Line 6:	Read water PVT data.

READ:	P1	 MUW1 	BW1 	RSW1

	P2	 MUW2 	BW2 	RSW2

	....................................

	PMAX 	MUWn 	BWn 	RSWn

P	= 	Pressure, psia

MUW	= 	Water viscosity, cp

BW	= 	Water formation volume factor, RB/STB

RSW	= 	Solution gas-water ratio, SCF/STB



Example:	14.7	1.0	1.0	0.0

	4014.7	1.0	1.0	0.0

	9014.7	1.0	1.0	0.0	(PMAX (9014.7) specifies end of water PVT data.)



Notes:	(1) 	The last pressure entry must be PMAX as specified in line 2.

	(2)	The assumption is often made in black oil simulations that the solubility of gas in reservoir brine can be neglected. This model incorporates this water PVT table to handle such situations as gas production from geo-pressured aquifers, or any other case where gas solubility in water is considered to be of significance to the solution of the problem.



Line 7:	Use this line to input gas PVT table headings and rock compressibility.

READ:	Header (40A2)

Example:	PRES  VISG  BG  CR



Line 8:	Read gas PVT data and rock compressibility.

READ:	P1	MUG1	BG1	CR1

	P2 	MUG2	BG2	CR2

	.......................

	PMAX	MUGn	BGn	CRn

P	= 	Pressure, psia

MUG	= 	Gas viscosity, cp

BG	= 	Gas formation volume factor, RCF/SCF

CR	= 	Rock compressibility, psi-1

Example:	14.7 	0.0080 	0.935800 	0.000003

	514.7	0.0112	0.035228	0.000003

	1014.7	0.0140	0.017951	0.000003

	2014.7	0.0189	0.009063	0.000003

	3014.7	0.0228	0.006064	0.000003

	5014.7	0.0309	0.003644	0.000003

	9014.7	0.0470	0.002167	0.000003	(PMAX (9014.7) specifies end of gas

	PVT data.)



Note:	(1) 	The last pressure entry must be PMAX as specified in line 2.

	(2)	Total number of table entries should be 25 or less.



Line 9:	Use this line to identify next set of input data.

READ:	Header (40A2)

Example:	RHOSCO RHOSCW RHOSCG



Line 10:	Read stock tank fluid densities.

READ:	RHOSCO, RHOSCW, RHOSCG

RHOSCO 	= 	Stock tank oil density, lb/cu ft

RHOSCW 	= 	Stock tank water density, lb/cu ft

RHOSCG 	= 	Gas density at standard conditions, lb/cu ft

Example:	46.24  62.24  0.0647

Note:	Stock tank conditions are 14.7 psia and 60º F





3.10  	Chemical Data for Gel System



Transport data of the gel chemical system are entered in this section Only if NGEL = 1 is entered in section 3.2.  If NGEL = 0, no gel chemical transport calculation will be conducted and, therefore, go to section 3.11.  The physical meaning of parameters required in the transport equation is explained in Section 2.



Line 1:	Use this line to identify next set of data.

READ:	Header (40A2)

Example:	CHEMICAL DATA FOR GELATION



Line 2:	Read nth-order central difference method for solving the continuity equation.

READ:	MORDER

Example:	5



Line 3:	Read dispersion coefficients in x-, y-, and z-directions.

READ:	DDX DDY DDZ

DDX	=	Dispersion coefficient in the x-direction, ft2/day

DDY	=	Dispersion coefficient in the y-direction, ft2/day

DDZ	=	Dispersion coefficient in the z-direction, ft2/day

Example:	0.001875	0.001875    0.001875



Line 4:	Read reaction rate constants.

READ:	K1  K2  NRX

K1	= 	Reaction rate constant in ppm-1 day-1  in Equation 4. 

K2	=	Reaction rate constant in ppm-3 day-1 in Equations 5 and 6. 

NRX 	= 	Value of n in Equations 3 and 5. 

Example:	1.111E-4     1.111E-4     1000



Line 5:	Read adsorption data in Eq. 13 for five chemicals, respectively. 

READ:	(AA(I), I=1,5) 

Example:	0  0  0  0  0



Line 6:	Read adsorption data in Eq. 13 for five chemicals, respectively. 

READ:	(B(I), I=1,5) 

Example:	 0  0  0  0.0427  0.0855



Line 7:	Read RRF parameters in Eq. 15 for five chemicals, respectively. 

READ:	(CL(I),I=1,5)

Example:	0  0  0  0  1



Line 8:	Read RRF parameters in Eq. 15 for five chemicals, respectively.

READ:	(GAMMA(I), I=1,5)

Example:	0  0  0  0  0



Line 9:	Read viscosity parameters in Eq. 7 for polymer solution.

READ:	ALPHA1   ALPHA2   ALPHA3

Example:	3.98E-3   2.29E-6   1.695E-9



Line 10:	Read viscosity parameters in Eqs. 8 and 9 for gel solution.

READ:	BETA1   BETA2   BETA3   CGC

Example:	4.825E-3   1.608E-6   3.6E-7   1000



Line 11:	Read parameters for calculating parameters in Meter's equation (Eq. 10).

READ:	GAMMA0   GAMMA1   GAMMA2   GAMMA3   SHEARA   SHEARB 

p = GAMMA0 + GAMMA1 x Cp + GAMMA2 x Cp2 + GAMMA3 x Cp3 

� EMBED Equation.2  ��� - SHEARA x CpSHERB

Example:	1.471   1.960E-4   -2.882E-8   0.00   3.923E8   -2.116



Line 12:	Read inaccessible pore volume (IPV) parameters for macromolecules of chemical

	component 1 through 5, respectively, in each layer.

READ:	(FIPV(I), I=1,5)

Example:	1.0   1.0   1.0   0.9   0.8	(IPV of five components for layer 1)

	1.0   1.0   1.0   0.9   0.8	(IPV of five components for layer 2)

Note:	There must be the same number of lines of IPV parameters as there are layers in the reservoir description.



Line 13:	Read maximum concentrations allowed for chemical component 1 through 5, respectively, in transport calculations.

READ:	C1MAX   C2MAX   C3MAX   C4MAX   C5MAX

Example; 	1000.   1400.   1000.   3000.   3000.





3.11	Pressure and Saturation Initialization



PC-GEL contains two options for pressure and saturation initialization. Initial pressure and saturation distributions can be calculated based on equilibrium conditions using the elevations and pressure of the gas-oil and water-oil contacts (option 1).  Alternatively, the initial pressure distribution can be read on a block-by-block basis, as in the case of a non-equilibrium situation (option 2).  Saturations can either be read as constant values for the entire grid (option 1) or the entire SO and SW distributions are read on a block-by-block basis, and the program calculates the Sg distribution for each block as SG = 1.0 - SO-SW (option 2).



Line 1:	Use this line to identify next set of data.

READ:	Header (40A2)

Example:	INITIAL PRESSURE & SATURATION BASED ON EQUILIBRIUM CONDITIONS.



Line 2:	Use this line to enter the codes for pressure and saturation initialization.

READ:	KPI, KSI

KPI 	= 	Code for controlling pressure initialization (see table 3-3) 

KSI 	= 	Code for controlling saturation initialization (see table 3-3)

Example:	0  0



Line 3:	Use this line to enter the equilibrium pressure initialization data. 

Skip this line if KPI = 1 or 2.

If KPI = 0 then

READ:	PWOC,  PGOC,  WOC,  GOC

PWOC 	= 	Pressure at the water-oil contact, psia

PGOC	= 	Pressure at the gas-oil contact, psia

WOC 	= 	Depth to the water/oil contact, in feet below datum

GOC 	= 	Depth to the gas/oil contact, in feet below datum

Example:	4806.6   0.0   8425.0   8300.0

Note:	(a)  	Input this record only if KPI = 0

	(b)	PWOC and PGOC are used together with depth to calculate the initial oil phase pressure at each grid-block mid point.





TABLE 3-3.  --  Options for initializing pressure and saturation



Code	Value	Pressure and saturation specifications



KPI	0	Use equilibrium pressure initialization. Input pressures at the oil/water contact and gas/oil contact and elevations to each contact.



KPI	1	Use non-equilibrium pressure initialization  Read pressures for each grid block on a block-by-block basis.  NOTE:  II x JJ x KK values must be read.



KPI	2	Use non-equilibrium pressure initialization. Read pressures for each layer.



KSI	0	Initial oil, water and gas saturations are constant over the entire model grid.

		NOTE:  Read three values - SOI, SWI and SGI.



KSI	1	Read oil and water saturations for each grid block on a block-by-block basis.  The gas saturations for each grid block will be calculated by the program.  NOTE: II x JJ x KK values must be read for oil saturation; II x JJ x KK values must be read for water saturation.



KSI	2	Read oil and water saturation for each layer.







Line 4:	Use this line to enter the non-equilibrium pressure initialization data. 

Skip this line if KPI =0.

	(a)	If KPI = 1, then

READ:	P

P = Pressure for the entire grid, psia

Note:	(1)	A value of 'P' must be read for each grid block in the model grid.  Read a total of II x JJ x KK values.  The order of input must be as indicated below with layer 

		order K = l,2,. . . .,KK. 

		J = 1   I = 1,2, . . . . II 

		J = 2   I = 1,2. . . . . II

	.........................

		J = JJ  I=1,2, . . . . II

	(2)	Input this record only if KPI = 1

	(b)	If KPI = 2, then

READ:	P

P = Initial pressure to be assigned to a layer in the model, psia

Example:	4800.   4810.  4820.

Note: 	(1)	A value of 'P' must be read for each layer in the model grid. Read a total of KK values in one row following the order of K = 1,2, . . . ., KK

	(2)	Input this record only if KPI = 2



Line 5:	Use this line to initialize the saturation data for a constant saturation case.

If KSI = 0, then see (a) below. If KSI = 1, then see (b) below. If KSI = 2, then see (c) below.

	(a)	If KSI = 0, then

READ:	SOI, SWI, SGI

SOI 	= 	Initial oil saturation to be assigned to all grid blocks in the model

SWI 	= 	Initial water saturation to be assigned to all grid blocks in the model 

SGI 	= 	Initial gas saturation to be assigned to all grid blocks in the model

Example:	0.8   0.2   0.0

Note:	Input all saturation values as a fraction.

	(b)	In a non-equilibrium case when KSI = 1, then

READ:	SO ,SW

SO 	= 	Initial oil saturation array

SW 	= 	Initial water saturation array

Note:	(1) 	A value of SO must be read for each grid block in the model grid. Read a total of

		II x JJ x KK values. The order of input must be as indicated below with layer 

		order K = l,2, . . . KK.

		J = 1   I = 1,2, . . . ., II

		J = 2   I = 1,2, . . . .  II

	.......................

		J = JJ  I =1,2, . . . . II

	(2)	A value of SW must be read for each grid block in the model grid. Read a total of II x JJ x KK values.  The order of input must be as indicated above (see note 1) with layer order  K = 1,2,. . . ., KK

	(3)	Input this record only if KSI = 1

	(c)	If KSI = 2. then

READ:	SO

READ:	SW

SO 	= 	Initial oil saturation to be assigned to a layer in the model 

SW 	= 	Initial water saturation to be assigned a layer in the model

Example:	0.8   0.5   0.9

0.2   0.5   0.1

Note:	(1) 	Input all saturation values as a fraction.

	(2)	A value of SO must be read for each layer. Read a total of KK values in one row following the order of K = 1, 2, ......, KK.

	(3)	A value of SW must be read for each layer. Read a total of KK values in one row following the order of K = 1, 2, ......, KK.





3.12	Debug and Diagnostics Codes



Several codes for controlling diagnostics output for use in program debugging are provided. These codes should normally be set to zero.  These codes will not provide information for debugging data input.  Activating any of the codes will generate an extremely large volume of output!



Line 1:	Use this line to identify next set of data.

READ:	Header (40A2)

Example:	KSN1 KSM1 KCO1 KTR KCOF



Line 2:	Use this line to input diagnostics codes.

READ:	KSN1, KSM1, KCO1, KTR, KCOF

KSN1	 = 	LSOR parameter debug output control (see table 3-4) 

KSM1 	= 	Solution matrix debug output control (see table 3-4) 

KCO1 	=	Compressibility and formation volume factors debug output control (see table 3-4) 

KTR  	= 	Transmissibility debug output control (see table 3-4)

KCOF	= 	Density and saturation debug output control (see table 3-4)

Example:	0   0   0   0   0

In the above example, all diagnostics codes are set equal to 0.  This means no diagnostic output is to be printed.





TABLE 3-4.  --  Options for controlling diagnostics output



Code	Value		Diagnostics specifications



KSN1	0	No LSOR diagnostics output will be printed. 



KSNn	n	The number of LSOR iterations required to convergence is printed at each nth time-step.



KSM1	0	No solution matrix will be printed. 



KSMn	n	The solution matrix will be printed the first time-step and every nth step thereafter. 



KCO1	0	No compressibilities and formation volume factors will be printed. 



KCOn	n	Oil, water and gas compressibilities and formation volume factors will be printed the first time and every nth step thereafter. 



KTR	0	No transmissibilities will be printed. 



	1	Transmissibilities will be printed at the beginning of each simulation run and whenever transmissibilities are modified. 



KCOF	0	No saturations, gravity terms and source terms are printed. 



	1	Saturations, gravity terms etc. are printed in the main program each time step. Also component mobilities, grid block flow coefficients, formation volume factors and gravity terms are printed at each time step. 







3.13	Run Control Parameters



Line 1:	Use this line to identify next set of data.

READ:	Header (40A2)

Example:	NMAX FACT1 FACT2 TMAX WORMAX GORMAX PAMIN PAMAX



Line 2:	Use this line to enter run time control parameters.

READ:	NMAX, FACT1, FACT2, TMAX, WORMAX, GORMAX, PAMIN, PAMAX

NMAX	= 	Maximum number of time steps allowed before run is terminated

FACT1	= 	Factor for increasing time step size under automatic time step control; 

FACT2	=	Factor for decreasing time step size under automatic time step control;

TMAX	=	Maximum simulation run time, days (run will be terminated when time exceeds TMAX)

WORMAX	=	Limiting maximum field water-oil ratio, in STB/STB; simulation will be terminated if total producing WOR exceeds WORMAX

GORMAX	=	Limiting maximum field gas-oil ratio, in SCF/STB; simulation will be terminated if total producing GOR exceeds GORMAX

PAMIN	=	Limiting minimum field average pressure, psia; simulation will be terminated if average reservoir pressure falls below PAMIN

PAMAX	=	Limiting maximum field average pressure, psia; simulation will be terminated if average reservoir pressure exceeds PAMAX

Example:	500  1.2  0.5  365.0  20.0  500000.  14.7  10000

The above example specifies automatic time step control and the simulation is to be terminated if:

(a)	simulation time steps exceed 500 or

(b)	simulation run time exceeds 1 year (365 days) or

(c)	total producing water-oil ratio exceeds 20 STB/STB or

(d)	total producing gas-oil ratio exceeds 500,000 SCF/STB or

(e)	average reservoir pressure falls below 14.7 psia or

(f)	average reservoir pressure exceeds 10,000 psia.

Note:	(1)	Time-step size cannot be less than DTMIN nor greater than DTMAX as specified in the recurrent data section

	(2)	For fixed time-step size, specify FACT1 = 1.0 and FACT2 = 1.0 and/or specify DTMIN = DTMAX = DT in the recurrent data section

	(3)	For automatic time-step control, set FACT1> 1.0 and FACT2 < 1.0; suggested values are FACT1 = 1.25 and FACT2 =0.5

	(4)	Automatic time-step control means the following: 

(a)	If at the beginning of a time-step, the maximum grid-block pressure and saturation changes from the previous step are less than DPMAX and DSMAX, respectively (DPMAX and DSMAX are defined in Section 3.14), the size of the current time-step will be increased by FACT1

(b)	If at the beginning of a time-step, the maximum grid-block pressure or saturation change from the previous step is greater than DPMAX or DSMAX, respectively, the size of the current time-step will be decreased by FACT2

(c)	If at the end of one iteration (after new pressures and saturations are calculated), the maximum pressure change exceeds DPMAX or the maximum saturation change exceeds DSMAX, and FACT2 < 1.0, the size of the current time-step will be decreased by FACT2 and the iteration will be repeated.





3.14	Solution Method Control Parameters



Line 1:	Use this line to identify next set of data.

READ:	Header (40A2)

Example:	KSOL  MITR  OMEGA  TOL  TOL1  DSMAX  DPMAX



Line 2:	Use this line to specify various parameters for controlling LSOR solution method.

READ:	KSOL, MITR, OMEGA, TOL, TOL1, DSMAX, DPMAX

KSOL	=	Solution method code (See p. 24 of reference 38)

MITR	=	Maximum number of LSOR iterations for convergence; a typical value is 100

OMEGA	=	Initial LSOR acceleration parameter.  The initial value for OMEGA must be in the range 1.0 < OMEGA < 2.0.  A typical initial value for OMEGA is 1.20.  The model will attempt to optimize OMEGA as the solution proceeds if TOL is greater than zero

TOL	=	Maximum acceptable pressure change for LSOR convergence; a typical value is 0.1 psi

TOL1	=	Parameter for determining when to change (i.e. optimize) OMEGA; a typical value is 0.0005.  If TOL1 = 0.0 the initial value of OMEGA will be used for the entire simulation

DSMAX	=	Maximum saturation change (fraction) permitted over a time-step. The time-step size will be reduced by FACT2 if FACT2 < 1.0 and the saturation change of any phase in any grid-block exceeds DSMAX and the current step-size is greater than DTMIN.  If the resulting step-size is less than DTMIN, the time-step will be repeated with the step-size DTMIN.  A typical value of DSMAX is 0.05

DPMAX	=	Maximum pressure change (psi) permitted over a time-step.  The time-step size will be reduced by FACT2 if FACT2 < 1.0 and the pressure change in any grid-block exceeds DPMAX and the current step-size is greater than DTMIN.  If the resulting step-size is less than DTMIN, the time-step will be repeated with step-size DTMIN. A typical value of DPMAX is 50 psi.

Example:	100  1.70  0.1  0.0  0.05  50.0

�4. RECURRENT DATA





4.1	Introduction



During the course of a simulation run, it is generally desirable to be able to (1) add or delete injection/production wells, (2) control injection/production rates or bottomhole pressures at all existing wells, and (3) specify the types and frequency of output information.  These types of controls and output specifications are accomplished in this model via "recurrent data" records. That is, as the simulation proceeds, well specification and print control information is input at preselected times.



Recurrent data record pairs are input which control printed output and time-step size for a specified time period.  The first parameter (IWLCNG) on the first recurrent data record specifies whether or not to read well information.  If IWLCNG = 0, well information is not read.  If IWLCNG = 1, well information is read immediately following the recurrent data record pair.  In any case, the simulator advances through time-steps until the specified elapsed time (ICHANG times DT) has occurred.  During this period, all print codes and the latest well information applies.  At the end of this period, a new set of recurrent data records are read again.  This reading process of recurrent data records is repeated until the cumulative simulation time TMAX specified in section 3.13 is reached or exceeded.  A general flow diagram outlining the data input structure for recurrent data is shown in Fig. 1.



Line 1:	Use this line to signify the start of the recurrent data.

READ:	Header (40A2)

Example:	RECURRENT DATA RECORDS

Note:	This line is read only once.



Line 2:	Use this line to signify the time increment (in day) for printing simulation results in the rate summary report.

READ:	DTPRINT

Example:	5.	This example specifies that key simulation results will be printed every 5 days in the rate summary report.

Note:	This line is read only once.
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FIGURE 1

Flow chart of data input structure for recurrent data.



�4.2	Time-Step and Output Control Codes



Note:	(a)	Recurrent data record pairs are read at preselected times

	(b)	A recurrent data record 'pair' consists of one integer control record and one time-step size specification record

	(c)	Lines 1 and 2 below constitute a recurrent data record pair.  These records may be read any number of times during a simulation run until the cumulative simulation time TMAX specified in section 3.13 is reached or exceeded

	(d)	Well information records (section 4.3) must be read immediately following each pair of recurrent data records if and only if IWLCNG = 1

	(e)	If well information is read; all specified rates and pressures will be used this time-step and all subsequent time-steps until new well information is read



Line 1:	This line is used to input time-step, output, and transport calculation control codes.

READ:	IWLCNG, ICHANG, IWLREP, ISUMRY, IPMAP, ISOMAP, ISWMAP, ISGMAP, IPBMAP, ICHMAP, CHEMAP, NGEL (in one line)

IWLCNG	=	Code to tell the program whether or not the well information lines should be read this time-step.  If IWLCNG = 0, well information is not read this step.  If IWLCNG = 1, well information is read this step.

ICHANG	=	A number for calculating the time period "ITIME" (see note 2 below) for which this recurrent data record pair will apply

IWLREP	=	Output code for printing well report, (1 = print, 0 = no print)

ISUMRY	=	Output code for printing summary report, (1 = print, 0 = no print)

IPMAP	=	Output code for printing pressure distribution, (1 = print, 0 = no print)

ISOMAP	=	Output code for printing oil saturation distribution, (1 = print, 0 = no print)

ISWMAP	=	Output code for printing water saturation distribution, (1 = print, 0 = no print)

ISGMAP	=	Output code for printing gas saturation distribution (1 = print, 0 = no print)

IPBMAP	=	Output code for printing bubble-point pressures (1 = print, 0 = no print)

ICHMAP	=	Output code for printing gel chemical distribution in the regular output file, (1 = print, 0 = no print)

CHEMAP	=	Time increment (in days) for printing detail distributions of chemicals, RRF, and viscosity increase in the chemical concentration and RRF report.  Maps will be printed every CHEMAP days.  If CHEMAP > ETI, no maps will be printed.

NGEL	=	Flag code for invoking in situ gelation calculation  If NGEL =  0, no transport calculation, e.g., during waterflood.  If NGEL = 1, invoke transport calculation

Example:	1  1  1  1  0  0  0  0  0  0  30.  1

The above example specifies that:

	(a)	Well information is read at this step;

	(b)	1 is to be used as the number for calculating the time period for which this recurrent data will apply;

	(c)	well report and summary reports are to be printed at this step;

	(d)	no pressure, saturation, or gel chemical concentration maps are to be printed in the regular output file at this step;

	(e)	in situ gelation calculations will be conducted; and

	(f)	chemical distribution, RRF, and viscosity increase will be printed in a separate file every 30 days.

Note:	(1) 	If IWLCNG = 1, well information lines must be read.

	(2)	If 'ETI' is the time at the beginning of the current step, then this recurrent data record pair will apply from ETI until FTMAX = ETI + ITIME where ITIME = ICHANG times DT.  DT is the initial time-step size for this period as read in line 2 below.

	(3)	The actual number of time-steps for which ICHANG is used will likely be different from ICHANG if automatic time-step control is 'on.' Whenever the calculated simulation time exceeds 'FTMAX,' the current step-size is reduced to give an elapsed time of exactly FTMAX. Whenever FTMAX is reached, another recurrent data record pair is read.

	(4)	If the output code value = 0, the information will not be printed.

		If the output code value = 1, the information will be printed for each time-step during this period from ETI days to ETI + ITIME days.

	(5)	NGEL should be set to 0 before injection of gel chemicals to save model computation time. Once the chemical injection is initiated, NGEL should be always set to 1 in subsequent time steps.



Line 2:	This line is used to input time-step control information.

READ:	DT, DTMIN, DTMAX, HOUR, MIN, SEC

DT	=	Initial time-step size (days) for this period

DTMIN	=	Minimum time-step size (days) for this period

DTMAX	=	Maximum time-step size (days) for this period

HOUR	=	Initial time-step size (hours) for this period

MIN	=	Initial time-step size (minutes) for this period

SEC	=	Initial time-step size (seconds) for this period

Example:	3.0   3.0   3.0   0.   0.   0.

Note:	(a)	Initial time-step size = DT + HOUR/24 + MIN/1440 + SEC/86400.

		In the above example, Initial time-step size = 3.0 + 0./24 + 0./1440 + 0./86400 = DTMIN = DTMAX = 3.0, so the automatic time step control is overridden.

	(b)	The time period referred to is the time for which this recurrent data pair will be used.  This period is from the current simulation time (ETI) to an elapsed time of ETI + ITIME, where ITIME = ICHANG times DT.

	(c)	Common (suggested) values for DTMIN and DTMAX are 0.1 and 10.0 days, respectively.

	(d)	Automatic time-step control can be overridden by specifying DTMIN = DTMAX = DT.

REMARK:	Lines 1 and 2 above constitute a "recurrent data record pair".  If IWLCNG = 1, well data as described in the next section must be read. IF IWLCNG = 0, well data is not read.  Recurrent data records should be input until the cumulative time as given by the summation of ICHANG times DT for each pair exceeds the maximum desired simulation time (TMAX).  The simulation will terminate if EOF (end of file) is encountered due to no more recurrent data.





4.3	Well Information Records



Line 1:	Use this line to describe well activities. (Omit this line if IWLCNG = 0)

READ:	Header (40A2)

Example:	NUMBER OF WELLS



Line 2:	Total number of vertical wells for which well information is to be read (Omit this line if IWLCNG =0)

READ:	NVQN

	NVQN  = Number of vertical wells

Example:	2	specifies 2 vertical wells

Note:	(1)	Must repeat lines 3, 4, 5, 6 a total of NVQN times

	(2)	Wells may be added or recompleted at any time during the simulation. However, once a well has been specified, it must be included each time when well information is read unless the well is currently shut-in.



Line 3:	Vertical well ID (Omit this line if IWLCNG = 0)

READ:	WELLID = Five character well name

Example:	PROD1; this indicates the vertical well name is PROD1



Line 4:	Vertical Well Information (Omit this line if IWLCNG = 0)

READ:	I, J, PERFI, NLAYER, KIP, QO, QW, QG, QT

I	=	X-coordinate of grid-block containing this well

J	=	Y-coordinate of grid-block containing this well

PERFI	=	Layer number of the uppermost layer completed.

NLAYER	=	Total number of consecutive completion layers, starting with and including PERFI.

KIP 	=	Code for specifying both well type and whether the well's production (injection) performance is determined by specifying rates or specifying flowing bottomhole pressure and also whether an explicit or implicit pressure calculation is to be made. For most cases, the implicit pressure calculation is recommended. See Table 4-1 for the code details. For more information on KIP see the notes of this section.

QO  	=	Oil rate, STB/D (nonzero only if KIP = 1 and QT = 0.0)

QW 	=	Water rate, STB/D (nonzero only if KIP = 2)

QG  	=	Gas rate, MCF/D (nonzero only if KIP = 3)

QT  	=	Total fluid rate (nonzero only if KIP = 1 and QO = 0.0)

Example:	10   1   1   1   1   600.   0.   0.   0.

The above example specifies that the well PROD1 is located in the grid block (10,1,1); completed in one layer and produces oil at the rate of 600 STB/D.

Note:	(1) Table 4-1 summarizes all well control options

	(2)	Negative rates indicate fluid injection; positive values indicate fluid production.

	(3)	NLAYER must include all layers from PERFI to the lower most layer completed. For example, in a 5-layer model, if a well is completed in layers 2, 3, & 5, set PERFI = 2 and NLAYER = 4.  Note that in this, layer 4 must be included in NLAYER even though layer 4 is not perforated.  Layer 4 may be shut in by specifying a large SKIN value (e.g. 9999) for layer 4 in line 4 below.

	(4)	The total fluid rate given by QT is the oil plus water plus gas production for the well or the total reservoir voidage at stock tank conditions.

	(5)	Only one of the four values (QO, QW, QG, or QT) may be nonzero. If KIP < 0, all four values should be zero.

	(6)	For most applications, implicit pressure calculations are recommended.

	(7)	If KIP  =  2, -2  or -12,  only water will be produced or injected;  if KIP = 3, -3, or -13, only gas will be produced or injected; solution gas is not considered; therefore, these options are only recommended for water or gas injection wells. If KIP = 1, -1, or -11, oil, water, and gas will be produced in proportion to fluid mobilities and pressure constraints.

	(8)	If KIP > 0, the specified rate will be allocated to layers based on total layer mobilities; e.g., if QW is specified and there are two layers QW1 = QW * TM1/(TM1 + TM2) and QW2 = QW * TM2/(TM1 + TM2), where TM1 = total mobility for layer 1 and TM2 = total mobility for layer 2.

�TABLE 4-1  --  Options for controlling well performance



Code	Value	Rate or pressure specifications



KIP	1	Production (oil) well; specify rate, QO or QT



KIP	2	Water well; specify injection rate, QW



KIP	3	Gas well; specify injection rate, QG



KIP	-1	Oil well; oil, water & gas production rates will be calculated based on fluid mobilities and PID and PWF for each layer.  Well will be shut-in if block pressure <PWF.  Explicit pressure calculations are used.



KIP	-2	Water well; Water injection rate will be calculated based on total mobility of oil, water, and gas and PID and PWF for each layer.  Well will be shut-in if block pressure >PWF.  Explicit pressure calculations are used.



KIP	-3	Gas well; Gas injection rate will be calculated based on total mobility of oil, water, and gas and PID and PWF for each layer. Well will be shut-in if block pressure >PWF. Explicit pressure calculations are used.



KIP	-11	Oil well; Oil, water, and gas rates will be calculated based on fluid mobilities and PID and PWF for each layer. Implicit pressure calculations are used.



KIP	-12	Water well; Water injection rate will be calculated based on water mobility and PID and PWF for each layer.  Implicit pressure calculations are used.



KIP	-13	Gas well; Gas injection rate will be calculated based on gas mobility and PID and PWF for each layer. Implicit pressure calculations are used.







Line 5:	Use this line to enter wellbore radius, skin, and flowing bottomhole pressure in each layer for vertical well. Wellbore radius and skin values are used to calculate layer productivity index PID). (Omit this line if IWLCNG = 0)

READ:	RW, SKIN, PWF

	RW	 = 	Wellbore radius, ft

	SKIN 	= 	Wellbore skin (no unit)

	PWF 	= 	Layer flowing bottomhole pressure, psia

Example:	0.25  0.0  2500.0

Note: 	(1)	Exactly NLAYER lines must be read (even if the well is rate controlled). Each of these lines specify a wellbore radius (RW), skin (SKIN), and flowing bottomhole pressure (FBHP) for one completion layer; thus, NLAYER of these lines must be read.  The first line read applies to the uppermost completion layer (PERFI); additional lines apply to succeeding layers. If rates are specified for this well (KIP =+1, +2, or +3), PWF will not be used and should be read as zero; however, RW and SKIN will be used to calculate a FBHP for the well. This FBHP will be printed out on the well report, but it will not be used in any way to control the well performance.

	(2)	The layer productivity index PID is calculated from Peaceman’s formula in the model.

	(3)	Formation damage or stimulation at any point in time can be handled on a layer-by-layer basis by changing the layer SKIN.

Example:	1  1  1  1  2  0  -900.0  0.0  0.0

0.25  0.0  7500.0

The above example specifies that well number 2 is an injection well (INJ1), is located in the grid block (1,1,1), completed in one layer; the well is a water injection well (KIP=2) and the injection rate is 900 STB/D. The layer wellbore radius for this well is 0.25 ft, skin factor is 0.0, and the flowing bottomhole pressure 7500 psia will not be used in calculations.



Line 6:	Use this line to enter injection concentration of gel chemicals. (Omit this line if IWLCNG = 0, or NGEL=0, or for production well)

READ:	CQI(1), CQI(2), CQI(3), CQI(4), CQI(5)

CQI(1) 	= 	injection concentration of dichromate, ppm

CQI(2) 	= 	injection concentration of thiourea, ppm

CQI(3) 	= 	injection concentration of chromium (+3) cation, ppm

CQI(4)	 = 	injection concentration of polymer (polyacrylamide), ppm

CQI(5) 	= 	injection concentration of gel, ppm

Example:	1000.  1400.  0.  3000.  0.

The above example specifies that the well injects 1000 ppm of dichromate, 1400 ppm of thiourea, and 3000 ppm of polymer into the reservoir.



�5. MODEL OUTPUT





PC-GEL generates in simulation three output files: regular output report, rate summary report, and chemical concentration, residual resistance factor (RRF), and viscosity increase report.  This section provides a brief description of these three output reports.





5.1 	 Rate Summary Report



The rate summary report provides a quick overview of simulation results of the production history in a table format.  The information listed includes average reservoir pressure and production and injection data of oil, water, and gas, respectively, with simulation times.  The variation of oil rates, water-oil ratio, and gas-oil ratio provide useful information about the performance and production status of the reservoir.  If an automatic time step control is employed, the number of time steps used is a good indicator of computation time required and how fast the change of saturations or pressures in the reservoir model.





5.2 	Regular Output Report



The regular output file of PC-GEL provides a complete report of simulation results.  This regular output report consists of two parts: (1) reservoir, fluid, and well data initialized by the user, and (2) recurrent production report at times specified by the user.





5.2.1	Model Start Up



At model start up the program always writes the initialization data to the output file.  The program also writes the initial well locations and well control information to this file. In addition to providing a complete report, this gives the user an excellent opportunity to quickly check for input data errors.  The information printed prior to the first summary report consists of the following items, in the order given:



(1)	Grid-block sizes;

(2)	Node midpoint elevations;

(3)	Porosity distribution;

(4)	Permeability distribution;

(5)	Relative permeability and capillary pressure table;

(6)	Oil-water-gas PVT table;

(7)	Slopes calculated from PVT data for use in determining fluid compressibilities;

(8)	In-situ gelation system parameters;

(9)	Solution method parameters and time-step control data;

(10)	Initial well locations and well control information;

(11)	Initial fluids in place by layer; and

(12)	Initial pressure and saturation distributions.



Other output can be obtained at the user's command.  For example, whenever a modification option is activated, the user may print out the altered array.  It is worthwhile to do this as a check on the input modifications.



�5.2.2  Recurrent Production Report:



Using the output codes, the user can print out the following information during the course of a simulation run:

1.	Well report;

2.	Summary report;

3.	Pressure and saturation distribution arrays; and

4.	Chemical concentration distributions.



Well Report:



A well report may be specified at any time during the simulation run.  Each time a well report is specified, production and injection rates and cumulatives for each layer of each well are tabulated and summarized.  For oil producers, oil, water, and gas production is printed on the well report.





Summary Report:



The summary report provides useful information which can also be obtained at any desired time. The summary report contains a concise summary of field injection and production performance information including (a) average reservoir pressure, (b) total reservoir oil, water, and gas production rates and cumulative production, (c) total reservoir water, and gas injection rates and cumulative injection, (d) total reservoir current and cumulative water-oil, and gas-oil ratios, (e) time-step and material balances for oil, water, and gas; and, (f) maximum pressure and saturation changes for the current time-step, and where these changes are occurring in the reservoir model.



The summary report serves two major purposes by permitting the user to (1) quickly review total reservoir performance and (2) determine if the model is functioning properly.  As a general rule, maximum saturation changes nearly always should be less than 5%, and time-step material balance errors should normally be less than 0.1%.



Material balances or saturation changes that are excessive do not necessarily mean that the model cannot handle the problem at hand.  However, it does mean that adjustments are needed to some of the input parameters.  Normally, the first adjustment is reduction of time-step size. If this modification does not completely solve the problem, reduce injection and/or production rates to determine if well controls are excessive based on existing flow capacity and reservoir pressure. By making full use of automatic time-step control and being careful not to over-pressure or overproduce the reservoir, most reservoir production-injection problems with or without in situ gelation treatment can be properly simulated using PC-GEL.





Pressure and Saturation Distributions:



The user may output pressure, saturation, and bubble-point pressure arrays at any time-step desired.  Distributions of pressure and saturations provide useful information about fluid flow in the reservoir and strategy for optimizing production and injection.  For large two-dimensional or three-dimensional problems, an enormous output file can result if all these arrays are frequently printed. Therefore, these distributions should only be printed when needed.  Normally, the bubble-point pressure array need not ever be printed out. This array provides mainly diagnostic information.



The pressure and saturation arrays should always be checked carefully at discrete times during the simulation to assure that overall pressure and saturation trends are as they should be. Reducing the time step size of simulation usually will eliminate or reduce the numerical dispersion which results in distorted distributions of pressure and saturations.  Also, if a material balance problem exists, these maps may help to isolate the problem.





Gel Chemicals Distributions:



Concentration distributions of five gel chemicals in the porous media are printed in the regular output file.  To save space, chemical concentration values will be printed for only 11 grids at an even space increment for each row of the reservoir model.  These distribution maps provide users information about the transport and reaction of five chemicals; dichromate, thiourea, chromium ion, polymer, and gel.





5.3  	Chemical Concentration. RRF. and Viscosity Increase Report



Distributions of gel chemicals concentration, RRF, and viscosity increase in each grid block are printed.  These detail maps serve three purposes: (1) information about RRF and viscosity increase in the aqueous phase; (2) a check of the numerical performance for PC-GEL simulation; and (3) a source file for generating plots of simulation results.



The in-situ gelation is closely associated with the gel chemicals concentration in porous media. The permeability reduction (or residual resistance factor) reflects the amount of gelation in the porous media.  The decrease of permeability is calculated according to Eqs. 15 through 17 in section 2 and parameters defined by the user in the input file.



�6. EXAMPLE PROBLEMS





6.1  	Introduction



To illustrate the capability of the model for simulating a wide range of problems, three examples are given in this section.  Example 1 is for a waterflood, example 2 is for a polymer flood and example 3 is for a near-wellbore polymer gel treatment.  All the input data files were created based on a quarter of a five-spot, two-layer reservoir model having dimensions of 1,000 ft x 1,000 ft x 30 ft with one injection well and one production well located at two opposite comers.  The thickness of each layer was 15 ft.  The reservoir model was represented by 10 grid blocks in both x and y directions and two grid blocks in the z direction.  Horizontal permeabilities in both x and y directions were 100 mD in the top layer and 1,000 mD in the bottom layer.  The vertical/horizontal permeability contrast was 0.001.  Complete input and output files for each of the three sample problems are included on the CD.  Users can consider these input data as a guide for building their own input data files.





6.2  	Problem Description



Sample Problem 1:



This example illustrates production simulation of 5-year waterflooding. Injection rate was 535 bbl/day. Water was injected into both layers. Simulation run was conducted for 5 years.  The input data file name for this case is BWF5YR.DAT.  Two output files, BWF5YR.OUT and RWF5YR.OUT were created.  Because the injected water did not contain any chemical species, the subroutine that calculates the concentration profiles of the chemical species was bypassed. Therefore, the output file, GWF5YR.OUT, that did not contain any information was not transferred and stored in the output file directory.  All the input and output files are on the CD.





Sample Problem 2:



This example is for a polymer flooding of 500 days initiated after 1 year of waterflooding.  Injection rates for both water and polymer solution were 535 bbls/day.  Both polymer and water were injected into both layers.  Simulation run was conducted for 5 years.  The input data file name for this case is B1YRPF.DAT.  Three output files, B1YRPF.OUT, R1YRPF.OUT and G1YRPF.OUT, were created.  All the input and output files are on the CD.





Sample Problem 3:



This example is for a polymer gel treatment of 5 days initiated after 1 year of waterflooding.  Waterflooding resumes after the gel treatment.  Injection rates for both water and polymer gel system were 535 bbls/day.  The injected gel chemicals contained 1,000 ppm dichromate (component 1), 1,400 ppm thiourea (component 2), and 3,000 ppm polymer (component 4).  In the data file, components 3 and 5 are for chromium ion and gelled polymer, respectively.  Water was injected into both layers and gel system was injected into the bottom layer only.  Simulation run was conducted for 5 years.  The input data file name for this case is B1YRG5D.DAT.  Three output files, B1YRG5D.OUT, R1YRG5D.OUT and G1YRG5D.OUT, were created.  All the input and output files are on the CD.
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�8.  NOMENCLATURE





C 	- 	chemical concentration, m/m, ppm

D 	- 	dispersion coefficient, L2/t, ft2/D

f 	- 	fraction of rock surface contacted by aqueous phase

k 	- 	permeability, L2, mD

k1 	-	reaction rate constant, 1/t, ppm-1D-1

k2 	- 	reaction rate constant, 1/t, ppm-3D-1

n	- 	mass stoichiometric ratio

Q 	- 	well rate, L3/t, B/D

R 	- 	reaction rate, 1/t, ppm/D

S	- 	water saturation

� EMBED Equation.2  ���	-	darcy velocity vector, L/t, ft/D 

V	- 	volume of grid block, L3, ft3 

(	-	density, m/L3, lbm/ft3

(	- 	porosity

� EMBED Equation.2  ���	-	shear rate, 1/t, 1/sec

( 	- 	amount of adsorption, m/m, ppm

(	-	divergence of operator





Subscript

i	-	chemical species

r 	- 	rock phase or relative permeability

p 	- 	polymer

x	- 	x direction

y 	- 	y direction
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 Enter Recurrent Data Section



 Read Title Card and Print Control Card



  Is cumulative simulation   time greater than TMAX?



Data file is Complete.

No additional cards are necessary 



 Read Time Step and Output Control Data 

 (two cards in section 4.2, read as a pair)



 IWLCNG = 1?



Read New or Revised Well Information

(cards in section 4.3)








