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GYPSY FIELD PROJECT 
IN RESERVOIR CHARACTERIZATION 

Objectives 
The overall objective of this project is to use the extensive Gypsy Field laboratory and data set as a 
focus for developing and testing reservoir characterization methods that are targeted at improved 
recovery of conventional oil. 

The Gypsy Field laboratory, as described by Doyle, O’Meara, and Witterholt (1992), consists of 
coupled outcrop and subsurface sites which have been characterized to a degree of detailnot possible 
in a production operation. Data from these sites entail geological descriptions, core measurements, 
well logs, vertical seismic surveys, a 3D seismic survey, crosswell seismic surveys, and pressure 
transient well tests. 

The overall project consists of four interdisciplinary subprojects which are closely interlinked: 
1. Modeling depositional environments. 

2. Sweep efficiency. 

3. Tracer testing. 

4, Integrated 3D seismic interpretation. 

The first of these aims at improving our ability to model complex depositional environments which 
trap movable oil. The second is a development geophysics project which proposes to improve the 
quality of reservoir geological models through better use of 3D seismic data. The third investigates 
the usefulness of a new numerical technique for identifying unswept oil through rapid calculation of 
sweep efficiency in large reservoir models. The fourth explores what can be learned from tracer tests 
in complex depositional environments, particularly those which are fluvial dominated. 

Summary of Technical Progress 
During this quarter, the main activities involved the “Tracer Testing” and “Sweep Efficiency” 
Projects”, for which the progress is reported below: 

The tracer and pressure cases for the eighteen block-homogeneous cases suggest that well to well 
tracer and well to well pressure responses can possess enough infonnation to identify the presence of 
heterogeneities except for the symmetric cases. In equal storage capacity layered systems tracer 
breakout timing, particularly long retention periods, can help identify the existence of the layers. 



Both tracer and pressure tests can help identify and quantify the existence and orientation of a high 
permeability channel for the diagonal and channel cases. For two layer block-homogeneous 
systems with thin high permeability layers, tracer data can clearly identify the existence of two layers 
for all cases by the double peak responses. The existence and orientation of a high permeability 
channel for the diagonal and channel reservoirs can be identified from tracer and pressure data. 
The main contribution of the “Sweep Efficiency” project entails setting up a way to calibrate results 
that we will obtain using the cubature method. Our approach has been to construct simple models 
which will be evaluated against standard second and fourth order finite difference schemes. During 
this quarter, we also formulated the three-dimensional and have started to program it. This 
programming effort will carry well into the next quarter. In this quarter, the second-order and 
fourth-order finite difference schemes were applied for comparison of the accuracy of calculations. 

Bacer Testing 
Introduction. To study the inter-channel scale observability of tracer tests in heterogeneous porous 
medium, eighteen case studies were run using the tracer option in Intera Petroleum Services’ 
ECLIPSE simulator. The case studies used a five spot pattern similar to that of the Gypsy subsurface 
site. Three different model reservoirs were simulated to represent different conceptual 
heterogeneous reservoirs. The studies were for block homogeneous models, a simplified form of 
heterogeneous porous medium. A block homogeneous reservoir is a reservoir composed of two or 
more regions. Within individual regions, porosity and permeability are constant; however, 
properties in different regions are not equal and the reservoir is heterogeneous. The concept of block 
homogeneity is that the individual regions result from a single depositional event and represent 
channels adjacent to each other. Flow between adjacent units was allowed since it appeared that this 
would be the more difficult problem. 
The geometry and properties of the simulation system were chosen to approximate those measured 
for the Gypsy subsurface site, Doyle et al.(1992). The geometry of interest was a closed five spot. 
The 26,900 square meter (5.75 acre) area, 164 m by 164 m (500 ft by 500 ft), area was divided into 25 
blocks in each horizontal direction. This resulted in 6.6 m by 6.6 m (20 ft by 20 ft) equal sized blocks. 
The net thickness used was 16.4 m (50 ft), a uniform porosity equal to the average 19% was chosen 
and the permeabilities were chosen to result in a reservoir average of 520 md. The center injection 
well operated at an injection rate of 159 cubic d d a y  (1000 bbl/day) and production wells at each 
comer of the reservoir each produced 39.7 cubic d d a y  (250 bbl/day). In all cases a 0.1 pore volume 
(PV) slug of unit (1 .OO) concentration tracer was injected; this took 42 days. Tracer responses at the 
four producing wells were monitored to investigate behavior in the corresponding quarter of the 
five-spot. A total of 3 PV of fluids were injected and produced during the 1250 day simulation 
period. 
Simulation Results and Discussion. For comparison a homogeneous base case was run. Tracer 
material reached the production wells at 0.25 PV injected, 147 days, and reached a peak 
concentration of 0.15 at 0.85 PV injected, 336 days. After the peak, the tracer concentration 



decreased and reached its minimum measurable value after 2.8 PV injected, 1,150 days. A 0.57 psi 
steady-state pressure difference between the injection well and the producers resulted from the 
uniform 520 md permeability. For comparison all of the block homogeneous cases were designed to 
maintain this 520 md average permeability. 

Single Layer Cases of Block Homogeneous Fields. The first block homogeneous case had a 940 
md high permeability zone (channel) that bisected the reservoir on the diagonal. This zone contained 
the injection well and two producers at the diagonal corners. The other two production wells were 
located in two 100 md low permeability zones that incorporate the cross diagonal corners. The two 
low permeability zones represented half of the pore volume and the high permeability zone made up 
the other half of the reservoir. As expected the two diagonal wells had earlier breakthroughs, 0.20 
PV, higher peak concentrations, 0.18, and a shorter retention time, 2.2 PV, than the homogeneous 
base case. The cross diagonal wells producing from the low permeability zones have later 
breakthrough, 0.30 PV, lower peak concentrations, 0.12, and longer retention periods, > 3PV, than 
the base case. Tracer responses in diagonal and cross wells indicate the presence of a high 
permeability channel and its orientation due to symmetry of response. This is further confirmed by 
pressure differences of 32 psi between diagonal wells and the injector (926 md) and 117 psi between 
cross-diagonal wells and the injector (253 md). The harmonic average permeability of 535 md is 
close to the 520 md of the base case. 

The second block homogeneous case was a case where the 940 md high permeability zone (channel) 
contained the injection well; however, the high permeability zone ran parallel to two rows of 
production wells located in two 100 md low permeability zones. The volumes of the high and low 
permeability zones were again equal. This case was completely symmetric since the "channel" 
equally divided the reservoir and was located midway between the two rows of producers. Although 
the system was heterogeneous, tracer responses and bottom hole pressures for all four production 
wells were identical due to symmetry. The tracer responses were almost identical to the base 
homogeneous case: breakthrough at 0.25 PV, peak value of 0.15, time to peak of 0.82 PV and 
retention time of 3.0 PV. While the pressure differences at wells were twice the base case, 109 psi, 
they still implied homogeneity of permeability at 270 md. 

The third block homogeneous case had the 940 md high permeability channel located to one side of 
the reservoir. Two producers were located in it and two producers were located in the 100 md low 
permeability zone. The injector was located at the boundary between the two zones. At the wells 
located in the high permeability zone, tracer first arrived at 0.22 PV and reached a peak 
concentration of 0.23 at 0.78 PV with a retention time slightly less than that of the base case wells. 
For the wells producing from the low permeability zone, tracer was first produced at 0.28 PV and 
reached a peak concentration of 0.12 at 1.00 PV with a retention time greater than the 3.0 PV of the 
simulation period. The steady state pressure differences between the injection well and the 
producers, 34 psi for the high permeability zone and 126 psi, gave steady state permeability 
estimates of 871 md and 235 md respectively. 



From the four single layer simulation runs, the following observations can be made. Tracer 
concentration data can identify the presence of block permeability heterogeneity if the wells are 
favorably located. The tracer data does not contain sufficient unique information to allow extraction 
of permeability values. If pressure data are also available, they can confirm the existence of the 
heterogeneities and estimates of between well permeabilities can be made. It is possible for a 
heterogeneous reservoir to yield data that implies homogeneous properties if 

symmetry is maintained by the well field. It appears that tracer tests may be useful to confirm a 
particular reservoir model but are not likely to contain a rich enough source of data to develop a 
unique reservoir model. 
liyo Layer Cases With Equal Storage Capacity. Nine two-layer block homogeneous cases with 
equal storage capacity layers were run to represent connected systems of multiple channel sand 
bodies. The orientations of the channels were modeled after those of the single layer cases. In all 
cases the volume averaged permeability was 520 md. The purpose of these cases was to examine the 
observability of tracer and pressure responses in layered systems where the layers and channels had 
different permeability contrasts. 

Three two-layer diagonal systems were studied. Permeability contrasts between the high and low 
permeability zones of the system were 9.4,4.2 and 2.5. The tracer responses at the wells located in 
the high permeability diagonal channels had early breakthroughs with high peak values compared to 
the off-diagonal wells located in the low permeability zones. In general, all wells had long retention 
periods compared to tracer responses for single layer diagonal cases. The long retention period 
result from cross flow between the layers due to permeability differences. The long tracer retention 
can be used to identify the presence of cross-flow and permeability contrasts. Unfortunately the 
steady-state bottom hole pressures for all three systems were identical and implies that little 
information about layered permeability contrasts can be gleaned from pressure data. 

Three two-layer symmetric systems with three different permeability contrasts were studied. The 
steady-state bottom hole pressures and tracer responses at all four producers were identical for the 
three cases due to the symmetry of the systems. There were minor differences in values of the 
injection and production well pressures due to the more complex heterogeneities; however, there 
clearly was no ability to identify the permeability contrast between layers. Although the tracer 
responses were identical for all cases, the early breakthrough times, times to peak tracer 
concentrations and long retention times compared to the homogeneous case identify the presence of 
the layered heterogeneities of the symmetric systems. 
Three two-layer channel systems with different permeability contrasts were studied. Just as in the 
single layer case, it was easy to distinguish the channel heterogeneity from a homogenous field from 
steady-state bottom hole pressures and tracer responses at wells. The tracer responses at the 
production wells located in the high permeability channels had early breakthroughs, high peak 
concentrations, short times to peak values and short retention periods while the production wells 
located in the low permeability zones are later, lower and longer compared to the homogeneous case. 



The steady-state bottom hole pressure differences between the injection and production wells also 
reflect clearly reflect this block permeability pattern. 

The nine two-layer cases of block-homogeneous fields with equal storage capacities in each layer 
suggest that tracer responses can identify the presence of layered heterogeneity in terms of high peak 
values and/or timing of breakthrough and retention periods compared to homogeneous systems. 
This is probably due to the fact that the fraction of tracer injected into each layer is proportional to the 
permeability of that layer at the injection well. As a result the bulk of the tracer is rapidly transported 
through the high permeability layers with transport through the low permeability zones causing the 
long retention periods in the effluent curves. 
’Jho-Layer Cases With Equal Permeability-Thickness Products. Six cases of two-layer 
block-homogeneous fields with equal permeability thickness products, conductivities, for each 
layer were studied. These cases were designed to represent formations where a ”thin high 
permeability” channel is located within a relatively ”thicker and lower permeability” background 
deposit. In the six cases, each layer had different values of permeability and thickness, but each layer 
had the same product of 13,000 [md-ft]. This results in equal amounts of tracer entering each layer at 
the injection well. The primary purpose of these six cases was to investigate the effects of storage 
capacity on tracer responses and to examine the observability of tracer and pressure responses. 
One diagonal heterogeneous case was run with the permeabilities of the 3.28 m (10 ft) lower layer 4 
times larger than those of the 13.1 m (40 ft) upper layer. Interestingly, the tracer responses at all four 
wells clearly had two peaks. The first peak with a short break through time corresponded to tracer 
transport through the high-permeability thin lower layer and the second relatively low peak resulted 
from transport through the thicker lower permeability layer. The existence of multiple peaks helps 
identify the existence of multiple flow channels. The tracer responses at the wells located in the 
channel had earlier breakthroughs, higher peak concentrations and shorter retention periods than the 
tracer responses at the wells located outside the channel and indicated the existence and orientation 
of the high permeability channel. This was confirmed by the steady-state bottom-hole pressure 
differences between the injection and production wells. 
Two symmetric cases were run with permeability contrasts of 4 and 3 between the thin high lower 
permeability layer and the thicker low permeability upper layer. The tracer responses and 
steady-state pressure drops were identical at all wells for each case due to symmetry. They were 
slightly different from case to case. Just as with earlier symmetric cases, pressure differences could 
not identify the permeability contrast between layers and tracer responses could not be used to 
identify the existence of the high permeability channel. However, the tracer responses did have 
second peaks and identify the existence of two distinct layers. Timing of the peaks depended on the 
permeability contrast between layers. 

Three channel cases were run with permeability contrasts between layers and between the two zones 
in the same layer. The tracer production curves for all wells clearly had two concentration peaks 
reflecting transport through the two different permeability layers. The tracer concentration curves 



and bottom hole pressures at production wells located in the channel zones compared with those 
form the production wells located outside the channel identified the existence and orientation of the 
high permeability channel zones. 

Sweep Efficiency 
Introduction. The primary purpose of this study is to develop an efficient numerical simulator 
using the cubature method and to compare results from it with the finite difference method for 
calculation of sweep efficiency in large, heterogeneous, and anisotropic reservoirs. Simple cases 
and a finite difference method of the second and fourth orders were used as a starting point. This 
provides base cases for calibrating the application of the cubature method. During this quarter, we 
also formulated the three-dimensional and have started to program it. This programming effort will 
carry well into the next quarter. In this quarter, the second-order and fourth-order finite difference 
schemes were applied for comparison of the accuracy of calculations. We are now carrying out a 
sixth-order finite difference solution. Following this work, the cubature scheme will be 
programmed and compared with the second, fourth, and sixth finite difference solutions. 
In our modeling equations, we have made the following assumptions: zero capillary pressure, zero 
density differences between phases, anisotropic and homogeneous permeability. The rock matrix 
and fluids are compressible. These assumptions were made in order to reduce the complexity of the 
model for comparative studies: 

A quarter of a five-spot pattern was taken as the base to calculate pressure and water saturation 
distribution and, hence, the sweep efficiency using an LMPES method. The bottom hole pressures of 
the injection and production wells were fixed at prescribed values. 
Numerical solution of the pressure equation is accomplished by the Gauss-Seidel iteration method 
while the saturations are calculated explicitly, This scheme will be particularly advantageous when 
the above mentioned simplifying assumptions are removed for more general applications. The 
second-order space formulation leads to the usual five-point scheme and uses a first-order time 
discretization. We have also programmed a fourth-order space formulation according to Liu, Liu, 
and McCormick (1993) which uses a second-order time discretization. The typical simulation 
results are shown in Figures 1 and 2. The first of these depicts sweep efficiency as a function of pore 
volumes injected. The second shows the water saturation front as it moves from a well on the lower 
right. Both are for the case of a block homogeneous reservoir with a block whose permeability is a 
factor of ten higher than the surrounding permeability. 

Currently, the programming of the sixth-order finite difference scheme is continuing. This scheme 
is somewhat comparable with the cubature scheme. Therefore, it is a necessary step for comparison 
of the finite difference and cubature methods on the same basis of the grid system. Following this 
work, the cubature scheme will be formulated and the comparative work will be conducted. 
Because both the finite difference and cubature methods are numerical schemes, their accuracy can 
be best evaluated by comparison to an analytical solution of a model problem. However, analytical 



solutions for two-phase flow problems only exist for simplified cases of linear flow. These solutions 
can be applied for radial and spherical coordinates upon transformation. Presently, work is 
underway to generate the analytical test solutions for radial and spherical coordinates. To derive test 
problems, a square domain of the radial immiscible displacement problem and a cubical domain of 
the spherical immiscible displacement problem with boundary conditions prescribed according to 
the analytical solutions will be considered. 
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Note on Units 
Note: SI is an abbreviation for the “Le System International D’Unites”. 
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