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ABSTRACT 

The first of a three-year research program to evaluate the effect of fracture closure on the 
recovery of oil and gas from naturally fractured reservoirs has been completed. The objectives 
of the study are to: (1) evaluate the reservoir conditions where fracture closure is significant, and 
(2) evaluate innovative fluid injection techniques capable of maintaining pressure within the 
reservoir. 

Simulation studies were conducted with a dual porosity simulator capable of Simulating the 
performance of vertical and horizontal wells. Each simulator was initialized using properties 
typical of the Austin Chalk reservoir in Pearsall Field, Texas. Simulations of both vertical and 
horizontal well performance were made assuming that fracture permeability was insensitive to 
pressure change. Sensitivity runs indicate that the simulator is predicting the effects of critical 
reservoir parameters in a logical and consistent manner. The results to-date confirm that 
horizontal wells can increase both oil recovery rate and total oil recovery from naturally fractured 
reservoirs. 

The year one simulation results will provide the baseline for the ongoing study which will 
evaluate the performance degradation caused by the sensitivity of fracture permeability to 
pressure change, and investigate fluid injection pressure maintenance as a means to improve oil 
recovery performance. The study is likely to conclude that fracture closure decreases oil 
recovery and that pressure support achieved through fluid injection could be beneficial in 
improving recovery. 
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EXECUTIVESUMMARY 

1.0 SUMMARY 

Fractured reservoirs contain a si@cant part of the remaining hydrocarbon reserves of the 
United States. Furthermore, oil production from fractured reservoirs is increasing due to the 
recently accelerated development drilling activity in such reservoirs. 

The remarkable advances in horizontal drilling technology are of particular interest to operators 
with large holdings in known fractured reservoir trends, such as the Austin Chalk in Texas and 
the Bakken Shale in the Williston Basin. Horizontal wellbores offer a practical means to exploit 
these difficult reservoirs and others like them. In many instances, horizontal well completions 
offer the only economically feasible exploitation method. 

This study is to investigate the pressure sensitivity of fractured reservoir systems and its impact 
on hydrocarbon recovery. The principal objective is to develop innovative techniques for 
counteraclhg the natural tendency of fractures to deform and reduce reservoir flow capacity as 
pressure is reduced by fluid withdrawals. The work is planned in three tasks, each of one-year 
duration. A brief description of each task follows: 

-- Task 1. 

-0 Task 2. 

Task 3: 

Select a candidate field, establish its reservoir properties, and initialize a mathematical 
simulator of a typical segment of the reservoir. Make performance forecasts assuming 
natural depletion and using both vertical and horizontal wellbores. Forecast secondary 
recovery @ormame with gas or water injection assuming vertical well exploitation. 
Make sufficient runs for each forecast mode to establish the sensitivity of the forecasts 
to key reservoir properties. For these simulations, the fractures are assumed to have 
no pressure sensitivity. 

The natural depletion and secondary recovery forecasts of Task 1 will be repeated, but 
assuming the fiacture permeability to be stress dependent. The charactahtion of the 
permeability-stress relationship will be based on the most current published research 
findings. 

The production problems arising from fracture permeability reduction will be 
addressed. Those reservoir and operating conditions which menifat the most severe 
problems will be identified. Innovative approaches to resolving these problems with 
fluid injection and horizontal wells or combinations of vertical and horizontal wells wiU 
be evaluated. 

Task 1 work has been completed and is reported in this document. The TRIAD reservoir 
simulator has been revised to allow description of fkcture permeability as a function of pressure 
in a m e r  that is consistent with current research publications. 

The Pearsall Field, Austin Chalk reservoir, has been selected as the prototype for this study. 
Prototype simulators of a typical segment of the reservoir have been initialized and Task 1 
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simulations have been carried out. Sixty-eight simulations of natural depletion and secondary 
recovery have been made. 

2.0 CONCLUSIONS 

1. 

2. 

3. 

4. 

5. 

The pemieability of fissures in naturally fractured reservoirs is most likely to exhibit some 
degree of pressure dependence. 

The Austin Chalk reservoir in Pearsall Field is currently the best documented fractured 
reservoir in the petroleum literature, thus it has been selected as the prototypical reservoir for 
this study. 

Horizontal well completions have proven to be particularly effective in Pearsall Field. 

The Pearsall reservoir is horizontally compartmented by the tendency of the fractures to 
develop vertically in recurring bands or swarms. For this reason a long offset horizontal well 
can develop several fracture swarms. Development of the same reserves by vertical drilling 
would require appreciably more wells. 

Task 1 simulations have demonstrated that certain reservoir parameters are more important 
in determining the performance of the prototype reservoir: 

9 Natural depletion recovery was very sensitive to the contrast of permeability between 
fractures and matrix: lowered by contrast reduction and raised by contrast increase. 

rn Natural depletion recovery was sensitive to the storage capacity of the fractures in 
relation to the matrix storage capacity: higher fracture capacity yielded better recovery 
efficiency. . Natural depletion recovery was highly dependent on dual permeability shape factor. 

9 Natural depletion recovery was adversely affected by fracture spacings closer than one 

rn Natural depletion recovery was increased as fracture capillary pressure was increased. 

foot for cubic matrix blocks. 

9 Water injection recovery was sensitive to capillary pressure but insensitive to producing 
well completion interval (top versus middle). 

Gas injection provided no recovery improvement for the base case reservoir description, 
e.g. closely spaced orthogonal fractures and cubic matrix blocks. 

m Combined injection of gas and water offered no recovery advantage over water 
injection. 
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3.0 BACKGROUND 

A significant fraction of the remaining domestic oil and gas resemes is contained in reservoirs 
wherein naturaUy occurring fractures provide the means of fluid flow. Increased attention is 
being given to such reservoirs because of the potential for improved productive capacity and 
ultimate recovery offered by the long horizontal wellbores made possible by recent advances in 
horizontal drilling technology. Examples of naturally htured reservoirs in the United States 
include: Elk Bash in Montana and Wyoming, Bakken fonnation in the Witon  Basin, Lisburne 
in Alaska, and Spraberry and the Austin Chalk trend in Texas. 

The global fluid flow in a fractured reservoir takes place within a system of intersecting fissures 
in the reservoir rock. The volume of the fracturekited voids is, however, very small in 
comparison to the bulk volume of the reservoir, usually less than one percent and often much 
less. The greatest part of the reservoir storage volume is contained in the intervening porous 
rock, commonly referred to as the "matrix.'' The matrix is usually of very low permeability, 
often in the xnicrodarcy range, but has more typical porous media porosity. Matrix porosity 
varies from a few percent up to a few tens of percent. 

Reduction of void volume in conventional porous media due to the increased stresses induced by 
fluid withdrawals is a known phenomenon. It is usuaUy accounted for in reservoir engineering 
calculations by the pore volume compressibility. It is generally acknowledged that similar 
reductions must also take place in the fissure void network. Since shrinkage of fissure voids 
would be expected to reduce their permeability, perhaps more drastically than for conventional 
porous media, this could have serious well productivity and reservoir flow mechanics 
implications. 

There is a rather large body of Writings in the technical literature particularly in the field of rock 
mechanics, dealing with the assessment of fissure permeabzty and the tendency of this type of 
permeability to be stress sensitive. Researchers in this field have performed rather extehsive 
studies of fracture systems, mainly in the shallow subsurface and commonly related to large 
construction projects. These studies have included in situ measurements of principal rock stresses 
and fracture properties, such as fracture aperture, length, height and orientation, and the 
description of complex rock joint systems. Much of this research has been centered on the 
validity of the cubic law which states that fracture permeability varies as the cube of fracture 
aperture. Jones' concluded in his study of fractured rock and synthetic h t m d  media that the 
cubic law is valid for fracture apertures larger than 0.0253 inches. At smaller apertures the flow 
deviation can be characterized by experimentally determined friction factors, analogous to those 
commonly used for pipeflow calculations. Unlike pipeflow, the transition to turbulent fracture 
flow is smooth and dependent on surface roughness for smaller fracture apertures. 

Although fissures are often referred to in terms implying that they are planar features, they really 
are not. The fracture sufface is commonly rough and undulating. The surEdce roughness can 
be characterized by the distribution of individual asperity heights. The stresses which cause the 
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rock to fracture will commonly have a shear component which induces some displacement along 
the fracture surf8ce. Even a slight displacement can be sufficient to juxtapose higher than 
average asperities, thus preventing the rock from mating and the fracture from closing. Larger 
displacements can lead to a situation where the waviness of the fracture will play a role in 
keeping the fracture surfhes from mating perfectly. Thus, it is common that fractures do not 
completely heal as stress is increased and measurable permeability can be observed to extremely 
high stress levels. 

A fracture flow system, therefore, is seen to be a complex system of flattened flow channels that, 
due to their tortuosity, intersect other channels to form a complex network. In many respects, 
this network is not unlike a normal porous media, in that fracture permeability will be highly 
variable and flow will tend to be tortuous. It differs in the respect that the fractures do have a 
planar element that imparts a highly directional permeability to the reservoir. 

The void spaces along the fracture surface between the points of contact will have a tendency to 
deform and reduce the aperture with increasing stress. The degree of deformation is dependent 
upon the mechanical properties of the rock and the equilibrium state stress conditions. In oil 
field operations, this equilibrium is disturbed by the withdrawal of reservoir fluids. As a 
consequence, the fluid pressure is reduced and the rock is subjected to increased stress. 

This study was proposed on the basis of two observations arising from prior research: 

1. Horizontal wells improve oil recovery from reservoirs containing tectonic fractures. This 
improvement is due to the larger number of vertical fractures intersected by the wellbore. 

2. Oil recovery in these reservoirs suffers because the fractures are inched to close as reservoir 
pressure depletes, thus exacerbating the well productivity decline. The tendency of natural 
water encroachment or fluid injection is to retard or arrest feservoit pressure decline and 
fracture closure, thus reducing well productiviv decline and offering the possibility of 
improved recovery. 

Neither observation has been systematically quantified or evaluated. The primary purpose of this 
study is to rectify these shortcomings, thus the work has the following general objectives: 

1. To evaluate the impact of fracture closure on hydrocarbon recovery from reseNoirs having 
pressure sensitive, naturally occurring fractures. 

2. To investigate innovative developmental and fluid injection methods for improving 
hydrocarbon recovery from such reservoirs. 

The study will rely on state-of-the-art reservoir modelling techniques to provide reliable 
simulations of reservoir behavior. Analysis of these results is proposed as the basis for all 
observations and conclusions arising from this work. 
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DISCUSSION 

5.0 LITERATURE REVIEW 

A review of the technical literature was undertaken to establish a basic core of reference material. 
The scope of the search was broadened as new information sources and subject titles we+ 
identified to minimize the possibility that any pertinent information was overlooked. 

The primary reference indexes utilized were the following: 

Petroleum Abstracts, 1965 through 1990 
Society of Petroleum Engineers, 1961 through 1990 
Association of Petroleum Geologists, 1961 through 1990 

The search was conducted in three phases: 

1. Preliminary Phase - Pertinent sections of each index were copied to provide a convenient way 
to scan and highlight titles requiring closer review. The subject list, as defined in the 
Petroleum Abstract index, was as follows: 

fracture, extension 
fracture geometry 
fracture mapping 
fracture porosity 
fracture (rock) 
fractured reservoir 
fractured shale reservoir 
fracture width 
fracming 

2. Secondary Phase - Abstracts of candidate title documents were copied and reviewed to 
determine if they merited inclusion in the hard copy reference base. 

3. Final Phase - The source documents for all interesting abstracts were looked up and copied. 
There were a few documents which could not be located in the available reference library. 
Approximately 200 documents were copied and I2ed for reference during the study. Each 
document was cataloged in a database. 

In broad terms, the search attempted to identify and copy all documents dealing with some aspect 
of fractured reservoidrock characteristics and their physical behavior. Of particular interest were 
naturally fractured hydrocarbon productive fields in the United States. A complete list of all 
documents located and copied as part of this search effort to date is provided in the bibliography. 
It is anticipated that new documents will be identified and added to the reference file as the study 
continues into the second and third years. The reference database will be kept current as new 
documents are added. 
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6.0 CANDIDATE RESERVOIR SELECTION 

An important consideration in the literature search was to identify a suitable fractured reservoir 
to use as a prototype for intitiahiug the simulators to be used in this study. It was recognized 
from the outset that the ideal candidate (a mature, fully documented, domestic reservoir 
producing from pressure sensitive fractures) was rlnlikely to be found. To be ideal, the 
documented data would have to include everythmg needed to initialize a modem dual porosity 
reservoir simulator, and sufficient diagnostic well production data, including some for horizontal 
wells, to provide a test case for the simulation approach. The test case simulations could be 
regarded as a form of history matching, even though history matching in the customacy reservoir 
simulation sense was not intended in the scope of the present study. 

' 

Potential candidate fields included known fractured reservoirs like Bakken Shale, Elk Basin, 
Spraberry, Lisburne, Yates and the Austin Chalk. As the search progressed it became 
increasingly apparent that one of the Austin Chalk fields, Pearsall or Giddings, would have the 
most comprehensive set of published data. This was attributable to the current high level of 
horizontal drilling activity in these fields. 

The Austin Chalk is an important reservoir rock in South Texas, the two most prolific oil 
producing areas being the Giddiogs and Pearsall Fields. Both fields have undergone several 
cycles of development, the most recent employing horizontal drilling. 

The prototype reservoir chosen for the subject study was Pearsall. The main reason for this 
choice was that more published data was found for Pearsall than for Giddings. Secondary 
considerations favoring Pearsall were: fracture pervasiveness, horizontal well successes, and the 
performance data provided by a prominent field operator. 

It was never intended that this study should necessarily simulate a particular field, nor indeed, 
that a single model would have to be used for all simulations. Thus, while PearsaU was the 
prototype for model iniliahition, the models would not be used to simulate its performance in 
the usual sense, Furthermore, some case requirements may dictate model reconfiguration. 
Nonetheless, the use of actual field data should impart a reasonable degree of reality to the 
simulations. 

7.0 RESERVOIR DESCRIPI'ION 

Production from the Pearsall Austin Chalk reservoir began in 1936. Development drilling in th is  
first cycle of activity ended sometime in 1941 and resulted in the drilling of approximately 30 
wells2. These wells were completed open hole and usually shot with nitroglycerin. The average 
per well oil recovery for this group of wells was about 85,000 STB3. 

A second cycie of development occurred between 1948 and 1956. These were also open hole 
completions and most w e b  were stimulated with acid. The average per well recovery was 
disaIjpointing, about 30,000 STB. As a result, a few wells were hydraulically fractured. The 
fractured well recoveries approached that of the nitroglycerin-shot wells?. 
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The third development cycle began in the latter part of 1974, peaked in 1978, and continued 
through 1980. During this period more than 1,OOO wells were drilled in the field. The wells 
were cased through the Chalk and selectively perforated. Common stimulation treatments were 
large acid jobs and proppant fracturing jobs. Per well recoveries from this group of wells are 
difficult to ascertain as production in the public record is reported on a lease basis. By the end 
of 1985, most of these wells had been abandoned and average per well production for the 
remaining active wells had fallen to 5 STB/day. 

The current development cycle with horizontal wells began in earnest in 1987 when ORYX 
Energy Company tested 338 STB/day from J.B. Baggett No. 9 through a redrilled 95O-foot 
horizontal lateral. Drilling activity intensified significantly in 1989 after ORYX released 
information about their horizontal drilling experience. 

Deposition of the Austin Chalk in the Pearsall vicinity was strongly influenced by the San Marcos 
Arch which created a shallow-marine environment4. The shallowest water occurred in the 
present day Austin-San Antonio vicinity. Water depths increased to the southeast, south, and 
southwest. This depositional setting is illustrated by Figure 7.1.1. 

While deposition of chalks was common during the Cretaceous, the Austin Chalk differed with 
respect to the relative abundance of shallow-marine benthonic skeletal remains. These remains 
were deposited in the shallower waters on and surrounding the San Ma~cos Arch. Periodically, 
some of these remains were swept downdip into a deeper water marine setting, resulting in 
higher concentrations of metastable C&JOM~ES like high-magnesium calcite and aragonite. The 
presence of these minerals profoundly affected dragenesis. As a consequence, the Austin Chalk 
porosity in Pearsall Field has been reduced to the range of 3 percent to 7 percent, and 
permeability is usually less than 0.01 millidarcies. 

, 

Three diagenetic processes contributed to the porosity evolution: (1) early physical compaction, 
(2) cementation due to stabilization of metastable carbonates, and (3) pressure solution. The first 
two processes acted during burial and before the advent of pressure solution. In some cases the 
lithification associated with the stabilization of the aragonitic sediments was sufficient to resist 
the effects of pressure solution which is generally more dominant with increasing depth of burial. 
Thus, while there is a general trend of porosity decrease with depth, there are localized 
anomalies of better porosity development. Figure 7.1.2 illutrates the porosity variation with 
depth for the Austin Chalk in comparison to typical North Sea chalk resemohs. 

On the western flank of the San Marcos platform, the Ausw Chalk thickens in a southwesterly 
direction as much as 700 feet in the Pearsall Field vicinity. Figure 7.1.3 is a representative well 
log illustrating the current field stratigraphic nomenclature and a possible correlation to outcrop 
studies in central Ted. The lower Chalk is comprised of the basal "E" and overlying "D" 
members. Two pyroclastic clay beds bracket the "C" member of the middle Chalk. The upper 
"B" and "A" members are separated by a persistent bentonite bed. An uppermost marl unit 
occurs in the northwestern part of the field, thickening to as much as 90 feet. This stratigraphic 
sequence is capped by the Upson Clay. 
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Within Pmsall Field, the lower Chalk thickens while the upper Chalk thins toward the Pearsall 
anticline and shows evidence of growth fault thickening into the Charlotte Graben. The structural 
features in this area are shown on Figure 7.1.4. Westward, into the Rio Grande Embayment, 
the upper Chalk thickens rapidly and becomes marly. These features are illustrated by 
stratigraphic section X-Y, Figure 7.1.5. 

The role of fractures in controlling productivity and recoverable reserves of Chalk wells is 
undisputed. There is also general agreement that the fractures are of tensional origin, near 
vertical dip and strike parallel to the basin margin. The fractures more commonly dip steeply 
to the southeast, although northwestwardly dipping fractures are not uncommon. The trend of 
the fractures is NE-SW 15 " (approximate) but some variation with structure has been observed 
in some of the longer horizontal wells. Schafef reports that 33 fracture strike observations in 
28 Pearsill wells ranged from N13"E to N57"E with a mean of N39.5"E, a mode of N39"E, 
and a standard deviation of 10.7". 

There is less agreement on the vertical and lateral extent of individual fractures and the spacing 
between fracture "swarms;" i.e., zones of intense fracturing separated by relatively non-fractured 
rock containing little or no oil saturation. These factors are of obvious importance for 
development planning and reserve assessment. 

The spacing between fracture swarms varies widely from being almost continuous at frequencies 
up to several fractures per foot for several hundred lateral feet, to undetectable in dry holes. A 
periodicity of fracture development has be& post~lated~*~ on the basis of core, log, and drilling 
observations. These data suggest that the intra-swarm, non-fractured rock is practically devoid 
of hydrocarbons. This interpretation suggests that the hydrocarbons migrated into the Chalk 
along fracture planes, eventually saturating the low permeability matrix rock adjacent to the 
fractures. The Chalk and the underlying w e f o r d  Shale was a possible source rock. 

The vertical continuity of fractures is also uncertain. Obviously, fractures do not always extend 
from top to base of the Chalk because development drilling has proven the existence of vertical 
isolation in some areas of the reservoir, at least. On the other hand, fractures in core and 
outcrop have been observed to cut across marly and shaley intervals. Also, marly intervals are 
prevalent in most productive intervals to the extent that the produced oil volumes could not be 
explained unless the bulk of the interval was fractured. 

There is also general agreement that there is no communication normal to the fracture trend 
(from swarm to swarm). The extent of communication along the fracture trend is obviously 
much better. The magnitude of oil recovery from many we& requires large (i.e., long) drainage 
areas. There is disagreement on how persistent communication is along a single fracture swarm. 
Production experience is reported* to have shown very good communication along trend for a 
mile or more. 

Fracture studiesg of the Austin Chalk outcrops have provided some important observations: 

1. The pattern of fracture development suggests a very brittle deformation response. 
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2. Closely spaced parallel fractures often pass and curve toward each other to join up at right 
angles to the fracture strike suggesting that fracturing took place at low differential stress, 
Le., shallow burial depth. 

3. Fractures tend to be contained by marly bed thicknesses exceeding four inches. 

4. Fracture spacing averages three to four inches, normal to the local structural strike. This is 
about half the along-strike fracture spacing. 

5. The distribution of fracture spacing is highly skewed towards low values (less than eight 
inches). The distributions are reasonably fitted by exponential functions of the type: 

6. Many fractures are filled with sparry calcite, most probably precipitated at temperatures 
exceeding 150°C. 

7. The matrix rock is commonly diagenetically colored and banded parallel to each fracture, 
clearly indicating cross-flow from fracture to matrix. 

The same study identified four structural styles which resulted in increased fracture intensity. 
Figure 7.1.6, reproduced from Corbetp, schematically depicts each fracture system type. 

Plunging Anticlinal Fold - Two well-ordered and one poorly ordered fracture sets were observed. 
The major set was nearly vertical and parallel to the anticlinal axis with lengths up to 50 feet 
along strike and 15 feet downdip. The secondary set intersected the major set at 70" with dips 
varying 30" either side of vertical and averaging 10" from vertical. Spacing of this set was less 
regular, varying from 4 to 60 inches (26-inch average). Their length along strike was limited 
by major set spacing to about 40 inches and dip lengths averaged 14 inches. The third hcture 
set lacked order, was highly variable in strike and dip length, and was only developed along the 
anticlinal crest. 

Monoclinal Fold - These structures possess nearly horizontal upper and lower limbs and a gently 
dipping (5" to 8 O )  intervening slope. They run parallel to and about one-half mile distant from 
northwestdipping faults in the Balcones System. Four sets of fractures are observed in this 
structure type (Figure 7.1.6-b). The most dominant two form a steeply dipping conjugate pair, 
striking parallel to the fold axis, N20"E. Each dip at about 60", but the northwest-dipping set 
is more abundant by a factor of two. These are actually small displacement faults of offsets 
ranging from 4 to 80 inches. They are localized by calcite and clay-filled veins and occur most 
abundantly in the slope and the synclinal axis. The remaining two sets h v e  the Same strike as 
the conjugate pair and one of these also develops into small faults dipping from 10" N W  to 
30"SE with shear displacements of up to a foot. 

Lismk Nonnal F d t s  - A system composed of a master fault accounting for most of the 
displacement and several small throw subsidiary faults in the foot and hanging walls. The foot 
wall subsidiary faults all strike parallel to and lie within 16 feet of the master fault with spacings 
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of three to seven feet and are truncated by the master fault sole. The spacing of hanging wall 
subsid- faults increases with distance from the master fault, continuing as far as 115 feet from 
the master fault. The dip lengths of the master and foot wall subsidiary faults exceeded the 
outcrop exposure of 10  feet. The hanging wall subsidiary faults decreased in dip length with 
distance from the master fault from 40 feet to six feet. Extension fractures occur in both fault 
walls but are 1.5 times as frequent in the hanging wall. The hanging wall fractures have the 
same length trend as the faults. In the foot wall the fracture length is generally constrained to 
bed thickness. 

Graben-In-Graben NormaZ Faults - Develop into orthogonal striking faults and related fracture 
sets. Conjugate faults of the Balcones system are the dominant set with the southeast dipping 
faults having the greater throws. Contained within and striking perpendicular to the dominant 
set are a second set of conjugate faults. This results in a keystone block within a Balcones 
graben having 1.5 times the fracture intensity of the remainder of the graben and 2.5 times that 
of the adjacent horsts. 

On the basis of these observations and studies of core recovered from Austin Chalk wells, the 
authors conclude that most of the fracture mechanisms observed in the surface outcrops can be 
extrapolated to predict fracture occurrence in the subsurface. They concede, however, that 
subsurface fracture spacing may be wider by some unknown factor. 

7.2 Reservoir Prouerties 

The properties of the Austin Chalk reservoir rock and fluids are discussed in this section. This 
information provided the basis for the reservoir simulator initialization data described in Section 
9.2. 

Porosity and Permeability - The Peardl Austin Chalk reservoir is conceptualized as a lateral 
series of vertical compartments of varying width formed by zones of intense fracture 
de~elopment~*'~. The term "fracture swarm" is used to denote such a compartment. The swarms 
are parallel to each other and of uniform strike over long distances. Each swam is separated 
from neighboring swarms by varying width intervals of impermeable, unfractured, and water- 
saturated or dense chalk. 

Within each swarm, vertical fractures, paralleling the swarm strike are predominant. A 
secondary set of steeply dipping fractures are postulated to intersect the principal set at nearly 
right angles. Microfiacturing is extensive within the fracture swarms but almost absent in the 
inter-swarm rock7. Fracture spacing as close as three per foot and maximum fracture porosity 
of 0.001 as a fraction of core bulk volume is reported by the same source. The presence of 
secondary fractures would increase the total hcture porosity to some degree. The spacing of 
the secondary fractures is unknown, but is thought to be wider than the principal set. 

The chalk matrix within a fracture swarm is known to be oil-saturated from log response and 
limited core observations in horizontal wellborn. Conversely, the inter-swarm rock is known 
by these same meam to be devoid of hydrocarbons. Although the core permeability of the chalk 
matrix is in the microdarcy range, it is probable that oil from the matrix is finding its way into 
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the fractures through the microfractures observed in cores. It is extremely difficult to reconcile 
known recovered oil volumes unless some portion of the matrix hydrocarbon pore volume is 
regarded as effective and contributing to overall oil recovery. 

The fractured chalk forms what is commonly referred to as a dual porosity reservoir system. 
The concept of dual porosity is a low pore volume, high transmissibility fracture network 
connecting discrete matrix blocks of higher pore volume and much lower permeability so that 
virtuaUy all the reservoir flow takes place in the fractures while the matrix provides most of the 
reservoir storage capacity. The parameter ranges cited' for the effective reservoir rock; i.e., in 
a fracture swarm, are given below: 

matfix porosity, fraction 0.02 - 0.05 
fracture porosity, &, fraction 0.0005 - 0.001 

matrix permeability, &, m i c r d c i e s  0.01 - 0.1 
fracture permeability, kr, millidarcies 3.0 - 10.0 

These parameters fit the concept of dual porosity, although the matrix values are uncommonly 
low. 

Reservoir i"zickness - The gross thichess of the Chalk varies from about 400 feet to more than 
700 feet. Using a porosity cut-off of 3 percent to determine net pay and core data from a 
vertical well, ORYX has computed a net thickness to gross thickness ratio of 0.321. The same 
source" presents average porosity for the net rock of 3.90 percent using the same porosity cutoff 
and core data from two wells having an aggregate net porous thickness of just 203 feet. Since 
the average porosity of the net rock is so close to the cut-off, it is likely that the net thickness 
computation would be very sensitive to the cut-off chosen. 

Fluid Properties - The gravity of the Austin Chalk oil varies over an extremely wide range, 21 " 
through 43" MI, and oils from adjacent wells can have very different gravities, viscosities, gas 
in solution and colop. In Pearsail Field, the range is somewhat narrower, from 29" to 37" API, 
but this is still unusually wide. 

Schnerk7 has reported the results of one bottom-hole sample as follows: bubble point pressure 
2350 psig, solution gas-oil ratio of 825 scf;cSTB, oil formation volume factor 1.5, and oil 
viscosity of 0.6 cp. The author acknowledges that oil composition "varies from well to well," 
but most wells in his experience have producing gas-oil ratios in the 500-600 scf/STB range. 
In his view, this supports a lower bubble point value around 1650 psig compared to a Virgin 
reservoir pressure of approximately 2600 psig. 
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In their 1990 spacing unit submission to the Texas Railroad Commission", ORYX Energy 
Company provided the following P d  Field fluid data: 

stock tank oil gravity, "API 
solution gas-oil ratio, scf/STB 
separator gas specific gravity (air = 1) 
oil formation volume factor, v/v 
reservoir temperature, OF 

32 
280 
0.93 
1.382 

190 

- 37 
- 615 
- 0.95 
- 1.183 

Rock-Fluid Propemks - Included in this category are capillary pressure, wettability, relative 
permeability, and pore volume compressibility. Pearsall data is almost completely lacking in 
the public data realm. Indeed, the only parameter found was an assumed value of matrix 
irreducible water saturation of 0.3 which was further assumed to be the initial water saturation'. 
This was contradictory to the 0.65 value used in the reserves computations found in the ORYX 
spacing unit submission". 

7.3 Reservoir Perfbrmance Data 

Actual well performance data, (fluid production rates, bottom-hole measured pressures, wellhead 
pressures, etc.) were sought to provide a test case for the simulation approach proposed for this 
study. Data of this sort is available in the public record but is limited to monthly lease 
production and annual well tests. This does not provide a practical basis for allocating lease total 
production to individual wells in multi-well leases. Furthermore, reservokpressure dataarevery 
limited. Recently, a field operator agreed to provide performance data on selected leases, a 
multi-well lease with both vertical and horizontal wells and three, single horizontal well leases. 

The operator-supplied data are daily test rates of oil, gas, and water production and, during 
certain periods, measured bottom-hole pressures from wells equipped with sur'ace readout 
devices. These data were only recently received and have not yet been fully analyzed or used 
for simulation test cases. The data for the horizontal wellbores are presented in Figure 7.3.1 
through Figure 7.3.5. The wells designated B-1 and B-2 are from the same multi-well lease. 
The wells designated as A-1, A-2 and P-1 are all single well leases. 

Analyses of these data and test case simulations are planned to be d e d  out in the early part 
of the second fiscal year of the project. The findings of that work wil l  be discussed in the 
second fiscal year progress report. 

8.0 EXAMINATION OF VEXTICAL AND HORIZONTAL WELL PERFORMANCE 

An examination of Pearsall Field, Austin Chalk, vertical well and horizontal well performance 
was undertaken to provide guidelines for the simulation studies. In this context, several item 
were investigated, i.e.: . Distribution of ultimate recovery for vertical wells. 
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Distribution of ultimate recovery for horizontal wells. 

a Distribution of the amount of displacement in pay for both vertical and horizontal wells. 

a Nature of the relationship between ultimate recovery and its associated amount of 
displacement in pay. 

These items were examined through analysis of historical perfbrmance data via engineering and 
statistical methods. This effort consisted of four steps: selection of a data sample, the 
determination of ultimate recoveries, statistical analysis of the data, and discussion of results. 

8.1 Samule Selection. 

The well sample was chosen from Austin Chalk completions in Pearsall Field for consistency 
with the simulation study. All data were obtained from public records or from commercial 
sources which accumulate public sector data. Data in the public domain is limited, for most 
instances, to well completion information, initial well potential and monthly production reported 
by lease. In some instances, a lease contains either a single well or a single active well at any 
given time. A list of data item variable names with a brief description of each can be found in 
Appendix A. 

Specific wells and leases were sought which would provide definitive production history trends 
for both horizontal and vertical well completions. Previous experience with horizontal 
completions indicated a minimum requirement of approximately 12 months of performance data. 
Thus, all leases containing at least one horizontal well completed prior to April, 1990 were 
selected. The leases found fell into two main groups: those with prior production from vertical 
wells and those with no prior vertical well production. Each lease was further categorized 
according to the number of horizontal completions it contained, as being either a single well lease 
or a multiple well lease. The first two columns of Table 8.1.1 show the number of wells in each 
category without regard to completion date and production data availability. These were the 
target group of wells. The final two columns show the numbers of wells on leases which 
satisfied the date and production data criteria. 

The sample data are widely distributed across the field and do not represent a grouping of 
contiguous leases. The spatial distribution of the sample leases covers an area extending some 
30 miles east, 20 miles west, 13 des north and 10 d e s  south of the ORXY J.B. Baggett lease. 
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Table 8.1.1 
Sample Categories and Numbers of Wells 

Original Search Final Search 
category Horiz Vert, H& Vert. 
W ~ p r i O r V U t i a l P d U U k L l  

10 

34 

25 

33 

8 

7 

25 

31 

8.2 Determination of Ultimate Recoverv. 

The production data were analyzed to determine an ultimate oil recovery for each completion. 
All leases were extrapolated to a common ending rate which was arbitrarily applied to all leases 
with no regard for the number or type of producing wells. The selection of a single final rate, 
simplified the determination of lease ultimate recovery but it probably does not reflect the 
average economic limit for these leases. ultimate recovery was the e ‘on of cumulative 
production to the end of the historical period and the extrapolated estimate of remaining reserves. 
Ultimates obtained from the sample data set were divided into subsets according to well type in 
order to obtain and compare d t s  among the respective types. 

The analyses were made with the assistance of commercial software which M t a t e d  both 
diagnostic plot generation (log rate versus time and log rate versus log time) and application of 
dimensionless type-curves. In most instances, data which could not be extrapoiatexi by semi-log 
analysis were amenable to type curve analysis of the log-log plots. 

Ulthate recoveries were determined for all leases with definitive production rate trends. Leases 
Containing horizontal completions were examined to see if the ultimate recovery of individual 
wells could be asuxtam ed. This proved to be possible for some wells. Otherwise, multi-well 
ultimates were determined. 

Regardless of how determined, the ultimate recoveries were the only interpretative data to be 
included in the statistical analysis. All other data used for statistical analysis such as 
displacement in pay was regarded as fixed and not subject to interpretation. 

8.3 Statistical AnalvsiS. 

The data described in Section 8.1 and the respective ultimate recoveries for a well or lease basis 
were processed through the use of SPSS/PC+ statistical software. Descriptive statistics were 
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performed on several items and a test for relationship between ultimate recovery and 
displacement in payt was performed. 

Descriptive statistics for ultimate recovery, displacement in pay, and ultimate recovery divided 
by displacement in pay were calculated for various well groupings. The values computed for 
each grouping included mean, the median, and the 5 percent trimmed mean. Outlier and extreme 
data points can distort the mean computation, whereas, the trimmed mean tends to discount 
extreme points giving a better representation of the mean. The following discussionS summarize 
the analysis of each well grouping. A box plot and descriptive statistics details for each well 
grouping can be found in Appendix B. 

Table 8.3.1 summafizes the statistical computations for eight different groupings of wells. The 
first and second differentiate on the basis of well type, either vertical or horizontal. The next 
two grouping pairs apply only to the horizontal well data. grouping 3 and 4 differentiate leases 
with and without prior vertical well production and grouping 5 and 6 separate leases having 
multiple well and single well solutions. The last two groupings apply to horizontal wells with 
single well solutions and differentiate on the basis of the abaty to flow upon initial completion. 

The vertical well grouping includes a l l  ultimate recovery values attributable to vertical 
completions on both single and multiple well leases. Similarly, the horizontal well grouping 
comprises recoverable values ascribed to horizontal completions, including both single and 
multiple well solutions. 

 oreho hole length within the gross pay interval. 

1s 



Table 8.3,l 
ultimate Recovery - Descriptive Summary 

(units are lo00 STB) 

vaticrl we& 
Horizonal Welh 

56 293 17.1 27.8 2.1 81.9 

74 117.4 71.1 1w.o 7.2 488.7 

Wen rubcobrl uo 

Horizantal Wells 
~ - n O p r i o r V e m a l p r o d r r r i w  59 127.9 77.2 114.5 7.2 488.7 

763 433 72.2 19.4 207.0 L o c l - p r i O r V t m c r l p d U U i C =  15 

74 Wen rabtotrl 

Lcata-matbarcll lo~ 25 152.6 114.4 141.2 22.2 488.7 

49 

74 

995 69.0 90.3 7.2 372.4 

Horizontal Wells on Leases With Single-Well Solutions 

37.7 50.4 7.2 179.1 

wen sllbto@l 49 

Displacement in pay represents an estimate of the pay Section contributing production to a given 
wellbore. For a vertical well, the displacement was taken to be the total perforated interval (top 
to bottom). For a horizontal well, the wellbore length within the reservoir interval was asswned. 
Table 8.3.2 summarizeS the properlies of the displacement in pay distribution. 

Table 8.3.2 
Displacement in Pay - Descriptive Summary 

(units are feet) 

5% 
M '  

Mm V h  
wdh - - T- = 

56 355.0 333.0 350.0 240.8 57.0 

74 2272.0 21820 

uo 
2255.0 4133.0 
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The computed displacement values represent upper limits of effective thickness. The thickness 
that actually contributes the production, the net effective thickness, is expected to be somewhat 
lower. This would be particularly true of a horizontal well wherein effective pay is constrained 
to the fracture swarms, whereas displacement is taken as the entire borehole length within the 
reservoir section. Vertical wells on the other hand are cased and selectively perforated, 
presumably in the effective intervals, so the ratio of effective pay to displacement should be 
higher. 

The displacements were paired with ultimate recovery for each well to determine values for 
recovery per foot of displacement. The mean values, grouped as presented in Table 8.3.1, are 
provided in Table 8.3.3. This variable was an attempt to normalize ultimate recovery to permit 
vertical and horizontal well comparison on a barrel per foot basis. The overstatement of 
displacement will tend towards understatement of the barrel per foot figures. For the reasons 
cited above, this understatement will tend to favor the vertical well values. 

Table 8.3.3 
Ultimate Recovery per Displacement in Pay - Descriptive Summary 

(Units are STB/foot) 
~- ~~ 

5% 
W& Man Msdim Trimmsd h 5 -  

Man V* - 
V d  WeIh 56 824 53.9 18.2 3.7 2343 

Boriumtll WeIh 74 58.9 328 53.6 3.4 2453 

Well sabtotd uo 

Horkmtd Wells 
Inrcl - M prior V a t i d  prodocrion 59 59.0 36.7 53.2 3.4 2453 

l c t w r - p i i o r V a t i a l p l d d t X !  15 58.2 21.3 56.2 7.6 145.7 

Wen ulbtotd 74 

Horkmtd Wells 
Lcua -mnfti-Wcllrolnticma 25 68.3 43.9 66.3 10.2 163.4 

- r * h c l l  rolutim 49 %. 1 31.5 47.2 3.4 2453 

wen srrbtoal 74 

Hoiizontal Wells on Leases With Singie-Well Solutions 
~ i n i t h l o o m p l c t i Q ~  27 77.1 54.7 71.8 6.7 245.3 

Non-fb*rriryinirirlcompLtimWCib 22 25.7 19.1 23.6 3.4 88.6 

well S W  49 

The ranges of values obtained, 3.7 to 234.4 STB/ft for vertical completions and 3.4 to 
245.3 STB/ft for horizontal completions, suggest heterogeneity of the pay section across the area 
sampled. Wellbores which penetrate thick intervals of high fracture density should yield high 

17 



values of ultimate recovery per displacement in pay. Wellbores which encounter infrequent 
fracturing would yield very low values. Although mapping of this variable might provide some 
indication of where ftacturing is best developed, it was not attempted. 

A statistical test for the existence of a relationship between ultimate recovery and displacement 
in pay was performed using the single horizontal well lease data. These data were chosen 
because they should possess the least possible degree of ambiguity due to other well intederence. 
This does not preclude, however, interference from wells on offsetting leases. The selected data 
are crossplotted on Figure 8.3.1. If it is hypothecated that the variables are completely 
unrelated, the x2 of the population would be zero. If this hypothesis can be disproved, it can be 
said that a relationship does indeed exist. If the hypothesis can not be disproved, it must be 
concluded that no relationship exists. 

Table 8.3.4 
Results of x2 Test for Ultimate Recovery (STB) 

Versus Displacement (feet) 

Crrmcr'r v 

1.l3173 I 4  0.88921 

I 
I 

0.15198 

0.10746 

0 . 1 s  

To enable the x2 calculation, each variable distribution was subdivided into three class intervals 
by visual examination. Thus, all ultimate recovery values in the range 0 to 49,999 STB were 
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in reserves class one; values from 50,000 to 149,999 were class two; and values from 150,000 
to 489,000 were class three. Similarly , displacement in pay values between 0 and 1,499 feet 
were displacement class one; 1,500 b 2,499 were class two; and 2,500 feet to 4,200 were class 
three. The class interval data and the x2 dculation are summanzed in Table 8.3.4. 

The significance of a x2 of 1.13173 is shown to be 0.88921. This means that approximately 88.9 
percent of the time, a sample will yield a x2 of 1.13173 or larger ftom a population whose true 
x2 is assumed to be zero. This probability is much too large to reject the assumption; therefore, 
it is concluded that the variables are quite probably unrelated. 

8.4 Discussion 

Comparison of the data presented in Table 8.3.1 through Table 8.3.3 allows several observations 
to be made. The results are compared on an average basis as represented by the 5% trimmed 
mean value. Comparisons are made for: (1) vertical versus horizontal completions, (2) horizontal 
wells on leases with prior vertical well production versus horizontal wells on single well leases, 
and (3) horizontal well completions which initially flowed versus those artificially lifted. 

The 104.0 mSTB average ultimate recovery for a horizontal completion is significantly larger 
than the vertical completion value of 27.8 mSTB (Table 8.3.1). This difference seems to confirm 
the higher probability that horizontal wells encounter more fracture swarms than do vertical 
wells. Vertical wellbores are probably limited to a single fracture s w a m ,  whereas, horizontal 
boreholes may penetrate several fracture swarms. Even for dissimilar ratios of productive section 
to total displacement in pay, a horizontal well may be drilled so that it encounters more reservoir 
quality rock than a vertical well. 

The average vertical completion uitimate recovery per foot of displacement in pay of 78.2 STB 
is greater than the comparable average of 53.6 STB/€t for horizontal completions (Table 8.3.3). 
In this instance, the dBerence is most likely due to the overstatement of horizontal displacement 
as compared to the vertical displacement, as was expiajned in the discussion of Table 8.3.2. If 
the displacement values could be brought more in line with the net effective thickness 
contributing the reserves, it is considered likely that the comparison would be tipped in favor of 
the horizontal wells. 

Referring again to Table8.3.1, comparison of the 114.5 mSTB average fecovery fiom horizontal 
completions on undeveloped leases (no prior vertical well production) against the 72.2 mSTB 
average for horizontal completions on leases with prior vertical production, appears to indicate 
that horizontal well recovery is reduced by prior vertical well production. This observation is 
not unexpected since the fracture swarms partialIy depleted by prior vertical well production will 
most likely be also penetrated by the horizontal borehole. 

In contrast to the preceding observation, the corresponding per foot recoveries given in 
Table 8.3.3, 53.2 STB/ft versus 56.2 STB/ft, suggest that prior vertical production has little 
impact on ultimate recovery when it is related to horizontal displacement. This observation is 
probably incorm% or at best incomplete. The comparison of the median values supports the 
expected result that prior production does impact the recovery per foot, 
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Distinguishing horizontal wells according to their ability to flow at initial completion (last two 
rows of Table 8.3.1) shows that flowing wells have an average ultimate recovery of 130.3 mSTB 
as compared to 50.4 mSTB for non-flowing completions. A similar comparison is provided by 
Table 8.3.3 in terms of recovery per foot of displacement pay: 71.8 STB/ft. for flowing 
completions and 23.6 STB/fi for non-flowing completions. Both obsexvations are consistent with 
the expatalion that higher reservoir energy environments, as evidenced by the flowing initial 
completions, should yield larger recovery values. 

The x2 test (Table 8.3.4) indicated that horizontal well ultimate fecovery and displacement in 
pay are not correlated. The variability of the key unb=nowns, like fracture swarm frequency and 
oil in place per swarm may preclude such a simple relationship. Nonetheless, it seems highly 
Iikely that ultimate recovery is dependent on one or more variables which are somehow related 
to displacement length. No other explanation exists for the observation that the average ultimate 
recovery for a horizontal completion is larger than that for a vertical completion. 

9.0 RESERVOIR SIMULATION 

A mathematical model for single-phase flow in a dual porosity system was first solved by 
Barenblattu and later refined by Warren and RootI4. The Warren and Root model assumes that 
the fractures are orthogonal and parallel to one of the three permeability axes. The fractures 
subdivide the matrix rock into a regular array of identical homogeneous rectilinear blocks. 
Along each axis, the fractures are assumed to be evenly spaced and of constant aperture. Flow 
can occur between matfix and fracture, but matrix-& flow m o t  occur. Matrix-fracture 
flow is governed by a shape factor which is a function of the matrix block geometry. 

Other workerss21 incorporated the Warren and Root model in existing bhck-oil reservoir 
simulators and extended the mathematics to describe three-phase flow. More recent workers 
have dealt with methods to more accurately treat gravity segregation and capillary imbibition. 

The program used for the simulations described in this report is a modification of the TRIAD 
program, a state-of-the-art general purpose reseryoir simulator which provides dual-porosity 
treatment as an option. The modifications allow implicit treatment of horizontal wells and 
deformation of the porous media, Le., both porosity and permeability are functions of pore 
pressure. The revised program has been renamed TETRAD. A description of the features of 
TETRAD can be found in Appendix C. 

The program was extensively tested following modification to ensure that it was performing 
mrrectly. The problems posed in the Sixth SPE Comparative Solution Project for dual-pomsity 
simulator? provided one source of test problems. The waterfjood test problems published by 
Kazemi' were also simulated. The TETRAD solutions agreed with the published solutions of 
Kazemi and compared very favorably with those of the Comparative Solution Project participants. 

9.1 Model DescriDtion 

The conceptual Austin Chalk model advocated by Schnerk' and Lichtenberge?o and described 
in Section 7.2 was followed in setting up the simulation models used for Task 1 studies. 
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The simulation case requirements of Task 1 required initialization of four models: (1) horizontal 
well natural depletion (horizontal depletion), (2) vertical well natural depletion (vertical 
depletion), (3) horizontal well secondary recovery (horizontal injection) and, (4) vertical well 
secondary recovery (vertical injection). 

All four models consider a rectangular segment of the reservoir corresponding to a 640-acre well 
spacing unit. All fracture swarms are assumed to extend beyond the segment and to be of 
identical strike, paralleling the Y-axis (long axis) of the reservoir segment. Thus, a horizontal 
well drilled parallel to the X-axis of the segment would penetrate all fracture swarms. 
Conversely, a vertical well could only penetrate one fracture swarm. 

The horizontal depletion model further assumes the presence of a single horizontal wellbore, 
drilled through the reservoir segment parallel to its X-axis (horizontal length; 3,733.5 feet). 
Communication between fracture swarms is non-exktent in the reservoir but permissible through 
the wellbore. Figure 9.1.1 is a schematic representation of the spacing unit for the horizontal 
depletion model. 

The vertical depletion model describes an individual fracture swarm witbin the basic reservoir 
segment. Thus, it has a reduced X-direction length equal to the width of one fracture swarm but 
the same Y-direction length as the horizontal model. This model is depicted in Figure 9.1.2. 

The horizontal injection model additionally assumes the existence of a horizontal injection well 
along both Y-direction boundaries of the reservoir segment and equidistant from the centraUy 
located producing well, as illustrated by Figure 9.1.3. 

The vertical injection model is basically the vertical depletion model with the addition of a 
vertical injection well sit each Y-direction boundary, as seen on Figure 9.1.4. 

9.2 Simulator Initialization 

The data used to initialize the simulators for these four models is discussed according to one of 
the four basic categories: grid definition, reservoir properties, reservoir fluids, initial conditions, 
and well data. 

9.2.1 Simulation Grid 

The simulators initialized for this study assume a Wacre rectangular spacing unit with 
dimensions 3,733.52 by 7,467.05 feet. Wells, either vertical or horizontal, were assumed to be 
drilled along the short central axis of the unit, thus creating an axis of symmetry. The horizontal 
segment of a horizontal well is assumed to be properly oriented and of sufEcient length to 
develop all fracture swarms Occurring in the spacing unit.. A vertical well, on the other hand, 
is assumed to develop only a single fracture swarm. Thus, a spacing unit having seven hcture 
swarms would be developed by a single horizontal well, while seven vertical wells would be 
required to develop thesame reserves. 
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The grid for the horizontal well natural depletion cases had dimensions: NX by NY by NZ of 
21 by 9 by 5. The grid was oriented with the X-axis perpendicular to the major fracture set 
strike and with'the Y-2 plane parallel to the fracture strikedip plane. 

J 

1 

2 

3 

4 

The assumed gross thickness of the reservoir was a constant 544 feet. This total was equally 
distributed across the five model layers, making the layer thickness 108.8 feet in the 2 direction. 

A Y  

33.33 

43.72 

72.39 

119.87 

The model included seven identical fracture swarms, each 100 feet wide, but excluded the 
intervening dense rock. Thus, each fracture swarm was three grid blocks wide in X and each 
block was 33.33 feet long in X direction. The excluded dense rock was assumed to be equally 
distributed between swarms; i.e., 433.34 feet of dense rock between each swarm. The horizontal 
well flowing pressure gradient was adjusted to compensate for omission of the dense intervals. 
Communication between fracture swarms was prevented by explicitly setting the X direction 
transmissibility of every third grid block to zero. 

The Y direction grid spacing varied logarithmically from 33.33 feet at the well cell to 
1,491.91 feet at the spacing unit boundary. Table 9.2.1 lists the Y direction grid block sizes. 

9 

Total 

Table 9.2.1 
Horizontal Depletion Model 
Y Direction Grid Sizes (feet) 

1,491.91 

3,733.52 

198.48 

328.64 

544.16 

901.02 

The injection case horizontal well model dimensions in the X and 2 directions were identical to 
the natural depletion model. However, the Y direction grid was refined at both ends 
(Table9.2.2) to better d e h e  conditions in the vicinities of the production and injection 
wellbores. Thus, there are two axes of symmetry in this model, one through the center of 
producing well and another through the injection well center, making each well a half well. 
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Table 9.2.2 
Horizontal Injection Model 

Y Direction Grid Sizes (feet) 

J 

1 

A Y  

38.53 

96.13 

9 

Total 

263.56 

722.59 

1,49 1.92 

722.59 

263.56 

38.53 

3,733.52 

96.13 

It is emphasized that both horizontal well models, .the natural depletion model and the injection 
model, were identical in area and volume. Schematic representations of the two grids can be 
seen in Figure 9.2.1 and Figure 9.2.2. 

9.2.2 Grid Node Data 

The input data items described in this section apply to both horizontal and vertical models and 
both depletion and injection configurations. 

Net Thickness - The assumed total net reservoir thickness of 174 feet was equally subdivided 
among the five model layers. Thus, the effective ratio of net thickness to gross thichess was 
0.32. 

Depth - The depth of each grid node was computed assuming a monoclinal structure, dipping 
88.3 feet/mile (1") paralleI to the X axis. A minimum top of reseTvoir depth of 6,290 feet was 
assumed along the first column of grid blocks (I = 1, J = 1, NY). The tops for columns I = 2 
through I = 21 were computed from this depth, the dip angle, and the cumulative X departure, 
including the 433.34 feet of dense rock assumed to separate each fracture swarm (refm to 
Section 9.3.1). 

Porosity - Uniform matrix and fracture porosities of 3.36 and 0.0984 percent were assumed for 
all grid blocks in the model. The fracture value was computed by assuming a constant fracture 
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aperture of 0.1 m e t e r s  and three inkrsecthg fracture sets, dividing the matrix into one-foot 
cubic blocks. 

Pemteability - Matrix and fracture permeabilities were also assumed to be uniform and isotropic. 
The assumed values were 10 millidarcies for the fractures and 100 nanodarcies for the matrix. 

9.2.3 Rock-Fluid Properties 

The properties considered in this category are relative permeability, capdhry pressure, and pore 
compressibility of the matrix and fracture systems. 

Relative P e m a W t y  - Matrix relative permeability was developed from the empirical 
correlations of HonarpoS. These correlations define relative permeability as functions of 
porosity, permeability, wettability, lithology, and endpoint fluid Saturations. The correlating 
parameters used to evaluate the correlations are given below: 

RockType: Carbonate 
Wettability: Water Wet 

Irreducibie water saturation, Sari 0.30 
Residual oil saturation, water, S, 0.28 
Water relative permeability @ S, 0.35 
Residual oil saturation, gas, S, 0.16 
Gas relative permeability, 62% S, 0.62 

The resulting relative permeability curves are shown on Figure 9.2.3 for the oil-water system and 
by Figure 9.2.4 for the gas-oil system. 

Fracture relative permeabilities were assumed to be linear functions of phase saturations with 
zero residual saturation values. 

CapiZZary Pressure - Matrix capillary pressure was computed assuming capillary press~re 
endpoints of 1.99 psia when completely water saturated (S, = 1.0) and 59.7 psia at irreducible 
water saturation, S6 of 0.3. Between these extremes it was assumed that the recipfocal of 
capillary pressure was a linear function of water saturation. 

Gas-oil capdlary pressure was computed from the oil-water capillary pressures using the Eamiliar 
relationship: 

.......................... (9.1) 

Gas-oil interfacial tension in dynedcm, B was computed from the phase densities as suggested 
by the work of Van DijF and Offeringa': 

.......................... (9.2) 
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Oil-water interfacial tension of 23.33 dynes/cm was assumed. 

The computed oil-water and gas-oil capdlary pressure functions are displayed on Figure 9.2.5. 
Each curve is also depicted on the relative permeability plots, Figure 9.2.3 for oil-water and 
Figure 9.2.4 for gas-oil. 

9.2.4 Initial Reservoir Conditions 

Initial values of reservoir temperature and pressure typical of virgin conditions in Pearsall Field 
were chosen to initialize the models. The values selected were 190" Fahrenheit for temperature 
and 3,000 psi for reservoir pressure at datum depth (6,592 feet). 

9.2.5 Reservoir Fluid Properties 

The PVT properties of the reservoir gas and oil phases were computed from published 
correlations2629. The unknown parameter values, such as separator temperature, pressure, and 
produced gas gravity, were allowed to vary until known fluid properties were reasonably 
matched. Known values were: stock tank oil gravity, 37" MI, saturation pressure, pb of 2350 
psig and solution gas-oil ratio, R, of 730 scf/STB. The unknown parameters yielding the best 
agreement were as follows: 

produced gas specific gravity, air = 1 
separator temperature, "F 
separator pressure, psig 

0.95 
120 
250 

The resulting PVT properQ functions are shown on Figure 9.2.6 and Figure 9.2.7. The data 
set depicted has the following additional properties: 

oil formation factor, Bo @ pb, psia 
slope of Bo above pb;, lO%/v/pSia 
oil viscosity @ pb, cp 
slope of oil viscosity above h, cp* W/psi 

1.393 

0.452 
5.46 

-16.30 

9.2.6 Well Productivity and Injectivity 

Well productivity/injectivity parameters were defined using the Peace~nan~@~' equivalent drainage 
radius concept, modified as suggested by the author for wells on the edge of the computing grid 
or wells near an upper or lower boundary. This was neceSSary since all model wells are edge 
wells and in some cases they are l-ted near the top or bottom boundary. The method employs 
a model with finely subdivided grid to effectively isolate the well block. The author has 
demonstrated that the block can be regarded as isolated if it is centered in a uniform grid and 
surrounded by five empty grid nodes. This model satisfies the conditions for radiaI flow. Thus, 
for the isotropic permeability condition & = = k), the following equations define 
flowing bottom-hole pressure, pwp For the vertical models the equations are: 

= 
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. ...................... pd = po q&ln(rJrW)/kJ2..kaz) (9.3) 

where: 

ro = 0.14(Ax2 + A?)” .......................... (9.4) 

and for horizontal models: 

pd = po . qpBJ.n(rJrw)/lq,,(2?y) ...................... (9.5) 

where: 

.......................... r, = 0.14(Ax2 -I- AZZ)’ (9.9 

Inspection of the equations reveals that the equivalent well block radius, r, is a function of the 
grid block dimensions, Ax and Ay or Ax and Az. Furthermore, the well block pressure, po will 
be grid block sizedependent. Therefore, without correction, the bottom-hole pressures computed 
by the field scale models would be significantly different than that computed by the fine grid. 
To avoid this problem a correction factor, f, is applied in the coarser grid, field scale model so 
that the pd equation becomes: 

pd = po . qpBJ~~(f?Jrw)/(2?rkdz)] .................... (9.7) 

for the vertical well case and, 

pd = po - qpB,,/k,,,~(fiJrw)/(2zkAy)] .................... (9.8) 

for the horizontal well case. 

Referring to Equation 9.7 and Equation 9.8, the terms enclosed in brackets are independent of 
pressure and saturation. In the TETRAD simulator this term is given the variable name PICIW. 
Thus, the problem reduces to defining a PICIW value for the field scale model which will yield 
the same pd as the fine grid model. This can readily be done by making a field scale test run 
assuming f = 1 to determine the uncorrected pressure drawdown, po - p+ Since the pressure 
drawdown is directzy proportional to PICIW, the PKIW Scaiing factor is simply the ratio of this 
drawdown to the drawdown needed to match the fine grid p* 

9.3 Primarv Recoverv Forecasts for a Horizontal Well 

The base case horizontal depletion model regarded the reservoir segment as seven identical 
fracture swarms, isolated from each other by transmrs - sibsty discontinuities. Most of the 
sensitivity NIX were made with some variation of this model. Taking as an example the series 
of runs testing shape factor sensitivity, the base case (Case H1A) assumed one-fmt cubic matrix 
blocks, Case 336 assumed one-foot square columnar blocks, aud Case H7 assumed one-foot wide 
tabular blocks. Each case had seven identical fracture swarms, but the fractwe swarms of each 
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case varied from the other two, due to the Hering fracture orientations. The exceptions to the 
identical fracture swarm assumption were the cases set up to investigate variable fracture swarm 
oil-in-place effects. 

Thirty-five sensitivity runs were made with the horizontal depletion model. All horizontal well 
cases were terminated when the oil-producing rate fell below 25 STB/day. The ensuing 
discussion compares each sensitivity case grouping to the base case. 

9.3.1 Completion Layer 

The base case, Case HlA, assumed that the horizontal well would be located in the middle of 
the resexvoir; Le., in the third model layer. Case =A considered the situation of a well 
completed near the base of the reservoir in model Layer 5, as it might be to take advantage of 
gravity segregation, for example. The final case in this series, Case =A, positioned the well 
near the top of the reservoir in model Iayer 1, perhaps to delay water production. 

The results of these runs are compared to the base case in Figure 9.3.1 in terms of oil production 
rate in STB/day and gas-oil ratio in scf/STB versus cumulative oil production in STB. The 
comparison shows that the mid-point completion depth (Case H1A) gives the most favorable rate 
of recovery, while the bottom completion interval (CaseH2A) provides the highest ultimate 
recovery. The top completion interval (Case H3A) yields the least desirable results. The cases 
are compared in terms of cumulative oil produced and recovery as a fraction of oil initially in 
place in the simulated reservoir segment in the following table. These figures show that recovery 
is relatively insensitive to positioning of the completion interval. 

Table 9.3.1 
Oil Recovery Sensitivity to Depth of Completion 

Horizontal Depletion Model 

case/Intexval I CumWve,mSTB I Fraction 

235.1 
236.9 
230.1 

0.164 
0.166 
0.160 

9.3.2 Number of Fracture Swarms 

The reservoir segment was assumed to contain seven fracture swarms in the base case model, 
H1A. The number was increased to nine for Case H4A and reduced to five for Case H5A. 
Figure 9.3.2 shows the comparison of d t s  for this series of cases. Oil-in-place, initial 
production rate and cumulative recovery bear a relalionship to each other that is similar, if not 
directly proportional to the number of fracture swarms. The numerical comparison, given below, 
reinforces this observation and shows that the fractional recovery is independent of the number 
of fracture swarms. 
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Table 9.3.2 
Oil Recovery Sensitivity to Number of Fracture Swarms 

Horizontal Depletion Model 

Case/Swarms I Cumulative, mSTB I Fraction 

HlA, seven 
H2A, nine 
H3A, five 

235.1 
302.9 
167.2 

0.164 
0.164 
0.163 

9.3.3 Distribution of Swarm Oil-In-Place 

The oil-in-place of a fracture swarm would have a probability distribution determined by the 
distributions of the volumetric parameters: porosity and oil saturation (matrix and fracture), 
swarm dimensions (width, length, height), net to gross ratio and formation volume factor. Using 
a combination of reported data and assumptions, the parameters were assigned either triangular 
or constant distributions and Monte Carlo simulations were made to define the oil-in-place 
distribution. The values of the fkst through seventh o d e s  provided the fracture swarm oil-in- 
place volumes in this series of cases. For the Case H18 model, these oil-in-place volumes were 
randomly assigned to the seven fracture swarms. The Same volumes were assigned in ascending 
order to the fracture swarms of the Case H19 model and in descending order for the Case H20 
model, the ordering being with reference to the wellbore beginning. Thus, a l l  three models had 
the same total oil-&place and the same statistical distribution but in differing arrangements. 
That total volume was unif'ody distributed to the fracture swarms in the Case H1X model. The 
Case H1X and Case H1A models differ only in respect to oil-in-place: 1,546,154 STB for Case , 

H1X and 1,435,502 STB for Case H1A. 

The results of variable oil-in-place cases were very similar to each other and to the uniform 
distribution case, Case H1X. There were differences between the oil rate and gas-oil ratio 
profiles of these three and the d o r m  distribution, Case HlX, indicating some sensitivity in this 
respect. Figure 9.3.3 illustrates the maximum range of this difference using Cases H18 and 
H1X. As Table 9.3.3 shows, the total oil recovery of al l  four cases was practically identical, 
indicating no recovery sensitivity to ordering. 
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Table 9.3.3 
Oil Recovery Sensitivity to Fracture Swam OOrP Distribution 

Horizontal Depletion Model 

~~ 

H18, random 
H19, ascending 
€320, descending 
HlX, uniform 

Cumulative. mSTB I Fraction 

253.4 
253.4 
253.3 
254.0 

0.164 
0.164 
0.164 
0.164 

The effect of total oil-in-place was tested by Case H21 and Case H22. Both had uniform 
distributions of oil-&place like Case HlX, but the total was increased to conform to the upper 
quartile volume (2,060,761 STB) for Case H21 and reduced to the lower quartile volume 
(1,019,037 STB) for Case H22. Figure 9.3.4 compares these two cases to Case H1X and shows 
that the oil rate and gas-oil ratio profiles are sensitive to oil-in-place, as one would expect. The 
recovery comparison in Table 9.3.4 shows a minor sensitivily of fractional recovery to oil-in- 
Place. 

Table 9.3.4 
Oil Recovery Sensitivity to Total OOIP 

Horizontal Depletion Model 

case/~nterval I C m u l a t i v e , m s ~  
~~ 

H21, upper quartile 
HlX, median 
H22, lower quartile 

339.7 
254.0 
165.8 

Fraction 

0.165 
0.164 
0.163 

9.3.4 Shape Factor 

The dual porosity formulation uses a shape factor in the definition of the matrk-bcture fluid 
transfer tern. Warren and originally defined the shape factor, a for the assumption of 
&$3-phase, quasi-steady state flow as, 

a = 4N(N + 2)L2 . . . . . . . . . . . . . . . . . . . . . . . . . . (9.9) 

where: 

N = number of sets of fmctures 
L = block dimension (fracture spacing) 
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For cubic block cases, Equation 9.9 reduces to: 

Kaze~ni'~, working with a multi-phase, unsteady state reservoir simulator revised the shape factor 
definition as follows: 

CT = 4(1/Lz + 1/h2 + 1/b2) ......................... (9.10) 

where: 

L, = block dimension in Xdirection 
= block dimension in Ydirection 

L, = block dimension in Zdirection 

Again, for the cubic block case, Equation 9.10 reduces to: 

Q = 12/L2 

Thomas16 redefined the shape factor by adding the terms total fracture block face area, A and 
fracture block volume, vb as follows: 

d = A/L,V, .......................... (9.11) 

where: 

Lf = a characteristic flow path length 

Setting L, to the distance from a block face to the centroid of the pyramid having the block face 
as its base and a volume, L3/6, the author suggests a shape factor as follows: 

A = 6L2 

Lf = L/6.1 
v b  = L3 

therefore, 

Q = 36.6/L2 

Taking the simple cubic block case (Lf = L), the Thomas definition then becomes: 

The effect of varying shape factor was tested in a suite of six m, three using the Kazemi 
definition (Equation 9.10) and three using the Thomas definition (Equalion 9.11). All cases used 
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a characteristic matrix block dimension of one foot. Table 9.3.5 compares the cumulative 
production and recovery fraction of these six cases. 

Table 9.3.5 
Oil Recovery Sensitivity to Dual Porosity Shape Factor 

Horizontal Depletion Model 

CasefShape 
~~ 

HlA, cube 
H6K, column 
H Z ,  slab 
HlT, cube 
H6T, column 
H7T, slab 

~~ 

12.0 
8.0 
4.0 
36.6 
4.0 
2.0 

Cumulative, mSTB 

235.1 
240.0 
245.4 
210.9 
245.4 
248.5 

Fraction 

0.164 
0.167 
0.171 
0.147 
0.171 
0.173 

The m e  names differentiate the block shape by number and shape factor calculation method by 
letter: K for the Kazemi method and T for the Thomas method, except for Case HlA, which did 
use the Kazemi shape factor definition. The results show a logical progression, in that recovery 
increases as the shape factor is reduced, under either method of computation. Further, the 
Thomas method yields somewhat higher recoveries for the column and slab geometries. Finally, 
equal shape factors yield similar recoveries, irrespective of the assumed block geometry (Case 
H7K and Case H6T). 

The recovery performance of the shape factor cases are compared in Figure 9.3.5 (Kazed 
method) and Figure 9.3.6 (Thomas method). The visual impression gained from these plots 
agrees with the observations in the paragraph above. 

9.3.5 Fracture Spacing 

Fracture spachgs of onehalf, two, and four times the base case spacing were simulated in Case 
H8, Case H9, and Case H9A, respectively. 

In all four cases, inciuding the base case, Case HlA, three sets of fractures were assumed to 
subdivide the matrix rock into systems of cubic blocks of dimensions as given in the following 
table. 
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Table 9.3.6 
Oil Recovery Sensitivity to Fracture Spacing 

Horizontal Depletion Model 
C&e/Feet I Cumulative, mSTB I Fraction 

H8, 0.5 
HlA, 1.0 
H9, 2.0 
-A, 4.0 

216.4 
235.1 
237.2 
235.3 

0.145 
0.164 
0.169 
0.169 

The cumulative oil productions seem to indicate that there is an optimum block sizet. 
Production rises rapidly at first as block size is increased, but eventually begins to level and then 
starts to drop slightly as the block size continues to increase past optimum. The fractional 
recovery, which considers the variation in oil-in-place caused by fracture porosity reduction as 
block size increases, reinforces the sharp drop off at the smallest block size. It also shows that 
the fraction continues to increase as block size is increased, but at a diminishing rate, implying 
that the recovery factor would asymptotically approach a value of about 0.17 as the block size 
is increased. To test the validity of this inference, the vertical depletion model was used to 
simulate the above spacings plus two additional fracture spacings: 10 feet and 0.75 feet. 
Figure 9.3.7 presents the recovery factor results for both models (horizontal well and vertical 
well) as a function of block size. The similarity of the horizontal and vertical well results 
strongly suggests that the Case.WA result is a maximum. 

The reduction of cumulative production for the 0.5 foot block (Case H8) is also clearly illustrated 
by the oil rate versus cumulative production plot (Figure 9.3.7) but the 1.0, 2.0 and 4.0 foot 
spacing cases (Case HlA, Case H9, and Case H9A) are very similar and difficult to distinguish 
until the final fourth of cumulative recovery. 

9.3.6 Relative Conductivity (matrix/hcture) 

Relative conductivity, the ratio of matrix permeability to fracture permeability, was 10-5 in the 
base case model. This series of runs looked at the recovery implications of increasing the ratio 
to lo4, CaseH12, and of reducing the ratio to lod, CaseH13. These changes could be 
accomplished in one of two ways: keep the fracture permeability constant and change the matrix 
values as in Case H12 and Case H13, or keep matrix permeability constant and revise fracture 
permeability as was done for Case HlF and Case H1K. 

The performance plot comparing the constant fi-acture permeability cases, H12 and H13, to 
CaseHlA is Figure 9.3.9. It shows that an order of magnitude increase in the relative 
conductivity, as was done for Case H12, has a much greater effect on the cumulative oil recovery 
than does an order of magnitude reduction, as in Case H13. In other words, reducing the 
contrast between fracture and matrix permeability tends to reduce oil recovery more rapidly than 

'The terms block size and fracture spacing are synonymous in the context of this repoa. 
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increasing the contrast increases oil recovery. This observation is also evident from the ultimate 
recoveries shown in Table 9.3.7. 

Case k, pD kJ& Cumulative, mSTB 

Table 9.3.7 
Oil Recovery Sensitivity to Relative Conductivity 

Horizontal Depletion Model, Fracture Permeability Constant 

Fraction 

H12 
HlA 
H13 

1 .o 104 
0.1 10-5 
0.01 lod 

163.4 
235.1 
249.8 

Case &, pD k/& Cumulative, mSTB 

H1F 1 .o 1P 150.8 
HlB 10.0 10-5 235.1 
HlK 100.0 lod 252.3 

0.114 
0.164 
0.174 

Fraction 

0.105 . 
0.164 
0.176 

A parallel comparison is made for the constant ma& permeability alternative in Figure 9.3.10 
and by Table 9.3.8. Looking at Figure 9.3.10, it is obvious that changing fracture permeability 
profoundly affects the rate of oil recovery; however, the ultimate recovery realized for a given 
lcJ& ratio is about the same, as for the constant fracture permeabzty alternatives of Table 9.3.7. 
Thus, it would appear that ultimate recovery is dependent mainly on the ratio of matrix to 
fracture permeability, increasing as the ratio is reduced and reducing as the ratio is increased. 

Table 9.3.8 
Oil Recovery Sensitivity to Relative Conductivity 

Horizontal Depletion Model, Matrix Permeability Constant 

9.3.7 Relative Storativity (fracture/matrix) 

The base case fractwe porosity was computed assuming a d o r m  fracture aperture of 0.1 mm 
and one-foot cubic matrix blocks. This provided a fracture porosity of O.OOO984. In the series 
of cases discussed in this section, the ratio of fracture pore volume to mafrix pore volume 
(relative storativity) was altered to either of one-half or four times the base case ratio of 0.0293. 
Once again, there were two ways to accomplish this end: keep matrix porosity constant and 
change fracture porosity, or keep fracture porosity constant and change matfix porosity. Both 
means were explored. 

Matrix porosity was kept constant and fracture porosity was changed to 0.000492 for Case H14 
and to 0.003936 for Case H15. These values correspond to assuming cubic matrix blocks 
surrounded by constant aperture fractures of 0.05 mm and 0.4 mm, respectively. While fkacture 
aperture changes would be expected to change both fracture porosity and fiacture permeability, 
only porosity was changed for these runs. 
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For cubic blocks, the functional relationship of fracture porosity, Qf to fracture aperture, wf and - 
block size, L is: 

case Qf, fraction 9 d 4 m  Cumulative, mSTB 

H14 .OOO492 .01464 226.7 
H1A .o00984 .02929 235.1 
H15 .003927 .11714 280.9 

. ....................... bf = [& + ~ f ) ~  L3J/(L + wf)' (9.12) 

Fraction 

0.160 
0.164 
0.175 

Fracture aperture also enters into the computation of flow from one matrix block to the 
surrounding fractures in two ways. First in the computation of harmonic mean permeability, 

1 = (wbr, + L&)(L + w f ) / e .  ....................... (9.13) 

and the potential gradient 

AWAL = 2(*, + +a/& + wf) ........................ (9.14) 

where %f and am refer to the p0tentia.I of the fractures and matrix, respectively. 

Equation 9.13 indicates that fracture aperture should have a negligible effect on since the 
product, wrk, approaches zero and fracture aperture is insigmficant in relation to the block 
dimension. The latter reasoning applies to as well to Equation 9.14. Thus, it seems safe to 
conclude that the sensitivity shown by Case H14 and Case H15 in comparison to the base case, 
HlA, is a valid reflection of the relative storativity effect. 

Figure 9.3.11 shows that cumulative oil recovery is sensitive to the storativiq of the fractures 
relative to matrix storativity. This, in part, is a reflection of the oil-in-place variation (1,407,602 
for Case H14; 1,435,512 for Case H1A; and 1,608,337 for Case H15; all in STB) caused by the 
fracture pore volume change. Table 9.3.9 shows that both cumulative production and fractional 
recovery increase as the relative storativity of the fractures increases. 

Table 9.3.9 
Oil Recovery Sensitivity to Relative Storativity 

Horizontal Depletion Model, Matrix Porosity Constant 

The relative storativities of Case H1P and Case H1M were the same as those of Case H14 and 
Case H15, respectively, but the ratios were achieved by changing matrix porosity while keeping 
fractpre porosity constant. As this change alone would have resulted in unacceptably large oil-h- 
place changes, net thickness was adjusted so that oil-in-place was effectively constant. The 
modification of net thickness required a reciprocal modification of pemeabiliv to retajn the same 
transmissibility from case to case. 

34 



The results of Case HlM, Case HlP, and Case H1A are compared on Figure 9.3.12 in terms 
of oil production rate and gas-oil ratio versus cumulative. The production rate declines of these 
cases are similar to the constant matrix porosity cases (Figure 9.3.11) but Mer with respect to 
decline rate and ending cumulative (comparing CaseHlM to CaseH15 and CaseHlP to 
Case H14). These differences are attributed to the modest oil-in-place departures permitted for 
the constant matrix porosity cases , Le. 1,406,620 STB for Case H14 and 1,608,337 STB for 
Case H15 as compared to 1,435,512 STB for Case H1A; whereas, oil-in-place was not allowed 
to depart from the Case H1A value for the constant frslchne porosity series (Case H1M and 
Case HIP). 

case &, fraction 4 4 4 m  Cumulative, mSTB 

HIP .0672 .01464 230.4 
H1A .0336 .02929 235.1 
HIM .0084 .1 I714 250.8 

Comparing fractional recovery numbers for Case H1P and Case H1M (Table 9.3.10) to those 
for Case H14 and Case H15 (Table 9.3.9), the numbers are seen to be similar for comparable 
storativity ratios. It is concluded, therefore, that relative storati~ty does control the recovery 
sensitivity exhibited by this series of runs. 

Fraction 

0.161 
0.164 
0.175 

9.3.8 Fracture Capillary Pressure 

C a p i i  pressure was assumed to be nonexistent in the fr;icaures of the base case model. 
Case H16 and Case H17 considered the effects of nonzero hcture capillary pressures. Fracture 
oil-water and gas-oil cap iky  pressure were assumed to be simple firactions of matrix capillary 
pressure values: one-half for Case H16 and two-tenths for Case H17. The same fractons were 
applied to irreduciblewater Saturation, reducing the Case H16 value to 0.15 and Case H17 to 
0.06. 

Figure 9.3.13 displays oil rate and gas-ofi ratio for these cases in comparison to Case HlA. The 
results clearly show that oil recovery is increased as hctme capillary pressure is i n d .  A 
numerical comparison of cumulative and fktional recovery is given in Table 9.3.11. 
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Table 9.3.11 
Oil Recovery SenSitiviQ to Fracture capillary Pressure 

Horizontal Depletion Model 

case J?flcnl Cumulative, mSTB 

H16 0.5 252.8 
H17 0.2 242.2 
H1A 0.0 235.1 

Fraction 

0.177 
0.169 
0.164 

9.3.9 Fracture Relative Permeability 

A series of four runs was made to test the base case assumptions of linear relative permeability 
and zero or unity endpoint values for the fracture system. The Case H30 model used linear 
relative permeabilities, but with endpoints of two-tenths of the corresponding matrix values. This 
introduced an irreducible water saturation of 0.06 and residual oil Saturations of 0.032 (gas 
displacement) and 0.056 (water displacement) to the fracane system. Fracture capillary pressure 
was as descxibed in the preceding section, commensurate with irreducible water saturation. 
Linear relative pemeabilities were also used in Case H31, but the ratio of fracture to matrix 
endpoints was increased to one-half. Case H32 and CaseH33 used curvilinear relative 
permeabilities and endpoints as for Case H30 and Case H31, respectively. The curvatme was 
simply introduced by equating relative permeability to the square of the nonnalized saturation 
of the flowing phase. Thus, for the oil-water, two-phase system: 

where: 
s** = (S, - SJ/(l - SJ 

and 
L = 

.......................... (9.15) 

.......................... (9.16) 

.......................... (9.17) 

where: 
S,' = (So . S-)/(l- S* . S-) ........................ (9.18) 

k g  = <SJ2 

and for the g a s d  system 

.......................... (9.19) 

where: 
S,* = (S, . S,,J/(l . Sd . S.J .......................... (9.20) 

and .......................... (9.21) 

where: 
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Sww = (So - S-)/(l- S d  - S-) . . . . . . . . . . . . . . . . . . . . . . . . . (9.22) 

w s h a p e  Cumulative, mSTB 

H30, lin. 0.2 238.7 
H31, lin. 0.5 243.4 
H32, curveO.2 233.0 
H33, curve 0.5 237.7 

HlA, lin. 0.0 235.1 

The fracture-relalive permeabilities and capillary pressures corresponding to the 0.2 endpoint 
assumption, Case H30 (linear) and Case H32 (curvilinear), are displayed in Figure 9.3.14 (oil- 
water) and Figure 9.3.15 (gas-oil). Figure 9.3.16 (oil-water) and Figure 9.3.17 (gas-oil) depict 
the 0.5 endpoint assumption data as used for Case H31 (linear) and Case H32 (curvilinear). 

Fraction 

0.164 
0.167 
0.171 
0.163 
0.165 

The results of Case H30 and CaseH31 are compared to the CaseHlA, the base case on 
Figure 9.3.18. All three cases used hear fmcture relative permeability but with differing 
endpoint assumptions. Both oil production rate and gas-oil ratio show increasingly more 
favorable trends as the endpoint level is increased. This observation is borne out by the trend 
of fractional recoveries shown in Table 9.3.12. 

Table 9.3.12 
Oil Recovery Sensitivity to Fracture Relative Permeability 

Horizontal Depletion Model 

Figure 9.3.19 compares the curvilinear Case H32 and Case H33 to the base case which used 
linear fracture relative permeability. The oil production rates of both curvilinear cases are less 
favorable, in terms of the rate of recovery, than the base case. The final cumulative oil 
production of all three cases is similar, however. 

The next two illustrations compare linear and cuIvilineaf cases having the same endpoint values, 
Figure 9.3.20 showing the cases for which the fracture endpoints are two-tenths of the matrix 
rock values and Figure 9.3.21 offering a similar comparhn for the fracture endpoints increased 
to one-half of matrix levels. Both clearly show that linear relative permeabilities yield more 
optimistic results in terms of rate of recovery and slightly more fbvorable cumulative 
productions. The fractional fecovery comparison given in the preceding table shows that the 
curvilinear case recoveries are about one-half percent lower than the linear relative 
permeability cases. 

9.3.10 Matrix Capiuary PressUte 

The base case matrix capillary pressure data assumed threshold capillary pressures (at 100 
percent wetting phase Saturation) of 1.99 psia for oil-water and 0.154 psia for gas-oil system. 
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These thresholds were removed for Case H1Q to see how sensitive the recovery @ormane was 
to this parameter. 

Function Cumulative, mSTB case PcsoS PWWt 
H1A 0.154 1.99 lip, = f(SJ 235.1 
H1Q O.OO0 0.00 l/P, = f(SJ 243.2 
H1R 0.0oO 0.00 l/p$ = f(SJ 250.2 

The shape of the assumed capillary pressure curves was altered for Case H1R to the more "L- 
shaped" curves shown in Figure 9.3.22 and Figure 9.3.23. The oil-water curve was developed 
by assuming that the reciprocal of the square of capillary pressure was a linear function of water 
Saturation between the points (Sw, p-) (0.3, 59.7 psia) and (1.0, O.O), whereas the Case H1A 
curve assumed that the reciprocal of capillary pressure was a linear function of S, between the 
points (0.3, 59.7 psia) and (1.0, 1.99 psia). The Case H1R gas-oil capillary pressure function 
was computed from the oil-water function in proportion to ratio of in- tensions 
(Equation 9.1), as explained in Section 9.2.2. 

Fraction 

0.164 
0.169 
0.174 

Figure 9.3.24 shows the recovery performance improvement that occurs when the matfix 
capillary pressure threshold is removed, as in Case HlQ, and the further improvement when a 
more d o r m  pore size distribution is approximated, as in Case H1R. All cases have essentially 
the same behavior for the first half of the oil recovery. The numerical comparison of cumulative 
oil production and fractional recovery, provided in Table 9.3.13, show modest, roughly equal 
increments of oil recovery as capillary pressure is reduced. 

Table 9.3.13 
Oil Recovery Sensitivity to Matrix Capillary Pressure 

Horizontal Depletion Model 

9.4 Primarv Recoverv Forecasts for a Vertical Well 

Most of the sensitivity runs described for the horizontal natural depletion model were also nm 
on the vertical natural depletion model with the minimum rate constraint reduced to 10 STB/day. 
These cases have the same case identification numbers as the horizontal model runs, but with the 
prefix "V" substituted for "H." The cases dealing with the number of fracture swarms and the 
oil-in-place VariafiOIl from swarm to swarm were not run, since the vertical model included only 
a single fracture swarm. 

The results obtained from the vertical model simulations are not individually discussed in this 
report because their charactens * tics were so similar to the horizontal model results. Detailed 
discussion of each case, or even groups of cases would have been completely redundant. 

The vertical model simulation results are, however, displayed in Figure 9.4.1 through 
Figure 9.4.13 in the same format as used for the horizontal model presentationS. By appropriate 
pairing of figures, the vertical model oil production rates and gas-oil ratios can be seen to have 
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the same general characteristics as those of the corresponding horizontal model results. Table 
9.4.1 provides a useful Figure number cross-reference for this purpose. 

Table 9.4.1 
Figure Number Cross-Reference for 

Horizontal and Vertical Models 

Vertical 

9.4.1 
9.4.2 
9.4.3 

9.4.4 
9.4.5 
9.4.6 

9.4.7 
9.4.8 
9.4.9 

9.4.10 
9.4.11 
9.4.12 
9.4.13 
9.4.14 

Horizontal 

9.3.1 
9.3.4 
9.3.5 

9.3.6 
9.3.7 
9.3.9 

9.3.10 
9.3.11 
9.3.12 

9.3.13 
9.3.18 
9.3.19 
9.3.21 
9.3.24 

Case Number 

lA, 2A, 3A 
lX, 21,22 
lA, 6K, 7K 

lT, 6T, 7T 
lA, 8,9, 9A 
lA, 12, 13 

lA, lF, 1K 
lA, 14, 15 
lA, lP, 1M 

IA, 16, 17 
lA, 30, 31 
lA, 32, 33 

31,33 
lA, lQ, 1R 

Table 9.4.2 displays the oil recovery factors obtained from the vertical model cases versus the 
comparable horizontal model numbers. The recovery factors fealized by the vertical model cases 
are seen, for the most part, to vary no more than 0.7 percent (fractional recovery basis) from 
the horizontal model values. The only exception, Case VlF, was found to have been 
prematurely truncated by the minimum rate constraint of 10 STB/day (compare Figure 9.4.7 to 
Figure 9.3.10). By lowering the minimum rate to 1 STB/day, the recovery of this case was 
increased to 0.118 percent, or within 0.5 percent of Case H1F. 
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Vertical 
case 

Table 9.4.2 
Comparison of Oil Recovery Factors 

For Horizontal and Vertical Model Cases 

VIA 
vu 
V3A 

VIX 
V2l 
VZL 

V6K 
V7g 

VIT 
V6T 
v7r 

va 
v9 

V9A 

VI2 
VI3 

VIF 
VIK 

VI4 
VI5 

VIP 
VIM 

VI6 
VI7 

v30 
V31 
v32 
V33 

VlQ 
VIR 

0.161 
0.162 
0.156 

0.161 
0.162 
0.160 

0.164 
0.167 

0.145 
0.167 
0.169 

0.143 
0.165 
0.165 

0.114 
0.169 

0.m 
0.174 

0.158 
0.170 

0.158 
0.170 

0.170 
0. I65 

0.163 
0.166 

0.161 
0.158 

0.166 
0.169 

0.164 
0.165 
0.160 

0.164 
0.165 
0.163 

0.167 
0.171 

0.147 
0.171 
0.173 

0.145 
0.169 
0.169 

0.114 
0.174 

0.113 
0.174 

0.160 
0.175 

0.161 
0.175 

0.177 
0.169 

0.167 
0.171 
0.163 
0.165 

0.169 
0.174 

tIncreases to 0.118 when constraint is reduced to 1 -/day. 
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Horimntal 
case 

HIA 
Hu 
H3A 

HU: 
H21 
1122 

H6K 
H7K 

HlT 
H6T m 

H8 
H9 

H9A 

h12 
h13 

h14 
HlS 

HIP 
HIM 

H16 
H17 

H30 
H31 
H32 
H33 

HIQ 
HIR 



9.5 Secondarv Recoverv Forecasts for a Horizontal Well 

This part of the study is programmed for year two of the project. Current fiscal year efforts in 
this regard were restricted to initializing the horizontal model as is described in Section 9.1 and 
making some test case runs with water injection to verify that it was performing satisfactorily. 

9.6 Secondarv Recoverv Forecasts for a Vertical Well 

The vertical injection model, configured as described in Section 9.1, was used for the simulations 
discussed in this section. Three types of secondary recovery were investigated: water injection, 
gas injection and combined injection of gas and water. In each instance the objective was to use 
the injected fluids to supplement the natural energy and increase oil recovery. 

9.6.1 Water Injection 

The possibility of improved oil recovery with a line drive waterflood was tested in the vertical 
injection model. Two cases, differing with respect to the completion layer of the producing well, 
were run. Case IV1 had the producing well completed in the middle layer of the model, or 
Layer 3, whereas Case IV3 had the producing well completed in the uppermost layer of the 
model, Layer 1. In both cases, the injection well was located at the opposite boundary of the 
model and was completed in the fifth, or bottom model layer. The results of these cases are 
compared to the most favorable ~ t u r a l  depletion case, Case V2A, in Table 9.6.1. 

Water injection cases would be expected to be sensitive to many of the same parameters 
investigated with the depletion models, and indeed it is planned that the more sisnificant 
parameters will be investigated in the second contract year. One parameter that has been 
investigated is matrix capillary pressure. The capillary pressure data described in Section 9.3.10 
for Case HIR was selected since it contrasted most strongly to the base case data used for 
Case N1 and Case IV3. Both sets of data are depicted on Figure 9.3.22 and Figure 9.3.23. 
The cases using the revised data are Case RV1 and CaseRV3. In all other respects, most 
notably layer of completion, these cases are identical to Case N1 and Case IV3, respectively. 

Table 9.6.1 shows that completing the producing well in the uppermost layer (Case IV3) as 
opposed to the middle layer (Case IV1) has little affect on ultimate oil recovery. Much the same 
impression is gained from the graph of oil producing rate and watercut versus cumulative oil 
production shown in Figure 9.6.1. The rate of oil fecovery is initially slightly higher with the 
CaseIV1 completion, but after about one-third of the cumulative recovery the CaseIV3 
completion is more advantageous. The water cut comparison is the most significant difference 
between the two completions. It shows that the higher completion CaseIV3 delays the 
breakthrough of water and results in lower water cuts throughout, although the difference 
diminishes and eventually the two cases come to the same terminal water cut. 
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Comparing the lower capillary pressure cases, Case RV1 and Case RV3, against the comparable 
completion interval Case IV1 and Case IV3 reveals that the lower capillary pressures used for 
Case RV1 and Case RV3 had a significantly adverse effect on waterflood oil recovery. AU four 
cases have been plotted on Figure 9.6.1 to facilitate comparison of completion interval effects; 
e.g., Case IV1 versus Case IV3 and comparisons of capillary pressure sensitivity; e.g., Case IV1 
versus Case RVl. 

Cumulative, STB 

Table 9.6.1 
Oil Recovery Sensitivity to Compietion Interval and pa 

Vertical Injection Model - Water Injection 

Fraction Case 

IV1 
rv3 

RV1 
RV3 

9.6.2 Gas Injection 

Comp. Layer 

middle (3) 

middle (3) 

upper (1) 

upper (1) 

pa Func. 

up: = f(SJ 
l/p,2 = f(SW) 

79278 
79800 

0.387 
0.389 

A fraction of the produced gas was reinjected into an injection well completed in the top model 
layer for CaseeV2, CasefV2, and CasegV2. In all three cases, the producing well was 
completed in the lowermost layer of the model, Layer 5. The fractions of gas reinjected were 
1.0 for Case eV2,0.75 for Case fV2, and 0.66 for Case gV2. Figure 9.6.2 offers a comparison 
of these cases against Case V2A, the best of the natural depletion cases. The figure clearly 
shows that gas reinjection, at best, offers no reaI recovery benefit over natural depletion, and if 
all of the p rodud  gas is recycled the recovery is actually reduced. This observation is borne 
out by the cumuzative recovery and fractional recovery results given in Table 9.6.2. 

. 

The Same series of recycling rates was repeated but using the lower capillary pressure data 
described for Case H1R (Section 9.3.10). This was analogous to what was done for the water 
injection cases. The revised capillary pressure gas injection runs were Case hV2, Case iV2, and 
CasejV2. For comparison, the best natural depletion alternative was rerun with the revised 
capillary pressures as Case V2R. The performance of these cases is compared to each other in 
Figure 9.6.3. The basic pattern is the same, that is, gas recycling is no better than natural 
depletion from a recovery point of view; however, the more fhrab le  capillary pressures do 
yield a small recovery improvement. The impact of capillary pressure on fecovery can be 
quanmed from Table 9.6.2 by differencing comparable rates of gas recychg; e.g., 
iV2 and N2. 
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case 

V2A 
eV2 
fv2 
gv2 

V2R 
hV2 
iV2 
jV2 

Table 9.6.2 
Oil Recovery Sensitivity to Recycled Gas Volume and pan 

Vertical Injection Model - Gas Injection 

Gas Recycle 

none 
0.66 * Gp 
0.80 * Gp 
1.00 * Gp 

none 
0.66 * Gp 
0.80 * Gp 
1.00 * Gp 

p,Func. 

l/p? = f(SJ 
up: = f(S,) 
l/p? = f(SW) 
l/p,2 = f(SW) 

Cumulative, STB 

33204 
33716 
33470 
21778 

35137 
36243 
36364 
23252 

Fraction 

0.162 
0.164 
0.163 
0.106 

0.172 
0.177 
0.177 
0.113 

The disappointing performance of the injection case against the ~tural  depletion case is attributed 
to the lack of potential for injection gas to enter the matrix. That is to say, the gravity potential 
for oil to drain from, and gas to enter into the ma& is insufficient to overcome the capillary 
and viscous forces. Furthermore, the reinjection of gas is sufficient to maintain the matrjx 
pressure above bubble point in much of the resemoir, thus preventing the evolution of dissolved 
gas and the consequential expulsion of oil into the fractures. Evidently, this loss of matfix oil 
expulsion can be compensated for by the reduced drinkage loss of the fracture oil, since the 
ultimate recoveries of injection Case eV2 and Case N 2  are very similar to the depletion case, 
V2A. Figure 9.6.4 which compares the evolution of average matrix values of gas saturation and 
pressure for injection Case eV2 to depletion Case V2A, adds credibility to this reasoning. 

9.6.3 Combined Injection of Gas and Water 

The possibility of recovery improvement with gas injection into the top model layer, water 
injection into the bottom model layer, and production from the middle model layer was 
investigated in a series of six runs: three with the base case capillary pressure functions and 
three using the reduced capillary pressure data set introduced for Case H1R. Each set of three 
cases varied with respect to the volume of recycled gas. These levels were 90 percent, 72 
percent, and 59.4 percent. These levels were 90 percent of the levels assumed for the gas 
injection only cases d i s c u s s e d  in the preceding Section. The balance of voidage replacement 
needed to maintain reservoir pressure was provided by water injection. 

Two illustrations were prepared for each set of runs, one showing oil rate and gas-oil ratio versus 
cumulative oil production and a second with oil production rate and water cut as functions of 
cumulative oil production. Figure 9.6.5 and Figure 9.6.6 present the basic capillary pressure 
cases: cV1, dV1 and eV1 while Figure9.6.7 and Figure9.6.8 present the lower capillary 
pressure cases: fV1, gV1 and hV1. 
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Table 9.6.3 summafizes the oil recovery data for these ~ s e s  and provides a convenient reference 
for the recycle fraction and capillary pressure assumption. 

p,Func. 

Following an initial decline, the first three cases (cV1, dV1, eVl) aLl show a levelling of 
production rate which continues until about onethird of the oil has been recovered 
(Figure 9.6.5). During this period, the gas-oil ratio, after an initial build-up which mirrors the 
production decline, also flattens at a gas-oil ratio level dependent on the recycle fraction. 
Case dV1 and Case eV1 maintain the gas-oil ratio plateau for the duration of the cases while the 
Case cV1 values tend to increase slowly. Figure 9.6.6 reveals that water breakthmugh occufs 
at 25 percent of ultimate recovery and that the oil production rate plateau extends until the water 
cut reaches about 10 percent. Thereafter, the production rate begins an almost log-linear decline 
against cumrmlative and the water cut continues to increase, eventually exceeding 90 percent. 

Cumulative, STB 

Figure 9.6.7 shows that the second group of cases (fV1, gVl, hV1) have oil rate and gas-oil 
ratio patterns similar to the fist three, but the oil rate levels only briefly and the total oil 
recovery is about 15 percent less. Figure 9.6.8 shows that water breakthrough occurs at a lower 
recovery (about 15 percent of ultimate) and builds more rapidly. The performance of these cases 
is less favorable. 

case 

cv1 
dV1 
eV1 

fV1 
gv1 
hV1 

The recovery observations made in the preceding discussions are quantified in Table 9.6.3. The 
recoveries for the lower recycling rates axe comparable to, but no better than, the waterflood 
recoveries discussed in Section 9.6.1. 

Gas Recycle 

0.900 * Gp 
0.720 * Gp 
0.594 * Gp 

0.720 * Gp 
0.594 * Gp 

0.900 * Gp 

Table 9.6.3 
Oil Recovery Sensitivity to Recycled Gas Volume and pa 

Vertical Injection Model - Gas and Water Injection 

up: = f(SJ 
l/p,z = f(SW) 
1/p: = f(SW) 
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54931 
79180 
79412 

Fraction 

0.448 
0.452 
0.452 

0.268 
0.386 
0.387 



NOMENCLATURE 

A 
"MI 
B 
CP 
"F 
f 
GP 
k 
.E 
4 
L 
Lf 
mSTB 
N 
NX, NY, NZ 
OIP 
OOIP 
P 

P C  

Po 
Pwf  
psi 
9 
S 
S" 
STB 
scf 
R, 
r0 

P b  

rW 
vb 

- Block face area 

- Formation volume factor 
- Centipoise 
- Temperature, degrees Fahrenheit 
- Well block radius correction factor 
- Gas produced 
- Permeability 
- Harmonic mean permeability 
- Relative permeability 
- Block dimension (fracture spacing) 
- Characteristic flow path length 
- Thousand stock tank barrels 
- Number of sets of fractures 
- Number of grid blocks along given axb 

- original oil-in-place 
- Pressure 
- Saturation pressure 
- Capillary pressure 
- Initial well block pressure 
- Flowing bottom-hole pressure 
- Pounds per square inch 
- Volume rate, production or injection 
- Phase saturation 
- Normalized saturation 

- Standard cubic feet 
- Solution gas-oil ratio 
- Well block radius 
- Wellbore radius 
- Fracture block volume 
- Fracture aperture 
- Difference operator 
- Phase viscosity 

- Phase density 
- Shape factor 
- Gas-oil interfacial tension 
- oil-water interfacial tension 
- Porosity 
- Phase potential 

- oil gravity 

- oil-in-place 

- Stock tank b a l ( s )  

- 3.14159 ... 
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NOMENCLATURE (cont'd) 

SUBSCRIPTS 

- Fracture 
- Gas phase 

-oilphase 

- Irreducible 
- Matrix 

- Residual 
- Threshold 
- Water phase 
- Reference to given reservoir axis 
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Figure 7.3.2 
Pearsall Fie ld ,  A u s t i n  Chalk Reservoir 
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Figure 7.3.5 
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Figure 9.13 

Horizontal Injection 
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Figure 9.2.1 

SCHEMATIC OF GRID FOR 
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Figure 9.2.4 
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Figure 9.2.5 
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Figure 9.3.2 
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Figure 9.3.7 
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Figure 9.3.13 

FRACTURE C A P I L L A R Y  PRESSURE ( H O R I Z O N T A L  WELL) 
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APPENDIX A 

The variables used in the statistical analysis of vertical YS horizontal well performance are 
tabulated below. 

Variable 

LEASE 

VERTOR 

SOURCE 

Lsmm 

COUNTY 

DISPAY 

TOTDISP 

COMPDATE 

RATE3 

RATE6 

RATE9 

RATE32 

RATE18 

Table A-1 
Stathtical Analysis Variables. 

Description 

TRRC Lease I.D., 5 char. 

Well orientation, (V)ertical or 
(H)orizontal. 

Data source group code: 
1 = original 97 wells 
2 = 50 well extension 
H = combined horizontal wells 
V = combined vertical wells 

Lease name, 40 char. 

county, 1ochar. 

Displacement in pay, ft. 

Total horizontal displacement, ft. 

Completion date 

1* month production rate, STB/d 

4* month production rate, STB/d 

P month production rate, STB/d 

lOm month production rate, STB/d 

l@ month production, STB/d 

A-1 



Table A-1 
Statistical Analysis Variables. 

Variable Description 

CUM3 

CUM6 

CUM9 
~~ ]I cu~12 I cumulative production, month 12, STB 

~ ~- ~ 

Cumulative production, month 3, STB 

Cumulative production, month 6, STB 

Cumulative production, month 9, STB 

(1 CUMIS ' I Cumulative production, month 18, STB 
~ 

ULT 

WELLS 

AVGULT 

~ 

Cumulative ultimate, STB 

Number of wells on lease 

Average ultimate recovery per well 

(1 AVGDGP I Average displacement in pay, ft/well 

11 AVGTDB I Average total horiz. displ., ft/well 

LTYPE Lease type indicator: 
SH = single well horizontal 
SV = single well vertical 
MH = multiple well horizontal 
M V  = multiple well vertical 

mTH Initial producing method indicator: 
F = flowing well 
P = pumping well 

II N I Hyperbolic decline exponent 

II DE I Initial production decline rate, % 

A-2 



Table A-1 
Statistical Analysis Variables. 

OIL 

GAS 

WTR 

WROD 

SMTYPE 

TEST 

AVGULTX 

AVGDISPX 

SMVHTYPE 

Description 

Initial potential oil rate, sTB/day 

Initial potential gas rate, mscf/d 

Initial potential water rate, STB/day 

Vertical well production indicator: 
N = no prior production from lease 
Y = lease has prior production 

Well solution type: 
S = from single well lease 
M = from multiple well lease 

Intermediate work area 

Grouped average ult. rec., STB/well 
-~ 

Grouped avg. displ. in pay, ft/well 
~~ 

Group solution type indicator 
SH = single well horizontal 
SV = single well vertical 
MH = multiple well horizontal 
M V  = multiple well vertical 

Avg. ult. rec. grouped by STB: 
1 I 128,953 
2 = 128,954 through 250,686 
3 1 250,687 

Avg. ult. rec. grouped by frequency: 
1 = 1"'third 
2=2"dthird 
3=finalthird 

A-3 



Table A-1 
statistical Analysis Variables. 

AVGDISPA 

variable I Description 

Avg. displ. in pay grouped by value: 
1 I 1712ft. 
2 = 1713 through 2922 ft. 
3 1 2923 ft. 

AVGDISPB Avg. displ. in pay grouped by freq.: 
1 = 1"third 
2 =2dthird 
3 = M t h i r d  

A-4 



APPENDIX B 

The illustrations which follow summarize the statistical analyses discussed in Section 8.0 of this 
report. The illustrations are in a statistical "Boxplot" format. The box limits indicate the range 
of the middle half of the data known as the inter-quartile range (IRQ. The asterisk (*) is 
positioned within the box at the median value. The "whiskers" extend beyond either box end 
up to 1.5 times the IRQ or to the last data point within 1.5 times the IRQ, whichever is the 
lesser. Outlier points, (0), are those falling beyond the whiskers and within 3.0 times the IRQ. 
An extreme outlier point, (E), is any data point outside of 3.0 times the IRQ. 

B-1 
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F m  B.2 
Ultimate Oil Recovery Per Well 

For Horizontal Wells 
Based On Prior Production From 
Vertical Well(s) On Same Lease 
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Figure B.4 
Ultimate Oil Recovery Per Well For 

Horizontal Wells On Singie Well Leases 
Based On Iaitiai Production Method - 

Flowing or Pumping 
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APPENDIX c 
TETRAD 

TETRAD is a state-of-the-art threedimensional numerical reservoir simulator that can function 
in one of four modes: 

Black Oil - Isothermal with three phases, water, gas, and oil and three 
component, also usually designated as water, gas, and oil. The gas 
component can dissolve in both the water and oil phases to represent 
solution gas. The oil component can be present in both the gas and 
water phases, to represent condensate or oil-in-water emulsion. 

Multicomponent - Isothermal with three phases, water, gas, and oil. The hydrocarbon 
phases may each be multicomponent and hydrocarbon components 
may be present in any phase. 

Thermal - 

Geothermal- 

Thermal with three phases, water, gas, and oil. All three phases 
may be multicomponent. Any component may be present in any 
P b .  

Thermal with two phases, water and gas (no oil phase). The water 
and gas phases may be multicomponent. Any component may be 
present in any of the two phases. 

The program has been extensively tested on a wide variety of problems in user environments 
ranging from major oil companies to independent consulting firms. It has been successfully 
installed on computers mging from PC's to Cray supercomputers. 

Program input is keyword driven and free format under the rules of FORTRAN 77. Default 
variables are extensively defined to facilitate problem set up. 

The program has been efficiently inter€&& to a front end gridding and data preparation package 
and a post processing mapping and graphics package to facilitate both data preparation and the 
presentation of results. 

The grid algorithm will accept irregular and curyilineaf grids and localized grid refinement. 
Any grid node may be coupled to any other grid node, to facilitate juxtaposition of non- 
conforming layers due to faulting and the irregular coupling of grid nodes due to grid refinement. 

The initialization of saturations and pressures account for the presence of fluid contacts within 
a grid block. Contacts can either be sharp or with a transition zone as defined by the capillary 
pressure. 
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The simulator formulation provides a wide range of options for the degree of implicitness of the 
numerical solutions: 

fullyimplicit 
linearizedimplicit 

0 dynamicallyimplicit 
0 sequentially implicit 

&PES 

Optional features of TETRAD include: 

Dual porosity/dual permeability can be treated in all four modes. 

Fully implicit treatment of flow in the wellbore from the reservoir to the surf8ce. 
Wellbores can assume any inclination from horizontal to vertical. 

Control over the degree of numerical dispersion. 

Permeability can vary with reservoir pressure and temperature in a spatially dependent 
fashion. 

The input cap- pressure curves can be scaled to the porosity and permeability of 
each grid block according to the Leverett J function. 

0 Analytical aquifers can be tied to the model at any block. The aquifkr options provided 
are: 

steady-state 
tank-type 
infinite linear 
semi-analytical aquifer options: - finite hear 

-infiniteradial 
-fjniteradial 

- Porosity and permeabzty hysterEs due to nonelastic deformation of the porous media. 

Controlled automatic switching of a well from injection to production and vice versa for 
cyclic "huff and puff" operation. 

Simulation of the electrical resistive heating method for enhanced recovery of heavy 
Oils .  

0 Vectorised solver for use on vector computers. 
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TETRAD 

TYPES OF PROBLEMS 

TETRAD is applicable to an unusually broad spectrum of problems: 

Reservoir Fluid Types 
0 Volatileoil 

Drygas 
Gascondensate 
Geothermal 

0 Blackoil 

Recovery Processes 
0 Primarydepletion. 
0 Waterflooding 

Gasinjection 
0 Aquiferinflux 

Gascycling 
0 Miscible flooding 

steamflooding 
0 Electricalheating 
0 -Horizontal wells 

Single Well Studies 
0 Water and gas coning or cuspkg 

. Pressure transient tests 
0 .Fluid flow in wellbore and pipes 

-Steam "huff a d  puff" 

Complex Porous Media 
0 Dual poroSity/dual permeability 
0 Fracturedsystems 

0 .Stress dependent porosity and permeability 
.vugular 

Simulation of Laboratory Experiments 
0 .Fluid displacement studies 

Flashexperiments 
-Fractured c~re studies 

c-3 



Special Applications 
Od-in-water emulsions 
Tracer injection tracking 
Research into simulation techniques. 
Dissolved gas-&water systems. 
Slug flow (reduced numerical dispersion required) 
Non-elastic deformation of porous media 

C-4 



MODEL PERFORMANCE 

The numbers of time steps and Newton iterations required to solve published SPE Comparative 
Solution Project Problems are given in the following tabulation. All simulations were performed 
on a 32 bit computer using double precision. The numbers required for a given installation may 
vary slightly from the tabulated values, depending on the accuracy of the machine. 

Computational Effort Requirements 
SPE Comparative Solution Project Problems 

Solution 
Project 

First 

Second 

Fourth 

Skth 

Problem Description & Variations 
Time Steps 
Required 

3D Black Oil: 

variable pb 
fixed Pb 17 

17 

7 I 2D Radial Coning 
~~ ~~ ~ ~ 

Thermal, Steam Flooding: 
2D radial huff & puff 
3D heavy oil 
3D volatile oil 

85 
48 
35 

Dual Porosity, 2D Vert. water inj. I 29 
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Iterations 

72 
79 

40 

282 
195 
200 

96 



TETRAD 

MODEL FORMULATION BASICS 

Phases and Components 

Petroleum and natural gas reservoir systems are formulated as three phase, water, gas, and oil. 
Geothermal reservoirs have only two phases, gas and liquid. 

Reservoir fluid systems have a total of n, components, comprised of n, water components, and 
n, - n, hydrocarbon components. 

Component 1 is generally the pure water component in the water phase. Components 2 through 
n, are referred to as tracer components in the water phase and can only be present in a thermal 
or geothermal simulation. They can be used to model a tracer such as deuterium, tritium, or 
dissolved gas such as CO,, or dissolved salt. 

Components %+ 1 through n, are the hydrocarbon components, in order of increasing molecular 
weight. They are not present in geothermal simulations. 

Conservation Equations 

In a black oil or multicomponent simulation, there are n, conservation equations, one for each 
component. In a thermal or geothermal simulation, there are q+l conservation equations, the 
extra equation being the energy conservation equation. 

lhdamental Variables 

TETRAD regards the following as fundamental variables: 

- p-e PI - saturations of oil, gas and water phases (So, S,, S,) - temperature 0 
- component mole fractions in water, gas, oil phases (W,Y,W 
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Primary Variables 

The number of primary variables is always the same as the number of conservation equations; 
however, the choice of primary variables depends on the type of simulation, and the presence 
of phases. Variable substitution is used depending on the phase status. Possible primary 
variables are: 

- P  
- S,, or X(2), or T 
- So, or Y(d, except for geothermal - W(2) through W(nJ for thermal or geothermal 
- X(%+2) through X(q-1) for multicomponent 
- X(%+l) through X(4-1) for thermal 

All other variables are secondary variables. 

Constraint Equations 

The constraining equations are as follows: 

so + s, + s, = 1 

CY = 1 

Equilibrium Constants 

The mole fractions are related through the equilibrium constants (IC and F values). Usually, the 
F values will be zero. 

For the water components: 

Yi = Kiwi = 1, n, 

& = FiWi = 1, n, 
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For the hydrocarbon components: 

Yi = yy = &+l, n, 

W(nJ = F(nt)Y(nJ black oil and multicomponent mode 

W(nJ = F(nJX(nJ thermal mode 

The equilibrium constants, K are functions of pressure and temperature. 

As TETRAD always works with mole fractions, black oil PVT data are used internally to 
construct the equivalent K values for the phase equilibria. 

Solution Procedure 

In a black oil simulation, with all phases present, the primary variables are P, S,, and So. If the 
gas phase disappears, X(2)  replaces S, as a primary variable, (this is equivalent to solving for 
R,, the solution gas-oil ratio). If the oil phase disappears, Y(@, (n, being 3 in this case) replaces 
So as a primary variable. This is equivalent to solving for the gas-condensate ratio. Once the 
primary variables have been found, the remaining fundamental variables can be determined from 
the constraint equations and equilibrium relationships. All other variables (densities, etc.) are 
functions of the fundamental variables. 

In a muZticomponem simulation when all phases are present, the primary variables are P, S,, So, 
and X(3) through X(q-1). Variable substitution is performed in exactly the same manner as for 
black oil. 

In a thermal simulation with all phases present, the primary variables are P, S,, So, W(2) through 
W(%) and X(h+l )  through X(q-1). If the gas phase or the water phase disappear (e.g. 
superheated steam), T replaces S, as a primary variable. The oil phase is not allowed to 
disappear in a thermal simulation, although the oil saturation can go to zero. This is done by 
means of a pseudo K value for the heavy oil component to prevent further evaporation as the oil 
saturation approaches zero. 

In a geothermal simulation, the primary variables are P, S,, and W(2) through W(%). Variable 
substitution is performed in the same manner as for thermal. 

In constructing the Jacobian, the primary variables are aligned on the conservation equations to 
make the resulting matrix as diagonally dominant as possible. 
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Dual Porosity 

When invoked, the number of grid blocks is doubled and a dual grid is set up. The first N/2 
grid blocks then represent the fracture system and the last N/2 the matrix system. The grid 
parameters, such as grid block sizes and formation tops are automatically duaUed. Thus, the two 
grids occupy the same spatial positions. Each grid block in the fracture system is connected to 
the equivalent grid block in the matrix system by a special interaction, namely the ffacture-matrix 
interaction. 

Optionally, matrk-matrix interblock connection can be set up. These interactions then represent 
first degree couplings and are included as such in the inner LDU factorization and iterative 
inversion. However, if any of the matrix-matrix transmissibilities are specified as zero, the 
corresponding interblock comections are omitted to save stomge. These interactions then 
r e p e n t  third degree couplings in the inner LDU factorization, and are not included in the 
default second degree factorization. In this circumstance, the number of inner iterations can 
increase si@cantly, depending on the problem. The situation can be overcome by specifying 
either, low matrix-matrix transmissibilities, or third degree inner LDU factorization. Both 
alternatives increase the storage requirement. 

Implicit Wellbore Simulation 

For implicit wellbores, the flow in the wellbore is modelled as part of the overaU grid. This 
option allows the definition of additional grid blocks to represent the wellbore. The wellbore 
blocks will be automatically coupled to each other in the direction of the wellbore, and to the 
reservoir grid blocks. Two sets of relative permeabilities will generally be required, one for the 
wellbore blocks, another for the reservoir blocks. 

Implicit wellbore modelling may not be combined with local grid refinement or dual porosity. 

Numerid Dispersion Control 

Weighting options are provided for relative permeabilities and viscosity. 

Relative permeabiity weighting parameters can be specified as follows: 

A zero value to indicate no dispersion control resulting in single point upstream mobility 
weighting. 

A value of 1.0 to define a strict second order method in space. Values between 0.0 and 1.0 give 
a mixture of single point upstream and the second order method. 

Values greater than 1.0 can be used if more dispersion control is required. On slug type 
problems of near unit Viscosity ratio, a well defined slug can be obtained by raising the weighting 
parameter to about 4. On Buckley-Leverett type problems, sharp shock fronts can be obtained 
using a paramem of about 2. 
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Viscosity weighting parameters can be assigned to each phase. A parameter of 0.5 yields a 
central difference while 1.0 gives single point upstream. Any value between 0.5 and 1.0 can be 
Used. 

Deformation Model 

The basis of the deformation model is described in SPE paper 18752, published in SPEReservoir 
Engineering, May 1991. The approach was specifically developed for application to the Cold 
Lake reservoir in northeastern Alberta. In an injection cycle, porosities are assumed to follow 
an elastic compressibility curve until some deformation pressure is exceeded, thereafter, a dilation 
curve with a much greater compressibility is followed. During the subsequent production cycle, 
porosities follow the shifted (along dilation path) elastic curve until pressure falls below a 
recompaction pressure; thereafter, a recompaction curye of elevated compressibility is followed. 

Permeability is treated as a function of the porosity change as follows: 

where 

40 = porosity at initial conditions 

4n = porosity at n time level 

and 

b = fitting coefficient 
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