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Reservoir characterization techniques have made possible geological reservoir 

models with multi-million grid blocks populated with permeability, porosity, and fluid 

saturations. These geological models are often too large to be simulated because of 

computational limits. These computational limits mean that typical full-field reservoir 

simulation models are limited to fewer than 1 million cells - at least two orders of 

magnitude smaller than the geological models. Upscaling techniques have been used to 

bridge the gap between these geological models and full-field reservoir simulation.  

Although there have been significant efforts in developing single-phase and two-phase 

upscaling algorithms, a limited verification of upscaling methods has been performed on 

a full-field basis. 

In addition to upscaling techniques, parallel simulation approaches have been 

developed to solve multi-million cell models with reasonable computational efficiency. 

Parallel simulations take up to a few hours of CPU time instead of days to run multi-



 ix 

million cell models.  However, when many simulations are to be performed over a large 

range of parameter values for uncertainty studies, parallel simulations again become 

prohibitive and upscaling must be employed. On the other hand, the results from these 

upscaled simulations must be validated with results from fine-scale simulations to give 

confidence on the reliability of the results. There is really no way of knowing how good 

the results are unless we are able to perform the fine-scale simulations for verification.  

Parallel ultra-fine-scale simulations may provide the tool for this verification 

requirement. 

In this work, we developed several new single-phase upscaling algorithms, and 

investigated the verification of these techniques applied to a reservoir model and a 

synthetic model. For complicated multi-phase flow, the single-phase upscaling may lead 

to large errors. To overcome the inaccuracy, a new relative permeability upscaling 

approach was investigated in this dissertation research. The new approach was verified 

by using three-phase, 3D, and highly heterogeneity reservoir model. 

Based on case studies, the results from the fine-scale model may appropriately be 

used to guide the upscaling. The parallel simulation may guide engineers to find 

appropriate upscaled models through a tuning procedure. This tuning procedure has been 

explored in the current study to obtain results that are in close agreement with the fine-

scale simulation results. The combination of parallel simulation technology and upscaling 

algorithms can be used to provide a better estimation of the amount of uncertainty in 

predicted oil recovery for real fields. 
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CHAPTER 1: INTRODUCTION 

 

Two important research areas in petroleum engineering include the upscaling of 

fluid through permeable media and parallel reservoir simulation. Despite several decades 

of study, many unsolved problems still exist, ranging from basic theories and methods 

through practical applications.  

1.1 MOTIVATION OF THIS STUDY 

Numerical reservoir simulators are used routinely to evaluate both the current and 

future performance of a reservoir. Most reservoir simulators use coarse-grid cells that 

lack the spatial resolution needed to adequately account for reservoir heterogeneities and 

flow channeling. Through advanced reservoir characterization techniques, it is common 

to model the geological structure and stratigraphy of a petroleum reservoir with hundreds 

of millions of fine-grid cells, each populated by permeability, porosity, and fluid 

saturation data. However, numerical flow simulations are usually performed with far 

fewer grid blocks; consequently, a method to translate or to upscale the detailed 

description of a three-dimensional (3D) reservoir model to a simulator grid representation 

is needed. 

Upscaling is a process of integrating all properties (e.g., permeability, relative 

permeability, and capillary pressure) defined at a fine-grid system to equivalent 

properties defined at a coarse-grid system such that the two systems will act similarly. 

However, the exact upscaling of a heterogeneous reservoir is impossible. Therefore, 

upscaling techniques, in practice, attempt to approximate the properties at a number of 

smaller grid blocks to a number of large grid blocks with a minimal loss of small-grid 

information. Because subsurface reservoirs are characterized by strong heterogeneities 

that occur on a variety of scales, reservoir properties can be defined on a pore scale, core 

scale, geo-statistical modeling scale, and flow simulation scale. The size of the pore scale 
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is typically of the magnitude of 10
-6

 meters; the core scale is typically 10
-2

 meters; the 

geo-statistical modeling cell ranges from 1 to 10 meters; and the flow simulation grid 

block ranges from 10 to 100 meters (Chen et al. 2003). At these various scales, rock 

properties (e.g., porosity and permeability) and fluid-rock properties (e.g., relative 

permeability and capillary pressure curves) are measured, modeled, and later applied to 

flow simulation to predict reservoir recovery performance. Consequently, appropriate 

scaling procedures are required to transfer data from one scale to another (usually from 

fine scale to coarse scale) to preserve the effects of small scale heterogeneities in the 

overall flow of larger scale models. This process of integrating fine-scale permeability to 

produce effective permeability values of the coarse blocks is called upscaling. Upscaling 

is a general objective for scale up in reservoir modeling. As previously described, many 

scale gaps exist in reservoir modeling. The focus of this work is limited to the upscaling 

techniques between geo-statistical modeling and flow simulation. 

In the past two decades, flow simulation modeling capabilities have continued to 

benefit from advances in computing hardware and software technologies. The level of 

detailed heterogeneity built into the geological model, however, continues to exceed the 

computational power of flow simulation. Specifically, detailed 3D geo-cellular models 

currently may contain up to 500 million cells. Practical simulation models, by contrast, 

typically contain less than 10 million grid blocks. This resolution gap, arising from the 

much larger computational requirements of flow simulation, has driven the development 

of both upscaling and parallel reservoir simulation technologies. Consequently, upscaling 

techniques have been used to bridge the gap between these geological models and flow 

simulation. There have been significant efforts toward developing single-phase and two-

phase upscaling algorithms; however, the verification of these upscaling methods 

performed on a full-field basis has been limited. Essentially, these two technologies 

represent very distinct approaches: upscaling methods attempt to coarsen the simulation 

model to fit the limitation of memory size, whereas parallel reservoir simulation 
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technology attempts to extend computing capabilities to accommodate the detailed 

model. 

As one of the most important techniques for reservoir simulation, parallel 

simulators require a few hours of CPU time, rather than days, to run multi-million grid 

block models. However, when many simulations are to be performed over a large range 

of parameter values for uncertainty studies, parallel simulations become prohibitive and 

upscaling must be used. Upscaling can provide the large number of simulation results 

required for risk and uncertainty assessments with significantly reduced computational 

requirements. Conversely, the results from these upscaled simulations must be validated 

with results from fine-scale simulations to provide confidence regarding the reliability of 

the results. Without performing the fine-scale simulations for verification, there is no way 

to determine the validity of the results of the upscaled simulations. The combined use of 

upscaling and parallel techniques provides the motivation for a coupled procedure in 

which these two technologies are used in a complementary manner to solve practical, 

large scale reservoir simulation problems.   

1.2 SCOPE AND OUTLINE OF THE DISSERTATION 

This dissertation focuses on upscaling for flow simulations in heterogeneous 

reservoirs and emphasizes the scale up from geo-statistical modeling to flow simulation. 

Although extensive research and development has been performed in this general area, 

many important and outstanding issues still exist. Specifically, this work focuses on the 

following aspects: 

1. Accuracy. Although it is inevitable that some fine-scale effects will be lost 

through scale-up procedures, one of the basic requirements for any upscaling 

method is to retain important fine-scale flow behaviors. These behaviors 

usually include total flow rates for given pressure differences and 
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breakthrough times of injected fluids, particularly for providing ultra-fine-

scale verifications of upscaling algorithms.  

2. Robustness. Within the context of upscaling, robustness refers to processing 

independence, meaning that the same coarse-scale properties are applicable 

for different flow processes. Sensitivity levels of upscaled models to changes 

in flow conditions are known to exist; it is desirable to develop pseudo-

relative permeability upscaling techniques to account for this effect or to 

understand the level of process-dependency in upscaling algorithms. 

3. Efficiency. All upscaling and parallel reservoir simulation procedures 

introduce some amount of computational cost. Although it is usually a 

preprocessing step that requires relatively little computational time (compared 

to that required by time dependent multi-phase flow simulation problems), 

efficiency in upscaling must be considered. This involves the degree of 

coarsening that can be achieved by an upscaling algorithm. 

Chapter 2 provides a comprehensive literature review that recalls work performed 

in both upscaling and parallel reservoir simulation areas. Chapter 3 includes a description 

of a parallel reservoir simulator used in this work. In this chapter, domain decomposition 

methods to improve the performance of a parallel simulator are also investigated. A novel 

technique for single-phase upscaling of permeability and transmissibility on 3D grids is 

presented in Chapter 4. A layer transmissibility upscaling algorithm and some flow 

results are also investigated and presented in this chapter. Chapter 5 includes a discussion 

of the limitations of pseudo-relative permeability upscaling algorithms in the literature. 

These limitations provide a motivation to implement more general and robust two-phase 

upscaling algorithms; consequently, a new algorithm is developed based on non-linear 

regression runs for optimizing parameters in saturation functions. In Chapter 6, three case 

studies demonstrate that the new algorithms investigated in this work can provide a 

considerable amount of improvement in the simulation of complex problems. Finally, 
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Chapter 7 includes conclusions and proposes future directions for new investigations and 

possible improvements. 
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CHAPTER 2: LITERATURE REVIEW 

Numerical reservoir simulation techniques have been used for more than 30 years 

to predict reservoir performance and to determine a means of increasing the ultimate 

recovery of hydrocarbons. The reservoir characterization techniques have introduced 

geological reservoir models with multi-millions of fine-grid cells populated with 

permeability, porosity, and fluid saturations. Reservoir simulators cannot handle the full 

field with such detailed geological modeling, however, because flow simulations are 

usually performed with far fewer cells. Therefore, the increased resolution in reservoir 

characterization is driving the need for parallel techniques in reservoir simulation and the 

need for more efficient and accurate upscaling techniques to obtain appropriate 

simulation models that closely represent the original geological model. This chapter 

reviews the relevant literature for three techniques that will be used in this dissertation: 

permeability and transmissibility upscaling techniques, parallel reservoir simulation 

technology, and the combination of the two techniques. 

2.1 SINGLE-PHASE FLOW UPSCALING 

Upscaling is a broad and active research area that has attracted researchers for 

many years. Most of the proposed upscaling methods are used for single-phase flow. 

Solving a single-phase flow problem is a fundamental step toward solving multi-phase 

problems. The equivalence of flow at the two different scales is generally based on the 

assumption of a steady-state, uniform, single-phase flow. In the following discussion, the 

coarse-scale permeability is referred to as the effective or equivalent permeability; the 

permeability from the detailed description is referred to as the fine-scale permeability. 

Effective permeabilities can be viewed as averaged values; however, because 

permeability is not an additive property, this analogy can be misleading. Several 

analytical results for the effective permeability are available. For flow in a layered 

reservoir, the effective permeability for flow across the layers is exactly the weighted 
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harmonic mean of the layer permeabilities. Averaging methods that have been suggested 

within the context of petroleum engineering include the renormalization technique, 

power-law averaging, and algebraic computation. The following paragraphs summarize 

the most significant single-phase upscaling methods that are important to potential 

applications. 

The literature includes several papers that address flow in layered reservoir 

upscaling. The earliest application of statistical techniques to zonation was by Testerman 

(1962), who explored the problems of how to zone individual wells and how to build up a 

reservation zonation scheme from multiple wells. The permeability data is checked at a 

vertical well; it is grouped in such a way as to minimize the variance within each group 

and to maximize the variance between groups. Testerman demonstrated an effective 

sequential refinement approach. In his analysis, the reservoir is first blocked to a single 

layer. All possible refinements into two layers are considered, and the split that 

maximizes „between‟ variance and minimizes „within‟ variance is selected. With this split 

maintained, the two layer model is analyzed for refinement into a three layer model, and 

so on. These refinements proceed sequentially until the change in the ratio of „within‟ to 

„between‟ variance drops below an empirically selected threshold.  

The work by Li and Beckner (2000) on layer coarsening is related to the earlier 

work by Li, et al. (1996) on volumetric coarsening and to the work of Testerman. It is 

specifically applied to the problem of grouping the layers of a geologic model to develop 

a simulation model. Following Testerman, it applies sequential refinement to a measure 

of heterogeneity. This measure is derived by averaging the properties within each layer of 

the geologic model to build a 1D pseudo-well, which is then analyzed using Testerman‟s 

approach. There is a correction within the heterogeneity measure for the amount of 

variance within each layer; however, other than this correction, most of the information 

about the 3D reservoir heterogeneity is lost. In a static statistical study, there are 

questions of what property should be used for the analysis, and how that property should 
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be averaged. Li and Beckner believed that local dynamic error measure should be used. 

However, neither of those calculations minimizes the variance in transit time across the 

column of cells; the latter is the dominant error in upscaling. Within each layer, this 

velocity is given by /'kf  where /k  is the interstitial velocity, and the Buckley-

Leverett speed 'f  includes the facies and saturation dependent relative permeability 

terms. During the statistical analysis, arithmetic averaging of the velocity is used because 

it provides an unbiased estimator of the mean. This process works well for the statistical 

analysis, although the upscaling error will be somewhat greater because the independent 

upscaling of porosity and permeability will provide a biased estimate of the average 

velocity. Li and Beckner used sequential refinement, as did Testerman. Unlike 

Testerman, however, they provided a complete analysis of the reservoir heterogeneity, 

beginning with a one-layer simulation model, and eventually recovering the vertical 

resolution of the geologic model. They recognized two heterogeneity regimes: a rapid 

increase for a few layers and a final flow increase for a large number of layers. They did 

not apply a stopping criterion. Instead, given a choice of the number of simulation layers, 

their sequential analysis provided an optimal layering.  

Durlofsky et al. (1996) presented two layer grouping schemes based upon global 

flow calculations. In their work, a global pressure field is introduced to the geologic 

model, and flow is calculated numerically. The flow field is used to guide the groupings, 

with regions of high flow rates retaining more resolution, and regions of slow flow 

having fewer layers. This approach is not restricted to layer grouping because the 

simulation layers may follow the flow lines as they cut across geologic layers. This 

approach is not sequential. An interesting variation was provided by Stern and Dawson 

(1999), who used a sequential coarsening approach, based on tracer breakthrough time 

and swept volume calculations. As with the work of Li and Beckner, the engineer was 

able to assess the reliability of the representation as a function of the number of layers. 

As with the work by Durlofsky et al., this information was obtained using a global 
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pressure and (steady-state) velocity field. The approach seems to provide a more 

predictive approach to simulator performance than the analysis of Li and Beckner. 

Journel et al. (1986) and Deutsch (1989) proposed a continuum of power-

averaging methods ranging between the harmonic and arithmetic extremes. Jensen et al 

(1987) found that power-law averaging is suitable for a network of horizontally and 

vertically layered units of a deterministic model, for a spatially correlated random field, 

and for any p-normally distributed spatially uncorrelated random field. The exponent of 

power-law averaging is a parameter that is a measure of the spatial arrangement for a 

spatially correlated random field or for a deterministic field, or the exponent of a p-

normal probability distribution function for a spatially uncorrelated random field. Saad et 

al. (1995) tested a number of spatially correlated random fields to correlate the power-law 

exponents as a function of permeability variance and dimensionless correlation length. 

The power-law averaging provides a scalar result. Although very efficient 

computationally, power-law averaging methods have some limitations. Specifically, the 

value of the power exponent is case-dependent and requires calibration. In addition, these 

methods cannot be expected to be as accurate as numerically based procedures. Because 

permeabilities at the fine scale are generally assigned to a volume-support larger than the 

volumes of the measurement scale, the fine permeability is possibly already a tensor. For 

spatially correlated media, effective permeability is generally a tensor, even as opposed to 

radial, such as when the fine permeability is isotropic. The power-law averaging methods 

do not solve for the tensor principal directions but, if those are provided, power-law 

averaging can be applied to calculate the components of the tensor. 

King (1989) presented the real space renormalization technique. The method 

applies the analogy between a discretized permeable medium and an equivalent resistor 

network to calculate the effective permeability of a coarse-grid block. Jones et al. (1991) 

found the renormalization technique involves a successive upscaling of the fine-scale 

model to coarse-scale levels. This is true for the external edges, but not for internal edges, 



 10 

and is the source of error (generally less than 10%). The method involves a multi-level 

procedure of estimating the effective permeability in a hierarchical fashion; it is the most 

easily implemented method if there are same elemental blocks in three directions within 

each coarse block, where the elemental block number is a power of 2. The technique is 

valid for cases with large permeability variations or with a finite fraction of non-reservoir 

rock. The limitation of the renormalization method is that it cannot handle a full tensor 

problem, i.e., a problem with high degree of structured correlation. 

Le Loc‟h (1989) proposed an algebraic computation method that was originally 

derived from perturbation techniques. Duquerroix et al. (1993) and Lemouzy et al. (1993) 

entered algebraic computations into applications. The method provides a useful means of 

estimating effective permeability, but it is not intended to provide an exact result. The 

method is easy to use because it combines arithmetic and harmonic operators and a 

correction for anisotropy. An advantage of the technique is that it can display extreme 

(upper and lower) rigorous bounds so that the global uncertainty is known. The method 

ensures that the permeability tensors are diagonal, the principal axis is constant over the 

upscaling domain, and the global anisotropy coefficients are constant in the entire 

domain.  

Peaceman (1996) proved that parallel tube and slice serial harmonic averages are 

the upper and lower bounds of the effective permeability, respectively. Based on this 

observation, he proposed the harmonic average of upper and lower bounds which was 

verified that is the best solution in different average algorithms. Like real space 

renormalization, the method requires very little time. This technique is not valid for 

extreme perturbation conditions (Duquerroix et al. 1993). 

Many upscaling methods make limiting assumptions about either the non-

tensorial aspect of the upscaled permeability (power averages, renormalization) or the 

periodic character of the fine permeability distribution (homogenization theory). 

Although the average methods are fast and economical, they may not provide very 
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accurate results because no flow equivalent calculations are involved. However, 

numerical experiments indicate that the equivalent permeability or transmissibility can 

depend on the boundary conditions applied on the domain. This dependence is generally 

strong for block sizes that are comparable to or smaller than the correlation length of the 

fine permeability. The observation has led to many articles in the literature about 

numerical upscaling methods. These methods are based on the resolution of the pressure 

equation of a domain, including the block of interest for certain sets of boundary 

conditions; they are referred to as flow-based methods. Flow-based methods differ from 

one another in the type of boundary conditions applied, the size of the region simulated, 

and the way in which the upscaled property (e.g., permeability) is computed from the 

fine-scale simulation. Flow-based methods have been studied because of their generality 

and flexibility. The most fundamental requirement is that the coarse model should 

reproduce the flow response of the fine model. It is so critical to accurately calculate 

equivalent permeabilities or transmissibilities that the discretized coarse-scale flow 

equations capture the sub-cell heterogeneity. The importance of accurate calculations in 

the upscaling procedure has driven research performed on flow-based upscaling for many 

years.  

Warren and Price (1961) were the first to apply flow-based methods to single-

phase flow. In their methods, simple pressure solution techniques use blocks isolated 

from the rest of the domain. The principal directions of the block permeability tensor are 

assumed to be parallel to the block sides, so the upscaled permeability is a diagonal 

tensor. Constant pressure and zero flux boundary conditions are specified in the method. 

They solved the single-phase flow problem to provide effective permeabilities in three 

principle directions of space.  

Warren and Price (1961), Freeze (1975), Smith and Freeze (1979), and Desbarats 

(1987 and 1988) applied Monte Carlo simulations to perform computational experiments 

in which steady-state and single-phase flow finite difference equations are solved for 



 12 

pressure such that the effective permeability is obtained from the general flow equation. 

The technique provides reliable results for most real field applications, but it is 

computationally expensive. The method has been used as a tool to cross-check analytical 

solutions and other newly developed techniques. 

The tensor method was implemented by Kasap and Lake (1990), Durlofsky 

(1991), Gomez-Hernandez and Journel (1990), Poulisse (1992), Saad et al. (1995), and 

Pickup et al. (1994) to represent permeability by the full anisotropic tensor with elements 

xxk , yyk , zzk , xyk , and xzk . White and Horne (1987) believe that a full tensor 

representation of a coarse-grid block is important when the bulk flow direction is neither 

parallel nor perpendicular to spatially continuous formation layers and/or when cross-

flow is significant. They first solved for the upscaled transmissibility by solving multiple 

global fine-flow problems and applying a linear least square regression to fine-scale 

pressures and fluxes. Durlofsky (1991) proposed a method that solves for a general 

permeability tensor and guarantees that it is positive definite. This property comes from 

the use of periodic boundary conditions in the resolution of the pressure equation. Using 

this approach, full tensors are consistently generated, different averaging techniques 

provide the same upscaled permeability, and most importantly, the resulting permeability 

tensors are always symmetric and positive definite (e.g., Bourgeat 1984). The method 

provides exact effective permeabilities for periodic model problems and shows accuracy 

and robustness for some other more general heterogeneous permeability fields (e.g., 

Pickup et al. 1994). However, for highly heterogeneous permeability fields with large 

scale features, periodic boundary conditions (PBCs) may not be an appropriate 

assumption.  

Wen et al. (2003) showed flow-based upscaling using either border regions or a 

rotation of the domain under study. They proved that both improved results in some cases 

over the purely local upscaling presented by Durlofsky (1991). Their idea makes use of 

the „skin‟ introduced by previous investigators, but in a periodic boundary context. A 
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possible limitation of the technique is that the positive-definiteness of the equivalent 

permeability tensor is no longer guaranteed.  

He (2004) proposed an upscaling technique for general quadrilateral cells. This 

method entails the mixed finite element solution of the local fine-scale pressure equation 

over the quadrilateral region. The heterogeneities internal to the quadrilateral are resolved 

by using triangular elements, and periodic boundary conditions are applied. The resulting 

permeability tensor is computed by integrating the fine-scale velocity and pressure 

gradients. The principal difficulty of the method lies in the application of periodic 

boundary conditions on non-rectangular cells. For rectangles, quadrilaterals, or 

parallelograms, the proposed method is equivalent to the one of Durlofsky (1991). 

Several global boundary conditions (e.g., flows in the x direction, y-direction, and flow 

driven by wells) were used and a linear least squares regression was applied to minimize 

flux errors between fine- and coarse-scale solutions. Their work also considered multi-

point discretizations with full tensor permeabilities, although a flux-continuous numerical 

scheme was not applied. The necessity of full tensor depends on the ratio of the coarse 

block size to the correlation length of a random field, the standard deviation of the field, 

and the bedding angle (Pickup et al. 1994). As a simplification of the full tensor, Saad et 

al. (1995) uses Darcy‟s law to compute a hydrodynamic mean permeability in each of the 

three principal directions, i.e., the diagonal elements of the permeability tensor, assuming 

no flow boundary conditions. However, the full tensor representation of permeability will 

increase the computation time of a simulation. Although a computer code is available to 

provide the upscaled tensors for a reservoir model, no current field-scale simulator can 

handle a full tensor problem. 

Spatial periodicity is a commonly used assumption in homogenization studies 

(Hornung 1996). Although no natural porous media are truly periodic, the assumption of 

periodicity introduces desirable mathematical properties. In a key paper that focuses on 

upscaling, Kitanidis (1990) also applied periodic boundary conditions within the context 
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of groundwater flow. A numerical Fourier Galerkin spectral method was used to 

determine the effective hydraulic conductivity. In related work, Dykaar and Kitanidis 

(1992) investigated the asymptotic behavior of effective conductivity for isotropic log-

normally distributed hydraulic conductivity. Their results indicated that, for a given 

permeability distribution, it might be possible for the effective property to reach its 

asymptotic value by varying the size of the averaging volume (usually, it must be large to 

achieve scale separation). However, this is not the case for general non-stationary 

permeability fields in which effective properties do not exist.  

The dissipation function approach (Indelman and Dagan 1993a, 1993b, 1993c, 

and Dagan 1993) is a technique used in hydrology. The dissipation function is defined as 

the mechanical energy per unit weight of fluid dissipated by viscous friction (Indeman 

and Dagan 1993a). The additivity of the dissipation function guarantees the function to be 

spatially averaged (permeability does not possess this property) so that the upscaling of 

permeability can be achieved. The technique can be performed by numerical and 

analytical methods in which analytical solutions are valid when the variance of a 

permeability field is small. More interesting is that the technique establishes the 

necessary and sufficient conditions to be satisfied by upscaling. The analysis of the 

structure of an upscaled permeability is another application of the dissipation function. 

Even for a simple type of heterogeneity, e.g., a stratified formation, the upscaled 

permeability has a quite complex structure (Indelman and Dagan 1993).  

Kitanidis (1990), Dykaar and Kitanidis (1992) developed and applied the moment 

method in hydrology. The basic idea of this technique is that the material properties of 

the equivalent homogeneous medium, such as hydraulic conductivity and storativity, are 

specified such that the asymptotic long-time moments of the heterogeneous medium 

match those of the equivalent homogeneous medium. The moment method is a two-step 

procedure. First, n (the dimension of the flow domain) uncoupled partial differential 

equations (PDEs) are solved for the unknown auxiliary functions. The second step uses 
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the functions in an integral equation to determine the effective conductivity tensor. A 

spectral method is used to solve the PDEs. The advantage of this technique is that the 

symmetric and positive definite properties of the conductivity tensor computed using the 

moment method are always guaranteed. This method assumes that the boundary 

conditions are periodic.  

A non-parametric approach was suggested by Journel and Alabert (1990) and by 

Rubin et al. (1990) that requires an indicator transformation of the data. The method may 

be appropriate for heterogeneous reservoirs containing sequences (e.g., shales, sands, and 

fractures) with permeability values differing by several orders of magnitude, and where 

the flow is primarily conditioned paths of either high or low permeability values 

(channels and barriers, respectively). The method is a two-step procedure: (1) develop an 

indicator transformation of permeability, and (2) upscale the permeability by using 

indicator coding. The limitations of the technique may be the requirement of a large 

amount of data, a large number of covariance, and the complicated multi-step procedure. 

McCarthy (1993) used the random-walk method to provide a means of directly 

calculating effective permeability without explicitly solving the flow equations. It 

involves extracting the diffusivity from the time-evolution of the mean square 

displacement of a cloud of random walkers moving through the system, and determining 

the permeability by means of an Einstein relation. The method has been tested for 

uncorrelated sandstone-shale systems with varying values of the permeability contrast 

ratio (the ratio of shale permeability to sandstone permeability).  

Edwards (2002) presented an application of the border region upscaling for 2D 

unstructured grids by averaging velocities and pressure gradients over a general polygon, 

rather than a rectangle. The resulting tensors were used in a flux-continuous numerical 

scheme for unstructured grids. The extension of the flow-based upscaling techniques to 

3D unstructured grids does not appear to have been reported in the literature. The 

extension of the approaches presented for the 2D case is not trivial and may require 
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sophisticated procedures to achieve an efficient and accurate upscaling. Many of the 

procedures described can also be used to compute upscaled transmissibilities. In some 

cases, the use of upscaled transmissibility has been shown to provide coarse-scale 

simulation results that are more accurate than those obtained with upscaled permeability 

(e.g., Chen et al. 2003). To date, most transmissibility upscaling procedures have been 

applied within a two-point flux context, although upscaled transmissibilities can be used 

within a multi-point flux setting.  

Wen et al. (2005) proposed an adaptive local-global upscaling method. The 

algorithm incorporates global coarse-scale flow information into the boundary conditions 

used to compute upscaled quantities. The procedure is iterated until a self-consistent 

solution is obtained. It includes the use of purely local upscaling calculations for the 

initial estimate of coarse-scale transmissibilities and the use of reduced border regions 

during the iteration. This process has been shown to decrease the computational 

requirements of the reduced procedure by a factor of approximately six relative to the full 

method, with very little effect on the accuracy. The method provides a high degree of 

accuracy for total flow rate and local flux. In addition, it is less computationally 

demanding and significantly more accurate than most existing local and extended local 

upscaling procedures. The limitation of the adaptive local-global upscaling method is that 

it cannot handle a faulted geological model.  

2.2 MULTI-PHASE FLOW METHODS 

Accurate upscaling of single-phase parameters is a necessary, but not always 

sufficient, condition for accurate coarse-scale transport models. In some cases, upscaled 

multi-phase parameters (coarse-scale transport functions) must be introduced to retain 

fine-scale features in transport and to capture multi-phase effects on flow. This is true 

especially for coarse-scale models with high levels of coarsening. This section provides a 

review of existing approaches for two-phase upscaling. These approaches include 
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pseudo-relative permeability models (also referred to as pseudo-functions), the use of 

flow-based grids, volume-averaged saturation equations, and well drive upscaling. 

The upscaling of multi-phase flow is more complex than single-phase flow, 

because it involves absolute permeability as well as relative permeability and capillary 

pressure. Earlier relative permeability scale-up work that concentrates on reducing 

simulation model dimensionality is vertical equilibrium. Coats et al. (1967 and 1971) 

used the vertical equilibrium concept, while Hiatt (1958), Hearn (1971), and Hawthrone 

(1974) used a stratified model to calculate pseudo-relative permeability and capillary 

pressure for 2D simulations of 3D reservoir models. However, vertical equilibrium and 

stratified models cannot generally represent realistic reservoir conditions. Johnson and 

Johnson et al. (1982) provided a non-linear regression approach to pseudo-permeability 

upscaling. In the non-regression approach, an error function was proposed, based on 

various quantities, such as fluid production, fluid injection, and phase saturation 

distribution, between the fine and coarse models at different simulation time periods. 

Because the pseudo-relative permeability calculation techniques on the coarse model are 

in no way rigorous, Johnson et al. introduced a simple power correlation of pseudo-

relative permeability and saturation as a beginning point for the regression model. In the 

calibration process, a modified Gauss-Newton non-linear regression approach was used 

to automatically vary the input parameters, which are usually power numbers in the 

power correlation, the factor of rwk  at residual oil saturation, and downstream weighting 

of relative permeability. The non-linear regression approach has been proved to 

successfully generate the pseudo-relative permeability for a real field: Kuparuk River 

field.  

The multi-step pseudo-function (Kyte and Berry 1975; Kossack et al. 1990) uses 

pseudo-functions in a multi-step process to account for several scales of rock 

heterogeneity and, at the same time, to account for numerical dispersion. The numbered 

steps required are determined by the number of significant scales of heterogeneities 
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between the smallest scale, where the rock curves apply, and the field simulation grid 

block scale, where the pseudo-functions are needed. In most cases, two to four steps are 

required. The advantage of the technique is that it can separate the effects of the 

significant scales, e.g., reservoir, flow unit, facies, and layers, and enable the practitioner 

to skip less important scales. Corbett et al. (1992) and Jones et al. (1978) have used 

multi-step pseudo-functions on the Rannoch formation and on a synthetic fluvial system, 

respectively. They demonstrated the importance of capturing the smallest scale at which 

heterogeneity affects relative permeability through capillary effects. Multi-step 

pseudoization from the smallest scale of important heterogeneity leads to an anisotropic 

pseudo-function that is geologically based. Corbett et al. (1992) refer to this methodology 

as geo-pseudo because it is based on the rock. The problem with this technique is that it 

may require many numerical flow simulations; consequently, it may be computationally 

expensive and require a great deal of experience by simulation engineers. The key to 

reducing the numerical effort is to determine the proper scale at which to begin the 

pseudoization; this determination depends on the gravity number, heterogeneity index, 

and aspect ratio.  

Saad (1995) proposed the power-law average for multi-phase flow attempts to 

reduce the effect of multi-step pseudoization by using analytical averaging as the first 

part of the upscaling procedure. The method uses a power-law average operation on the 

phase permeabilities, and then separates the effective relative permeabilities from the 

effective phase permeabilities divided by the effective absolute permeability. The phase 

permeabilities are obtained from a fine block system at a given saturation. Interestingly, 

Saad et al. shows that a parallel arrangement of relative permeability functions leads to an 

arithmetic average of the rock curves, that a series arrangement leads to a harmonic 

average of rock relative permeabilities, and that a general arrangement according to rock 

type (permeability ranges) leads to a weighted average of rock curves. The weighted 

average may be beyond the limits established by arithmetic and harmonic averages. 
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Gravity and capillary pressure have not been taken into account in the tests of the method 

thus far.  

Thibeau et al. (1995) and Thibeau (1996) applied global coarse-scale grids with 

local grid refinement to generate pseudo-functions. Fine-scale grids were retained in the 

target coarse block for which the pseudo-functions were computed. Thus, the interaction 

between the global flow condition and the local fine-scale heterogeneity can be expected 

to be maintained to some degree. Portella and Hewett (2000) applied stream-tube 

methods to pseudo-relative permeability calculations. Coarse-grids were formed from 

streamlines and isopotential lines from a global fine-scale single-phase simulation, and a 

semi-analytical approach (Hewett and Yamada 1997) was used to generate pseudo-

relative permeability along streamlines. Suzuki and Hewett (1999, 2002) proposed the 

use of hypothetical injection tubes to determine appropriate local fine-scale boundary 

conditions for two-phase upscaling. The entire fine-scale model was upscaled 

sequentially with the hypothetical stream-tubes connecting upstream and downstream 

coarse blocks. Although these approaches incorporated global flow effects into the 

pseudo-functions, the methods were only illustrated with some idealized cases, and the 

applications were limited because of the complexity of the algorithms. Christie et al. 

(2000) introduced a simple quasi-global approach Effective Flux Boundary Conditions 

(EFBCs) for the calculation of pseudo-relative permeabilities. EFBCs estimate local 

fluxes based on the local fine-scale permeability, in contrast to the constant pressure 

difference imposed by standard local boundary conditions, and provide corrections for a 

systematic bias towards early breakthrough associated with standard methods. Wallstrom 

et al. (2002) applied EFBCs to the generation of pseudo-relative permeabilities for two-

phase flow. Hui et al. (2004) used EFBCs in upscaling for miscible displacements. They 

showed that EFBCs provided more accurate results than standard boundary conditions 

over an appropriate parameter range for variogram-based permeability models. It is 

important to note that the use of EFBCs does not attempt to provide an exact estimate for 
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pressure and saturation boundary conditions. Therefore, this approach cannot be expected 

to account for global flow-dependency in the upscaled relative permeabilities. 

The intent with pseudo-functions is to explicitly capture sub-grid effects in 

coarse-scale models. An alternative approach is to apply coarse-scale grids directly 

adapted to high flow regions to capture (minimize) sub-grid heterogeneity within each 

coarse block. Flow-based grids of this type can be useful for improving transport 

predictions because the effects of fine-scale heterogeneity on the movement of injected 

fluids can be retained in the coarsened model. Durlofsky et al. (1997) developed a flow-

based, non-uniform coarsening procedure to generate coarse-scale models with finer 

grids in high flow regions and coarser grids in low flow regions. It was therefore able to 

more accurately capture important behaviors, such as the breakthrough of the displacing 

fluid. Similar ideas were later applied for more general curvilinear grids (e.g., Castellini 

et al. 2000; He, 2004).  

The use of flow-based grids also requires the calculation of coarse-scale 

properties. Wen et al. (2003) presented approaches to obtain equivalent permeability 

tensors for irregular grids. In his method, he developed flow-based gridding and 

upscaling procedures for 3D fully unstructured grids. Although a number of practical 

procedures have been implemented, approaches for flow-based gridding are still under 

development. Currently, implemented flow-based gridding procedures usually require 

global single-phase fine-scale simulations (alternatively, a portion of the global domain 

could be used). As is the case for global upscaling, this may be computationally 

demanding in practice for very large scale problems. For some types of permeability 

distributions, such as those with multiple intersecting channels, it may be difficult to 

generate high quality coarse-grids. Flow-based gridding is also limited to moderate 

degrees of coarsening. For high levels of coarsening, some type of explicit sub-grid 

treatment (e.g., pseudo-functions or other sub-grid models) must be introduced. Finally, 

similar to flow-based upscaling, the issue of how to incorporate flow-dependency into the 



 21 

gridding procedure has not yet been thoroughly investigated (although some effort along 

these lines was presented by Mlacnik et al. (2004). Another option is to use local grid 

refinement (LGR) (Dahle et al. 1992) to resolve saturation fronts and reservoir 

heterogeneity.  

In upscaling, coarse-scale variables can be viewed as volume averages of fine-

scale variables over regions corresponding to coarse-scale blocks. Correspondingly, 

coarse-scale equations can be derived from volume averaging the fine-scale equations, 

which will lead to the appearance of (and equations for) higher moments. The use of 

moment equations primarily appears in the stochastic modeling framework, in which 

ensemble averaging is applied over multiple realizations. Durlofsky (1997, 1998) 

introduced volume averaging and moment-based variables to the deterministic modeling 

framework and applied them to two-phase upscaling. Durlofsky (1997) parameterized 

upscaled relative permeabilities using higher moments of fine-scale variables, e.g., the 

variance of saturation and the covariance of velocity and saturation. It was shown that 

this moment-based description was more robust than traditional pseudo-relative 

permeabilities that are based only on the average of saturation. Potentially, such an 

approach may circumvent the lack of robustness of pseudo functions; however, it entails 

the derivation and solution of complex closure problems involving higher order moments 

of fine-scale variables (Durlofsky 1998). In subsequent work, the most important higher 

order term (resulting from the interaction of sub-grid velocity and saturation) was directly 

modeled or approximated using local flow problems. The following paragraph reviews 

this set of methods.  

Chen et al. (2003) introduced a non-local time-dependent macro-dispersive model 

into the coarse-scale saturation equation. Their model is different from those widely 

studied in stochastic modeling (Rubin 1990; Langlo and Espedal 1994), in which macro-

dispersion is usually computed a priori from the statistics of velocity and permeability. In 

Efendiev et al. (2003) model, the macro-dispersion was estimated on the basis of coarse-
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scale streamlines and the magnitude of local velocity fluctuations. The model provided 

accurate results in an appropriate range of parameters. The implementation of this 

procedure into reservoir simulators is, however, not straightforward. 

Zhang, et al. (2005) presented a Well Drive Upscaling (WDU) method. The WDU 

method uses boundary conditions based on well pressures and solves the single-phase 

pressure equation over the global fine-scale geological model. After the accurate coarse 

model is built, the dominate flow feature of coarse cells is considered when calculating 

the relative permeability. Specifically, the method performs single-phase upscaling using 

global well drive and natural boundary conditions for a reservoir; it upscales the multi-

phase flow permeability using transmissibility weighted averaging approach to account 

for the dominant flow features in the coarse blocks. The use of global boundary 

conditions increases the accuracy of upscaling significantly, as compared with local 

upscaling methods, in complex heterogeneous reservoir models. The transmissibility 

weighted averaging for the relative permeability provides much better results than the 

commonly used multi-phase upscaling procedures. Because a single-phase flow pressure 

equation must be solved globally, the WDU method is slower than the local upscaling 

method. In particular, if a model is very large (tens of millions of grid cells), then it may 

not be possible solve the global single-phase pressure equation because of the limited 

computer memory scalability. In this case, a parallel technique provides an alternative 

option to solve the pressure equation globally.  

An average pressure algorithm for upscaling relative permeability in dynamic 

flow was investigated by Nordbotten et al. (2010). To upscale two-phase permeability, a 

new macro-scale pressure definition was proposed through a series of upscaling 

calculations for two-phase flow in porous media. The results of their case studies show 

that the new definition of macro-scale pressure leads to upscaled relative permeability 

and capillary pressure curves that are more consistent with the physical meaning, as 

compared to upscaling using the intrinsic phase average pressure. This finding indicates 
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that the new definition may provide a more mathematically consistent and physically 

realistic representation of an averaged pressure in grid blocks. 

Despite the numerous methods proposed for two-phase upscaling, there is still no 

completely general approach for the upscaling of two-phase flow. The use of pseudo-

relative permeability curves is a practical tool, but pseudo-functions can be very sensitive 

to local boundary conditions and to the averaging used to generate them. In fact, many 

pseudo-function calculations differ from one another mainly in the post-processing of the 

reference fine-scale solutions. The generalized convection-diffusion model represents a 

generalization of pseudo-relative permeability curves (with an extended functional form), 

and is of potential interest to provide more robust coarse-scale models, although it needs 

further development and testing. Chapter 5 proposes a procedure for the application of 

both single-phase upscaling and non-linear regression to optimize parameters in the 

saturation function to create an upscaled pseudo-relative permeability curves. 

The non-linear optimization will first be combined with the single-phase 

upscaling techniques developed in Chapter 4. Specifically, coarse-scale transmissibility 

generated from the adaptive local-global upscaling will be applied to the coarse-scale 

pressure equation in conjunction with upscaled total volume flux. The high level of 

accuracy in upscaled single-phase parameters will enable the approximations introduced 

by two-phase upscaling procedures to be isolated and the associated issues to be 

understood. For the pseudo-relative permeability curves, the specific issues investigated 

include the effects of various saturation function schemes and local boundary conditions. 

End-point shift schemes for the coarse-scale saturation equations and global fine-scale 

two-phase flow solutions will be applied to illustrate these problems. 

2.3 PARALLEL RESERVOIR SIMULATION 

 The need to simulate fluid flow in large petroleum reservoirs has led to the 

development of efficient methods for solving large systems of sparse linear equations. 



 24 

These efforts indicate that parallel computing provides an attractive alternative for 

simulating the giant oil and gas reservoirs. Although the sequential computing and 

simulation technology may be adequate for typical reservoirs in the world, reservoirs in 

some areas, such as those in Alaska and the Persian Gulf, require more grid-blocks to 

adequately define the giant reservoirs containing 6 to 200 billion STB of oil. This section 

summarizes the published petroleum engineering literature in areas related to the solution 

of large systems of equation. The emphasis is on works dealing with parallel computing.  

The methods for solving linear systems from reservoir simulations can be grouped 

into two categories: (1) direct methods and (2) iterative methods. One direct method 

commonly used in reservoir simulation is the LU factorization (Price and Coats 1974). 

The algorithm factors the matrix into a lower and an upper triangular form. The primary 

disadvantage of this method is that zeros within the band are treated as non-zeros. It tends 

to be very expensive and requires excessive storage. The primary advantage of direct 

methods is their reliability; for small problems with less than 5,000 grid blocks and one 

or two unknowns per grid block, the direct methods can be used efficiently. 

Iterative methods are more useful than direct methods for solving reservoir 

simulation problems. These methods require very little storage to compute the 

coefficients of the difference equations, and therefore can be easily applied to very large 

systems. 

Behie and Vinsome (1980) presented the block iterative method to solve a thermal 

production problem in fully implicit reservoir simulators. The block iterative method is 

suitable for solving the block-structured Jacobian matrices that can occur in multi-phase 

reservoir simulation. In their study, ORTHOMIN was used in the acceleration procedure 

to solve the large systems of equations that had been previously considered to be too 

difficult to be solved iteratively. The test examples presented in their work illustrate that 

block iterative methods are powerful for solving large, difficult problems.  
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To solve the large linear equations associated with reservoir simulation, Killough 

and Wheeler (1987) investigated the use of parallel iterative techniques. They developed 

a 3D domain decomposition algorithm and made several observations. First, the domain 

decomposition algorithm was found to have several characteristics that are useful for 

parallel computer applications. Secondly, an acceleration method, which had been used in 

the industry to solve matrices with non-standard couplings between fine difference cells, 

shows promise as an accelerator for the domain decomposition method. Finally, 

incomplete LU factorizations could be used as approximate solutions for sub-domains 

rather than exact solutions. A combination of both the line corrections and the block 

Gauss-Seidel preconditioning was used in the overall iteration for the 3D domain 

decomposition. The results from the simulations showed that the technique could be 

implemented efficiently as part of the algorithm on the Cray™ X-MP™/48. In addition, 

IBM
®
 3090/400 separately proved that the method could perform efficiently in the 

environment of a globally shared resource.  

In the late 1980s, research on parallel-reservoir simulation had been intensified by 

the further development of shared-memory and distributed-memory machines. Scott et al. 

(1987) presented a Multiple Instruction Multiple Data (MIMD) approach to reservoir 

simulation. In their studies, a parallel sparse matrix solution is addressed by considering 

D4 ordered Gaussian elimination, and multi-grid, conjugate gradient, and Successive 

Over-Relaxation (SOR) developed to illustrate the possible diversity of parallel 

algorithms. The red-black and multi-colored SOR methods, which are often used on 

vector machines, are shown to be easily adaptable to parallel a MIMD machine. Chien 

and Northrup (1993) investigated parallel processing on shared memory computers for 

dynamic, multi-level, mixed implicit, local grid refinement reservoir models. The 

algorithm that they developed was successfully applied to a general purpose reservoir 

simulator with black-oil, compositional, and thermal models. In early 1995, Li presented 

a parallelized version of a reservoir simulator on a shared-memory Cray supercomputer. 
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For the distributed-memory machines, Wheeler and Smith (1990) developed a black-oil 

simulator on a hypercube. They concluded that the multi-grid technique for solving a 

large linear system was fast and well-suited for the distributed-memory architecture. The 

effectiveness of vector processors on a parallel computer was reduced as a result of 

shorter vector lengths and compromises between vector and parallel considerations in 

simulator organization.  

In the early 1990s, Rutledge et al. (1991) developed an Implicit Pressure-Explicit 

Saturation (IMPES) black-oil reservoir simulator for the CM-2 machine. They showed 

that reservoir models of more than 2 million cells could be run on this type of machine 

with 65,536 processors. This paper stated that computational speeds in the order of 1 

gigaflop in the matrix construction and solution were achievable. In 1991, Killough and 

Bhogeswara combined multi-grid and domain decomposition approaches to develop 

another parallel solver. They used the solver in a compositional simulation of a petroleum 

reservoir on distributed memory parallel computers, such as the Intel® hypercube 

iPSC2/860 and Intel® Delta. The parallel multi-grid solver performed well in the parallel 

computing environment, and it provided a tenfold speedup as compared to the sequential 

solvers. However, the application of linear solvers presented by Bhogeswara and 

Killough (1993) to model flow in a highly faulted reservoir showed a degraded 

performance.  

In mid 1995, additional investigators published reservoir simulation papers that 

focused on distributed-memory machines. Kaarstad (1995) presented a 2D oil/water 

research simulator running on a 16384 processor MasPar MP-2 machine. He showed that 

a model problem using one million grid blocks could be solved within a few minutes of 

computer time. Rame and Delshad (1995) parallelized a chemical flooding code 

(UTCHEM) and tested it on a variety of systems for scalability. The researchers also 

included test results on Intel iPSC/960, CM-5, Kendall Square, and Cray T3D. Killough 

et al. (1997) developed a parallel reservoir simulator based local grid refinement. In their 



 27 

simulator, levels of local grid refinement are used to define pre-conditioners for the two 

parallel solvers. The solvers are based on strip and composite decompositions with nested 

factorization. The strip preconditioner exhibits high efficiency for a small number of 

processors. For more difficult cases involving a greater number of processors, the 

composite grid solver shows greater robustness. Dogru et al. (2002) provided another 

three-phase, black-oil parallel reservoir simulator with gravity and capillary forces. Two 

parallel hardware architectures have been considered: Massively Parallel Processors 

(MPP) and Symmetric Multi-Processors (SMP). A shared-memory parallel black-oil 

simulator with a parallel ILU linear solver was developed by Collins et al. (2003). In their 

development, domain decomposition was implemented for both Jacobian building and 

the linear solver. The techniques typically used for distributed memory parallelization 

were used for shared memory parallelization. 

Naimi-Tajdar et al. (2007) developed a new accurate parallel simulator for large-

scale, naturally fractured reservoirs. The new simulator is a parallel, 3D, fully implicit, 

equation-of-state compositional model that can model fluid flow in both rock matrix and 

fractures. The matrix grid blocks were discretized in the horizontal direction using a 

Modified Multiple Interacting Continua (MINC) method and in the vertical direction 

using a stacked grid concepts to provide an accurate calculation for matrix-fracture 

transfer function. They also proposed the use of sub-gridding in both horizontal and 

vertical directions. There was no compositional reservoir simulator that had the capability 

of sub-gridding in this fashion. The sub-grid scheme was used to model 3D flow in the 

matrix rock with two 2D sub-grids with good accuracy.  

In 2009, a general unstructured grid, parallel, thermal simulator was developed by 

Shi et al. In this paper, the authors described the construction of a general unstructured 

grid, parallel, fully-implicit simulator for complex physics associated with heavy oil 

thermal recovery. The primary focus of the simulator was on the physics associated with 

steam injection and steam-assisted gravity drainage (SAGD), and on the efficient 
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simulation of these models using parallel processing. The simulator solved component 

material balance, energy balance, and mass equilibrium equations for component mole 

fractions, saturation, temperature, and pressure using the Newton-Raphson method. 

External heat sources and sinks were included in source terms to model the energy 

interaction with overburden rocks.  

2.4 COMBINATION USE OF UPSCALING AND PARALLEL 

Upscaling and parallel reservoir simulation techniques represent two distinct 

approaches for the simulation of highly detailed geological or geo-statistical reservoir 

models. Obviously, parallel reservoir simulation technology can provide more accurate 

simulation results than the upscaling techniques. However, a large outstanding issue is 

that to quantify uncertainty, many models must be run with a range of parameter values. 

To perform these simulations, the number of grid cells must be reduced to enable a 

simulation to be run in minutes, rather than hours. This issue has served as the motivation 

to consider using parallel reservoir simulation technology to guide reservoir engineers to 

find more accurate upscaled methods through a tuning procedure in this dissertation 

research. 

Although very few studies have provided information about the combined use of 

parallel reservoir simulation technology and upscaling techniques in the literature, many 

previous studies exist that are directed toward the development of parallel reservoir 

simulation technology, as well as many studies that are focused on the development of 

upscaling techniques. Tcheiepi et al. (1997) seem to be the only authors who consider the 

complementary use of both upscaling and parallel techniques. They simulated highly 

detailed models by running a parallel reservoir simulator to establish a basis of 

comparison for specific upscaled models that were developed by using a single-phase 

upscaling method. The implementation of their scheme is effective for only some special 
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instances. They did not, however, develop the tuning procedure to determine the most 

accurate upscaling method.  

As indicated in the first paragraph of this chapter, the current trend in the industry 

is to run more simulations to provide a better estimate of the amount of uncertainty in the 

predicted oil recovery. This means that fine-scale geological models must be upscaled by 

large factors to reduce the grid size for fast simulation. Research into the development of 

practical upscaling methods and the assessment of errors in upscaling models are 

therefore required. Conversely, simulation results for coarse models must also be 

compared with highly detailed fine model results simulated by parallel reservoir 

simulators to provide guidance to engineers on the best method to use in a particular case. 

Section 4.5 of Chapter 4 explores the verification of single-phase upscaling through 

parallel reservoir simulation.  



 30 

CHAPTER 3: PARALLEL SIMULATION and AUTOMATIC 

DOMAIN DECOMPOSITION for FINE-SCALE MODEL 

3.1 INTRODUCTION 

Many types of physical processes, such as fluid flow in a petroleum reservoir, are 

governed by partial differential equations. These partial differential equations, which can 

be very complex, are often solved using finite difference, finite volume, or finite element 

methods. All of these methods divide the physical model into units called grid blocks, 

cells, or elements. In each of these physical units, the solution is provided by one or more 

solution variables or unknowns. A set of equations that governs the behavior of these 

unknowns is associated with each physical unit, with the number of equations being equal 

to the number of unknowns. These equations also contain unknowns from neighboring 

physical units. Consequently, there is a structure to the equations, with the equations for a 

given physical unit containing unknowns from that physical unit and from neighboring 

units. The equations at all grid blocks are then assembled into a single matrix equation. 

Often, the critical task in obtaining the desired solution to the partial differential equation 

is solving this matrix equation. One of the most effective ways to do this is through the 

use of incomplete LU factorization or ILU, in which the original matrix is approximately 

decomposed to the product of two matrices, L and U. The matrices L and U are a lower 

triangle and an upper triangle, and have similar non-zero structures as the lower and 

upper parts of the original matrix, respectively. With this decomposition, the solution is 

obtained iteratively by forward and backward substitutions. There is an ongoing need to 

obtain better solution accuracy. One way to achieve this is to divide the physical model 

into smaller physical units; in other words, to use more nodes, perhaps millions of them. 

Of course, the time required to perform the computations increases as this is conducted. 

To avoid this time increase, one possible solution is to perform the computations in 

parallel on multiple processors. 
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Parallel computing is quickly becoming a prime option in the Linux cluster 

approach for solving large scale problems that arise from reservoir simulation 

applications. Domain decomposition techniques appear to be a natural means of making 

good use of parallel computers. These techniques divide a computation into a local part, 

which may be performed without any inter-processor communication, and a part that 

involves communication between neighboring and distant processors. Domain 

decomposition represents one class of geometric decomposition methods. Such methods 

generally assign grid blocks that are physically close to one another to achieve a balance 

in the computational work per domain (Bruaset et al. 2006). In this study, the 

decomposition is also linked to the multi-color linear solver method because, for many 

cases, the solver dominates the simulator computation. Previous studies show that 

decompositions based on graph partitioning in general lead to a poor linear solver 

performance; therefore, this technique is not considered in this work. 

Domain decomposition methods have played an important role in parallel 

computing (Killough et al. 1987). Of the many advantageous features claimed by these 

methods, the ability to be used on parallel computers is the advantage that is most often 

referred to, but the least examined. This chapter discusses some of the problems 

associated with the design and implementation of a parallel domain decomposition 

algorithm by using a parallel reservoir simulator (Nexus® commercial simulator, Coats et 

al. 2003 and Shiralkar et al. 2005). A framework for evaluating the performance of the 

parallel simulator with 1D and 2D domain decompositions is developed to answer 

questions, such as which scenario is best for the given number of processors and how 

load balancing affect the choice of domain decomposition algorithms. The sources of 

performance bottlenecks are also discussed.  

The chapter begins with a description of a distributed memory parallel reservoir 

simulator that is used to apply the domain decomposition approaches in this work. 

Several approaches of domain decomposition for a given number of processors are then 
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applied and analyzed. Finally, three case studies are discussed to demonstrate that the 

framework can select the most efficient domain decomposition scenario for the parallel 

simulation on a 64-bit Linux cluster. 

3.2 PARALLEL SIMULATOR DESCRIPTION 

This section describes the parallelization of a high performance, unstructured 

simulator that was recently developed by Landmark Graphics Corp. The domain 

decomposition algorithms were developed based on this parallel reservoir simulator. 

The parallel reservoir simulator integrated the subsurface model with the surface 

network model. Object-oriented concepts are used to gain flexibility, using efficient data 

structures to retain performance. The reservoir computational domain is composed of 

sub-domain and inter-grid connection structures that form the basis for parallelization. 

The sub-domains are ensembles of grid blocks that are unstructured in general and need 

not be contiguous. Just as there are sub-domain “objects” that encapsulate information 

about their internal cells and the connections between those cells, there are also inter-grid 

connection objects that contain information on the identity of two Grids that interact, and 

the connections (cells and transmissibility values) that characterize the interaction are 

defined. This is consistent with an interaction-centric data structure. These inter-grid 

connection objects also contain pointers to arrays that include the time-dependent 

information, such as pressure and mobility values, required to calculate fluid exchange 

between the sub-domains. 

The inter-grid concept forms the basis for parallelization. Various grids are 

mapped onto different processors, depending on processor availability and anticipated 

load balance, which depends on sub-domain size and sub-domain implicitness. Multiple 

sub-domains may reside on the same processor, but the same sub-domain is required to 

reside entirely on one processor.  
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In the flow calculations, when the interacting sub-domains reside on different 

processors, the information in the inter-grid connection “object” is communicated 

through the passing of messages. The standard Message Passing Interface (MPI) is used; 

however, there is an additional layer between the simulation code and the lower level 

message calls that enables the ready sub-station of other message protocols. 

Parallelization is achieved by mapping various grids to different processors. 

Although there are no geometrical restrictions on the manner of decomposition into grids, 

two levels of granularity of parallelism are currently automated. First, an individual, 

regularly gridded reservoir is decomposed into several sub-domains and parallelized; 

second, in the multi-reservoir case, decomposition results when each reservoir forms a 

different sub-domain. These two forms can also be combined when any of the individual 

reservoirs in the multi-reservoir set is decomposed into more than one sub-domain. 

The reservoir simulator was developed to provide a straightforward access for 

parallel simulation, obtain more rapid simulation, and/or enable the use of models with 

finer resolution. Parallelism in the simulator is based on a domain-decomposition 

approach; the entire model is subdivided or decomposed into collections of cells called 

sub-domains. When the simulator is run in parallel, a group of simulator processes is 

started with a specified number of processes, and each of the grids is assigned to one of 

these processes. The assignment can be specified by the user, or it can be determined by 

the simulator. Each process performs the model computations on the grids that are 

assigned to it. Some of these computations require data from grids assigned to other 

processes (when a cell has one or more of its immediately adjacent neighbors). 

The performance of the simulator when run in parallel is affected significantly by 

the decomposition of the model cells into grids and by the manner in which the grids are 

assigned to processes. Because the reservoir grids are coupled through at least the 

pressure equation for all solution methods, data from adjacent grids affects the solution 

within a grid. Several times within every time-step, information must be passed from 
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each grid to all grids physically connected to it. The assignments of cells to grids and 

grids to processes must account for the physical connections between cells in the model. 

This is one of the reasons that a typical decomposition often looks like a collection of 

building blocks; the inter-grid communications are minimized. Some considerations 

when designing a strategy for decomposition include the following: 

1. The individual grids should be logically convex so as to move from any cell in 

the grid to any other cell in the grid. The path with the fewest number of cells 

should be contained fully within the grid. 

2. If more than one grid is assigned to a process, those grids should be connected 

to one another. The simulator will recognize the connected grids assigned to 

the same process and will not pass messages because the data is already 

locally accessible. 

3. If more than one grid is assigned to a process, in as much as it is possible, the 

collection of grids assigned to each process should be logically convex. In 

addition to being logically convex, the collections of grids should minimize 

the number of off-process connections and equivalently reduce the amount of 

inter-processor communications. 

4. The parallel solvers implemented in the simulator require grid coloring. The 

basic requirement for grid coloring is that no two adjacent domains (i.e., 

domains having connections to each other) have the same color. Each process 

loads multiple domains with different colors, and each color should be present 

in all processes.  

5. Grids should be assigned to processes such that the total workload for each 

process is approximately equal. This can be difficult to accomplish in models 

in which some regions have single-phase flow and other regions have multi-

phase flow. It is more straightforward to balance the number of active cells 

per process, which is often a reasonable approximation. 
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6. In the simulator, parallel ILUT (truncated ILU), AMG (Algebraic Multi-Grid), 

and AMG-RS (reduced system, algebraic multi-grid) solvers are provided as 

the pressure pre-conditioner; Gauss-Seidel, Half-Fast (a simplification of 

ILU), and ILU solvers are provided as the full system pre-conditioner. All of 

these parallel solvers are based on domain decomposition. 

3.3 AUTOMATIC DECOMPOSITION FOR A PARALLEL RESERVOIR SIMULATOR 

A large amount of research in domain decomposition methods for parallel 

computing has been performed in the last twenty-five years. This section presents an 

automatic domain decomposition framework for the parallel reservoir simulator. 

Emphasis is given to practical issues and implementation, rather than to theoretical 

complexity. To achieve robustness of the algorithms with the consideration of the 

geometrical shape of the reservoir structure, this dissertation proposes several relatively 

simple algorithmic steps.  

At least three primary factors affect the parallel simulator performance when 

decomposing the domain for the given total number of sub-grids: 1) the active cell 

distribution in the reservoir, 2) reservoir geometry, and 3) fault locations. The present 

development in this chapter relates to systems and methods for 2D domain decomposition 

during parallel reservoir simulation to balance the active cells in a reservoir model. We 

primarily focus on the active cell distribution to improve the performance of the parallel 

reservoir simulator by load balancing.  

3.3.1 Automatic Decomposition Methodology 

Five different methods determine the grid decomposition of a given reservoir 

model. These methods can work for both 1D and 2D domain decompositions, and they 

are described in detail in the following section. 

First, the total number of sub-domains is read as an input. This number generally 

depends on processor availability. Users can elect to use one domain per processor or two 
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domains per processor; with the latter being the most efficient for a red-black scheme, for 

example. After this number of sub-domains is read, the auto-decomposition process finds 

the factors of this number and determines all possible combinations of the factors. For 

example, if the number of domains is 64, the factors will be 2, 4, 8, 16, 32, and 64. The 

possible decomposition combinations are: 1×64, 2×32, 4×16, 8×8, 16×4, 32×2, and 64×1. 

The first and last of these are always 1D, and the remainder are 2D. In general, previous 

results have shown that decomposition in the vertical direction yields poor convergence, 

except for the trivial case of completely isolated layers. 

Five methods are then constructed on each of these combinations. Of all possible 

scenarios (multiply total combinations and five methods), the best scenario will be 

determined, based on the closeness to the ideal decomposition. The offset number shows 

how much the decomposition is away from the ideal case. Equation 3.1 shows the 

calculations for the ideal number and offset size: 

ND

NB
numberideal _ ,                    (3.1) 

where NB represents number of grid blocks in the reservoir, and ND is the 

number of domains that the user will use in the parallel simulation run. 





ND

i

iNAnumberidealabssizeoffset
1

)_(_      (3.2)  

iNA is the number of active grid blocks in the domain i. 

Five domain decomposition methods (evenly-divided domains, layer active-cell 

analysis, reservoir active-cell analysis enabling grid coloring, and reservoir active-cell 

analysis avoiding grid coloring) are introduced in detail in the following sub-sections. 

 3.3.2 Method 1: Evenly-Divided Domains 

In this method, the structure information, NX, NY, NZ, and the specified domain 

sizes are entered into the framework. The number of grid blocks of the reservoir is evenly 

divided in all three directions. An integer array assigns each cell to a particular domain. 
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The integer for different grid blocks corresponds to the same computational domain. 

Figure 3.1 shows that a reservoir is decomposed into six sub-grids, two in the x-direction 

and three in the y-direction (2×3). This solution does not take the number of active cells 

into account. It equally distributes domain sizes over the reservoir dimensions. In this 

approach, depending on the reservoir geometry, domains may be assigned a very 

different number of active cells, which causes poor parallel reservoir simulation 

performance. Even if the number of active cells changes in each domain, the 

decomposition boundaries will not change in the current approach. Figure 3.1 and 

Figure 3.2 show decomposition examples obtained by this method. The method can be 

finished by the following three steps: 

1. Identify the NX, NY, and NZ values. 

2. Identify the specified domain decomposition sizes in all directions.  

3. Decompose the reservoir equally in all directions unless domain sizes are 

specified. 

3.3.3 Method 2: Layer Active-Cell Analysis 

The active cells play an important role for any efficient decomposition algorithm. 

In this scenario, the number of active cells per reservoir layer is calculated, and the layer 

with the greatest number of active cells selected. The layer with the greatest number of 

active cells is divided by the number of decompositions requested in the x-direction in 

such a way that they will all have a similar number of active cells. An analysis of all the y 

decomposition sizes then aligns these by averaging to prevent grid coloring issues. The 

processor is assigned to x-y regions generated by the previous steps. Finally, the 

algorithm expands the domains in the z-direction and creates the integer array. Figure 3.3 

shows a decomposition example obtained by this method. The method is comprised by 

the following steps: 

1. Identify the NX, NY, and NZ values. 
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2. Identify the specified decomposition domain sizes in all directions.  

3. Determine the number of active cells per reservoir layer and mark the layer 

with the greatest number of active cells. 

4. Divide this layer by the number of decompositions requested in the x-

direction in such a way that each domain will have a similar number of active 

cells. 

5. Count the active cell numbers for each x-region (generated at step 4); divide 

each x-region by the number of decompositions requested in the y-direction in 

such a way that they will all have a similar number of active cells. 

6. Analyze all of the y decomposition sizes and align them by averaging, to 

prevent grid-coloring issues. 

7. Expand the assignments in the z-direction. 

3.3.4 Method 3: Reservoir Active-Cell Analysis, Allowing Sub-domain Coloring 

The active cell searching in the reservoir active cell analysis is based on the entire 

reservoir rather than on the individual layer in the reservoir active-cell analysis. After the 

number of active cells in the entire reservoir is determined, the total number of active 

cells is divided by the number of decompositions requested in the x-direction in such a 

way that they will all have a similar number of active cells. Because the active cell 

numbers for each x-region generated at the previous step are the same, the x-regions are 

divided by the number of decompositions requested in the y-direction in such a way that 

they will all have a similar number of active cells. An integer array associated with the 

grid number is created for the parallel simulator. Processors are then assigned to all xy- 

regions generated for the x-direction and y-direction. Figure 3.4 to through Figure 3.8 

illustrate how decompositions are obtained by this method. 

1. Identify the NX, NY, and NZ values. 

2. Identify the specified decomposition domain sizes in all directions.  
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3. Find the number of active cells per reservoir.  

4. Divide the total number of cells by the number of decomposition requested in 

the x-direction in such a way that they will all have a similar number of active 

cells. 

5. Count the active cell numbers for each x-region (generated at step 4) and 

divide each x-region by the number of decomposition requested in the y-

direction in such a way that they will all have a similar number of active cells. 

 

3.3.5 Method 4: Reservoir Active-Cell Analysis, Avoiding sub-domain Coloring 

1. Identify the NX, NY, and NZ values. 

2. Identify the specified decomposition domain sizes in all directions.  

3. Determine the number of active cells in the reservoir.  

4. Divide the total number of active cells by the number of decompositions 

requested in the x-direction in such a way that they will all have a similar 

number of active cells. 

5. Count the active cell numbers for each x-region (generated at step 4) and 

divide each x-region by the number of decomposition requested in the y-

direction in such a way that they will all have a similar number of active cells. 

6. Analyze all y-decomposition sizes and align them by grid-weighted averaging 

to prevent grid coloring issues. 

7. Repeat steps 4 and 5 by switching x and y. 

8. Compare both approaches and select the better of the two, depending on the 

grid load offset. 

Figures 3.9-3.14 illustrate how decompositions are obtained by this method. 
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3.3.6 Method 5: 2D Stair-Stepping  

Figures 3.15-3.20 show the flowchart for implementing the method presented. 

Figure 3.21 and Figure 3.22 show example decompositions obtained by this method. This 

method is referred to as stair-stepping because the incremental adjustment of the domain 

boundaries on a cell by cell basis resembles stairs between the successive values for x-

direction or y-direction, as shown in Figure 3.23 

1. Calculate each combination for a predetermined number of decomposed 

domains in a reservoir model. 

2. Identify a number of decomposed domains in a x-direction and a number of 

decomposed domains in a y-direction for one of the combinations.  

3. Calculate one or more decomposition boundaries in a predetermined order for 

the number of decomposed domains in the x-direction and the number of 

decomposed domains in the y-direction, the predetermined number of 

decomposed domains being separated by the decomposition boundaries 

calculated in the predetermined order and assigned a respective actual number 

of active grid blocks.  

4. Calculate an offset size based on the ideal number of active grid blocks for 

each of the predetermined number of decomposed domains and the actual 

number active grid blocks.  

5. Calculate one or more decomposition boundaries in another predetermined 

order for the number of decomposed domains in the x-direction as well as the 

number of decomposed domains in the y-direction. The predetermined 

number of decomposed domains is separated by one or more decomposed 

boundaries calculated in the other predetermined order and assigned another 

respective number of actual active grid blocks. 
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6. Calculate another offset size based on the ideal number of active grid blocks 

for each of the predetermined number of decomposed domains and the actual 

number of active grid blocks. 

7. Move one or more decomposition boundaries in the predetermined order or 

one or more decomposition boundaries calculated in the other predetermined 

order by stair-stepping to produce one or more new decomposition boundaries 

calculated in the other predetermined order. The predetermined number of 

decomposed domains is separated by one or more new decomposition 

boundaries calculated in the predetermined order or one or more new 

decomposition boundaries calculated in the other predetermined order and 

assigned a respective new number of actual active cells or another respective 

new number of actual active cells. 

8. Calculate the final offset size based on the ideal number of active cells for 

each of the predetermined number of decomposed domains and new actual 

number of active cells or the other new actual number of active cells.   

9. Repeat steps from 2-8 for each combination calculated in step 1, each 

combination represented by one offset size and another offset size. 

10. Selecting one of the combinations with the lowest final offset size, the 

combination with the lowest final offset size including one or more new 

decomposition boundaries calculated in the predetermined direction or one or 

more new decomposition boundaries calculated in the other predetermined 

direction. 

3.4 CASE STUDIES 

This section presents results for three examples to illustrate the parallel simulator 

performance improved by using the automatic decomposition framework. These synthetic 

models are based conceptually on real models: a Gulf of Mexico model, a North Sea 



 42 

black-oil model, and an African reservoir compositional model. For all cases, the 

reservoir models were decomposed by various algorithms discussed in the previous 

section. The CPU time for each algorithm was summarized. The automatic 

decomposition framework provides a very effective way to improve the parallel simulator 

performance. 

3.4.1 Case Study I 

Figure 3.24 shows the synthetic model with 208×204×20 = 848,640 grid blocks 

used for this study. This model is conceptually based on actual models but is totally 

fictionalized. The composition fluid type with water and gas injection secondary recovery 

processes is used. An equation-of-state was applied with nine components: N2C1, 

CO2C2, C3, C4, C5, C6, C7P1, C7P2, and C7P3. Table 3.1 lists the component 

characteristics. The reservoir is produced from 308 production wells. The model presents 

35 gas injection wells and 30 water injection wells. 

Four processors were used for the various decomposition algorithms described in 

the section 3.3. There are 16 possible scenarios if only 1D and 2D decompositions are 

considered for all four algorithms with eight grid domains. After the ideal number is 

calculated by Equation 3.1, Equation 3.2 can be used to obtain the offset size for all 16 

scenarios. Table 3.2 and Table 3.3 show the results generated from the auto-

decomposition tool. The reservoir was simulated for 51 years with various 

decompositions listed in Table 3.2 and Table 3.3. As shown in Table 3.2, the smallest 

offset size for one dimension is 1,406 grid blocks with eight sub-domains in the x-

direction (Figure 3.25), and the domain distribution is generated by method 4: Reservoir 

Active-Cell Analysis and Avoiding Grid Coloring. Table 3.3 shows that the smallest 

offset size for two dimensions is 856 grid blocks with four sub-domains in the x-direction 

and two sub-domains in the y-direction (Figure 3.26). The domain distribution is 

generated by method 3: Reservoir Active-Cell Analysis and Allowing Grid Coloring.  
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As discussed in the previous section, the simulation runs with these domain 

decompositions which have the smallest offset size should have the best performance. 

The simulation performances for the serial simulation run and parallel simulation runs 

with the domain decomposition generated by method 1, method 3, and method 4 are 

listed in Table 3.4. The CPU times of the parallel simulation runs using the best domain 

decompositions are 2,352 and 2,348 seconds, which improves the CPU time ratio from 

1.5 to 2.2 as compared to method 1 (evenly-divided domains), which is the most popular 

method used for domain decomposition. As a test of the validity of the algorithms, the 

engineering results from both serial and parallel simulation runs are virtually identical. 

Figure 3.27 and Figure 3.28 show the oil production rates and average pressures from 

those runs. Figure 3.29 shows the comparison for a different number of domains vs. CPU 

time by methods for this synthetic model. Figure 3.30 shows the effect of the offset size 

on the CPU. 

3.4.2 Case Study II 

A North Sea synthetic model with more than 550,000 grid blocks was used in this 

case study. The model is black-oil with approximately 100 wells, 2,000 perforations, and 

500 network connections. Thirty-eight different decomposition scenarios have been run, 

and Figure 3.31 shows the comparison for different number of domains vs. CPU time by 

methods for this model. 

3.4.3 Case Study III 

Case III represents a synthetic African reservoir compositional model. The total 

grid contains more than 1.3 million cells with approximately 513,000 active cells. 

Distributed throughout this model are approximately 8 wells, including 5 producers and 3 

gas injectors for this miscible gas injection example. The model was run using a fully-

implicit formulation, which resulted in the domination of the run by the linear equation 

solver, as a nine-component system is solved for each grid block. As shown in Table 3.5, 
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a substantial improvement of performance is achieved by using the automatic domain-

decomposition framework. 

3.5 CONCLUSIONS 

The parallel technique is still an active and important research area in reservoir 

simulation. To improve the performance of parallel reservoir simulator, efficient domain 

decomposition methods play an important role. This work demonstrates an automatic 

domain-decomposition framework that includes five methods to decompose 1D and 2D 

domains. For a given number of domains, the framework can be used to determine the 

best decomposition by the offset size from multiple scenarios. The performance for the 

parallel reservoir simulation can be promised by the scenario selected by the framework. 

For reservoirs with a large number of inactive grid blocks, the simulation time can be 

significantly reduced with the domain decomposition generated by the framework.  

The geometry of the reservoir significantly affects some of the domain 

decomposition scenarios, even when the offset size is low. This generally occurs when 

the reservoir is decomposed to several sub-grids, which cause either non-neighboring 

cells to be in the same sub-grid or splitting faults. Further work on testing, the creation of 

a more user-friendly interface, and handling of reservoirs with more complex geometries 

should be investigated. 
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Table 3.1: Component Characteristics for Composition fluid for case study I 

COMPONENTS 

-------------------------------------------------------------------------  

CO2 N2+C1 C2+C3 C4-C6 C7-C9 C10-C1 C15-C2 C24-C8  

-------------------------------------------------------------------------  

PROPERTIES K KPA 

COMP     MW       TC            PC          ZC        ACENTRIC OMEGAA OMEGAB VSHFT PCHOR  

-------------------------------------------------------------------------------------------------------------------------  

CO2      44.0098   304.2        7376.46   .274145 .225            .42748       .08664         .101924  78 

N2+C1  16.08989 190.1597 4591.91   .287341 .0082188    .42748        .08664         .021156 77.05179 

C2+C3  34.36028 330.68     4633.284 .285788 .1191975    .42748        .08664         .065609 125.7795 

C4-C6   67.54043 454.7785 3440.885 .272998 .229706      .42748        .08664         .113086 221.1034 

C7-C9   102.0323 587.3919 3041.558 .29246   .4884362    .42748        .08664         .078591 300.574 

C10-C1 157.8486 668.6566 2050.988 .246009 .6476521    .42748        .08664         .159116 434.3171 

C15-C2 251.5574 696.5004 1654.224 .303625 .8864295    .42748        .08664         .184131 659.1369 

C24-C8 433.6916 826.6363 1287.374 .319966 1.204998    .42748        .08664         .032108 1136.601 

Table 3.2: 1D decomposition for different methods 

Scenarios DOMNX, 

DOMNY 

Method Offset Size 

1 1x8 1 81,560 

2 1x8  2 18,786 

3 1x8 3 1,544 

4 1x1  4 1,544 

5 8x1  1 57,294 

6 8x1  2 5,538 

7 8x1  3 1,424 

8 8x1  4 1,406 

Table 3.3: 2D decomposition for different methods 

Scenarios DOMNX, 

DOMNY 

Method Offset Size 

1 4x2 1 88210 

2 4x2 2 19412 

3 4x2 3 856 

4 4x2 4 20776 

5 2x4 1 80782 

6 2x4 2 22312 

7 2x4 3 1718 

8 2x4 4 21258 

 



 46 

 

Table 3.4: Performance for different methods 

Algorithm CPU TIME 

(Seconds) 

Ratio 

Serial Run 5176 1.0 

Parallel Run Method 1 

1D (8x1) 

3293 1.5 

Parallel Run Method 4 

1D (8x1) 

2352 2.2 

Parallel Run Method 3 

2D (4x2) 

2348 2.2 

Table 3.5: Performance for different methods for case study III 

Algorithm CPU TIME 

(Seconds) 

Ratio 

Serial run 8,391 1 

Method 1 2d (4×3) 6 

nodes 

3,521 2.3 

Method 4 2d (4×3) 6 

nodes 

2,745 3.0 
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Figure 3.1: Method 1, 3×2 Domain Decomposition 

. 

Figure 3.2: Method 1, 2×2 Decomposition 
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Figure 3.3: Method 2 in 2D 

 

Figure 3.4: Method 3, Scanning in the X-Direction (First X-Region) 
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Figure 3.5: Method 3, Scanning in X the Direction (Second X-Region). 

 

Figure 3.6: Method 3 Scanning in X the Direction (Third X-Region) 
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Figure 3.7: Method 3, Scanning X-Regions in the Y-Direction (First Y-Region in First 

X-Region) 

 

Figure 3.8: Method 3, Final Decomposition 
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Figure 3.9: Method 4, Scanning in the Y-Direction (First Y-Region) 

 

Figure 3.10: Method 4, Scanning in the Y-Direction (Second Y-Region). 
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Figure 3.11: Method 4, Scanning Y-Regions in the X-Direction (First X-Region in First 

Y-Region) 

 

Figure 3.12: Method 4, End of Step 5 after X and Y Switched 
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Figure 3.13: Another Example of Method 4, End of Step 5 

 

Figure 3.14: Method 4, End of Step 6 
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Figure 3.15: Stair-Stepping Method Flow Chart 
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Figure 3.16: Stair-Stepping Method Flow Chart (Continued) 
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Figure 3.17: Stair-Stepping Method Flow Chart (Continued) 
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Figure 3.18: Stair-Stepping Method Flow Chart (Continued) 
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Figure 3.19: Stair-Stepping Method Flow Chart (Continued) 
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Figure 3.20: Stair-Stepping Method Flow Chart (Continued) 
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Figure 3.21: Method 5, 4 by 2 decomposition 

 

Figure 3.22: Method 5, 6 by 4 Decomposition 
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Figure 3.23: Stair-Stepping Decomposition 

 

Figure 3.24: A Synthetic Model with 208x204x20 = 848,640 Grid Blocks 
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Figure 3.25: Synthetic Model with 2D (4x2) Domain Decomposition Generated by the 

Framework. 

 

Figure 3.26: The Synthetic Model with 1D (8x1) Domain Decomposition Generated by 

the Framework 
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Figure 3.27: Oil Production Rates from Serial and Parallel Runs for Case Study I 

 

Figure 3.28: Average Pressure from Serial and Parallel Runs for Case Study I 
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Figure 3.29: Number of Domains vs. CPU Time by Methods for Case Study I 

 

Figure 3.30: CPU Time vs. Offset Size by Number of Processors for Case Study I 
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Figure 3.31: Number of Domains vs. CPU Time by Methods for Case Study II 
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CHAPTER 4: UITRA-FINE-SCALE VERIFICATION of SINGLE-

PHASE UPSCALING 

4.1 INTRODUCTION 

This chapter discusses the development of an ultra-fine-scale verification tool for 

the new single-phase upscaling algorithms. The single-phase property (permeability and 

transmissibility) upscaling is the most widely applied upscaling technique; it is also a 

prerequisite for the upscaling of multi-phase flow. This chapter introduces the Local-Grid 

Refinement to Honor Faults (LGRHF) coarsening and upscaling algorithm to upscale 

faulted models which are very common cases in practice. The new algorithm provides the 

capacity of maintaining fault positions as accurately as in the fine model during the 

coarsening procedures. The LGRHF coarsening and upscaling algorithm differs from 

previous local upscaling approaches in that the coarse-scale parameters (upscaled 

permeability and transmissibility) are computed only on non-faulted regions. The faulted 

block properties are preserved by the fine-scale properties with Local Grid Refinements 

(LGRs). Based on this algorithm, a new extended local upscaling technique (semi-local 

region upscaling) is developed that is valid for some specific flow scenarios. 

Section 4.2 presents the flow and transport equations and the boundary condition 

for solving the flow equations. In the following subsection, the transmissibility 

calculation from permeability and grid block geometry (corner point) is demonstrated. 

The LGRHF technique is described in section 4.2.3. The last subsection of section 4.2 

introduces the finite difference discritezation and calculation for permeabilities in the 

coarse model. Sections 4.3 and 4.4 include discussions about the semi-local region 

upscaling and automatic layer lumping algorithms. Section 4.5 proposes the ultra-fine-

scale verification tool (tuning procedures) for the new single-phase upscaling algorithms. 

Finally, this chapter summarizes important findings and discusses potential enhancements 

of the method. The basic formulation and results presented in this chapter have been 
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published in Wang et al. (2005), although additional discussion and illustrations of the 

method are also included. 

4.2 SINGLE-PHASE UPSCALING FOR FAULTED MODELS  

The LGRHF upscaling process requires solving a local flow problem and post-

processing the flow information to obtain the upscaled permeability tensor for each 

coarse cell. The pressure equation is solved locally over the fine-scale region 

corresponding to the block to determine the equivalent permeability. 

4.2.1 Pressure Equation for Local Flow and Boundary Conditions 

For steady, single-phase incompressible flow, the mass conservation equation and 

Darcy's law are provided by 

0 u          (4.1) 

and 

pxku  )(
1


.        (4.2) 

The dimensionless pressure equation is obtained by combining the continuity 

equation: 

0))((  pxk ,        (4.3) 

where p is dimensionless pressure, u is the Darcy velocity,   is the fluid viscosity, and 

k(x) is the spatially variable permeability tensor, which is generally highly variable in 

space (note that all quantities are dimensionless; permeability is non-dimensionalized by 

a reference or characteristic permeability). Although these equations describe single-

phase flow, the cell permeability obtained by solving these equations is commonly used 

for more complicated multiphase flow problems. 

In any type of local or extended local upscaling technique, boundary conditions of 

the local problem must be specified to compute the coarse-scale equivalent permeability 

or transmissibility. Several boundary specifications are used in practice (e.g., one 
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direction constant pressure with other two direction no-flow, periodicity, linear pressure), 

although they are generally based on the assumption of a locally constant pressure 

difference over the local region. For a 2D problem, Equation 4.3 must be solved twice 

over the local (or extended local) fine-scale region to obtain all of the required 

components of the upscaled permeability or transmissibility. We consider a local flow on 

a region of physical dimensions lx x ly. For one direction constant pressure with other 

two direction no-flow boundary conditions, we first solve the local problem subject to: 
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Local flow driven by a pressure difference in the x-direction is then solved. Other 

commonly used boundary conditions, such as periodicity, also assume a constant pressure 

difference over the local domain. For pressure difference in the x-direction, periodicity 

imposes the following boundary conditions: 
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These periodic boundary conditions specify correspondences between pressure 

and velocity on opposite boundaries, rather than fixed values. For the system to be well-

posed, a value of pressure is specified at one point in the domain. Other boundary 

specifications can be easily applied within the LGRHF upscaling approach. In this study, 

the constant pressure in one direction with no flow in other direction boundary condition 

is used to solve Equation 4.3.  

4.2.2 Calculation of Transmissibility from Fine-Grid Block Permeability and Grid 

Geometry 

In the upscaling algorithms, the properties upscaled are transmissibilities rather 

than permeabilities because transmissibility upscaling is believed to achieve more 
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accurate results that can be obtained with permeability upscaling. A primary reason for 

this is that transmissibility calculation is related to the grid block geometry. In other 

words, transmissibility is a function of grid block corner points. In reality, however, 

permeability is the most common property provided by geologic modeling. The fine-scale 

transmissibility from the permeability and grid block geometry must be calculated first.  

4.2.2.1 Transmissibility in Two Dimensions 

This subsection describes the calculation of transmissibility for a 2D system; the 

extension to 3D will be presented in the next subsection. Two orthogonal adjacent grid 

blocks in Figure 4.1 are considered, in which the points A and B are the centroids of their 

respective blocks. Each block has its own permeability, kA and kB. Because this may be 

considered to be flow through two resistances in series, the transmissibility from A to B 

is provided by: 

BA

AB

TT
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11
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 ,        (4.6) 

where  

AAA LZWkT / ,        (4.7) 

and 

BBB LZWkT / .        (4.8) 

In this simple 2D case, ΔZ, which is perpendicular to the plane of Figure 4.1, is 

considered to be constant. Note that TA may be considered to be the “half-block 

transmissibility” from point A to the right face of block A. 

Figure 4.2 shows a more general case in which the grid-blocks are not orthogonal, 

but the layer boundaries are parallel. Equation 4.6 still holds, with TA being provided by 

Equation 4.7. Note that LA is now specifically the distance from the centroid A to the 

point C, in which C is the center of the interface between blocks A and B. If LAB is the 
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length of that interface, and if γ is the angle between the interface and the parallel sides, 

then clearly 

)(SinLW AB .        (4.9) 

Alternatively, let n be the unit vector normal to the interface at point C, and let   

be the angle between line AC and the normal n. Because γ and  are complementary 

angles, then 

)(CosLW AB .        (4.10) 

Using Equation 4.10 in Equation 4.7,  

AABAA LCosZLkT /)( .       (4.11) 

It will be also useful to express the following resistance from point A to the right 

face: 

)(

1

CosZLK

L

T ABA

A

A 
 .       (4.12) 

In the real structure grid system, the grid blocks are not orthogonal and the layer 

boundaries are not parallel. Figure 4.3 shows the most general case of single grid block in 

which none of the sides are parallel. Point A is still the centroid, and we wish to calculate 

the half-block transmissibility from point A to the right face. For this purpose, note that 

in mapping the grid block to a unit square, the variable u represents a fractional distance 

from the left face to the right face. Let point 5 to be a point moving along the upper edge, 

such that 

)()( 1215 xxuxux         (4.13) 

)()( 1215 yyuyuy  ,        (4.14) 

Let point 6 to be a similar point moving along the lower edge, such that: 

)()( 3436 xxuxux         (4.15) 

)()( 3436 yyuyuy  .       (4.16) 

Then the line L56(u), connecting points 5 and 6, is a moving line that slices the 

block, as shown in Figure 4.4. 
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In particular, u = 0 corresponds to the left edge, u = 1 corresponds to the right 

edge, and uc is the value of u corresponding to the line L56, that passes through the 

centroid. Note that uc is not necessarily equal to 0.5. The half-block transmissibility from 

the slice going through the centroid to the right face can be conceptualized as being the 

sum of transmissibilities of a collection of tubes formed by lines of constant v, as shown 

in Figure 4.5. Figure 4.5 also shows a sequence of slices formed by lines of constant u. 

Let us call the intersection of a tube and a slice as chunk. Figure 4.6 shows a typical 

chunk. 

By analogous with Equation 4.12, the resistance of that typical chunk is provided 

by 

)),(( vuLCosZk

s

A 


,       (4.17) 

where Δs is the distance along the tube lying within the slice, ΔL is the distance along the 

slice within the chunk, n(u,v) is the normal to the slice, and ψ(u,v) is the angle between 

the tube and the normal. Because the area of the chunk is provided by ΔA = ΔZ ΔL, the 

resistance of the typical chunk can be expressed somewhat more succinctly as 

)),(( vuACosk

s

A 


.        (4.18) 

In the limit, then, the resistance of the tube from the slice going through the 

centroid to the right face is given by the integral: 
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Because of the appearance of the area ΔA in the denominator, this integral is 

referred to as a “harmonic integral,” analogous to the harmonic series, in which the term 

n appears in the denominator. Finally, the transmissibility of all the tubes in parallel is 

given, in the limit, by: 
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,     (4.20) 

where 10  u and 10  v . 

4.2.2.2 Transmissibility in Three Dimensions 

Equation 4.20, which was derived as the 2D version of calculating 

transmissibility, can be extended to the general 3D case, in which the eight corners of the 

grid block are completely arbitrary. However, considerable care must be taken in 

interpreting and calculating the various terms in it. In doing so, the mapping of the grid 

block into the unit cube will be used, as described in reference (VIP-EXECTIVE 

Technical Reference, 2008). The extended equation is, 
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,    (4.21) 

where 10  u , 10  v , and 10  w . 

Numerical integration methods, such as the Gaussian quadrature formula, are used 

to simplify Equation 4.21 to 

AAA kGT  .         (4.22) 

There are many formulas for numerical integration in the literature. The details 

for the calculation of AT in Equation 4.22 can be found in VIP-EXECTIVE Technical 

Reference, 2008. 

4.2.3 Local-Grid Refinement to Honor Faults 

In most real cases, reservoir geometry is structurally complex, and multiple grid 

blocks with complex fault juxtaposition is more challenging for upscaling. These 

challenges provide the motivations for the new developments in this work.  
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4.2.3.1 The Difficulty of Upscaling Permeability in Faulted Models 

Several considerations related to coarsening a faulted model are very important to 

reservoir simulation. Models with fewer grid cells enable the simulator to work 

efficiently, but may not reflect the actual subsurface fluid flow features. Over-coarsening 

can result in, for example, a fault being in a wrong location as shown in Figure 4.7 and 

Figure 4.8. A fault may even be on the wrong side of the well, located at the upper-right 

side of the faults in the fine model (Figure 4.7), and located at the lower-left side of the 

faults in the coarse model (Figure 4.8). The cause is that the coarse-grid blocks are 

generated with presentence of faults; therefore the locations of faults need to exist 

between the two blocks.  

To simplify the problem, these concepts are discussed in a 2D x-y system; 

however, the algorithm is developed in three dimensions. Figure 4.7 shows a faulted 2D 

fine mode with 6×18 = 108 grid blocks. The faults (black solid stair-step line) are across 

the entire model from the upper-left corner to the lower-right corner. If the fine model is 

homogeneously coarsened by factors 2×2, the faults in the coarse model shown in Figure 

4.8 could be moved into the wrong location, and even on the wrong side of a well, as 

compared to the fine model (Figure 4.7 and Figure 4.8). The challenges include how to 

handle the faults that are located between the interior coarse cells and how to preserve the 

relative locations between wells and faults. Proper coarsening size and precise fault 

preservation to avoid dramatically changing the fluid flow behavior after coarsening are 

stressed in this section. 

4.2.3.2 Four Possible Schemes of Coarsening for Faulted Models  

There are four possible algorithms to handle the faults during coarsening. This 

section discusses each possible algorithm in detail with the simple 2D model used in the 

previous section. After the analysis and evaluation, one of the algorithms was used in this 

study.  
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1. Remove interior nodes, keep the faults located at the grid block edges, and 

disregard the internal faults. The coarse model is shown in Figure 4.9. The 

faulted blocks become connected after coarsening. This algorithm is easy to 

implement, but the flow behavior is dramatically changed because the fault 

information is removed; consequently, this algorithm should not be used in 

most of cases unless the fluids in place among the faulted grid blocks are a 

relatively small amount. 

2. Remove interior nodes, and move faults to the nearest boundary, as shown in 

Figure 4.8. In this scheme, the fault location has been moved. Most of the 

flow behavior is captured because faults are kept in the model. The major 

disadvantage of this scheme, as previously discussed, is that the well 

connections are possibly changed for each fault segment if the well location is 

in the wrong side of a fault segment (Figure 4.8). The fluid volumes of fault 

grid blocks could also be changed. 

3. Retain original faults location and treat them as new grid boundaries, as 

shown in Figure 4.10. In this algorithm, the flow behavior should be mostly 

identical with the fine model because locations of both faults and wells in the 

coarse model are honored with the locations in the fine model. The big 

disadvantage is that the transmissibility calculation will become more 

complex because the pseudo-unstructured grid is created in the coarse model. 

Conceptually, the algorithm is more difficult to explain.  

4. Remove interior nodes if no faults exist in the coarse region; add the LGRs to 

retain desired features, as shown in Figure 4.11. We named this algorithm 

LGRHF (local-grid refinement honoring faults). The faults are retained at the 

original location after coarsening, and the conversional structure grids are 

maintained. The flow behavior is nearly identical with the fine model because 
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fault segments are not moved. The details of this algorithm will be discussed 

in the next section. 

Based on this discussion, the LGRHF algorithm will be used to coarsen the fine 

model in the single-phase upscaling process. 

4.2.3.3 Procedures for Local-grid Refinement Honoring Faults Coarsening  

In this process, faults connections are honored at their original grid cells in this 

algorithm. The coarsening of local-grid refinement honoring faults is implemented by 

searching for the fine-grid corner points to determine the fault locations which are 

honored on the original fine-grid before coarsening. Fault positions and shapes are 

maintained as accurately as in the fine model. Figure 4.12 shows the LGRHF coarsening 

technique. Each fault in the fine model is analyzed and, when necessary, a LGRHF 

algorithm is used to create refinements around the faults to ensure that the coarsening 

process does not change the fault locations. The LGRHF procedure includes four steps; a 

60×60 2D fine model, shown in Figure 4.13, is used to explain the new algorithm: 

1. Create a moving window for coarsening. The coarse factors in x-direction and 

y-direction are selected as 3, representatively; this makes the moving window 

equivalent to a coarse-grid block that is formed by 3×3 = 9 fine-grid blocks. 

2. Coarsen away from the faults by using the moving window to search any 

faulted cells in the entire model. The coarse procedure begins from the upper-

left corner. If there are no faults cells existed in the first window (size: 3x3 = 9 

cells), these cells are completely formed in the coarse-grid block. For the next 

step, the coarse window moves to the right by three cells to determine whether 

or not any faults exist. After completing the last three fine cells in the x-

direction, the moving window moves down three cells in the y-direction, and 

begins moving in the x-direction. The moving window continues until it 
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reaches the lower-left corner to complete the searching procedure. The fine 

model is coarsened away from the faults by this step. 

3. Leave the faults at the resolution of geological model to retain them at the 

same location. If any faults are located in the moving window, a LGR with 

3x3 = 9 cells is generated to honor the faults. In this example, the first faulted 

window is found in the fine model at (16-18, 1-3). Figure 4.14 shows a local 

grid refinement generated as LGR1 in that coarse cell. There are nine cells in 

LGR1, which is located at coarse cell (6, 1). To preserve the fault
‟
s location, a 

total of 70 LGRs are generated in this step.  

4. Combine the LGRs to keep the number of them as small as possible. The 

moving window will continue searching the fine model until the last cell is 

reached at the lower-right corner. A total of 70 LGRs are generated to retain 

the faults at the same location as in the geological model. The last step of the 

coarsening is to combine the LGRs to make the number of LGRs as small as 

possible to efficiently run the simulators (Killough et al. 1997). If two 

adjacent LGRs have same number of cells in the x-direction or y-direction, 

they can be combined into one LGR. After completing the combination of 

LGRs shown in Figure 4.14, only 32 LGRs remain in the coarse model.  

The coarse model with one root grid 20×20 and 32 LGRs is generated by the  

LGRHF process from step 1 through step 4. 

4.2.4 Finite Difference Discritezation and Calculation of Coarse Permeability  

A finite difference discretization is applied for the numerical solutions of the fine- 

and coarse-scale pressure equations (Aziz and Settari, 1979). The discretization and 

method for a 2D system is presented; the extension to 3D is straightforward. Figure 4.15 

displays the details of the grid system for a single elemental block in the fine model. The 

grid blocks are indexed by i in the x-direction and by k in the z-direction. For diagonal 
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permeability tensors, the flow from block (i; k) to block (i + 1; k) depends only on the 

pressures in blocks (i; k) and (i + 1; k). Consequently, a two-point flux calculation is 

appropriate. This leads to the standard five-point stencil for the pressure equation for 

elemental block (i, k) 
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,   (4.23) 

where pi,k designates pressure in grid block (i; k) and kiFTX ,2/1)(  and 2/1,)( kiFTZ  are 

inter-block transmissibilities in the x-direction and y-direction for the fine-grid blocks. 

The transmissibility in x between blocks (i; k) and (i + 1; k) is defined as 

kixkiki kGFTX ,2/1,,2/1 )()(   ,       (4.24) 

and 

2/1,,2/1, )()(   kikkiki kGFTZ .       (4.25) 

In these equations, kiG , represents a geometry factor calculated by Gaussian quadrature to 

integrate the geometry. Transmissibility values in the y-direction are defined analogously. 

This formulation is conservative and ensures the continuity of flux across grid block 

interfaces. This discretization scheme can also be applied to the coarse-scale pressure 

equation, assuming the two-point flux calculation is applicable. 

Equation 4.21 and Equation 4.22 can be easily extended to the finite difference 

equation for transmissibility in three dimensions for elemental blocks (i, j, k) 
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and 

kjixkjikji kGFTX ,,2/1,,,,2/1 )()(         (4.27) 

kjiykjikji kGFTY ,2/1,,,,2/1, )()(         (4.28) 

2/1,,,,2/1,, )()(   kjizkjikji kGFTZ .      (4.29) 

Equations 4.26 to 4.29 apply only to interior elemental blocks. When the constant 

pressure in one direction with no flow in other two directions boundary conditions is 
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applied in Equation 4.24, for the elemental blocks on the left face the first term is 

replaced by 

)()( ,,1,,1 kjIXkj PPFTX  .       (4.30) 

For the elemental blocks on the right face, the second term is replaced by: 

)()( ,,,, kjNXOXkjNX PPFTX  ,       (4.31) 

where IXP is the constant pressure on the left side from which the fluids flow into the 

elemental block, OXP is the constant pressure in the left side from which the fluids flow 

out of the elemental block. NX is the number of fine-grid blocks in the x-direction in the 

coarse block. 

Similarly, for elemental blocks on the front face, the third term of Equation 4.26 

is omitted by Equation 4.32; on the back face, the fourth term is omitted by Equation 

4.33; on the top face, the fifth term is omitted by Equation 4.34; and on the bottom face, 

the sixth term is omitted by Equation 4.35. 

)()( ,1,,1, kiIYki PPFTY          (4.32) 

)()( ,,,, kNYiOYkNYi PPFTY         (4.33) 

and 

 )()( 1,,1,, jiIZji PPFTZ         (4.34) 

)()( ,,,, NZjiOZNZji PPFTZ  .       (4.35) 

There are as many simultaneous difference equations as there are elemental 

blocks in half of the coarse block: NX × NY × NZ. This system of simultaneous equations 

may be solved directly by a band algorithm or, more efficiently, by iterative linear 

solvers. 

After the linear system is solved for the pressure at the nodes, the flow into the 

left face can be computed by 
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We assume the volume flux through the interface of the two adjacent coarse-grid 

blocks should be the same as the volume flux in the fine model calculated by Equation 

4.36. Then, according to the coarse block transmissibility for the x-direction, TX, is 

computed by Darcy‟s law: 

 
OXIX

x

PP

Q
TX


 .        (4.37) 

Similar calculations are made for the transmissibility values of the coarse block in 

the y-direction and z-direction: TY and TZ. 

Equations 4.27-4.29 are applied on the coarse-grid block; the coarse 

permeabilities can be computed by 

XG

TX
KX           (4.38) 
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KY           4.39) 
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KZ           (4.40) 

Up until this point, all the permeability values on the root grid in the coarse model 

have been obtained through Equations 4.38-4.340. The permeability values on the LGRs 

created by the LGRHF coarsening procedures should have the same values as the fine 

model because they are directly populated from the fine model. 

4.3 SEMI-LOCAL REGION UPSCALING PROCEDURE  

The LGRHF method proposed in Section 4.2 provides an effective approach to 

handle some faulted fine models; however, the algorithm is essentially a local 

approximation. Local upscaling is typically performed without access to this extended 

information, although the upscaling region is physically embedded in a larger region. 

Consider the simplified sketch of a simple sand/shale reservoir zone in Figure 4.16, and 

notice the “coarse cells” in the center of the figure. It is difficult to determine what the 

permeability values of the coarse cells are. With any local flow-based computation of 
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transmissibility or permeability, the upscaling region is treated as if it were a laboratory 

core-flood. In Figure 4.17, the sides in the system are sealed, a constant pressure drop is 

exerted vertically, and the pressures and flux are determined numerically. The flux 

defines the effective permeability, according to Equation 4.2 (Darcy‟s Law). In this 

particular instance, the vertical permeability kx is zero; however, the answer could be 

incorrect unless two of the shales are extended to the whole layers which makes vertical 

flow impossible within the reservoir. 

Another possible situation is shown in Figure 4.18. In this case, the computational 

region is extended far beyond the upscaling volume. The total vertical flux is positive, as 

a result of the tortuous flow paths which stretch the full width of the shales. The vertical 

flux is only summed within the upscaling volume, although the pressure solution is 

determined for the entire computational domain. This is a more expensive calculation 

than any of the local calculations previously described; however, the fluid flow behavior 

in the coarse-grid block is closer to the actual behavior. Because the upscaling region in 

this case is extended to the entire layer or cross sections, this method will be called the 

semi-local upscaling method and will be discussed in detail in the following section. 

4.3.1 Global Coarse Pressure Solution 

In the semi-local upscaling method, flow information is directly used to adjust the 

local boundary conditions used in the calculation of upscaled properties. By global flow 

here, we calculate three generic global flows on coarse-scale in the x-, y-, and z-

directions. The coarse-grid pressure distributions are used as the boundary condition of 

semi-local upscaling by linear interpolations. For the first iteration, existing local average 

upscaling technique is applied.  

Figure 4.19 illustrates the incorporation of the global coarse pressure into the 

local boundary conditions. Coarse pressures are determined from the coarse-scale 

solution on the global domain, shown in Figure 4.19. Figure 4.20 shows the extended 
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local region used (two coarse layers) to calculate the coarse properties, in which a border 

region with two coarse layers is illustrated (the target cells are shaded). The choice of the 

coarse layers makes it a straightforward process to transfer the coarse pressure on the 

global coarse-grid (designated by solid dots in Figure 4.19) to the local fine-scale grid. 

Coarse pressure values obtained from global coarse solutions are assigned to the 

corresponding local boundary locations, and interpolation, if necessary, is performed to 

define pressures for the other fine-scale boundary locations. Upscaling by flow base 

direct solution of pressure equation technique requires that Equation 4.2 be solved three 

times (for 3D problems) over the coarse layers, columns, and rows separately. Because 

the coarse layer boundary conditions are determined from the global flow, three global 

flow problems must also be solved. These global flow problems could be specified in 

several different ways. The approach taken here is to specify the coarse-scale flows that 

are nominally in the x-, y-, and z-directions, respectively. These flows, which are called 

generic global flows, are obtained by fixing (different) constant pressures on two 

opposite boundaries and no-flow conditions on the other two boundaries. This global 

specification provides local flows that have relatively strong x and y components, which 

in turn allows for the determination of appropriate upscaled quantities. Other global flows 

can also be used, although it is expected that the specification used here (three generic 

global flows) may provide a coarse-scale description that is applicable to other global 

boundary conditions with reasonable accuracy. In this section, the method presented here 

will be extended to incorporate specific (rather than generic) global flows in semi-local 

upscaling calculations.  

4.3.2 Calculation of Coarse Transmissibilities on Extended Regions 

To solve the pressure equation on the extended regions (layers, columns or rows), 

the boundary conditions for the new extended region must be determined. If faulted grid 

blocks are included in this extended region, non-neighbor connection pairs have to be set 
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in the coefficient matrix for the linear system. After the pressure distributions are 

obtained on the extended region, we calculate the coarse transmissibility values by the 

assumption of having same volumetric flow rates between overlapped fine and coarse-

grid blocks. 

4.3.2.1 Boundary Condition for the Semi-Local Upscaling Method 

This section describes the interpolation scheme used to obtain pressures at local 

fine-scale boundaries, as required for the semi-local pressure solution. For the semi-local 

problem, two computational coarse layers of size zyx xlxll  are considered, here, 

fx NXl  , fy NYl   and ))1()((2/1 ffz kNZkNZl  . fNX  and fNY are numbers of 

grid blocks of fine model in x-direction and y-direction respectively, fkNZ )(  and 

fkNZ )1(  are the number of fine layers in coarse layer k and k+1 respectively. Two 

coarse layers of the cross-section along the x-z plane of this entire coarse layer region are 

plotted in Figure 4.20. Again, solid dots designate pressures computed from the global 

coarse flow. The triangles designate local fine-scale boundary pressures, which are 

required to solve the pressure distribution in the shading area in Figure 4.20.  

Two procedures, linear and harmonic interpolations, will be applied to determine 

the local boundary pressures. A schematic shown in Figure 4.21 is used to explain the 

interpolation scheme for the boundary conditions. Coarse pressures cp1  and cp2 are known 

at locations cx1  and cx2 . To determine the fine-scale pressures 0,ip , a bilinear interpolation 

which is an extension of linear interpolation for interpolation functions of two variables is 

applied. The key idea is to perform linear interpolation first in one direction, and then in 

the other direction. Suppose that we want to find the value of the fine pressures at the 

fine-grid scale. It is assumed that we know the value of coarse pressure ),( 11

cc yxp , 

),( 12

cc yxp , ),( 21

cc yxp , and ),( 22

cc yxp at the four coarse block center  

 ).,(),,(),,(),,( 222212212,1121111

cccccccc yxQyxQyxQyxQ    (4.41) 

A linear interpolation is performed in the x-direction. This yields: 
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The next step is to interpolate in the y-direction: 
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where ),( ii yx  is the fine-grid location. Similarly, all of the fine pressures can be obtained 

by interpolating coarse pressures. 

For harmonic interpolation, weightings based on the fine-scale permeabilities of 

the boundary blocks are applied. Pressures are obtained by considering one-dimensional 

flow along a series of heterogeneous blocks. Specifically, the fine-scale boundary 

pressure for c

i

c xxx 21   and c

i

c yyy 21   are obtained with the following equations: 
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where hkx is effective permeability defined as the weighted harmonic average of the 

individual block in one flow direction (x-direction): 
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Similarly, hkx11 , hkx21,
hkx12  and hkx22 are calculated using block permeabilities located in 

different fine cells. For the y-direction: 
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where hky is effective permeability defined as the weighted harmonic average of the 

individual block in one flow direction (y-direction): 
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Similarly, hky1 , and hky2  are calculated using block permeabilities located in different fine 

cells. An analogous procedure is applied for other boundary pressures for the fine-grid 

blocks. 

4.3.2.2 Create Non-Standard Connection Pairs in the Semi-Local Region  

If the semi-local region includes faulted grid blocks, the finite difference equation 

(Equation 4.26) must include extra terms that represent the transmissibility values for 

non-standard connected grid blocks. To solve the finite difference equation system, 

Equation 4.26 plus boundary conditions, the non-standard connected pairs must be 

established first. A two-dimensional (x-z cross section) faulted fine model is shown in 

Figure 4.22 to explain the procedure of creating non-standard connection pairs. 

1. Create fault list by faults. In this case, only one vertical fault existed in the 

fine model. 

2. Determine the faulted grid blocks to associate with the fault. Figure 4.22 

shows that there are 8 faulted grid blocks associated to the vertical fault. They 

are blocks (4,1), (5,1), (4,2), (5,2), (4,3), (5,3), (4,4), and (5,4). 

3. For the faulted faces of each faulted grid block, if the overlap areas to the non-

standard connected grid blocks greater than zero, these grid blocks will be 

collected into the non-standard pair list. For example, faulted grid block (4, 1) 

has two non-standard grid block pairs in the x-direction, one is block (4, 1) to 

(5, 1), anther one is (4, 1) to (5, 2). There are 6 non-standard connections (red 

lines) in the fine model shown in Figure 4.22. 

4. Calculate the transmissibilities for non-standard connected grid block pairs  

When the transmissibilities for the non-standard grid block pairs in the fine model 

are considered in the finite difference equations, the coefficient matrix of the linear 

system is no longer a symmetric seven-diagonal linear system for the 3D case. The 

pressure solution should be affected by these irregular grid systems produced from faults, 
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shales, and pinch out. The next section describes the calculation of coarse transmissibility 

values for semi-local upscaling algorithm. 

4.3.2.3 Calculation of Coarse Permeabilities by Semi-Local Upscaling Algorithm  

Figure 4.20 is used to explain the details for the calculation of coarse 

transmissibility values in the z-direction. After the pressure solution is solved on the 

semi-local region (shading area), the fine-grid block volumetric fluxes ),,( 0kjiq f  shown 

in Figure 4.20 can be calculated by 

)},,(),,(){,,(),,( 1000 kjipkjipkjiTZkjiq ffff   ,   (4.50)    

where ),,( 0kji and ),,( 1kji  (i =1 to Nx and j = 1 to Ny) represent the fine-grid blocks that 

are near the boundary of two coarse-grid blocks. ),,( 0kjiTzf is the transmissibility of 

standard and non-standard connected grid block pairs. ),,( 0kjip f and ),,( 1kjip f are the 

pressures solved by the finite difference equations. The coarse volumetric flux 

),,( cccc kjiQ  can easily be determined by the addition of fine volumetric flux calculated 

in Equation 4.50:  
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From the boundary conditions, the difference of pressure between the coarse-grid 

blocks can be calculated by )1,,(),,(  ccccccccc kjiPkjiPP . The coarse 

transmissibility ),,( cccc kjiTZ and permeability ),,( cccc kjiKZ are now computed by 

Equation 4.36 and Equation 4.37: 

 ccccccccc PkjiQkjiTZ  /),,(),,(  

and 

),,(/),,(),,( cccccccccccc kjiGkjiTZkjiKZ  ,  

here: ),,( cccc kjiG  is the geometry factor of the coarse-grid block defined in Equation 

4.25. 
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Similarly, the coarse transmissibility ),,( cccc kjiTX , ),,( cccc kjiTY  and permeability, 

),,( cccc kjiKX , ),,( cccc kjiKY can be determined by defining the semi-local region as 

columns and rows, respectively. 

 4.4 AUTOMATIC LAYER LUMPING FOR GEOLOGIC MODELS 

Layer lumping is a technique that provides reservoir engineers with optimal 

geological layer-grouping schemes for simulation model contracture. Much layer 

lumping is still done by hand by reservoir engineers. Even though some advanced 

methods can provide automatic tools for layer lumping, they are limited in the applicable 

model size and are also computationally expensive. To preserve the most important 

geological features for flow simulation after upscaling, the first step is to construct the 

reservoir simulation layers based on the given geologic layers. Traditionally, there are 

three ways of constructing their simulation layers.  

1. Use geologic layers directly when the number of geologic layers is equal to 

the number of simulation layers. 

2. Group geologic layers when they are larger than simulation layers. 

3. Split some of the geologic layers when they are smaller than simulation 

layers.  

This section focuses on the optimal coarse algorithm to group geological layers 

that are larger than simulation layers because most geologic models today and in the 

future will contain more layers than simulation models. For a large geologic model, with 

several hundred to thousands of geologic layers, the most popular technique is to 

uniformly group geologic layers to form simulation layers. As a result, critical reservoir 

heterogeneities in the geologic model built by geologists may be lost. Furthermore, this 

over-homogenized model may cause large errors in reservoir history match and 

performance prediction, and may result in bad business decisions. A good algorithm for 

geological-layer grouping should provide the best geologic-layer grouping schemes and 
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the number of simulation layers needed based on their tolerance for the loss of the fine-

layer geologic features for simulation. 

4.4.1 Traditional Layer Lumping Algorithms 

Testerman (1962) published a statistical reservoir-zonation method for reservoir 

engineers to identify reservoir zones from detailed permeability data along wellbores. 

The reservoir zones identified have a minimum variation of permeability internally and a 

maximum variation between zones. Li et al. (2000) extended Testerman‟s idea to global 

upscaling, i.e., the use of 3D unequal spaced grid cells to capture reservoir 

heterogeneities residing in geologic models. A sequential refinement searching algorithm 

is proposed in their paper. The layer-based calculation uses several statistical parameters 

to represent a heterogeneous physical quantity for a layer. They defined the residual 

function in equation 4.51: 
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where R is residual; P  and  are the mean and standard deviation of a quantity for a 

layer, respectively; and w is a weight that varies from 0 to 1. The coarse-layer properties 

must be downscaled to the fine-layer system for the residual calculation in Equation 4.52; 

zN  is number of layers of the fine model. This algorithm provides a complete analysis of 

the reservoir heterogeneity, beginning with a one-layer simulation model, and eventually 

recovering the vertical resolution of the geologic model. They did not automatically 

create the number of simulation layers. Instead, an optimal layer number is provided by 

their sequential refinement searching algorithm for given a choice of the number of 

simulation layers.  

Because the residual calculation is derived by averaging the properties within 

each layer of the geologic model (Equation 4.52), most of the information on the three-

dimensional reservoir heterogeneity is lost. To preserve the reservoir heterogeneities as 

much as possible, a total variance was used as a measure of heterogeneity proposed by 
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King et al. (2005), rather than the layer property average variance (Equation 4.52). The 

use of total variation as an extensive property enables engineers to measure the 

heterogeneity during coarsening. The techniques discussed in King‟s paper are limited to 

generalized descriptions of regional stratigraphy and structure. They did not consider that 

the reservoirs are comprised of laterally continuous flow units separated by continuous 

barrier layers and stair-step faults. In this study, the recursive sequential searching is 

extended to consider additional constraints of preserving a major vertical barrier in the 

reservoir. Those constraints include stair-step faults and multiple reservoir units. 

4.4.2 Automatically Create Optimal Simulation Layer 

This section includes a discussion of how to select the property for the layer 

lumping process and introduces the equations for calculating the total variation to 

measure heterogeneity. Finally, we will summarize the procedures of automatic layer 

lumping. 

4.4.2.1 Layer Lumping Property Selection  

The layer lumping property is used to estimate the residual or the accuracy of 

reservoir layer combination. A layer lumping property should be an attribute that best 

characterizes fluid flow in a petroleum reservoir. There is no unique way to define a layer 

lumping property. Traditionally, geoscientists have been more interested in facies and 

porosity, whereas engineers have been more interested in permeability; reservoir 

engineers first consider permeability, whereas geologists first look at facies and porosity 

when grouping layers. Figure 4.23 shows an effect of grain size on the permeability-

porosity correlations for various sandstones. It is clear that neither porosity nor 

permeability is sufficient to be used as a property to govern the layer lumping process. If 

permeability is used to guide the layer lumping process, shown in Figure 4.23, there is no 

way to avoid layers with different porosities being grouped together. Different grain sizes 

for various sandstones have different relative permeability curves, different ratios of 
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vertical and horizontal permeabilities, and different capillary pressure curves. Therefore, 

it may not be a good idea to put them together. Similarly, if porosity is used as layer 

lumping property, high permeability streaks and flow barriers may be grouped together, 

and then the reservoir model flow characteristics will be changed. Li and Beckner (2000) 

proposed a displacing front conductivity (DFC) that can be used as a layer lumping 

property to capture the entire picture of the geologic model for layer lumping. The DFC 

is defined as: 

)(' f
h Sf

k
DFC


 .        (4.53) 

where hk  is horizontal permeability;   is porosity; )(' fSf  is displacing front velocity 

at fS  (displacing front saturation). DFC effectively combines permeability, porosity, and 

facies, making it a good candidate for a layer lumping property. )(' fSf  is defined as 

water displacing front velocity for water injection, but it can be extended to a gas 

displacing front velocity for gas injection. Because the facies do not exist in most of the 

fine simulation models, the ratio of horizontal permeability and porosity, 


hk
, is used in 

the new algorithm. 

4.4.2.2 Total Variation for Measure of Heterogeneous  

Now we will discuss the calculation within cell variation, W, which has the 

amount of heterogeneity that has been removed from the description as the model is 

coarsened. W is defined by 
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where 
c

kjip ,,  is the coarse-layer property mapped (downscaled) at the location (i, j, k) of 

the fine-layer model; 
f

kjip ,, is the fine-layer property at the location (i, j, k) of the fine-

layer model; xN and yN are numbers of cells in the x-direction and y-direction of the 

fine model, respectively; and zN is number of layers of the layer model. The between cell 

variation, B, is defined by 
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where B is the amount of heterogeneity that has been preserved in the simulation model. 

jiP ,  is the weighted average of the properties in the column defined by Equation 4.54: 
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where f

kjiP ,,  is the property given by /k , and 
kjiV ,,
 is the bulk rock volume of the fine-

grid block ),,( kji . The total variation, H, is used as a measure of heterogeneity in the 

simulation model. It is developed from a sum over the entire reservoir volume: 

BWH  ,         (4.57) 

then 
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In the sequence of layer coarsening, each layer grouping will be selected to 

minimize W , sequentially. Consider two coarse-grid blocks, b1 and b2, each 

characterized by a bulk volume weight 
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From Equation 4.56, the total within variation increases by the amount: 
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These are the recursive coarsening relationships. It is important to note that these 

relationships do not refer to the fine-scale properties, f

kP , but only to the coarsened 

properties. 
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4.4.2.3 Procedures of Automatic Layer Lumping 

There are four major steps for the creation of an automatic optimal simulation 

layer: initialization, combination layers with recursive sequential search, iteration for 

each reservoir units, and determination of the optimal simulation layer from each 

reservoir unit. 

Initialization is a process that defines a starting point for searching the optimal 

case for a given number of simulation layers. The major concern in the initialization step 

is to honor the layer boundaries that are known to be important and that must be 

preserved in layer lumping. For example, if geologic event (or sequence) boundaries in a 

geologic model built by using geologic modeling packages are known, then those 

boundaries should be used to initialize the search process. In addition to geologic events 

or sequences, other layer boundaries, such as vertical faults, that are known to be 

important to fluid flow simulation and should also are added into the initialization. If 

there is no layer boundary of concern, the initialized layer scheme can be coarsened to 

one simulation layer. The initial simulation-layer scheme is constructed by using these 

selected boundaries. The initialization is completed by calculating the increasing amount 

of within total variation, kW , defined by Equation 4.57 for each geologic layer. The 

number of simulation model layers is initialized as the same number of geologic model 

layers.  

Starting from the initial simulation-layer scheme, the next step is to search to the 

next boundary for the new simulation-layer scheme. A thorough search is performed to 

visit all geologic layer boundaries except those that have been selected. The increasing 

amount of within total variation kW  for each boundary visit are calculated and 

compared to one another. After the search is performed, the layer boundary that results in 

the smallest value of kW  is determined, and the new simulation-layer scheme is 

constructed by combining the layer that has the smallest value kW  with the previous 

layer. In the meantime, increasing the amount of total variation values must be updated 
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based on the new simulation-layer scheme. The new scheme that contains one less 

simulation layer than the previous scheme from the first search result is created. The 

location of the minimum value for the new scheme will be considered for the next search. 

The iteration procedure repeats the combination layers with a recursive sequential 

search process until the minimum number of simulation layers kNZ  is reached. If there is 

only one reservoir unit and no vertical faults exist, the minimum number of simulation 

layers should be one. If we assume that the number of geologic layer (fine model) is fNZ  

and the minimum initial simulation layers are kNZ , the total number of searching cases 

can be calculated by
 

k jNZ

j

NZ

i

i
1 1

, which is significantly smaller than the exhaustive searching 

case. The proposed sequential search is so efficient that the desired simulation layers 

grouping from a very large geologic model can be determined in a very short time. 

To obtain the optimal simulation layer from multiple units and vertical faulted 

reservoir automatically, the minimum reservoir layer number, minNZ , needs to be defined 

first. Because the combination of vertical layers should not be occur between different 

reservoir units; minNZ need to be set as the reservoir unit number at the beginning of 

combination. The optimal simulation layer number from minNZ to fNZ needs to be 

determined. The heterogeneity vs. the number of simulation layers is plotted in Figure 

4.24 for a simple 10-layer fine model. To obtain the optimal simulation layer number, a 

diagonal straight line is added in to Figure 4.24. The intersection is marked as the optimal 

number of simulation layers on horizontal axis and preserves the percentage of the 

heterogeneity on the vertical axis. We are unable to determine the physical interpretation 

for the intersection of the curve and the diagonal line; future work should include 

theoretical verification. 

A simplified 10 layer fine model (Figure 4.25) is used to explain the recursive 

sequential layer combination scheme and the generation of the optimal coarse simulation 

layer. 
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1. Set simulation model layer (coarse model) cNK same as the geologic model 

layer (fine model) fNK  . Figure 4.25 shows that the control property of layer 

average, minimum, and maximum in the simulation model (right side) are 

identical with the geological model (left side). 

2. Initialize the delta within variation of layer lumping property, /hk , for each 

layer by Equation 4.58 which is derived from Equation 4.57 for calculating 

kW in three dimensions. In Equation 4.58, k = 2….NKc, NKc is the number 

of simulation model layer. ijkV
is the bulk volume of grid blocks (i, j, k), and 

01 W . 


  








NX

i

NY

j ijkijk

ijkijkijk

h

ijk

h

k
VV

VV
kk

W
1 1 1

1

2

1))()((


    (4.61) 

3. Search the minimum value of kW (k = 2….NK) through the whole geologic 

layers sequentially. Because kW  are calculated in step 2, we must compare 

those values with one another and use the smallest value to determine the new 

simulation layer boundary. In the simplified model, the minimum value of 

kW is located at layer 9. Then we have 10min k . 

4. Merge the layer that has the minimum value of kW with the previous layer 

by bulk volume average
ijkijk

ijkijkijkijk

ijk
VV

VPVP
P




  for each grid block in the new 

layer *k . Figure 4.26 shows that layers 10min k  and 91min k are merged 

into a new layer
*k . The new simulation layer scheme with 9 layers is show in 

the right side of Figure 4.26.  

5. Update the simulation as 1 cc NKNK . 

6. Update the kW based on the new simulation layers. In this case, we must 

update kW for the new layer with the layer before, and the new layer with the 

layer after.  

7. Repeat steps 3 through 6 until 1cNK  
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8. Plot the heterogeneity verse the number of simulation layer, and a diagonal 

line to determine the best simulation layer scheme. Figure 4.27 shows the 

details of combination between geological model and simulation layers. 

Figure 4.28 shows a workflow chart for the automatic reservoir simulation 

lumping. 

4.4.3 Case Study for Automatic Optimal Simulation Layer 

Figure 4.29 shows the synthetic model which is conceptually based on an actual 

sandstone, heavy oil reservoir model. A geologic model was built using Decision Space 

Desktop® framework and EM module (Earth Modeling package) for properties 

(Landmark Graphics software). The geologic model was described with 132×284 

geologic cells per layer and 497 geologic layers. The model framework was constructed 

based on 2 geologic units that were split into geologic layers proportionally. The first unit 

contains 230, and the second unit contains 267 geologic layers. Figure 4.30 shows the 

residual curve of the automatic layering lumping. The lumping property used in this work 

is porosity since porosity is the most reliable attribute for this model. According to this 

residual curve, the fastest residual-drop region ends approximately at 36 simulation layers 

and the residual drops to zero when the number of simulation layers reaches 65. The use 

of 65 simulation layers should be adequate enough to capture all of geologic details 

residing in the 497-layer geologic model, i.e. reducing 50 layers should not cause any 

loss of reservoir detail. Figure 4.31 also suggests that use of 36 simulation layers should 

preserve the most important heterogeneity of the geologic model. Figure 4.32 

demonstrates comparison between the original 479-layer geologic model and the 

upscaled 36-layer simulation model. The plot compares the layer-averaged porosity of the 

simulation model to that of the geologic model. 
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4.5 ULTRA-FINE-SCALE VERIFICATION OF SINGLE-PHASE UPSCALING 

In addition to upscaling techniques, parallel simulators have been developed to 

solve multi-million grid block models with reasonable computational efficiency. Parallel 

simulations require up to a few hours of CPU time, rather than days, to run multi-million 

grid block models. However, when many simulations are to be performed over a large 

range of parameter values for uncertainty studies, which typically require hundreds of 

simulation iterations, parallel simulations again become prohibitive and upscaling must 

be used. Upscaling techniques can provide the large number of simulation results 

required for risk and uncertainty assessments with significantly reduced computational 

requirements. Conversely, the results from these upscaled simulations must be validated 

with results from fine-scale model simulations to provide confidence in the reliability of 

the results. There is no way to know how accurate the results of the upscaled simulations 

are without performing the fine-scale model simulations for verification. Parallel ultra-

fine-scale simulations may provide the tool to address this requirement. 

4.5.1 Parallel Simulation on Fine-Scale Model 

Parallel computers are now used frequently to solve multi-million cell models, 

and parallel versions of commercial codes are now available. Dogru et al. (2002) describe 

a parallel simulator that has recently been used to simulate models of large Middle 

Eastern reservoirs with more than ten million grid blocks. The simulations required up to 

a few hours, rather than days, to run. However, there is also the issue that to quantify 

uncertainty, a large number of models must be run with a range of parameter values. An 

alternative use for parallel processors is to use each processor to run a different version of 

the model. (In this case, a coarse-scale model has been upscaled.) Obviously, this reduces 

the time required to perform thousands of simulations. This is the approach being taken 

in the uncertainty study. Significant advances in parallel computing have now made it 

possible to simulate fine-scale reservoir description models, thereby preventing errors 
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resulting from upscaling. However, for grids exceeding ten million grid blocks, it is 

unrealistic to try to run many models, even with a parallel computing simulator. Some 

degree of upscaling is still necessary. 

In this study, a parallelized version of the commercial reservoir simulator VIP
®

 

was used to provide the production profiles of fine-scale models. The parallelized 

simulator is based on a generalized compositional formation and can handle black-oil, 

compositional, thermal, and dual porosity-dual permeability systems. Parallelization of 

the simulator is achieved through the use of local grid refinement to subdivide a model 

into different domains for each of the parallel CPUs (Killough et. al. 1997). A couple of 

domain decomposition algorithms (Tarman et al. 2011) discussed in Chapter 3 is 

implemented here to help achieve high parallel efficiencies. The framework developed 

can determine the best domain decomposition approach for a specific problem. The 

domain decomposition is performed before the parallel simulation. The solution of the 

linear equation is a key issue in any parallel reservoir simulator. The new domain 

decomposition algorithms suggest a very natural technique that is scalable and efficient. 

The algorithms provide each processor with a data structure that will contain all required 

information for subsequent flow computations. Message Passing Interface (MPI) is then 

used to update the boundary data within each sub-domain. The details of the domain 

decomposition were discussed in Chapter 3.  

Chapter 6 presents several real case results using a parallel simulator based on the 

domain decomposed by the new algorithms. Parallel simulation will be performed from 4 

to 32 processors. In addition to some idealized example cases, two highly heterogeneous 

reservoir models (of more than one million grid blocks in both cases) will be considered 

with properties generated geo-statistically. For all runs, the parallel simulator displays a 

high degree of scalability and parallel efficiency. 
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4.5.2 The Selections and Verification of the Upscaled Model (Tuning Procedure) 

The turning procedure is performed by a Java script file. It consists of two steps: 

searching and validating.  

4.5.2.1 Reservoir Heterogeneity 

The degree of heterogeneity and complexity of the geometry in the fine model is 

the most important factor considered. For reservoir heterogeneity, Dykstra-Parson 

coefficient of permeability variation is a common descriptor of reservoir heterogeneity 

(Jensen et al. 1997). It measures reservoir uniformity by the dispersion or scatter of 

permeability values. A relatively homogeneous reservoir has a permeability variation that 

approaches zero, while an extremely heterogeneous reservoir would have a permeability 

variation approaching one. In our script file, to describe the degree of reservoir 

heterogeneity, the Dykstra-Parson coefficient of permeability variation is calculated 

during the tuning procedure. First, we calculate the mean of permeability normal 

distribution, standard deviation of normal distribution, and standard deviation of log-

normal distribution by the following equations: 
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where µ is the mean of permeability normal distribution, N is number of  grid blocks in 

the fine model, σ and σln are standard deviation of normal distribution, and standard 

deviation of log-normal distribution, respectively. The Dykstra-Parson coefficient of 

permeability, DpV , is defined by 

 ln1


 eVDp  .        (4.62) 



 98 

In general, if the Dykstra-Parson coefficient of permeability, DpV , is large than 0.65, the 

semi-local technique should be the first choice for the fine model upscaling. 

4.5.2.2 Complexity of Geometry 

As discussed in the section above, another significant impact on the accuracy of 

the coarse model solution is the complexity of the fine model geometry, because of these 

complex features that introduce complicated connectively into the model. In this study, 

the degree of complexity for fine model geometry is quantified by the ratio of number 

non-standard connections and the total number of connections in the fine model. The 

non-standard connections are consisted of faulted grid block connections and pinch-out 

grid block connections. The non-standard connection ratio, NSCR, can be defined by: 

TCN

NSCN
NSCR   ,        (4.63) 

where, NSCN is non-standard connection number and TCN is the total connection number 

in the fine model. In the Java script file, if NSCR is more than 0.15 (15%), we select 

LGRHF techniques as the upscaling algorithm for the fine model. 

4.5.2.3 Verification of Upscaled Model 

The upscaling results can be validated through cumulative production 

comparisons between a coarse model and its associated fine model. The cumulative 

relative errors from the cumulative oil production, oil/gas ratio, and water cut are 

calculated and taken as the verification standards: 
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where c

kP represents a cumulative oil or gas/oil ratio production from a coarse model. 

f

kP represents a cumulative oil or gas/oil ratio productions from the fine model. N is the 

numbers of simulation time-steps. Rp represents a cumulative relative error in forecast 

production. 
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Dynamic oil saturation distributions in mid or late periods are also compared 

between coarse- and fine models and used to determine whether or not the upscaling 

results are acceptable. 
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where f

ijkS is oil saturation at cell, i, j, and k from the fine model. c

ijkS is oil saturation for 

the coarse model downsized at cell, i, j, and k of the fine mode, yx NN , , and zN are the 

numbers of cells in the x-, y-, and z-directions of the fine model, respectively. sR  is the 

residual error of oil saturation between the fine and coarse models. The saturation can be 

replaced with pressure in Equation 4.60 to provide another verification standard. When 

all errors, sR  and pR , meet the specified criteria, the coarse model is deemed to be 

acceptable and the upscaling method is considered to be valid for the fine model. 

Otherwise, another upscaling method is applied with the same residual errors checking 

procedure as previously described until a valid coarse model is generated. If no valid 

coarse model is obtained from the upscaling methods, the fine model is considered to be 

improper for upscaling. In that case, other simulation methods, such as parallel 

processing, must be considered. Currently, upscaling methods available in the study 

include harmonic sum by parallel tubes, harmonic sum by series slices, direct solution of 

pressure equations and semi-local upscaling, and LGRHF. A “good” upscaling method 

searching for the fine model is automatically performed using a script batch file.     

A valid coarse model based on upscaling can be used for history matching studies 

and for uncertainty reservoir simulation studies. In both situations, the goal of the 

workflow is to enable many models to run quickly. Figure 4.33 shows the flow chart for 

the Ultra-Fine-Scale verification process. 
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4.6 DISCUSSION 

Conventional upscaling algorithms treat coarse-grid blocks as independent, which 

can result in a loss of the global statistical and structure information. The upscaling 

results will be less accurate for reservoirs in which permeability extremes are highly 

correlated, such as barriers, shales, and high permeability streaks, particularly for heavily 

faulted reservoirs.   

In this chapter, two new single-phase upscaling algorithms, LGRHF and semi-

local upscaling, have been developed. Although the discussions for those algorithms in 

this chapter are only focused on homogeneous coarsening (constant coarse factor), the 

algorithms have no limitations for non-uniform coarsening. These new algorithms can 

help to improve the accuracy of engineering results, particularly for complex geologic 

models (heavily faulted), as compared to conventional upscaling algorithms. The new 

upscaling algorithms retain more structural and non-structural information of an original 

geological model permeability field than conventional upscaling algorithms. The full 

simulation results between both fine and coarse models can validate the new upscaling 

algorithms. The automatic layer lumping algorithm is very useful and efficient for 

realistic problems which contain more than two thousand layers. The algorithm can help 

engineers are able to easily extract single or multiple layer lumping scenarios for their 

simulation study.  

This chapter also proposed ways to use those new upscaling algorithms and 

parallel reservoir simulation technologies that were discussed in Chapter 3 in a 

complementary fashion for the solution of practical and large scale reservoir simulation 

problems. The single-phase upscaling and parallel reservoir simulation technologies are 

not new technical capabilities in reservoir simulation. However, the combination of both 

technologies and configuring the application to provide some degree of an upscaled 

model to satisfy an uncertainty study is novel. In Chapter 6, we will describe some 
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applications that include actual field cases with the new upscaling algorithms and the 

parallel reservoir simulation technique. 



 102 

 

Figure 4.1: Orthogonal Adjacent Grid-Blocks in 2D. 

 

Figure 4.2: Non-Orthogonal Adjacent Grid-Blocks in 2D. 
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Figure 4.3: Grid Blocks with no Parallel Sides. 

 

Figure 4.4: Slice Parameterized by u in a 2D Block 

 



 104 

 

Figure 4.5: A Collection of Tubes and Slices. 

 

Figure 4.6: A chunk from Tube and Slice. 
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Figure 4.7: Faulted 2D Fine Model (6x18). 

 

Figure 4.8: Faulted 2D Coarse Model (3x9) 
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Figure 4.9: Faulted Coarse Model by Removing Interior Nodes and Disregarding 

Internal Faults (3x9). 

 

Figure 4.10: Faulted Coarse Model by Adding Grid Lines to Retain Internal Faults (3x9). 



 107 

 

Figure 4.11: Faulted Coarse Model by Adding LGRs to Retain Internal Faults (3x9). 

 

Figure 4.12: Local-Grid-Refinement Honor Fault Coarsening. 
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Figure 4.13: Original 2D Fine-Grid (60x60) with Faults. 

 
Figure 4.14: Course Model after LGR‟s Honor Faults with 3x3 Parameters. 
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Figure 4.15: Details of 2D Grid System for Single Elemental Block. 

 

Figure 4.16: Simple Sand/Shale Reservoir Zone with Three Different Calculations for 

Vertical Permeability. 

Tz = (?)  
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Figure 4.17: With Sealed Sides, the Vertical Permeability Vanishes. 

 

 

Figure 4.18: With a Wide Computational Region, the Vertical Permeability is not Zero. 

Qz > 0 for extended computation region (whole layer) 

Tz > 0 

Qz = 0 for sealed side boundary condition 

Tz = 0 
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Figure 4.19: Global Coarse-Scale Pressures on Extended Fine-Scale Flow Calculations.  

  

Figure 4.20: Interpolation of Pressure at an Extended Fine-Scale Boundary. 
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Figure 4.21: Schematic Showing the Interpolation of Pressure at a Local Fine-Scale 

Boundary (Chen, 2005). 

 

Figure 4.22: Schematic Showing Non-Standard Connection Calculations. 
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Figure 4.23: Correlation between Permeability and Porosity for Different Facies (Li et al. 

2000).  

 

Figure 4.24: Heterogeneity vs. Vertical Layer Number. 
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Figure 4.25: Schematic of 10 Layers in the Fine Model. 

 

 

Figure 4.26: Schematic of 10 Layers in the Geological Fine Model vs. 9 Simulation 

Layers. 
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Figure 4.27: Schematic of 10 Layers in the Geological Fine Model vs. the Optimal 

Simulation Layers (4 layers).   
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Figure 4.28: Flow Chart of Automatic Layer Lumping. 
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Figure 4.29: Synthetic Model Conceptually Based on Actual Sandstone, Heavy Oil 

Reservoir Model 

  

Figure 4.30: Residual Curve of Synthetic Model (497 Geologic Layers).  
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Figure 4.31: Heterogeneity vs. Vertical Layer Number Synthetic Model (497 Geologic 

Layers).  

 

Figure 4.32: Automatic Layer Lumping from 479 Geologic Layers to 36 Simulation 

Layers (Synthetic Model).  
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Figure 4.33: Flow Chart for Ultra-Fine-Scale Verification of Single-Phase Upscaling 
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CHAPTER 5: A NEW UPSCALING ALGORITHM of PSEUDO-

RELATIVE PERMEABILITY CURVES  

5.1 INTRODUCTION 

Relative permeability is one of the most important factors in numerical reservoir 

simulation. However, the relative permeability curves may be available on a very fine 

level of detail. Their direct uses in fine simulation models are, in general, not practical for 

estimating the degree of uncertainty, because this requires thousands of reservoir 

simulation runs, which leads to excessive computing time and memory requirements. 

Although a great deal of research has been contributed in the past few decades, effective 

relative permeability upscaling to reduce computation times in highly heterogeneous 

reservoir conditions remains a challenging procedure. 

This chapter demonstrates how conventional upscaling approaches may lead to 

large errors. To improve the accuracy, a new pseudo-relative permeability upscaling 

technique has been investigated and developed, based on non-linear optimization for 

heterogeneous reservoirs. In the new algorithm, after the observed data is generated by 

extracting the fluid production rates, water cut, and average pressure from the fine model 

simulation results, single-phase upscaling is applied to initiate a base case after an object 

function controlling upscaling accuracy is constructed. Regression runs are followed 

using a non-linear optimizer. Decision variables from saturation functions are used to 

measure errors between coarse and fine simulation models. The new pseudo-relative 

permeability curves for an upscaled model are obtained as the process has been 

converged. The field case study described in Chapter 6 indicates that the matches for the 

breakthrough time and post-breakthrough performance are very accurate using the new 

pseudo-relative permeability curves. Predictability with the new curves also appears to be 

substantially improved. Consequently, the newly-generated pseudo-relative permeability 

curves can be used over periods beyond that of the original match.  
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Some of the conventional relative permeability upscaling algorithms are reviewed 

in Section 5.2 to provide details about the method used for the new relative permeability 

upscaling. The following section introduces the new algorithm by using the Corey and 

Corey-logistic as a saturation function. Section 5.4 discusses other saturation functions, 

such as the B-spline and Chierici functions. The last section compares the results using 

different saturation functions and discusses the conclusions. Most of the work presented 

in this chapter has been published in Wang et al. (2009), although some additional 

discussions are also included. 

5.2 CONVENTIONAL RELATIVE PERMEABILITY UPSCALING  

Because the single-phase permeability (absolute permeability) upscaling has been 

discussed in Chapter 4, the definition of absolute permeability is only briefly reviewed 

here. This section describes the relative permeability concept; the methods used to obtain 

the relative permeability information are mentioned to introduce the definition of pseudo-

relative permeability curves and their uses in the petroleum industry, particularly in 

reservoir simulation modeling. The relative permeability curves can be upscaled by using 

a procedure to generate pseudo-relative permeability curves. 

5.2.1 Absolute Permeability 

Permeability is a property of the porous medium; it is a measurement of the 

conductivity of the medium, or the capacity of the medium to transmit fluids. 

Permeability is defined and used as a constant of the proportionality of Darcy‟s law to 

describe the fluid flow of a homogeneous single-phase fluid through the porous medium: 

dL

dPK
u


  ,         (5.1) 

where u is the fluid velocity, K is the absolute permeability,  is the viscosity of the fluid, 

and 
dL

dp
is the pressure gradient along the flow direction. 
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The absolute permeability is only dependent on the nature of the formation and is 

determined by the geometry of the rock pore system. 

5.2.2 Relative Permeability Curves 

In numerical reservoir simulations, multiphase flow exists. If fluids are 

immiscible and flowed simultaneously through the porous medium, then each fluid has 

its own effective permeability. These effective permeability values are primarily 

dependent on the saturations of each fluid. For an oil-water system, it is conventional to 

plot both permeability values as a function of the water saturation alone because the oil 

saturation oS  is related to the water saturation, wS , by the simple relationship: 

wo SS 1  .         (5.2) 

In the multi-phase flow of porous medium, the relative permeability of a phase is 

a dimensionless measure of the effective permeability of that phase. It is the ratio of the 

effective permeability at a given saturation of that fluid to the reference permeability. 

Various reference permeabilities are commonly used in the industry, including the 

following: 

1. Klinkenberg-corrected air permeability 

2. The effective permeability to the non-wetting phase at the residual wetting 

phase saturation 

3. The absolute permeability to a fluid that does not react with the rock  

The reference permeability most often used in defining relative permeability is 

absolute permeability. Figure 5.1 shows the typical relative permeability curves for a 

water-oil system. Considering the relative permeability curve for water, two points on the 

curve are known. When wcw SS  , the connate or irreducible water saturation, the water 

will not flow, and 0rwK . Also, when 1wS  the rock is entirely saturated with water, 

and the effective permeability to water is equal to the absolute permeability. Similarly, 
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for the oil at orS , the residual oil saturation, there will be no flow and the relative 

permeability to oil at this point is equal to zero. 

The relative permeability curves are extremely important to reservoir evaluations 

because of their ability to predict fluid production during reservoir exploitation. They 

establish, for any particular phase, function dependence between the phase saturation and 

the capacity of the rock to produce. The most reliable source of relative permeability data 

is from laboratory measurements performed on cores obtained from the reservoir of 

interest. These curves are determined in special core analysis laboratories through a 

sequence of standard measurements and calculations that are generally performed using 

some adaptations of frontal advance theory. For the measurements to be meaningful, 

considerable care and effort must be taken to ensure that the in situ reservoir wettability 

is preserved during coring, surface handling, and storage and measurement operations. 

Relative permeability is often one of the most difficult pieces of data to evaluate or 

obtain. For this reason, various approaches were proposed in reservoir simulation studies 

in the last couple of decades. The relationship to the average fluid saturation of every grid 

block usually used in reservoir simulations can be obtained from one of the following 

three methods, depending on the availability of data: 

1. Laboratory measurements using one of the two basic methods: the steady-state 

method and the unsteady-state displacement method. Details about these 

methods are included in source material by Osoba (1951) and Jones (1978).  

2. Analytical calculation methods that use the published fluid flow relationships 

obtained in laboratory studies on general types of porous material or the 

mathematical derivation of flow behavior based on experimentally obtained 

characteristics of reservoir rock. Fulcher et al. (1985) provides a model 

example of these methods.  
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3. Calculations from the field data in which the relative permeability is 

determined from production data as a result of a statistical treatment of the 

entire reservoir.  

Additional information about this procedure is included in Amyx et al. (1960) and 

Graf and Hawkins (1973). 

5.2.3 Conventional Methods for Generating Pseudo-Relative Permeability Curves 

The most reliable source of relative permeability data is from laboratory 

measurements performed on cores obtained from the reservoir of interest. For the 

measurements to be meaningful, considerable care and effort must be taken to ensure that 

the reservoir wettability is preserved during coring, surface handing, storage and 

measurement operations. If the original wettability cannot be preserved, the measured 

relative permeability values are useless for rock curves in the numerical reservoir 

simulation study. 

If a significant rock property variation is identified in a reservoir, it can be 

subdivided into various rock types. Because flow properties are a function of pore 

geometry, each lithological unit usually has a special relative permeability characteristic. 

Relative permeability data are not always available for each rock type, and there is little 

reason to believe that a single, average relative permeability curve will be representative 

of the behavior of each layer or of the entire reservoir. 

Pseudo-relative permeability curves are used instead of rock relative permeability 

curves in an effort to accommodate a third dimension in numerical simulators. A pseudo-

relative permeability curve is a weighted average of a rock or fluid property, or of 

combined rock-fluid properties. The average is performed over a representative volume 

of the reservoir (Thomas 1983). 

Rock relative permeability curves are usually used in the fine-grid reservoir 

simulation studies. Because of the differences in flow mechanisms between a core plug 



 125 

and a large grid cell of a full-field model, however, the laboratory-derived relative 

permeability curves (rock curves) cannot be used to accurately simulate the flow of fluid 

between grid blocks in a 2D areal model or in a 3D model because it does not account for 

non-uniformities that occur in the vertical plane of the formation. In addition, the use of 

the rock relative permeability curves can lead to significant differences between the 

actual observed field data and the model resulting sweep efficiencies, depending on the 

size, shape, and geometry of the model grid blocks. 

To compensate for internal grid blocks variations in the rock properties and fluid 

saturation, a refined grid can be used to minimize the effect of these variations. 

Representing these data in a model through small finite difference grid blocks can be 

expensive. In the meantime, achieving adequate accuracies can be expensive, even with 

super computers, particularly if the study is being performed for large multi-layer 

reservoirs. Figure 5.2 shows a simplified comparison.  

The use of pseudo-relative permeability has been accepted in the industry as an 

approximation to account for the effects of missing vertical stratification in the grid 

reservoir models (Hillestad 1986). The generation and implementation of pseudo-relative 

permeability curves plays an important role in many full-field models. Almost all areal 

models require pseudo-relative permeability curves; many 3D models, depending on the 

thickness of the layers, also require them. Pseudo-relative permeability curves are needed 

in such studies to reduce the dimensionality of the model by reducing the number of 

model grid blocks and by using coarser grid sizes to reduce labor and computer CPU 

time.  

Pseudo-relative permeability curves were first introduced to the petroleum 

industry by Coats (1967). He developed an analytical method to calculate pseudo-relative 

permeability curves based on the assumption of gravity-capillary equilibrium in the 

vertical direction or vertical equilibrium (VE). The VE concept assumes that, as depletion 

proceeds, gravity and capillary forces will be in vertical equilibrium in every grid block 
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in the reservoir model. This condition in which the potential of each phase is constant 

applies to reservoirs with good vertical permeability, large fluid density differences, and 

low operating rates in which the viscous-flow forces are small.  

When the vertical sweep is dominated by viscous forces rather than gravity 

forces, another algorithm proposed by Hearn (1971) can be used to calculate pseudo-

relative permeability curves. These saturation functions are based on a mathematical 

model and used to approximate the effect of vertical permeability variation in 

displacement projects, such as water-flooding, in which the reservoir is assumed to be 

stratified. The displacement processors in each of the stratified layers are assumed to be 

piston-like in which residual oil is behind the front and the connate water is ahead of the 

front.  

Many studies have been conducted in an attempt to reduce the dimensionality of 

the reservoir by using methods that account for the missing dimensionality. To conduct 

simple reservoir simulation studies with a high degree of confidence in the results, 

pseudo-relative permeability curves have been used to simulate the reservoir 

displacement process using 2D models, rather than 3D models (Coats et al. 1971). In 

1968, Martin proposed a 2D simulator in which the equations for three-phase, 3D, 

compressible flow are reduced to a 2D relation by partial integration. Using this method, 

the effects of capillary and fluid segregation in the missing third dimension are 

represented. One principle restriction for using this method is that reservoir thickness 

should be small in comparison to its areal extension. Martin also provided a firm 

theoretical foundation to the Coats et al. (1971) assumption of vertical equilibrium by 

developing the equations mathematically from basic flow equations. This method is more 

adequate for reservoirs with a small thickness in comparison to the maximum distance 

across the reservoir; the reservoirs vertical permeability should be sufficient to enable the 

fluids to segregate. 
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To compensate for differences in the grid size in the areal and cross-sectional 

models, Kyte and Berry (1975) proposed a procedure to enable the calculation of 

dynamic pseudo-capillary pressure. In this method, pseudo-relative permeability curves 

are also derived from cross-section runs. Pseudo-relative permeability values are 

calculated that consider the inter-block flow in the cross-sectional model by applying 

Darcy‟s law for multi-phase flow. Using this method, the numerical dispersion is reduced 

in the full field size model to the magnitude of the numerical dispersion of the fine-grid 

cross-section. Kyte and Berry (1975) illustrated the application of the pseudo-relative 

permeability curves developed with several examples in their paper. The dynamic 

pseudo-relative permeability values generated by using this method depend on the areal 

block length. For this reason, it is generally preferable to use square locks of one size in a 

2D areal model. Otherwise, various saturation functions may be required for the various 

model blocks simply because the block dimensions change. They are also affected by the 

grid block initial water saturation. The research of Kyte and Berry (1975) include 

additional details about this method.   

Killough and Foster (1979) discussed the use of pseudo-relative permeability 

curves in 3D models. They observed almost identical results in their comparison of a 

three-layered model with vertical equilibrium pseudo-relative permeability curves and 

pseudo-capillary pressure, which was used to match the results from a 22-layered model 

of a portion of the Empire Abo field reservoir.  

Johnson, et al. (1982) proposed a non-linear regression approach to generate 

pseudo-relative permeability curves for a field-wide reservoir simulation model to predict 

reservoir performance. They found that the water-flooding case and the gas injection case 

both have excellent matches between fine-grid and coarse models. In this paper, they 

concluded that pseudo-relative permeability curves can be generated by using a non-

linear regression approach. The insensitivity and accuracy of the calculations using these 

pseudo-relative permeability curves make them applicable for use in the field-wide 
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modeling of the Kuparuk River field. With additional data becoming available as field 

development proceeds, the automatic approach to pseudo generation will enable the rapid 

incorporation of this data into the field wide model.  

Stone (1991) proposed a method for calculating two- or three-phase pseudo-

functions from fine-grid simulations in either 2D or 3D. This method uses a fractional 

flow formulation, rather than Darcy‟s law as used in the method proposed by Kyte and 

Berry (1975). These pseudo-relative permeability curves, when used in a coarse-grid 

simulation of the same reservoir, produce the accuracy of the original fine-grid 

simulation. This method is valid for any production rate, even for jointed non-

communicating grid layers. 

With the improvement of computer hardware and software technologies, reservoir 

simulation is promising as a powerful tool to study the displacement process in large, 

complex reservoirs where it is most needed with sufficient realism. The results of such 

studies are used in reservoir management to make decisions about the reservoir 

development and future predictions. The simulation of large, complex reservoirs with 

great detail and a high grid definition can be a very time-consuming process, even with 

the presence of super-computer and parallel computing technology. Reducing the number 

of reservoir simulation grids by using the coarse-grids and upscaling the absolute 

permeability from the fine-grid will ignore many reservoir description details; 

consequently, the reservoir displacement process cannot be simulated properly. One of 

the objectives of upscaling relative permeability curves is to preserve the properties on 

the coarse-grid, which will reduce the number of the model cells. This process will 

reduce the amount of labor and computer CPU time. 

5.3 NEW UPSCALING ALGORITHM FOR PSEUDO-RELATIVE PERMEABILITY CURVES 

From the previous discussions, the conventional methods for relative permeability 

upscaling are primarily based on the assumption of gravity-capillary equilibrium in the 
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vertical direction or vertical equilibrium. The dynamic pseudo-relative permeability 

curves are derived from a detailed vertical cross-section. These cross-sections should 

represent the reservoir under conditions to be expected in the areal or 3D simulation 

model in which these pseudo-relative permeability curves are to be used. The pseudo-

relative permeability curves are then calculated from the cross-sectional model results. 

Sometimes, however, the cross sectional model does not adequately represent the 

reservoir in a 3D simulation model, because of the complex fluid flow behavior in the 

porous medium. This scenario motivates the development of the new relative 

permeability upscaling algorithm presented in this work. 

This study investigates the parameterization of coarse-scale relative permeability 

curves for uncertain quantification by using a polynomial function, as well as a power 

and exponential function, such as B-spline, Chierici, and Corey-Logistic functions. The 

pseudo-relative permeability curves for the coarse-scale model are created by 

determining the parameters in those saturation functions through the non-linear 

regression runs to optimize the decision variables. Essentially, the pseudo-relative 

permeability curves are conducted to minimize the errors in the objective function 

between the fine and coarse simulated fluid production profiles. These production 

profiles could be production fluid rates, average pressure, and water cut at the field-wide 

level or individual well levels. The new algorithm includes the following steps to create 

pseudo-relative permeability curves in the coarse model:  

1. Run the fine model with a serial or parallel (if needed) simulator to obtain the 

fine simulated production profiles. 

2. Generate an observed file by extracting fluid production rates, water cut, and 

pressure profiles from finely simulated results. 

3. Upscale the fine model by using the single-phase permeability upscaling 

method to create a coarse simulation model. 
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4. Run the coarse model with a serial simulator to obtain the coarse simulation 

production profiles. 

5. Create an objective function for misfit minimization between the fine and 

coarse production profile.  

6. Select the decision variables in saturation functions. 

7. Conduct non-linear regression runs to optimize the decision variables. 

8. Check the errors and stop the run. 

Figure 5.3 shows the work flow for the new upscaling algorithm for pseudo-

relative permeability curves. The details for using these steps are described by using 

Corey and Corey-logistic functions included in Sections 5.3.1 to 5.3.3. Similar steps are 

applied by using B-Spline, Chierici, and Chierici with end-point shift functions, except 

that different decision variables (parameters) are used in the formulas. 

To provide a more convenient explanation of the non-linear optimization function 

approach, a synthetic model is used for the discussion in the following sections. Figure 

5.4 shows a synthetic 3D commotion model with 25×100×20 = 50,000 grid blocks. The 

model is a simple black-oil model with the relative permeability curves generated by 

Sequential Gaussian Simulation (SGS) (Deutsch and Journel, 1998). The operating 

conditions are consisted by two years natural depletion production with 36 production 

wells followed by eight years water-flood with 36 water injection wells. In Section 5.3.1, 

the non-linear optimization technique was introduced. The fine model results, single-

phase upscaling, and objective function were discussed in Section 5.3.2. Finally, Corey 

and Corey-Logistic function with the end-point shift were used for generating the pseudo-

relative permeability curves. 

5.3.1 Non-Linear Optimization 

A stochastic, scatter-search technique (Glover et al. 2006) was used to 

automatically vary the input parameters to simulate the coarse model. The optimizer 
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minimizes an objective function (Equation 5.3) by running the simulation through 

multiple simulation iterations, while modifying the unknown reservoir parameters in the 

relative permeability model. Because the adjustable variables selected from Equation 5.6 

through Equation 5.14 are not linear functions, the linear function optimization 

techniques cannot address such complex problems. A non-linear optimization developed 

by the University of Colorado (Glover et al. 1997) is used in this study. In this approach, 

the implementation of a generic optimizer successfully embodies the principle of 

separating the method from the simulation model. The optimization problem is defined 

outside the system, which is represented in this case by a simulation model. Therefore, 

the simulation model can change and evolve to incorporate additional elements, while the 

optimization routines remain the same. Therefore, there is a complete separation between 

the simulation model that represents the system and the procedure that is used to solve 

optimization problems defined within the simulation model. Figure 5.16 shows the 

relationship between the optimization procedure and the simulation model. 

The optimization procedure uses the outputs from the simulation model, which 

evaluate the outcomes of the data that were entered in the model. On the basis of this 

evaluation, and on the basis of past evaluations, which are integrated and analyzed with 

the present simulation outputs, the optimization procedure determines a new set of input 

values. The optimization procedure is designed to perform a special “non-monotonic 

search,” in which the successively generated inputs produce varying evaluations. Not all 

of these evaluations improve, but over time they provide a highly efficient trajectory to 

the best solutions. The process continues until some termination criterion is satisfied. The 

underlying components of the method, scatter search, and TABU search (a mathematic 

optimization method), are briefly implemented. The research of Glover et al. (1997) 

includes details about these search algorithms.  

Figure 5.3 shows the workflow for determining the pseudo-relative permeability 

curves. The optimizer solver uses standard and heuristic global search methods. The 
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optimizer only handles the non-linear saturation functions and some constraints rather 

than using any complex physical model equations in the numerical simulator. Multiple 

stacks of reference set solutions and previous solutions that have improved the objective 

are tracked by the optimizer. Consequently, the algorithm is very efficient executing in 

parallel and takes advantage of grid computing. As with any optimizer that uses a global 

approach, the optimizer does not converge to a single mathematical provable optimum. It 

improves the objective by finding better solutions as the procedure progresses. Stopping 

criteria are imposed as a specified number of iterations or as a decrease in the misfit 

values. Multiple solutions that reduce the objective function by some amount are the 

result. 

The optimization is performed by varying the parameters shown in Table 5.1 over 

their ranges. Figure 5.17 shows how the objective function changes with the optimization 

iteration, each of which is a full coarse model reservoir simulation. The optimizer reduces 

the errors in the objective function substantially after only five or six iterations, but then 

tries some other solutions, finally determining a good convergence after 20 iterations. 

Approximately, the last five iterations are taken as good solutions; their misfit values are 

less than 0.5 versus the early misfit values of 5 or greater. Figure 5.14 compares the oil 

production rates between the fine and the selected coarse model for the synthetic model. 

The other coarse model simulation solutions shown in gray indicate the large range of 

possible profiles over the parameter range shown in Table 5.1.  

The non-linear regression technique discussed here can be also applied to the 

generation of well pseudo-relative permeability curves for some complicated problems, 

such as gas injection. The optimization procedures for the well pseudo-relative 

permeability curves are quite similar to these for the field wide level. 
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5.3.2 Fine Model Results, Single-Phase Upscaling, and Objective Function 

A fine model simulation is first run, using the original relative permeability 

curves, as shown in Figure 5.5 (water-oil) and Figure 5.6 (oil-gas). Since this synthetic 

only has a 25x100x20 = 50,000 grid block, the fine model simulation can be conducted 

by a serial mode in VIP
®

, a commercial parallel reservoir simulator.  Sets of spreadsheet 

files that include fluid production rates, water cuts, and average pressure drop profiles 

can be extracted from the fine model simulation results. These data are used as 

observational data in the optimization procedure. Table 5.2 presents the “observational 

data” which is extracted from the synthetic model simulation results. To create the base 

mode for non-linear optimization, the fine model is upscaled by using the single-phase 

permeability upscaling techniques discussed in Chapter 4. The LGRHF algorithm is 

applied to coarsen the fine model from 25×100×20 = 50,000 grid blocks to 13×50×10 = 

6,500 grid blocks. The upscaled model is shown in Figure 5.7. 

After the coarse model simulation with the same relative permeability curves as 

the fine model is completed, the coarse model simulation results are used to create the 

objective function. The objective function in this non-linear optimization approach 

minimizes the errors between the coarse model and the fine model results. One measure 

of the error is the squared difference of the simulated coarse model data with fine model 

data (Cullick et al. 2006). To emphasize the importance of a particular data or time, a 

weight factor is assigned. A scaling factor is used to consider data with quite different 

absolute ranges, such as water cut, fluid production rate, and average field pressure. The 

error function is defined as 
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where R is the error value, i is ith data type (e.g., water cut or oil rate), t is time, w(i, t) is 

the weight for the ith data at the time t, default value is 1, sim(i,t)c is coarse simulated 

data, sim(i,t)f is fine simulated data, and scale(i) is the scale for the ith data type. The 
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three common choices for the scale are the ith fine simulated data range, the standard 

deviation, or some percentage of the data mean. 

5.3.3 Corey and Corey-Logistic Function with End-Point Shifting 

In this section, the Corey function (Corey 1954) is first applied as a saturation 

function. Section 5.4 includes discussions about other saturation functions. 

5.3.3.1 Corey Function 

The Corey functions with an exponent to be adjusted are defined by: 
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The two parameters (woexp and owexp) can be adjusted in the non-linear 

optimization. The prior range is defined to provide a uniform distribution for each 

parameter of between 1.25 and 5 (Table 5.1). The oil production rate, water cut, and 

average pressure from both fine and coarse models were used in the objective function 

(Equation 5.3). In the work flow shown in Figure 5.3, the coarse model simulation is 

conducted with an optimizer during the simulation iteration. The optimizer minimizes an 

objective function by running the simulator through many simulation iterations, while 

modifying the values of decision variables in the saturation function. A stochastic, 

scatter-search algorithm is used by the optimizer. Either the stopping criterions are 

specified by the maximum number of simulation iterations (100) or the error of objective 

function has been achieved before maximum number of simulation iterations has been 

reached. For the first situation, we can either increase the maximum simulation iteration 

number to make another try or just conclude that the relative permeability curves used by 

the fine model can not be upscaled by this algorithm. 

After the error of objective function is less than the 0.5 continually in 

approximately 5 iterations, the pseudo-relative permeability curves used in the coarse 
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simulation model are treated as the upscaled relative permeability curves. Some fine and 

upscaled simulation model results, including oil production rates, water cut, and average 

pressures, are shown in Figures 5.8-5.10. The coarse model pseudo-relative permeability 

curves are generated with the Corey function. Even if the relative permeability curves in 

the fine-scale model are expressed by the same type of function (the Corey function in 

this case), the upscaled pseudo-relative permeability curves did not converge to the fine 

simulation model curves (Figure 5.11). Particularly, the oil relative permeability curves 

have a different shape from the fine model curves. Although the water cut from the 

coarse model is close to the water cut from the fine model to some extent (Figure 5.8), 

the oil production rate and average field pressure could not be matched appropriately 

(Figure 5.10). This finding was caused by the deviation in the oil relative permeability in 

the water-oil system. This type of parameterization failed to match the results from the 

fine model because of the lack of flexibility, and there is little uncertainty in the 

estimates. 

5.3.3.2 Pseudo-Relative Permeability Curves Generated by the Corey-Logistic Function 

with End-Point Shifting 

To add more flexibility to the Corey function, the equation is modified such that 

the end-point saturation can be shifted. A logistic form is used to minimize the misfit 

during the non-linear optimization. These forms are defined by the following equations:  

Logistic Form: 
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where n = 1 to the number of entries for saturation table; wS = water saturation; wcS = 

connate water saturation; orwS = residual oil saturation; rwK = water relative permeability, 

pcowmin  = 5; and pcowmax = 500. The four parameters, rowK , woexp, owexp, and pcowexp 

were adjusted in the non-linear optimization. The prior range of each of the shifts was 

between 0.0 and 0.5, and the others were set as in the two-parameter case, which was 

between 1.25 and 5. The upscaled pseudo-relative permeability curves shown in Figure 

5.12 are closer to the fine simulation model curves after less coarse simulation iterations 

than the two parameter case. Particularly, the deviation between the upscaled and fine 

modes in the oil relative permeability is much smaller than in the two parameters case. As 

a result, the oil production rate (Figure 5.13), water cut (Figure 5.14), and the average 

field-wide pressure (Figure 5.15) were matched more closely than in the two parameter 

case in the Corey function. Consequently, the introduction of the end-point shifts 

improved the accuracy for the upscaled simulation model. In comparison with the 

Chierici function (which will be discussed in Section 5.4), the Corey function with the 

end-point shifts could fit to the upscaled pseudo-relative permeability more efficiently, 

although the number of parameters in this case is the same as the Chierici function 

previously shown. The pseudo-relative permeability curves may have retained the trend 

of the Corey-type rock curve used by the fine simulation model, but have been shifted 
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along the water saturation axis. However, this representation leads to a flat line in the oil 

relative permeability curve behind the shifted end-point, and it cannot express local 

bumps or dents on the curve. 

5.3.3.3 Sensitivity Analysis  

Several sensitivity studies are discussed to properly define the uses of the coarse 

model with the pseudo-relative permeability curves. The pseudo-relative permeability 

curves are calculated for only one set of operating conditions, but the coarse model might 

need to be used with a variety of production scenarios. For instance, as with the synthetic 

model we used in this Chapter, the fine model is run with natural deletion in two years 

followed by water-flood. The coarse model, however, has a water-flood delay of about 

three years. The sensitivity studies determine the validity of using the pseudo-relative 

permeability curves under conditions different that those assumed for the fine model. 

The procedure for examining sensitivities consisted of two steps. After the 

pseudo-relative permeability curves have been generated for a particular operating 

condition, the fine model is re-run with the different production conditions. An example 

of this is the timing of water-flood start-up. The coarse model containing the pseudo-

relative permeability curves previously generated is then run with the same changes as 

the fine model. The results of the coarse model run are again compared to the fine model 

results. This determined the accuracy of the coarse model prediction under varying 

production conditions. An implementation for the pseudo-relative permeability curves to 

yield valid predictions will be discussed in Chapter 6. 

5.4 OTHER SATURATION FUNCTIONS FOR PSEUDO-RELATIVE PERMEABILITY CURVES  

The success of pseudo-relative permeability curves depends on the flexibility of 

the saturation functions. The implementation of the Corey-logistic function was 

introduced in the previous section. The flexible B-spline function and Chierici function 

are discussed in this section. These parameterizations are compared in terms of the 
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resulting pseudo-relative permeability curves after the upscaling. The pseudo-relative 

permeability curves are examined in a comparison between the fine model simulation 

results and coarse model simulation results, which include fluid production rates, water 

cut, and average pressure. The analysis is limited to the field level rather than to 

individual wells for those saturation functions. The same synthetic model was used as in 

Section 5.3 for the discussion. Similar to the Corey-logistic function, the generation of 

pseudo-relative permeability curves is conducted using the fine simulation model to 

provide a reference set of coarse-scale relative permeability curves. The fine model 

simulation production profiles are compared with the results from the coarse model 

simulation. The results highlight the findings that the different saturation functions with 

the parameterization affect the accuracy of the original fine model simulation. 

5.4.1 Pseudo-Relative Permeability Curves Generated by the B-spline Function  

A cubic B-spline was proposed as saturation function by Okano et al. (2006). The 

formula is defined by: 
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in which )(xKrj  represents pseudo-relative permeability curves for oil or water, and x is 

water saturation. j

ip is the B-spline coefficient associated to each of the basis functions, 

)(3, xN i , these values can be adjusted during the non-linear optimization procedure. This 

method aims at flexibility with six basis functions (n = 6), which were determined by 

open non-uniformly spaced knots at water saturations of 0.20, 0.45, 0.55, and 0.80. 

There are many publications about B-spline implementation for curve-matching. 

Here, we only roughly review the cubic B-spline function and the basis functions 

determined by open non-uniformly spaced knots. The details about the B-spline can be 

found in “The NURBS Book” (Pigel, 1997).  

In a B-spline, each control point is associated with a basis function )(3, xN i which 

is given by recurrence relations: 
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For given k = 3 (cubic), and vector knots: (0.20, 0.35, 0.50, 0.80), the basis function 

with 2.01 x , 2.02 x , 35.03 x , 50.04 x , and 8.05 x can be expressed as: 

when 0.2<=Sw<0.35: 
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when 0.35<=Sw<0.50: 
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Six basis functions based on the following knots {0.2, 0.2, 0.2, 0.2, 0.35}, {0.2, 0.2, 0.2, 

0.35, 0.50}, {0.2, 0.2, 0.35, 0.50, 0.8}, {0.2, 0.35, 0.50, 0.8, 0.8}, {0.35, 0.50, 0.8, 0.8, 

0.8}, and {0.50, 0.8, 0.8, 0.8, 0.8} for the B-spline function are shown in Figure 5.18. We 

noticed that there are k+1-equal knots at the each end since the open non-uniform knot 

vectors are used for the B-spline function. 

 The relative permeability curves generated by the B-spline function are shown in 

Figure 5.19. The six coefficients can be used as the decision variables adjusted during the 

non-linear optimization procedure. The prior range of each variable is between 0.0 and 

0.5. The number of parameters is reduced by fixing the end coefficients so that there are 

four parameters for each curve. The same single-phase upscaling algorithm as the Corey 

function is used for the coarse simulation model. Figure 5.20 shows that misfit values are 
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less than 0.5 until 200 full simulation iterations. The pseudo-relative permeability curves, 

red lines in Figure 5.19, from the non-linear optimization indicate that the 

parameterization captured the details of the reference-fine model‟s relative permeability 

curves. The consequential curves could include the effect of physical dispersion as a 

result of sub-grid heterogeneity. Figures 5.21-5.23 show some engineering results of the 

upscaled simulation model and fine simulation model. 

From the discussion above, the biggest benefit achieved from the B-spline 

function is that the accuracy of simulation results from the coarse model by using the B-

spline function had been improved slightly compared to the results from the Corey-

logistic function with end-point shirfting. But because there are four decision variables 

for each curve and the B-spline function generation consumed a large amount of 

computation time, it requires too many simulation iterations for the optimizer to find 

good convergence. To decrease the computational cost, it is important to reduce the 

number of decision variables and use different saturation function types during the 

optimization. The functions that have power and exponential parameters are good 

candidates for reducing computational cost. There are two types of power and 

exponential saturation functions: Corey and Chierici. The Corey types have been 

discussed in the previous section. The next section introduces the Chierici saturation 

functions in detail. 

5.4.2 Chierici Function 

The Chierici function (Chierici 1981) includes two parameters for each curve to 

be adjusted in non-linear optimization. The pseudo-relative permeability curves are 

defined as an exponential function: 
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The four parameters a, woexp, b, and owexp were adjusted during the non-linear 

regression runs. The prior range is defined such that each parameter had a uniform 

distribution between 1.25 and 5.0. Although the Chierici function includes more 

parameters than the Corey function, the deviations between the resulting pseudo-relative 

permeability curves and the reference fine simulation model curves are much larger than 

for the Corey function (Figure 5.24). This is probably because the pseudo-relative 

permeability curves may have inherited some features of the Corey-type rock curve in 

this case; consequently, the features cannot be expressed by the Chierici function. As 

with the Corey parameterization, the oil production rate matched the observed data to 

some extent, but the field-wide average pressure and water cut could not be matched 

appropriately. 

To add more flexibility to the Chierici function, the equation was modified so that 

the connate water saturation could be shifted: 
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The six parameters a, b, woexp, c, d, and owexp were adjusted during the non-

linear regression runs. The prior range of each of the shifts is between 0.0 and 0.5, and 

the others are set as in the above case. Compared to the results of the four-parameter 

representation with the fixed end-points, the shift parameterizations improved the results 

from the upscaled simulation model, and the resulting pseudo-relative permeability 

curves are not far from the reference fine simulation mode curves as shown in Figure 

5.25. However, in this case the oil production forecast from the coarse model tended to be 

underestimated as compared with the fine simulation model profile. The coarse model 

results included oil production rates, water cut, and average filed pressure shown in 

Figures 5.26-5.28 were biased in the opposite direction to the B-spline results. In 

additional, some accuracy had been lost by the Chierici function with the end-point 
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shifting. This difference in both trends may have stemmed from the characteristic of the 

function used.  

The Chierici function with end-point shifting required more simulation iterations 

during the non-linear regression runs to converge to the optimized pseudo-relative 

permeability curves than the Corey function with an end-point shift scheme, but less 

simulation iterations than the B-spline scheme. The results shown here were obtained 

from 50 iterations; whereas the cases of the Corey function with an end-point shift 

scheme and B-spline scheme are 20 and 200 iterations, respectively. There are two 

probable reasons that it required more iterations compared to the Corey function with 

end-point shift scheme. First, the pseudo-relative permeability curves generated from the 

Chierici function alone could not fit the fine model relative permeability curves, as shown 

in Figure 5.24. Second, it included the end-point adjustment to reduce the deviation 

between the relative permeability curves in the fine simulation model and the pseudo-

relative permeability curves in the upscaled simulation model. Both reasons tend to make 

non-linear optimization more time-consuming than the Corey function with end-point 

shift schemes. 

5.5 COMPARISONS OF DIFFERENT SATURATION FUNCTION SCHEMES AND 

CONCLUSIONS 

The Corey and Chierici functions with the end-point shifting can compete with 

the B-spline parameterization. Without the end-point adjustment, they failed to match the 

fine simulation model curves. When introducing the end-point adjustment, both Corey 

and Chierici could match the observed data, but the forecast uncertainty showed different 

trends in the Corey, Chierici, and B-spline functions. The B-spline function did not 

include the end-point adjustment in this case. The B-spline representation has local basis 

functions. Basic functions whose support covers only the mid-high water saturation 

region tended to be less sensitive to the fine model data for the water-flooding scenario 

simulated in this study. Conversely, all parameters in the Corey and Chierici functions 
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with end-points affected the entire saturation region between 0.2 and 0.8 along the Sw 

axis. These functions can be referred to as global parameterization, in contrast to the local 

parameterization of the B-spline. When the relative permeability curves were history-

matched with the global parameterizations, the variability of the curves in the less 

sensitive saturation region (high water saturation) was constrained through the other parts 

of the relative permeability curves, which were more sensitive to the fine simulation 

model curves. The global parameterizations rely on the particular formulations that 

control the entire curve. Based on the previous discussion, we are able to conclude:  

1. The flexible B-spline parameterization for coarse-scale relative permeability 

curves captured the effect of physical dispersion resulting from sub-grid 

heterogeneity and compensated for the effect of numerical dispersion. 

2. The Corey and Chierici parameterizations required an adjustment of the end-

point saturation to represent the coarse-scale relative permeability curves in 

most cases. 

3. Although the various functions can match the fine simulation production data, 

the upscaled relative permeability curves may differ from various 

parameterization schemes. 

4. Compared to the Corey and Chierici functions, the B-spline parameterization 

tended to lead to larger envelopes of the relative permeability in the high 

water saturation region, which was less sensitive to the history data in the 

water-flooding scenario. 

The new relative permeability upscaling algorithm presented here can be applied 

to more general reservoirs. It has been shown that pseudo-relative permeability curves 

can be generated using a non-linear optimization technique. The computation time for the 

automatic method, as compared to traditional methods, was very small. The match for the 

breakthrough time and post-breakthrough performance is very accurate using the new 

relative permeability curves. Predictability with the new curves also appears to be 
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substantially improved. The newly generated relative permeability curves can be used 

over periods beyond that of the original match. With additional data becoming available 

as field development proceeds, the automatic approach to pseudo-relative permeability 

generation will enable rapid incorporation of this data into the field-wide model. The 

fluid saturation distributions between the fine model and the coarse model should be 

involved for the error function optimization.
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Table 5.1: Parameters for Corey and Chierici Functions. 

 

Table 5.2: “Observed Data” for Synthetic Fine Model 
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Figure 5.1: Typical Relative Permeability Curves for a Water-Oil System 

 

Figure 5.2: A Fine Model Simplified to a Coarse Model 
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Figure 5.3: Work Flow for New Relative Permeability Algorithm. 
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Figure 5.4: A Synthetic Fine Model: 25x100x20 = 50,000 Grid Blocks. 

 

Figure 5.5: Fine Model Relative Permeability Curves (Water-Oil). 
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Figure 5.6: Fine Model Relative Permeability Curves (Oil-Gas). 

 

Figure 5.7: Coarse Model: 13x50x10 = 6,500 Grid Blocks. 
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Figure 5.8: Water Cut from the Corey Function. 

 

Figure 5.9: Oil Production Rates from the Corey Function. 
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Figure 5.10: Average Pressures from the Corey Function. 
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Figure 5.11: Relative Permeability Curves for Fine and Coarse Models from the Corey 

Function. 
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Figure 5.12: Relative Permeability Curves for Fine and Coarse Models from the Corey-

Logistic Function (Shifting End-Point). 

 

Figure 5.13: Water Cut from the Corey-Logistic Function.  
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Figure 5.14: Oil Production Rates from the Corey-Logistic Function. 

 

Figure 5.15 Average Pressures from Corey-Logistic Function 
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Figure 5.16: Relationship between Optimization and Simulation Model. 

 

Figure 5.17: Error of Objective Function vs. Optimization Iteration.  
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Figure 5.18: B-spline Basis Functions (Okano, et al. 2006). 
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Figure 5.19: Pseudo-Relative Permeability Curves from B-spline Functions 
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Figure 5.20: Objective Function vs. Optimization Iteration from B-Spline Functions 

 

Figure 5.21: Water Cut from B-spline Functions. 
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Figure 5.22: Oil Production Rates from B-Spline Functions. 

 

Figure 5.23: Average Pressures from B-Spline Functions. 
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Figure 5.24: Pseudo-Relative Permeability Curves from the Chierici Function. 
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Figure 5.25: Pseudo-Relative Permeability Curves from Chierici Function with End-point 

shift. 
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Figure 5.26: Water Cut from the Chierici Function with End-point Shift Function. 

 

Figure 5.27: Oil Production Rates from the Chierici Function with End-point Shift 

Function. 
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Figure 5.28: Average Pressures from Chierici Function with End-point Shift Function. 
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CHAPTER 6: FIELD APPLICATIONS for the COMBINED USE of 

UPSCALING AND PARALLEL RESERVOIR SIMULATION 

APPROACHES 

6.1 INTRODUCTION 

In this chapter, three large scale modeling problems are used to demonstrate the 

field applications of the new single-phase permeability upscaling algorithm, the 

complementary use of upscaling and parallel reservoir simulation approaches, and the 

two-phase relative permeability upscaling algorithm. For single-phase upscaling, the 

results obtained by the new algorithms and the traditional algorithms are compared in 

terms of their preservation of non-spatial and spatial information. The loss of 

heterogeneity in information in the new algorithms and the traditional algorithms is 

shown by comparing the fluid production rates, water cut, and average pressure in the 

field-wide level. The fine model simulations from the parallel simulator validate the 

results for all three case studies.  

The first case came from the Gulf of Mexico reservoir analog model. It is shown 

that models significantly coarsened with the semi-local flow base upscaling algorithm 

provide reliable results for many aspects of the reservoir flow. Nevertheless, the 

simulation of the fine-scale model, which must to be accomplished by using the parallel 

reservoir simulation technology, is still very useful in determining the appropriate level 

of upscaling. 

For the second model, which is a synthetic model with heavily faulted grid blocks 

and large numbers of wells, the upscaled models can lose accuracy when the grid 

becomes coarse by using the regular single-phase permeability upscaling algorithm. Even 

so, field-wide performance can still be predicted with reasonable accuracy. The parallel 

reservoir simulation, which helps maintain sufficiently fine models capable of accurate 

flow results on a well-by-well basis, is required to guide the upscaling procedure and to 
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select the appropriate upscaling algorithm. In this case, LGRHF is selected by the 

ultimate tuning procedure.  

The last application in this chapter discusses a composition fluid type with Water 

Alternating Gas (WAG) recovery process. The fine simulation model came from the 

Sherwood reservoir located in the Wytch Farm field. Because the single-phase upscaled 

model cannot provide an accurate oil recovery prediction for this complex reservoir 

simulation model, the new two-phase relative permeability upscaling scheme must be 

applied to provide reliable results. Finally, some issues concerning the use of the 

workflow in practical simulation studies are discussed.  

6.2 SINGLE-PHASE UPSCALING FOR THE GULF OF MEXICO RESERVOIR ANALOG 

MODEL 

This section describes the Gulf of Mexico reservoir analog model. The fine model 

simulation run is then completed by the parallel option in VIP
®
, a commercial parallel 

simulator. Section 6.2.3 discusses performance comparisons between the new single-

phase upscaling algorithm and traditional algorithms. 

6.2.1 Description of Gulf of Mexico Reservoir Analog Model  

The first model used in the field application is from the Gulf of Mexico reservoir 

analog model in the Eugene Island field in block 330 offshore of Louisiana, 

approximately 170 miles southwest of New Orleans (Holland, et. al. 1999).  Figure 6.1 

shows the location of the Gulf of Mexico reservoir study site. The Gulf of Mexico 

reservoir covers portions of 5,000 acres in the west-central part of the Eugene Island area. 

The Gulf of Mexico reservoir lies within the northern Gulf of Mexico coast basin, near 

the southern edge of the Louisiana Outer Continental Shelf (OCS). Water depths in this 

area of the shelf range from 210 to 266 ft. The reservoir is an isolated sand stone 

formation confined on all sides by splays of the „red‟ and „blue‟ fault zones bounding the 

Eugene Island mini-basin on the northern and southern sides. The reservoir extends east 
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to west over 10,000 feet, from 7,300 to 7,380 ft in the subsurface. The reservoir consists 

of an 80-ft thick sandstone bounded on all sides by small splays coming off the 

convergence of the red and blue fault zones. Average porosity is 27%, shaling out at the 

base of the reservoir. The reservoir has produced more than 600 MMbbl of hydrocarbon 

fluids (Holland et al. 1999). 

A geological model was built using Markov-Bayes algorithms. Porosity and 

permeability models were generated by Kriging. As shown in Figure 6.2, the gas cap 

exists at the right-upper corner of the reservoir; the fine model consists of a total of 

1,021,750 active grid blocks (134 × 125 × 61 = 1,021,750 grid blocks). Each grid-block 

has a dimension of 75 ft × 50 ft × 3.3 ft. Sufficient absolute permeability and porosity 

core data were available to generate an accurate fine-scale reservoir description model. 

No relative permeability data had been measured; consequently, simulator-default curves 

were adjusted until the simulation output matched historical production data. Table 6.1 

and Table 6.2 show the oil-water and gas-oil relative permeability data. The reservoir 

production data used for history-matching covers a period of 20 years (1972-1992). 

Figure 6.3 shows these oil production rates. In this study, all oil production rates are 

conditioned to these values, enabling the gas production rate to vary. The reservoir is 

scheduled as natural depletion production from 14 wells; no injection wells are present. 

The average perforation interval is 70 ft, with the uppermost perforations 30 ft below the 

top of the reservoir. 

The fluid PVT data at initial time included in Table 6.3 shows a gas/oil ratio, 

approximately 940 scf/stb, of indicating non-volatile oil. The GOC (gas/oil contact) 

occurs at a total depth of 6,750 ft, with a saturation pressure of 4,130 psi. The Gulf of 

Mexico reservoir is a depletion drive reservoir, producing a minimal amount of water. 

Connate water saturation is believed to be 40%. 
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6.2.2 Gulf of Mexico Reservoir Fine Model Results from Parallel Simulation 

The commercial reservoir simulator VIP
®
 formed the basis for this study. VIP

®
 is 

a multi-component, three dimensional, and three-phase parallelized reservoir simulator. 

The program contains several modules that share a common compositional formulation. 

Both fully implicit and IMPES model formulations of differential equations governing 

conservation and flow can be used. The parallelization in VIP
®
 is achieved through the 

use of local grid refinement to subdivide a model into different domains for each of the 

parallel CPUs. The method for local grid refinement became the basis for domain 

decomposition, both for models built with locally refined grids and for single grid 

models. The reference source by Killough et al. (1997) includes additional details.  

To establish a guideline for upscaling from the fine model results, the fine model 

simulation for the Gulf of Mexico reservoir in the Eugene Island field in block 330 was 

conducted on the Dell
®
 Linux operating system Cluster computer; it is a parallel 

computer built with the multiple information stream, multiple data stream (MIMD) 

architecture and with distributed memory. The automatic grid decomposition tool 

described in Chapter 3 was used before the parallel simulation. The 2D decomposition 

generated by the automatic decomposer, shown in Figure 6.4, represents the solution to 

this problem. The decomposition requires only inputting grid numbers which the model 

was to be divided. The model was decomposed into 16 sub-domains, and eight processors 

from the Dell
®
 Linux operating system Cluster were used, with 1,024 megabytes of 

memory on each node. The performance of each CPU approximates 930 MHz. A 

minimum of 16 gigabytes of disk space was available for temporary storage. Table 6.4 

lists the fine model fluid in place at the initial time. The CPU time used by the parallel 

simulation run for the fine model was 9,028 seconds. The performance statistics of the 

fine model parallel simulation was listed in Table 6.5. The last year fluid production 

rates, GOR and cumulative fluid production were list in Table 6.6. Figure 6.5 shows the 

oil saturation distribution. 
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6.2.3 Gulf of Mexico Reservoir Course Model Results from New Single-Phase 

Upscaling and Traditional Upscaling Algorithms 

In the Gulf of Mexico case study, two differently upscaled models were used: 

model A was upscaled from the geological fine-scale model by a local, direct-solving, 

pressure solution algorithm. The semi-local flow base upscaling algorithm was used to 

generate effective transmissibility for coarse-scale model B. The Kv:Kh ratios are 

approximately 1 in all models. All coarse-scale models have a grid of 17× 16 × 8 grid-

blocks (Figure 6.6), which is upscaled eight in all directions; each grid-block has 

dimensions of 600 ft × 400 ft × 26.4 ft. The cross-sections are shown in Figures 6.7-6.9 

reveal permeability regions for the fine model, model A, and model B, respectively. A 

high permeability zone is visible in the middle layers of the reservoir and consists of 

permeability values greater than 100 mDarcy. Low permeability values dominate the 

bottom layers of the reservoir with permeability values of less than 0.05 mDarcy. The 

remaining parts of the reservoir contain permeability values that range between 0.05 and 

100 mDarcy. 

During the first five-year period of production, the gas cap moved toward wells 

nearest to the initial gas cap. The pressure drop is greatest in Model A (Figure 6.10), 

causing a high gas saturation throughout the field and high gas production rates (Figure 

6.11 and Figure 6.12). By the end of production, gas has filled the southern edges of the 

reservoir in Model A in which high effective permeability values exist. High permeability 

values and pressure drawdown as a result of production have caused gas to evolve, 

leading to increasing gas production rates. The field cumulative gas results confirm these 

observations. At the end of production time (7422 days), the gas saturation distributions 

for the fine mode, coarse model B and coarse model A are shown in Figure 6.13. 

The permeability values in coarse model A appear to be lower than the 

permeability values in the fine model and coarse model B. Aerially high permeability 

regions are located in the northeastern part of the reservoir, and on the western flank. The 
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true permeability distribution from the fine model appears to be more similar to that of 

coarse model B (Figures 6.7-6.9). That observation was proved by the gas saturation 

distributions at the end of the production time (Figure 6.13). The main reason is because 

that the semi-local algorithm applied in coarse model B has an extended computational 

region and is able to capture the tortuous global flow existing in the fine model. The 

details of the semi-local algorithm have been discussed in Chapter 4. However, high 

permeability values exist at the bounding faults in the northern and southern part of the 

reservoir in coarse model B; these trends are not observed in coarse model A. The loss of 

accuracy in coarse model A was caused by not only using the local, direct-solving, 

pressure solution algorithm, but also by the lack of accuracy in the local-region pressure 

boundary conditions and an inadequate representation of flow behavior by local 

computational regions. 

6.2.4 Upscaling and Verification 

Details about the upscaling verification method were provided in Chapter 4. In 

here, we use the Gulf of Mexico reservoir to verify the results upscaled by semi-local 

algorithm. 

6.2.4.1 Dynamic Flow Verification 

Essentially, a simulation model using the geological model (no upscaling) was 

simulated by a parallel simulator; the simulation results were saved in spreadsheet output 

files was considered as the truth solutions. The geological model was then upscaled by 

using one of upscaling algorithms. The results from coarse simulation models were 

compared against the fine model results to assess the quality of the upscaling. The 

comparison was made with regards to the following objectives: 

1. Upscaling model runs in reasonable CPU time 

2. Upscaling model, as compared to the fine model (the truth) field-wide 

cumulative oil yields a difference of <3% 
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3. Upscaled cumulative water and breakthrough for field-wide within 10% 

compared to fine model 

4. Average pressures profile (weighted by hydrocarbon volume) for the field-

wide level with good agreement with the fine model, the criteria defined by 

Equation 4.59 is less that 3% 

When these objectives are satisfied, the most important assessment for the best 

coarse algorithm is determined by the minimum value of error function (Equation 4.59), 

as discussed in Chapter 4. The error functions in Equation 4.59 can be used to analyze the 

residual error of oil saturation between the fine and coarse models through the tuning 

procedure to validate the upscaled model. For the Gulf of Mexico reservoir in the Eugene 

Island field, the Rs values from the direct pressure solution algorithm and from the semi-

local single-phase upscaling at the end of the simulation time (7,742 days) were 7.16 and 

1.079 respectively. Obviously, the coarse model B-applied semi-local upscaling 

algorithm has closer fluid production profiles to the fine model compared to the coarse 

model A-applied direct pressure solution algorithm. The cumulative oil, gas productions, 

and the average pressure drop for the fine model, coarse model A, and coarse model B 

are shown in Figures 6.14-6.16. 

As discussed in Chapter 4, the degree of reservoir heterogeneity in the fine model 

is one of the most important factors for selecting the appropriate upscaling algorithm. The 

histogram statistics were summarized by Java script program (Table 6.7). The Dykstra-

Parson coefficient of permeability variation was 0.8774 calculated by Equations 4.59-

4.62. Apparently, the Gulf of Mexico reservoir fine model is a highly heterogeneous 

reservoir. On the other hand, from the error assessments for different upscaling methods 

by the turning procedure, it could be concluded that upscaling by using the semi-local 

flow base upscaling algorithm generates simulation results that approximate those of the 

„true‟ fine model. Several areas, such as at the north and south edges of the reservoir, 

were upscaled with less accuracy. Such upscaling resulted in production profiles that 
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deviate from the fine model. Upscaling by using the direct pressure solution algorithm 

created a model with lower permeability values; consequently, the production profiles 

differed from those of the fine model. As the oil production rate was held constant in all 

the models, higher pressure drops were needed in areas of lower permeability values to 

achieve the target oil production rate. High pressure drops caused more gas to be 

liberated. For this reason, coarse model A produced more gas from the beginning of 

production, unlike the fine model and coarse model B. 

The simulation results for the Gulf of Mexico reservoir fine-scale model (run 

using parallel reservoir simulator VIP
®
) and for two upscaled models of 2,176 grid blocks 

were summarized by using semi-local flow base upscaling algorithm and direct pressure 

solution algorithm, respectively (all coarse model runs on a single processor). Table 6.7 

and Table 6.8 contain the field-wide fluid in place in the initial time from the fine and 

coarse models. The maximum relative error, gas in place, is only 0.27%. Figure 6.17 

shows the field-wide oil rates (all fine and coarse models are forced to reproduce these 

results). Figure 6.16 and Figure 6.18 show the results for the fine and coarse models for 

field-wide average pressures weighted by the hydrocarbon volume and the gas production 

rates. The agreement between the fine-scale model and coarse-scale model upscaled by 

semi-local upscaling algorithm for these results was excellent. Oil and gas production 

rates for individual wells display the same level of agreement between the fine and coarse 

models. These results confirm that the use of the semi-local upscaling algorithm for the 

Gulf of Mexico reservoir analog model can obtain the overall production performance of 

a fine model. In addition, the simulation time is significantly reduced from 2.6 hours to 2 

minutes for 20 years of simulation time. 

This is an interesting example in that the fine-scale simulation model required 

relatively small time-steps and a relatively high number of Newton iterations for 

convergence. However, the results indicate that, in this case, there is very little benefit in 

additional grid refinement. Therefore, the results from the upscaled simulation model 
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using direct pressure solution algorithm is validated with results from the fine-scale 

simulations to provide confidence in the reliability of the results. The upscaled model can 

provide the large number of simulation results required for risk and uncertainty 

assessments with significantly reduced computational requirements. 

6.2.4.2 Multiple-Realization Verification 

To give a further verification of reliability for the coarse-scale model upscaled by 

a semi-local algorithm, we use GridSAT
®
 (Applied Computer Engineering, 2011), a 

commercial property modeling package, to generate five realizations on the fine-scale 

model (135x125x61 = 1,021,750 grid blocks) based on the same geo-statistical 

parameters with five random seeds. These geo-statistical parameters which include mean, 

41.6, standard deviation, 152.6, and Dykstra-Parson coefficient of permeability, 80%, are 

honored for all realizations. The permeability-porosity correlation is defined by  

0121.231275.3)log( k ,       (6.1) 

where k is permeability and   is porosity. The coarse-scale model (50x40x10 = 20,000 

grid blocks) created with the same upscaling algorithm (semi-local upscaling) used in the 

previous section was implemented on all fine-scale models with different realizations. All 

simulation runs for the fine-scale models were conducted by a parallel simulator with 8 

processors.  The relevant coarse model simulations were done in a serial mode. Table 6.9 

as well as Figures 6.19-6.23 shows the differences between cumulative oil productions 

for the fine-scale and coarse-scale models are not significant. These results further 

verified that the coarse model upscaled by a semi-local algorithm can give an accurate 

gauge of the mean and variation of the reservoir response and confidence on the 

reliability of the simulation results for the coarse model. 

6.3 SYNTHETIC FAULTED MODEL 

The discussion in Section 6.2 indicates that the semi-local flow base upscaling 

algorithm can help to improve the accuracy over the existing algorithms for the Gulf of 
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Mexico reservoir analog model, which has high degrees of heterogeneity.  This model 

does not have complicated connectivity, which makes it relatively easy to obtain a 

“good” upscaled model. This section describes the application of the new single-phase 

permeability upscaling method, LGRHF, to a synthetic heavily faulted reservoir (Gorell 

et al. 2001).  

6.3.1 Synthetic Fine Model Description and Simulation Results 

Figure 6.24 shows the synthetic faulted model used for this study. This model is 

based conceptually on real models, but is totally fictitious. It was created by using the 3D 

geo-statistical Sequential Gaussian Simulation method. The model contains eight sloped 

faults and was conditioned to 16 random vertical locations; the vertical variation in the 

properties was synthesized to be heterogeneous but layered. In the geo-statistical 

calculation, a long area correlation length of one-third of the reservoir‟s dimensions was 

used. With an underlying 100×100×100 structure, the fine model has one million grid 

blocks that includes 850,371 active grid blocks and 177,804 fault connections. Eleven 

possible well locations were chosen randomly within an area near the top of the structure, 

where a minimum well separation was specified. All eleven vertical wells have total of 

955 perforations and were defined as oil production wells. The production constraints 

were Bottom-Hole Pressure (BHP) controlled. The fine model simulation was run as 

black-oil models using a fully implicit formulation of the differential equations. Fifty 

years of prediction was simulated with the available computing power. The simulation of 

the fine-scale geological model was simulated by a serial simulator and required 11 hours 

and 29 minutes; the performance from a parallel simulator required 1 hour and 25 

minutes on a Linux cluster with eight processors. Both serial and parallel simulations 

were completed on the Linux machine. Each processor has 3.0 GHz and 37 GB memory. 

Table 6.10 and Table 6.11 list the fluid in place at the initial time and the performance 

statics for the fine model. Figures 6.25-6.27 show the oil recovery, field-wide average 
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pressure profile, and cumulative oil production for the fine model simulation results at the 

end of 40 years of simulation.  

6.3.2 Upscaled Simulation Results from the LGRHF Technique 

The heavily faulted model also contains geometrically complex features that 

introduce complicated connectivity into the reservoir. The field with a particular fluid 

behavior might make it difficult for the semi-local flow base upscaling algorithm to 

provide highly accurate results. After the fine model is coarsened into 25 × 25 × 25 = 

15,625 grid blocks with factor 4 for all three directions (Figure 6.28), the semi-local flow 

upscaling algorithm selected by the ultimate tuning procedure based on a high degree of 

heterogeneity was attempted to upscale the synthetic faulted model. The upscaled models 

with various coarse cells in x-, y-, and z-directions were generated, but none could 

represent the fine model properly. The maximum relative error from the cumulative 

production oil was 44% (Figure 6.29). Obviously, this error exceeded the criteria for the 

assortment of upscaled algorithms and is not reliable to provide a better estimate of 

amount of uncertainty in the predicted oil recovery. The tuning procedure rechecked the 

fine geometries, and found the there were 50,100 faulted grid blocks in this synthetic 

model. The ratio of faulted grid blocks was 5.0% which was a relatively heavily faulted 

model. And also we found there were 177,804 non-standard connections in the model by 

further analysis. As we discussed in Chapter 4, the NSCR =177,804/1,000,000 = 0.178 > 

15% and the LGRHF technique should be a good candidate to upscale these particularly 

challenging problems which involve complicated connectivity in the model. To preserve 

the sloping faults location, the 3D moving window, which consisted of 4×4×4 = 64 grid 

blocks, screened the entire model from the upper-left corner to the lower-right corner, 

and 47 local refinement grids were generated from the first step screen. After combining 

procedure, only 37 LGRs existed in the coarse model. The LGRs under the root grid were 

shown in Figure 6.30. The coarse model simulation was conducted by the serial mode in 
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VIP
®
. The CPU time of the coarse model was only 269 seconds. The initial fluid in place 

and the performance statistics were listed in Table 6.12 - 6.14. Compared to the fine 

model simulation, the performance had been significantly improved. In the next section, 

we will discuss the simulation results with fine model and another coarse model upscaled 

by semi-local algorithm. 

6.3.3 Simulation Results Comparison for Different Upscaled Models 

Before running the simulation for upscaled models, the absolute permeability 

distributions between the fine model and two coarse models are compared. Figures 6.31-

6.33 show the permeability values by top-view in the x-direction, Kx, for the fine model, 

the semi-local flow upscaling algorithm, and LGRHF technique. The coarse model 

upscaled from the semi-local flow upscaling algorithm yields a loss of the high and low 

permeability values. The LGRHF technique preserves more high and low permeability 

values with the same number of coarse-grid blocks. The semi-local flow upscaling 

algorithm greatly underestimates the large permeability values and overestimates the 

small permeability values, whereas the LGRHF technique achieves improved results. 

Table 6.15 presents a comparison of residual variances (defined as the variances of the 

differences between the fine model permeability data and the coarse models permeability 

data) between the two upscaling algorithms with a range of the number of coarse-grid 

blocks from 15,625 (25x25x25), 28,900 (34x34x25), 39,304 (34x34x34), 85,000 

(50x50x34), and 125,000 (50x50x50). The difference of the residual variance between 

the two techniques is large when the number of upscaled grid blocks is small, but as the 

number of upscaled grid blocks increases, the difference decreases. 

For further investigation, the simulation results from the coarse model upscaled 

by the LGRHF technique were found to be quite closer to those results of the fine model, 

as compared to the semi-local flow upscaling algorithm. Figures 6.34-6.36 show oil 

recovery, average pressure profile field wide, and the cumulative oil production for the 
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fine model and the two upscaled models. The maximum relative errors of the cumulative 

production oil between the fine model and the coarse model upscaled by the LGRHF 

technique is 1.2%, which is much less than the errors generated by the semi-local flow 

upscaling algorithm (44%). The total CPU time required by the serial simulator on the 

coarse model is 269 seconds, which was dramatically reduced compared to the 

computing time required for the fine model (serial run: 11.5 hours, and parallel run with 8 

processors: 1.5 hours). 

Table 6.16 lists the comprehensive comparisons which include performance and 

engineering results for the fine model and two coarse models. From the information in 

this table, the coarse model upscaled by the LGRHF algorithm is more reliable to be used 

to run more simulations to provide a better estimate of the amount of uncertainty in the 

predicted oil recovery. 

6.4 SHERWOOD RESERVOIR FROM WYTCH FARM OILFIELD  

The Wytch Farm oilfield is located in a sensitive environmental area on the 

southern coast of England, approximately 120 miles from London (Figure 6.37). The 

Wytch Farm oilfield comprises seven separate oil reservoirs: Sherwood, Bridport, Frome, 

Kimmeridge, Wareham, Arme, and Stoborough, which lie under Poole Harbour and 

Poole Bay in Dorset. The field has 11 well sites and a total of 65 active wells (producers 

and injectors). The current field produces oil with 20+ MBPD at 93% water cut 

(Wahidiyat, 2010). The Bridport reservoir is 900 meters below the surface and lies above 

the Sherwood reservoir, which extends eastward under Poole Bay at a depth of 1600 

meters. Further exploration yielded the 7.5 million barrels from the reservoir in 

clay/limestone at 750 meters. The Sherwood reservoir was selected for this study because 

more than 90% of the total estimated recoverable reserves (480 million barrels) come 

from the Sherwood reservoir.  
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6.4.1 Description of the Wytch Farm Sherwood Reservoir Model 

The geology of the Wytch Farm Sherwood reservoir has been described in many 

research papers (Brodie et al. 1994). A representative stratigraphical cross-section is 

shown in Figure 6.38. The field includes a series of northerly dipping fault blocks formed 

during the early Cretaceous period. Oil generation and accumulation began when thermal 

subsidence in the late Cretaceous period gave rise to mature source kitchens in the 

hanging walls of the extensional faults (Smith et al. 1997). The source rocks are believed 

to be marine mud-rocks of the Lower Lias (Lenn 1996). The Sherwood trap is a horst 

structure bounded by faults to the north and south and by a dip-closure to the east and 

west. The reservoir may be considered as three panels: a Northern Fault Block, Central 

Horst, and Southern Terrace. Dips in the offshore extension are generally not greater than 

2 degrees, and are usually less than 1 degree to the east. 

The Sherwood reservoir consists of ark-sic sandstones that were deposited by a 

variety of fluvial, lacustrine, and aeolian processes (Smith et al. 1997). The cycles 

brought about by climatic change, enabling the reservoir to be divided into 20 zones. In 

the horizontal direction, the Sherwood region reservoir has dimensions of approximately 

12.9 kilometers by 4.5 kilometers which is divided into 125×175 = 21,875 grid blocks. In 

this study, the historical oil production data covering the period from 1990 to 2005 were 

used as the base model. Descriptions of the geological setting, early development, and 

drilling have been published (Dranfield et al. 1987; Selly et al. 1987; and Smith et al. 

1997). The area production was approximately 170,000 standard stock tank barrels per 

day in 2009 (Wahidiyat 2010). Early simulation models were used for development 

planning, and a history match against formation pressure and water production data was 

reported, with the key reservoir parameters being fault transmissibility and mud-stone 

transmissibility (Smith et al. 1997). The high-resolution simulation model has 

125×175×50 = 1,093,750 grid blocks, with 999,869 active cells, and 699,869 non-

neighbor fault connections (Figure 6.39). The model has approximately 202 million stock 
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tank cubic meters of oil in place (Table 6.17), and is a high heterogeneous model for 

porosity, permeability, and net-to-gross. The original oil/water contact was 1623 meters 

subsea at a pressure of approximately 17,000 Kpa (kilopascal). There was no gas cap in 

the reservoir. Table 6.18 presents the PVT properties for the Sherwood reservoir.  

The oil production rate data were available for 51 production wells, and water 

injection rates were available for 24 water injection wells. Pressure data were not 

available, and water production data were incomplete. The oil production rates and water 

injection rates were set as flow targets in the simulation model. 

6.4.2 Single-Phase Upscaling Results for the Sherwood Reservoir Fine Model  

The simulation time of the Sherwood reservoir model for Wytch Farm oilfield is 

15 years and from January 1, 1990 to December 30, 2010. VIP
®
 black-oil option with 

water-flooding was used for the simulation. The simulation results were generated for the 

1,093,750 grid block fine-scale model by running a VIP
®

 parallel reservoir simulation, 

and for coarse models upscaled by harmonic averages, direct pressure solution, and semi-

local and LGRHF single-phase upscaling (discussed in Chapter 4). In this case, since the 

single-phase upscaling was only for creating initial values for the decision variables in 

the saturation function for the non-linear regression procedures the harmonic average was 

selected for this purpose. The fine model was coarsened with coarse factors 3×3×2 to 

have the coarse model size: 42x59x25 = 61,950 grid blocks (Figure 6.40). 

Figure 6.41 shows the cumulative oil productions for fine model and coarse 

model upscaled by harmonic average algorithm. Because this was a two-phase problem, 

the effects of two-phase dispersion were lost when only single-phase permeability 

upscaling was applied. When the upscaling factor was large, the problem could cause 

large errors, such as the problem we discussed here. The error of scale-up models as 

compared to fine model field-wide cumulative fluid productions was larger than 50%. 

The error shown in Figure 6.41 was significant. Therefore, the simulation results of the 



 176 

coarse models from the single-phase permeability upscaling algorithms for the Sherwood 

reservoir were unacceptable. 

6.4.3 Two-Phase Upscaling Results for the Sherwood Reservoir 

As concluded in the previous section, the coarse model results from the single-

phase upscaling were unacceptable because the errors of cumulative fluid productions 

were too large. The two-phase upscaling algorithm discussed in Chapter 5 will be needed 

to improve the accuracy to the fine model. First, sets of spreadsheet files, including field-

wide and individual well fluid production rates, water cuts, and pressure drop profiles, 

were generated from the fine model simulation results. In this case, the oil production rate 

and water cut were extracted from the fine model simulation results. The coarse model 

described in the previous sections was used as non-linear optimization initial model in the 

regression procedure. Corey and logistic functions with end-point shifting, the saturation 

function, was applied to generate the pseudo-relative permeability curves in the coarse 

model. There were four parameters in a standard Corey and logistic function (Equation 

5.2 through Equation 5.7) selected as automatically adjusted variables by the model for 

this case study. The end-point relative permeability Krwo varies between 0.2 and 0.9. The 

oil-water relative permeability exponent owexp and the water-oil relative permeability 

exponent woexp vary from 1.25 to 5 independently, and capillary pressure exponent 

pcowexp varies between 3 and 6. The weight factors in Equation 5.8 are set as 1, which is 

the default value. The process converged after 20 iterations. Pseudo-relative permeability 

curves for the coarse model were generated when the error of the objective function was 

less than 0.5. Figure 6.42 shows the relative permeability curves for the fine model and 

the coarse model. The match for the breakthrough time and post-breakthrough 

performance was very accurate using the new relative permeability curves. The oil 

recovery and water cut between the fine model and coarse models by single-phase 

upscaling and two-phase upscaling were shown in Figure 6.43 and Figure 6.44 after 15 
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years simulation. The matches were significantly improved when the relative 

permeability upscaling was applied. Especially, the oil recovery was improved by two-

phase upscaling from 13.6% to 21.38% which was very close to the fine model oil 

recovery (22.1%).  

6.4.4 Prediction Results for the Sherwood Reservoir by Upscaled Model 

The coarse model results from the two-phase upscaling provide confidence in the 

use of the model to predict future fluids recovery. The predictability test was performed 

to properly define the use of the coarse model. The procedure for examining 

predictability included two primary steps. After the new relative permeability curves 

were developed, the coarse model was re-run with a different production scenario and 

additional simulation time. In the meantime, the fine model must be re-run with the same 

changes as the coarse simulation model. The results of the coarse model simulation were 

compared to the fine model results. This comparison determined the reliability of the 

coarse model prediction under varying operating conditions. Because the coarse model 

was basically coarsened from the fine model, the predictability tests were a good 

indicator of validity of this new relative permeability upscaling technique for using the 

coarse model to make field-wide simulations. Up to ten more years of water-flooding 

added to the regional model of the Wytch Farm field, the cumulative oil production of the 

coarse model simulation was shown to produce only a small difference from the fine 

model results, as shown in Figure 6.45. Predictability with the new curves appears to be 

substantially improved; the newly generated pseudo-relative permeability curves can be 

used over periods beyond that of the original match. 

6.4.5 Composition Fluids with WAG Recovery Processors for a Modified Model 

The last application in this chapter was composition fluids with WAG recovery 

processes. The fine model fluid type used here was modified from the regional coarse 

model of the Sherwood reservoir in the Wytch Farm oilfield. We keep the fine model 
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geometry and the coarse scenario were the same as the previous section. The fluid type 

was a compositional model instead of a black-oil type. A modified Peng-Robinson 

equation of state was used with six components: C1, C3, C6, C10, C15, and C20. Table 

6.19 and Table 6.20 list the component characteristics and the binary interaction 

parameters. Fifty-one production wells were still used in the modified model, but the 24 

water injection wells were changed to WAG injection wells. Five alternative injection 

cycles were applied with 50,000 standard cubic meters cumulative water injection 

volumes and 196,000 million scf cumulative gas injection volumes per cycle. The total 

simulation time is 10 years. The coarse model was upscaled by the semi-local algorithm 

and the Corey-logistical function was used as the saturation function in the non-linear 

optimization procedure. The pressure drop and water cut were selected as the data types 

for the error function (Equation 5.8). After 32 iterations, the misfit value was 0.67. Figure 

6.46 shows the water cut for the fine model and the coarse model. 

6.5 DISCUSSION 

The purpose of the first case study in this chapter was to present and discuss ways 

to use upscaling and parallel reservoir simulation technologies in a complementary 

fashion to solve practical, large scale reservoir simulation problems. Toward this end, the 

previously developed approaches for single-phase upscaling and parallel reservoir 

simulation were applied to the Gulf of Mexico reservoir analog model. These approaches 

include several coarse models upscaled by various algorithms (direct pressure solution, 

harmonic average, and semi-local algorithm). The results clearly indicated that both 

parallel reservoir simulation and upscaling are key components of the reservoir modeling 

process. Highly detailed models, run using a parallel reservoir simulation, are needed to 

establish a guideline of comparison for any coarse models upscaled by various 

algorithms, which are selected by the tuning procedure through checking the residual 

errors of fluids saturations (in most cases, using oil saturation).  
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The procedure was also tested on the Gulf of Mexico reservoir analog model 

which is a highly heterogeneous reservoir determined by calculating the Dykstra-Parson 

coefficient based the permeability distribution. It was shown that the performance of the 

local, direct-solving pressure solution algorithm depends on the complexity of the 

underlying heterogeneity; the approach was not capable of replicating the fine model 

solution for very highly heterogeneous reservoirs. In this case, the loss of accuracy is 

mainly caused by the inaccuracy of the coarse scale solution, since only a standard local 

upscaling algorithm was applied. As shown by the coarse model B, for such highly 

heterogeneous reservoirs, the semi-local upscaling algorithm efficiently combines the 

advantages of existing local and global algorithms. The simulation results of the coarse 

model B proved that the semi-local upscaling algorithm can provide significantly 

improved coarse scale flow and descriptions, especially for highly heterogeneous 

reservoirs, such as Gulf of Mexico reservoir analog model. 

The heavily faulted synthetic model was used in the second case study. In this 

case, the faulted grid blocks become a very important role for the flow solutions. In order 

to retain the movement of the fluids in the coarse model as close as possible in the fine 

model, the LGRHF upscaling algorithm was applied in this study. The simulation results 

from the coarse model proved the LGRHF upscaling algorithm was very feasible to keep 

the agreement between the coarse scale model and the fine scale model within 

engineering accuracy. Generally, if fine models contain geometrically complex features 

that introduce complicated connectively in to the model, the LGRHF algorithm should be 

the first choice for upscaling.  

The last case study for the Wytch Farm reservoir proved that the pseudo-relative 

permeability curves can be generated using a non-linear regression approach. The 

accuracy of the coarse simulation model results using these pseudo-relative curves make 

them applicable for use in the field-wide modeling of the Wytch Farm field. The coarse 

model has shown the capability to provide a reasonable history match of the field to date, 
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and to be an efficient tool for the prediction of field production through extensive 

sensitivity studies. 
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Table 6.1: Oil-Water Table Data for the Gulf of Mexico Reservoir in the Eugene Island 

Field in Block 330. 

 

Table 6.2: Gas-Oil Table Data for the Gulf of Mexico Reservoir in the Eugene Island 

Field in Block 330. 
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Table 6.3: PVT Data for the Gulf of Mexico Reservoir in the Eugene Island Field in 

Block 330. 

 

Table 6.4:  Fluid In-Place at Initial Time for the Gulf of Mexico Reservoir Fine Model 

in the Eugene Island Field. 
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Table 6.5: Gulf of Mexico Reservoir fine Model in the Eugene Island Performance 

Statistic with Parallel Simulator. 

 

Table 6.6: Last Year Fluid Production from 20 Years Simulation Time. 
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Table 6.7: Histogram Statistics Summary for the Gulf of Mexico Reservoir Fine 

Model. 
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Table 6.8: Fluid In-Place at Initial Time for the Gulf of Mexico Reservoir Coarse 

Model A in the Eugene Island Field. 

 

Table 6.9: Cumulative Oil Production for Various Realizations  

 

 

 

 

 

 

 

 

 

 

  Fine Model (MSTB) Coarse Model (MSTB) % Diff  

Realization 1 13006.1 12539.38 3.58% 

Realization 2 13373.45 13233.72 1.04% 

Realization 3 12065.55 11622.31 3.67% 

Realization 4 12409.42 11844.15 4.55% 

Realization 5 13231.46 12403.28 6.25% 
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Table 6.10: Fluid In Place at Initial Time for the Gulf of Mexico Reservoir Coarse 

Model B in the Eugene Island Field. 

 

Table 6.11: Fluid In Place at Initial Time for the Synthetic Fine Model. 
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Table 6.12: Simulation Performance Statistics for the Synthetic Fine Model. 

 

Table 6.13: Fluid in Place at Initial Time for the Synthetic Coarse Model. 
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Table 6.14: Simulation Performance Statistics for the Synthetic Coarse Model. 

 

Table 6.15: Comparison of Residual Variances between the LGRHF and the Semi-local 

Algorithms. 

 

Number of Coarse-Grid Blocks 

Residual Variance 

LGRHF Semi-local 

15,625 (25x25x25) 8.2 14.3 

28,900(34x34x25) 7.1 12.3 

39,304(34x34x34) 5.6 9.7 

85,000(50x50x34) 3.2 6.9 

125,000(50x50x50) 2.6 5.7 
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Table 6.16: Comprehensive Comparison of the Fine Model, the Coarse Model 1 

(LGRHF), and the Coarse Model 2 (Semi-Local). 

 

Table 6.17: Fluid in Place at Initial Time for the Sherwood Reservoir. 
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Table 6.18: PVT Data for the Sherwood Reservoir Model in Wytch Farm Oilfield. 

 

Table 6.19: Component Characteristics of Composition Fluids for the Modified 

Sherwood Reservoir Model in the Wytch Farm Oilfield. 

COMPONENTS 

C1   C3    C6   C10   C15   C20 

PROPERTIES R PSIA 

COMP    MW        TC        PC      ZC    ACENTRIC    OMEGAA      OMEGAB 

C1         16.04     343.0      667.8   0.290    0.0130      0.4572355       0.0777961  

C3         44.10     665.7      616.3   0.277    0.1524      0.4572355       0.0777961 

C6         86.18     913.4      436.9   0.264    0.3007      0.4572355       0.0777961 

C10       142.29   1111.8    304.0   0.257    0.4885      0.4572355       0.0777961 

C15       206.00   1270.0    200.0   0.245    0.6500      0.4572355       0.0777961 

C20       282.00   1380.0    162.0   0.235    0.8500      0.4572355       0.0777961 
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Table 6.20: Binary Interaction Parameters of Composition Fluids for the Modified 

Sherwood Reservoir Model in Wytch Farm Oilfield. 

DJK C1 

C3        0.000000 

C6        0.000000 

C10       0.000000 

C15       0.050000 

C20       0.050000 

DJK C3 

C6        0.000000 

C10       0.000000 

C15       0.005000 

C20       0.005000 

DJK C6  

C10       0.000000 

C15       0.000000 

C20       0.000000 

DJK C10 

C15       0.000000 

C20       0.000000 

DJK C15 

C20       0.000000 
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Figure 6.1: Eugene Island Block 330 Field Location Map, Offshore Louisiana. 

 

Figure 6.2: Fine-Scale Model (134 x 125 x 61) for LF Reservoir Gas Saturation 

Distribution. 
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Figure 6.3: Gulf of Mexico Reservoir Fine-Scale Model Oil Production Rate. 

 

Figure 6.4: Decomposed 4x4 Grid by an Automatic Decomposer. 
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Figure 6.5: Gulf of Mexico Reservoir Fine-Scale Model Oil Saturation Distribution at 

the End of Simulation Time (7,422 days) 

 

Figure 6.6: Coarse-Scale Model (17 x 16 x 8) for Gulf of Mexico Reservoir Ky 

Distribution. 
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Figure 6.7: Cross-Section Permeability (Kx) for the Gulf of Mexico Reservoir Fine-

Scale Model. 

 

Figure 6.8: Cross Section Permeability (Kx) for LF Reservoir Coarse Model A. 
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Figure 6.9: Cross-Section Permeability (Kx) for the Gulf of Mexico Reservoir Coarse 

Model B. 

 

Figure 6.10: First Five Years of Field Pressure Drop for the Gulf of Mexico Reservoir 

Course Model A. 
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Figure 6.11: First Five Years of Gas Saturation for the Gulf of Mexico Reservoir Course 

Model A. 

 

Figure 6.12 First Five Years of the Gas Production Rate for the Gulf of Mexico Reservoir 

Course Model A. 
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(a) Fine Model. 

 
(b) Semi-Local Algorithm (Coarse Model B) 

 
(c) Local, Direct-Solving Pressure Solution Algorithm (Coarse Model A).  

Figure 6.13: Gas Saturation for the Gulf of Mexico Reservoir Analog Model at 20 Years 

Simulation Time 
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Figure 6.14: Cumulative Oil Productions for the Gulf of Mexico Reservoir Fine Model, 

the Coarse Model A, and the Coarse Model B at the End of Simulation. 

 

Figure 6.15: Cumulative Gas Productions for the Gulf of Mexico Reservoir Fine Model, 

the Coarse Model A, and the Coarse Model B at the End of Simulation. 
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Figure 6.16: Average Pressure Drop for the Gulf of Mexico Reservoir Fine Model, the 

Coarse Model A, and the Coarse Model B at the End of Simulation. 

 

 

Figure 6.17: Oil Production Rates for the Gulf of Mexico Fine Model and the Coarse 

Model B. 
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Figure 6.18: Gas Production Rates for the Gulf of Mexico Fine Mode and the Coarse 

Model B. 

 

Figure 6.19: Cumulative Oil Production for the Gulf of Mexico Fine-Model Realization 1 

and the Coarse-Model Upscaled by a Semi-Local Algorithm. 
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Figure 6.20: Cumulative Oil Production for the Gulf of Mexico Fine-Model Realization 2 

and the Coarse-Model Upscaled by a Semi-Local Algorithm. 

 

Figure 6.21: Cumulative Oil Production for the Gulf of Mexico Fine-Model Realization 3 

and the Coarse-Model Upscaled by a Semi-Local Algorithm. 
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Figure 6.22: Cumulative Oil Production for the Gulf of Mexico Fine-Model Realization 4 

and the Coarse-Model Upscaled by a Semi-Local Algorithm. 

 

Figure 6.23: Cumulative Oil Production for the Gulf of Mexico Fine-Model Realization 5 

and the Coarse-Model Upscaled by a Semi-Local Algorithm. 
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Figure 6.24: Fine-Scale Model for Synthetic Model. 

 

Figure 6.25: Oil Recovery for the Synthetic Fine Model. 
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Figure 6.26: Average Pressure Drop for the Synthetic Fine Model 

 

Figure 6.27: Oil Production Rate for the Synthetic Fine Model 
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Figure 6.28: Coarsen-Scale Model (25 x 25 x 25) for the Synthetic Model. 

 

Figure 6.29: Cumulative Oil Production for the Synthetic Fine Model and Coarse Model 

from the Semi-local Algorithm. 
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Figure 6.30: LGRs Generated by the LGRHF Algorithm in the Synthetic Coarse Model. 

 

Figure 6.31: Permeability (Kx) Top View for the Synthetic Fine Model. 
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Figure 6.32: Permeability (Kx) Top View for the Synthetic Coarse Model Upscaled by 

the LGRHF Algorithm. 

 

Figure 6.33: Permeability (Kx) Top View for the Synthetic Coarse Model Upscaled by 

the Semi-local Algorithm. 
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Figure 6.34: Oil Recovery Comparison for the Synthetic Fine Model, the Coarse Model 1 

(LGRHF), and the Coarse Model 2 (Semi-local). 

 

Figure 6.35: Average Pressure Drop Comparison for the Synthetic Fine Model, the 

Coarse Model 1 (LGRHF), and the Coarse Model 2 (Semi-Local). 
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Figure 6.36: Forty-Years Cumulative Oil Production Comparison for the Fine Model, the 

Coarse Model 1 (LGRHF) and the Coarse Model 2 (Semi-Local) 

 

 

Figure 6.37: Sherwood Reservoir Location in Wytch Farm (Wahidiyat, 2010). 
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Figure 6.38: Sherwood Reservoir Strait-Graphic Cross-Section (Wahidiyat, 2010). 

 

Figure 6.39: Sherwood Reservoir Fine Model in Wytch Farm. 
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Figure 6.40: Sherwood Reservoir Coarse Model in Wytch Farm. 

 

Figure 6.41: Cumulative Oil Production for the Sherwood Reservoir Fine and Coarse 

Models (Single-Phase Upscaling). 
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Figure 6.42: Relative Permeability Curves for the Sherwood Reservoir Fine and Coarse 

Models. 

 

Figure 6.43:  Oil Recovery for the Sherwood Reservoir Fine and Coarse Models (Single-

Phase and Two-Phase Upscaling). 
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Figure 6.44: Water Cut for Sherwood Reservoir Fine and Coarse Models (Single-Phase 

and Two-Phase Upscaling). 

 

Figure 6.45: Cumulative Oil Production Prediction of Ten More Years for the Coarse 

Model with Two-Phase Upscaling. 
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Figure 6.46: Water Cut for the Sherwood Reservoir Fine Model and Coarse Model from 

Composition Fluids with WAG Recovery Processes. 
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CHAPTER 7: SUMMARY, CONCLUSIONS, AND 

RECOMMENDATIONS 

Several effective methods have been successfully developed to predict the fluids 

recovery from the coarse reservoir simulation model generated by the new single-phase 

and two-phase permeability upscaling algorithm. This dissertation concentrated on 

single-phase upscaling, pseudo-relative permeability curves upscaling, and the combined 

use of upscaling and parallel reservoir simulation in heterogeneous reservoirs. This is an 

active and important research area because of the need for coarsening highly detailed 

geo-cellular models while maintaining the effects of fine-scale heterogeneity. The 

following sections provide a summary of this work and make recommendations for future 

research directions.  

 7.1 SUMMARY 

The purpose of this dissertation was to present and discuss ways to use upscaling 

and parallel reservoir simulation technologies in a complementary fashion for the 

solution of practical, large scale reservoir simulation problems. In Chapter 3, we 

discussed that the parallel processing had been implemented in the reservoir simulation 

during the last thirty years and introduced domain decomposition methods based on a 

new parallelized simulator. New upscaling techniques for both single-phase and multi-

phase were developed and investigated in Chapters 4 and 5. The new relative 

permeability upscaling method includes three main components: single-phase upscaling 

on a fine model, creating error functions based on fluid production rates and pressure 

profile between fine models and coarse models, and saturation function parameters 

optimized by non-linear regression runs. Toward this end, these newly developed 

approaches for upscaling and parallel reservoir simulation were applied to several field 

examples. These included primary recovery stage for the Eugene Island Block 330 field 
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located in the Gulf of Mexico offshore Louisiana, and a composition model of the Wytch 

Farm field with WAG recovery process, and a 130 well synthetic model.  

The results clearly indicate that both parallel reservoir simulation and the 

upscaling processing are key components of the reservoir modeling process. Highly 

detailed models, run using a parallel reservoir simulator, are needed to establish a basis of 

comparison for any upscaled models that are developed. The basis generated by parallel 

reservoir simulation can guide reservoir engineers to effectively select appropriate coarse 

algorithms for a specific fine model by the tuning procedures developed in this study. 

Since the degree of reservoir heterogeneity and complexity of the geometry in the fine 

model is the most important factors affecting the fluid flow behavior in the reservoir, the 

tuning procedures analyze reservoir heterogeneity and complexity of the reservoir 

geometry by calculating the Dykstra-Parson coefficient of permeability variation and the 

ratio of non-standard connection number to total connection number in the fine model.  

Therefore, reservoir engineers will be confident to apply the significantly coarsened 

models to study many aspects of reservoir performance. 

In a geo-statistical study, in which many realizations of reservoirs are simulated, 

coarse models can provide an accurate gauge (relative to the fine-grid realizations) of the 

mean and variation of the reservoir response, and can be used to identify “extreme” 

realizations. From the case study in Chapter 6, we noticed that field-wide results were 

predicted with reasonable accuracy, but individual well responses, in some cases, display 

inaccuracy with increased coarsening.  

7.2 CONCLUSIONS 

The following conclusions can be drawn from the study of the single-phase 

upscaling, relative permeability upscaling, and the combination of upscaling and parallel 

approaches presented in this dissertation: 
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1. A local-grid refinement to honor faults (LGRHF) coarsening process was 

developed in a 3D system based on a moving window technique for searching 

faulted coarse-grid blocks. When coarse-grid blocks are marked as faulted, the 

original resolutions in those grid blocks are retained to preserve the flow 

behavior in faulted regions. The algorithm used for single-phase permeability 

is very efficient for upscaling faulted geologic models. The method is easy to 

extend to region-of-interest upscaling. The semi-local upscaling algorithm 

was begun with a global coarse solution to determine the appropriate 

boundary conditions for layer (cross section) upscaling calculations. Global 

coarse and layer (cross section) upscaling calculations effectively incorporate 

large scale flow effects and maintain the efficiency of laying upscaling. 

Transmissibility upscaling was considered because the transmissibility values 

are functions of coordinates of grid blocks and because transmissibility 

upscaling is shown to be more accurate and robust in many cases, especially 

for permeability distributions with high contrasts in reservoir models. 

2. Parallel reservoir simulation is the method for accurately validating an 

upscaling model. The results from a parallel fine-scale model can be used to 

guide the upscaling procedure. Upscaled models through a tuning procedure 

can be used to provide a better estimate of the amount of uncertainty in 

predicted oil recovery for real fields. To improve the performance of parallel 

reservoir simulator, we investigated a couple of domain decomposition 

methods by balancing the active grid blocks in a reservoir model. A 

framework was developed to automatically select the best domain 

decomposition if the processor number and domain number are provided by 

reservoir engineers. 

3. The upscaled single-phase permeability values can be applied to two-phase 

flow simulations and are a prerequisite for achieving accurate two-phase 
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coarse-scale models. In some cases, however, upscaled relative permeability 

values are also required. This study investigated and applied three types of 

saturation functions for creating pseudo-relative permeability curves. 

Upscaling relative permeability with non-linear optimization is a viable 

technique with low overhead for computational costs. The new relative 

permeability upscaling algorithm can be applied to any 3D models, rather than 

to only some specific cases, such as the algorithms described in the references. 

The coarse model, by upscaling the relative permeability, can be used to 

provide a better estimate of the amount of uncertainty in predicted oil 

recovery for real fields because of the accuracy of the original fine-grid 3D 

simulation. As field development proceeds and additional data become 

available, the automatic approach to pseudo-relative permeability generation 

will enable the rapid incorporation of this data into a field wide model. 

7.3 RECOMMENDATIONS FOR FUTURE WORKS 

1. The domain decomposition methods applied to the parallel reservoir simulator 

in this study were focused only on practical implementation. Theoretical 

discussion has not yet been discussed. Additional research is needed in this 

area. 

2. Ultimately, the tuning procedure for upscaled models must be more automatic 

and robust. For example, the fault location should be involved in the tuning 

procedure. 

3. Currently, only the fluid production rates, water cut, and pressure profiles are 

considered in the error function optimization. Fluid and rock property 

distributions between fine models and coarse models should be included for 

the error function optimization in future work. Error functions for individual 

wells should also be considered. 
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4. Study scale-up from the core scale to the geo-statistical scale. As discussed in 

the introduction, many scale gaps exist in reservoir modeling. This study has 

focused only on the upscaling from the geo-statistical scale to the flow 

simulation scale. A large gap exists from the core to geo-statistical scale. 

Additional research is needed to determine how to incorporate core scale 

effects into flow simulation models. 
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