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FEASIBILITY OF STEAM INJECTION PROCESS IN A THIN LOW
PERMEABILITY HEAVY OIL RESERVOIR OF ARKANSAS--

A NUMERICAL SIMULATION STUDY

By A. K. Sarkar and P. S. Sarathi

ABSTRACT

This report det_dls the findings of an in-depth study undertaken to assess the viability of the

steam injection process in the heavy oil beating Nacatoch sands of Arkansas. Published screening

criteria and DOE's steamflood predictive models were utilized to screen and select reservoirs for

further scrutiny. Although, several prospects satisfied the steam injection screening criteria, only a

single candidate was selected for detailed simulation studies. The selection was based on the
!

availability of needed data for simulation and the uniqueness of the reservoir. The reservoir

investigated is a shallow, thin, low-permeability reservoir with low initial oil saturation and has an

underlying water sand.

The study showed that the reservoir will respond favorably to steamdrive, but not to cyclic

steaming. Steam stimulation, however, is necessary to improve steam injectivity during

subsequent steamdrive. Further, in such marginal heavy oil reservoirs (i.e., reservoir

characterized by thin pay zone and low initial oil sat,_ration) conventional steamdrive (i.e., steam

injection using vertical wells) is unlikely to be economical, and nonconventional methods must be

utilized. It was found that the use of horizontal injectors and horizontal producers significantly

improved the recovery and oil-steam ratio and improved the economics. It is recommended that the

applicability of horizontal steam injection technology in this reservoir be further investigated.
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EXECUTIVE SUMMARY

One of the objectives of the U.S. National Energy Strategy is to reduce U.S. dependence on

foreign oil by increasing U.S. oil production using known implemented oil recovery technology.

The United States has a massive heavy oil resource, and much of it remains unrecovered in known

reservoirs. This resource represents a significant future source of domestic oil and can make a

substantial contribution to domestic production, if developed. Steam injection is the most efficient

way to produce this resource. This technology, however, has not found widespread application

outside of California. Steam injection is not universally applicable to all types of heavy oil fields,

and the technical and economic success of the process is reservoir dependent. Hence, the

applicability of steam injection in heavy oil reservoirs must be individually evaluated.

A recent study by NIPER concluded that heavy oil resources in the Gulf Coast sedimentary

basin hold promise to augment domestic heavy oil production and may be exploited. The objective

of this study are to assess the steamflood potential of heavy oil reservoirs in Arkansas. Screening

guides and DOE steamflood predictive models were used to screen and select reservoirs for their

steamflood applicability. A single reservoir was then selected from the promising ones for in-

depth simulation study. A commercial steamflood simulator was utilized for this purpose. The

reservoir investigated was a thin, low-permeability reservoir with low initial oil saturation, and has

an underlying water sand. The study indicated the following:

• Steamflooding is viable in this type of reservoir.

• Because of the thin pay zone and low initial oil saturation, steamdrive using conventional

vertical wells will not be economical in this reservoir at an oil price of less than $24/bbl.

• Horizontal well steamdrive technology holds greater promise for economic recovery of

oil from this reservoir.

• For the pattern area studied, conventional steamdrive using vertical wells recovered 53%

of oil in place at an estimated cost of $23.47/bbl.

• The use of horizontal injectors and horizontal producers, on the other hand, recovered

68% of the oil in place at an estimated cost of $15.33/bbl.

Improvement in reservoir characterization and an in-depth analysis of the technical and

economic merits of horizontal injectors and producers are recommended. After completion of this

assessment, a decision could be made whether or not to undertake a steamflood pilot in this

reservoir.



CHAPTER 1

INTRODUCTION

The steadily increasing crude oil demand, accompanied by a steady decline in domestic

production, has increased the United States dependence on foreign oil. Currently, more than 46%

of the crude oil supplies needed to meet domestic demands are imported. This largeand growing

dependence on foreign oil indicates economic sensitivity to OPEC actions that can only be

mitigatedby increaseddomestic productionandcon_rvation.

The United States has a massive heavy oil resource base, and it is estimated that the total

U.S. heavy oil resources representabout one-fifth of the estimated 500 billion bbi of crude oil

discovered to date (Dowd et al., 1988). Of this amount,45 billionbbl is considered mobile oil that

can be produced using conventional and thel_al techniques. Only a small portion of the known

U.S. heavy oil resource has been produced to date, and much of it remains in known reservoirs.

To increase U.S. domestic crude oil productionandto reduce its dependency on foreign oil, efforts

must be expanded to develop this massive domestic oil resource.

BACKGROUND

In the United States, heavy oil can be found in ahnost all oil-producing provinces ranging

geographically from Arkansasto California andTexas to Alaska. Not all of these resourcescan be

developed economically using the known extraction technology. Califi_rnia has the largest

concentration of heavy oil in the United States and accounts for the bulk of current U.S. heavy oil

production. Next to California, Alaska and the U.S. Gulf Coast States (Arkansas, Mississippi,

Louisiana, and Texas) account for the bulk of remaining U.S. heavy oil resources, but contribute

very little to heavy oil productionbecause heavy oil is more expensive to produce and transportand

commands lower pricesthan light oil.

In the United States, heavy oil has been produced since the early 1900s using primary and

waterflooding techniques and with thermal methods since the 1960s. Steam injection is the

preferred technique for the extraction of heavy oil because of its higher recovery efficiency and

long history of successful applications. Most U.S. steam injection projects are concentrated in

California,where the heavy oil reservoirs meet the classic definition of thermal recovery prospects:

(1) they are less than 4,500 ft deep (most less than 3,000 fl); (2) they have massive oil sandbodies,

ranging from a minimum of 40 ft to more than 500 ft in thickness; (3) the oil-in-place amounts to

more than 1,200 bbl/acre-ft; and (4) the sandbodies range from highly unconsolidated to poorly

consolidated.

The previous guidelines reflect the current technology and economic climate. They merely

suggest that by implementing steam injection projects in reservoirs that meet these criteria,

operatorscan ensure economic successes. However, more than half of the successful U.S. steam

3
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injection projects (Chu, i985) have been implemented in reservoirs that fail to satisfy one or more

of the previous criteria. Each reservoir must be examined closely on an individual basis and i
engineering judgment applied before deciding whether or not to implement a thermal project.

A recent study, conducted by NIPER, identified several heavy oil containing reservoirs in the
Gulf Coast area that exhibit characteristics similar to those of California reservoirs and hence are

potential steamflood candidates (Olsen et al., 1991). These include the Cenozoic and Mesozoic

Age sandstone reservoirs of Arkansas, Louisiana, and Texas. Several of these reservoirs have

been successfully steamflooded even though they failed to satisfy one or more of the steamflood

screening criteria. An example of this is the Phillips Petroleum Company's Smackover field steam

injection project in the Nacatoch sand of Quachita County, Arkansas (Smith et al., 1973).

In spite of this and other successful steam injection projects, much of the Gulf Coast states

heavy oil resource remaius undeveloped. These heavy oil resources represent a significant future

source of domestic liquid fuel and can make a substantial contribution to domestic crude oil

production if and when developed. Steam injection is the most efficient way to produce these

resources. Application of thermal techniques, however, are not universally suitable for heavy

oilfields and the technical and economic success of the process is reservoir dependent. For

example, implementation of conventional steam injection processes in reservoirs with thin pay and

low oil content may not be econotnically attractive; hence, heavy oil reservoirs must be individually

evaluated for the applicability of steam injection.

T_o small to medium-size independent operators who own most of the heavy oil leases in the

United States lack the necessary technical expertise, tools, and resources needed to undertake such

a study. Furthermore, since steam injection is more costly than conventional recovery techniques

and the price received for heavy oil may not be sufficient to justify the expense of injecting heat

into a reservoir for recovering heavy oil, independents may be reluctant to try this proven

technique. To minimize the United States dependence on imported oil and to increase domestic

production, reservoirs amenable to steamflooding must be identified, and operators must be

encouraged to try this technology where suitable.

OBJECTIVES OF STUDY

The objectives of this study were to assess the steamflood potential of heavy oil reservoirs in

Arkansas and m_e specific recommendations as to the viability of the process in these reservoirs.

The methodology used to achieve the stated objectives was as follows:

• Screen the heavy oil bearing reservoirs of Arkansas for their suitability for steam

injection application.

• Compile and evaluate geological, fluid, and reservoir information for a candidate

reservoir.



• Conduct detailed simulation studies to determine the applicability of steam injection in

the selected reservoir; and

• Comment on the technical and economical viability of steam injection in the targeted
reservoir.

APPROACH

The NIPER heavy oil data base was reviewed to identify and collect data on all heavy oil

reservoirs in Arkansas and Louisiana. Published guides were then used to screen these reservoirs

and the best steamflood candidates were identified. DOE's steamflood predictive models were

used to predict the performance of these reservoirs and select the best candidate for further study.

The operator of this reservoir was then contacted, and geological and reservoir data were acquired.

The gathered information was then reviewed, and missing information was estimated. This

information was input into a numerical simulator, and the steamflood performance of the reservoir

was evaluated for various operating scenarios. The simulation results were then analyzed, and

specific conclusions were made.

i lll I I II I



CHAPTER 2

SELECTION OF POTENTIAL RESERVOIRS USING
SCREENING GUIDES AND PREDICTIVE MODELS

2.1 Introduction

Screening guides are typically used to quickly identify reservoirs that are mos_ amenable to

steam injection. The analysis is based on the effects of individual reservoir characteristics on the

performances of steam injection projects and on the histories of past performances. However, the

screening guides cannot be used to analyze the combined effects of favorable and unfavorable

reservoir characteristics. The issues of reservoir heterogeneities (property distributions of

porosity, permeability, saturation, pressure, thickness, etc.) and boundary conditions (gas cap,

bottom water, reservoir dip, etc.) are not considered at all. The objective for using a predictive

model is to predict steam injection performance based on average values of reservoir properties. In

this process, the combined effects of different reservoir characteristics are considered, but reservoir

heterogeneities and boundary conditions are not considered. Compared to screening guides,

predictive models offer more insight but require more effort. The objective of using a thermal

simulator is to predict the steam injection performance of a reservoir under more realistic

conditions. A simulator takes into account the issues of reservoir heterogeneities and boundary

conditions. It provides a thorough analysis of the predicted performance but requires maximum
effort.

The approach for using screening guides, predictive models, and thermal simulators in this

study was as follows: First, screening guides were used efficiently in a spreadsheet environment

to screen many reservoirs. Second, predictive models were used to analyze promising reservoirs,

and to select a few reservoirs with very high recovery potential. Finally, thermal simulators were

used for a more detailed analysis of recovery performance of selected reservoirs. With completion

of each stage of prediction of reservoir performance, the confidence accuracy of performance

prediction increases, but at the same time the effort and the cost associated with the prediction

process increases. For a reservoir with heterogeneous characteristics and with complicated

boundary conditions, the use of thermal simulators is necessary.

2.2 Reservoir Data

From the heavy oil database developed by NIPER, 31 heavy oil reservoirs in the Nacatoch

sands of Arkansas and Louisiana were identified. Only Caddo Pine Island and Bellevue fields are

located in the State of Louisiana, and the remaining fields are located in the State of Arkansas.

Data on location, density, depth, area, thickness, porosity, connate water saturation, cumulative oil

production, and formation volume factor (FVF) were obtained from this database (also available in

Annual Oil & Gas Report, 1988). It should be noted that the data are fieldwide average values.



Data on acreage for Bodcaw, Lake June, and Langley fields in Arkansas and Caddo Pine

Island in Louisiana were not available. Reports on several pilot projects, including one

waterflood, three steamfloods, and four firefloods, conducted in Caddo Pine Island field (19° to

21° API crude) were available, but no information about the structure of the field or the primary

production was available (Louisiana Department of Conservation Report, 1974). Bellevue field in

Louisiana had been produced by fireflooding, however, no data on current cumulative oil

production or present oil saturation values was not available. Also, the permeability values for

Caddo Pine Island and Bellevue fields are low (about 600 roD). For these reasons, Bodcaw, Lake

June, Langley, Caddo Pine Island (Caddo and Bossier counties), and Bellevue fields were

eliminated from the screening process. The remaining 25 reservoirs were considered for screening

(Table 2.1).

Permeability data were available for Sandy Bend, Charivari Creek, Elliott South, Gum

Creek, Hampton, Irma, Langley, Lloyd Creek, Smackover, Troy, and Willisville fields in

Arkansas. Except for the reservoir in Charivari Creek, Gum Creek, Buena Vista and Lloyd Creek

fields the permeability values for all the reservoirs were found to be greater than 1,500 mD, and

permeability values were arbitrarily assumed to be 1,500 mD for those reservoirs for which data
were not available.

Reservoir temperatures were estimated by Eq. A-1. Viscosities of oil for some of the fields

were available in Saybolt second unit (USBM IC 8428, 1969). These data were converted from a

Saybolt second unit to a centipoise unit using a conversion chart (Farouq Ali, I970: Fig. 2.3).

Viscosities of oil for the other fields at reservoir temperatures were obtained from interpolations of

viscosity vs. temperature graphs for Gulf Coa:t crudes of various densities (Braden, 1966). Initial

and current oil saturations were calculated by Eqs. A-2 and A-3. Absence of free gas or the

reservoir pressure being higher than the bubblepoint pressure was assumed. Oil-in-place (OIP)

and oil recovery [in % of oil initially in place (OIIP)] were calculated for all of the fields according

to Eqs. A-4 and A-5, respectively. Cumulative production data for 1988 were used for these

calculations.

2.3 Screening Guides

Screening guides proposed by several authors have been summarized elsewhere (Table 4.1 in

Butler, 1991). With the advancement in technology and changes in the economic environment, the

magnitude of desired values for basic reservoir properties used in the guides have changed. In

addition, some screening guides may be considered as more restrictive than others. The ranges of

desired values, as proposed by different authors, for various reservoir characteristics are as

follows: density, 10° to 40° API; viscosity (_t), 300 to 1,000 cP; depth, 400 to 5,000 ft; minimum

thickness (h), 10 to 30 ft; minimum permeability (k), 1,000 roD; minimum porosity (¢), 0.2 to



0.3; minimum oil saturation (So), 0.40; minimum 0So, 0.065 to 0.15; and minimum

transmissibility (kh/it), 20 to 100 mD ft/cP. In Chu's guide there is no restriction for values of

permeability, viscosity, and kh/_t. Also, he has pointed out that steamfloods might be successfi, l

even if one or two of the screening conditions are not met, provided that the other conditions are

strongly favorable. The COSR (Cumulative Oil Steam Ratio) is the most commonly used criterion

for predicting the economic performance of a project. A value of 0.2 or more for COSR is

considered good, and most of the field projects have values from 0.14 to 0.25 (Chu, 1985). The

COSRs of the Kern River 10 pattern, Brea, Slecum South Belridge, and Mount Poso fields are

about 0.15, and those of Kern River, Inglewood, Midway-Sunset, and Shiells Canyon fields are

about 0.25. All these field projects are known to be economically successful.

In this work the Chu's guide, which is the most recent one, has been followed. From the

basic data of permeability (k), porosity (0), oil saturation (So) and viscosity of oil (It), ¢So and

kh/It were estimated for all of the reservoirs. The COSRs were estimated using Eq. A-6. The

results show that all of the reservoirs meet the screening criteria for depth and density. The

reservoirs were arranged in descending order for thickness (> 6 ft ; relaxed from screening

criterion of 10 ft), oil saturation (>0.4), and 0So (>0.08), in three successive stages. In each

stage, only the qualified reservoirs were considered. The top 17 reservoirs meet these criteria, but

five of these--Woodley, Elliott South, Buena Vista, Wesson North, and Troy North--have

thicknesses of less than 10 ft. The maximum thickness is found to be 25 ft (Sandy Bendy field)

and the top four reservoirs have thicknesses of more than 10 ft. Elliott South has the best values

for So (0.65), 0So (0.24), and COSR (0.17), but it has a small thickness of 7 ft. Finally, the

reservoirs were arranged in a descending order for OIP. Sandy Bend has the highest values for

area, thickness, and OIP, but the value for So (0.46) is just marginally higher than the minimum

required. Irma field has good values for So (0.53), gtSo(0.19), thickness (19 ft), and permeability

(2,500 mD), The values for area and OIP are second to those for Sandy Bend. Charivari Creek

field has good values for thickness and oil saturation, but the permeability is low, and the oil

viscosity is 55 cP.

The screening study suggests that the five reservoirs having the best recovery potential are:

Sandy Bend, Irma, Troy, Charivari Creek, and Elliott South.

2.4 Predictive Models

The DOE steamflood predictive model (Ray and Espinoza, 1986) was used for predicting

steamflood performances of the five best reservoirs selected using the screening guides. The

model allows a user to choose from the four types of oil recovery models: SUPRI, GOMAA,

JONES, and INTERCOMP. The model was used by Ray and Espinoza (1986) to conduct

sensitivity studies showing the effects of the type of recovery model, steam injection rate, pattern



area, porosity, and oil saturation, steam quality, oil gravity, and net to gross thickness ratio on the

recovery performance of a field. The results of the sensitivity studies should be viewed carefully f

because some of the results may be reservoir-specific or specific to the standard chosen in

comparing various cases. From analytical considerations, smaller pattern area, which reduces the

operation time, and higher steam quality, which increases injected heat, are always better (Figs.

3.11 and 3.15 in Butler, 1991). The limitations on these parameters arise from operational and

economic consideratigns. It is likely that each reservoir has technical and economic optimum steam

injection rates. Higher steam injection rates are better as long as the mobility of the reservoir does

not become restrictive. In addition to the mobility, area of the steamflood pattern may be another

factor in the evaluation of optimum steam injection rate. Applications of higher steam injection

rates in low-permeability reservoirs result in ineffective reservoir heating where the mass and

enthalpy of injected steam are used for raising the temperature and pressure of the reservoir to very

high levels. A brief discussion about the basic principles of these four oil recovery models is given
below.

The JONES (1981) model is based upon the concept of heat and simplified material balances,

and does not take into consideration relative permeability or fractional flow relations. It is based on

the work done by Marx and Langenheim (1959), Mandl and Volek (1969), and Myhill and

Stegemier (1978). It is modified with three practical empirical factors to account for reservoir

fillup (initial gas saturations), poor displacement efficiency of a cold waterflood taking place ahead

of steam and hot water fronts (initial oil viscosity), and the reservoir depletion effect (reduction in

mobile oil saturation with time). These factors, in a sense, mimic some of the effects of relative

permeability/fractional flow relations. The model is analytically more sophisticated than the

SUPRI (Williams et al., 1980) model, which is based on Marx and Langenheim calculations alone,

and is theoretically simpler than the INTERCOMP model (Aydelotte and Pope, 1983). The

INTERCOMP model, unlike other predictive models, allows the use of relative permeability
m

relationships. The GOMAA (1980) model is based on correlations developed from numerical

simulations of Kern River heavy oil reservoirs. The types of reservoirs under consideration here

are thinner than those found in the Kern River. Moreover, the correlations developed in the model

are for lower injection rates (up to 0.6 MMBtu/D/acre/ft). Considering the limitations mentioned

above for SUPRI and GOMMA models, only the JONES and INTERCOMP models were used for

analyzing the performances of these reservoirs.
All the reservoirs under consideration here have low reservoir thickness. The thermal

efficiency of steam injection decreases with a decrease in reservoir thickness (Fig. 3.11 in Butler,

1991). This condition limits economic potential using standard recovery methods; however,

thermal efficiency increases with a decrease in time of operation. The time period of operation can

be decreased by increasing steam injection rates. Two injection rates: 350 and 3,500 BBL/d, were

10
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used to evaluate the effect of time period of operation on steamflood processes. Inclined/horizontal

wells can be used for achieving high injection rates in thin reservoirs. A tenfold increase in the

injection rate may necessitate approximately a 10 times or more (depending upon vertical to

horizontal permeability ratio) increase in the wellbore length (length of the portl.on of the well

contacting the formation). Achieving a higher injection rate of 3,500 BBL/d, especially in cases of

thin and low-permeability reservoirs, may be difficult in reality; however, an order of magnitude

higher rate is used here to illustrate the rate effect. In the predictive models, there is no option for

using horizontal wells. Injection rates of 2 to 15 BBL/d/ft have been used in field projects using

vertical well configurations (Table 4.4 in Butler, 1991).

The operating data used in the predictive models are summarized in Table 2.2. For each of

these reservoirs, a single 5-spot pattern of 5 acres was used for modeling, and only the pattern

results are discussed here. The time step sizes were 2 months (0.16 years) for all cases. An

arbitrarily chosen surface steam quality of 70% was used in all cases. The bottomhole/sandface

steam quality was evaluated using a default equation (Zolotukhin, 1979), which is a linear function

of the surface steam quality and depth. The steam conditions, cold and hot oil viscosities, and

residual oil saturations in the steam zone (Sot) are shown in Table 2.3. Oil production rate,

cumulative oil rate and COSR histories are the three basic criteria used to compare performances of

different reservoirs. The dimensionless critical time or Mandl-Volek time (tDC), breakthrough time

(tBT), initial injectivity index (PI), and thermal and recovery efficiencies (Er and Eh) are the other

criteria which have been used here. Thermal and recovery efficiencies are expected to be strongly

related in energy intensive thermal operations. The results obtained from the use of JONES and
1NTERCOMP models for the five reservoirs are summarized in Table 2.3.

2.4.1 JONES Model

For the cases run using this model, the bottomhole pressure was arbitrarily assumed to be

100 psi above (by default) the f,_at!on pressure, which was evaluated using a default pressure

gradient of 0.22 psi/ft. A depleted reservoir condition was assumed. For a reservoir, bottomhole
steam conditions and hot and cold zone viscosities were assumed to be the same whether a low rate

or a high rate operation was used.

TABLE 2.2

Steamflood Data Used in the Predictive Models

Pattern type ............................. 5 spot
Pattern area, acres ..................... 5.0
Surface steam quality, %............ 70.0
Time step, months ................... 2.0
Steam injection rates, bbl/d ........ 350-1ow rate operations

3,500-high rate operations

II
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2.4,1.1 High rate operations. Figures 2.1, 2,2 and 2.3 compare the histories of oil

rate production, cumulative oil production, and COSR for the five reservoirs operated at high

steam injection rates of 3,500 bbl/d. Charivad Creek and Troy reservoirs were found to have the

highest oil rates and COSRs. Incidentally, the results show that the maximum values for the oil

rates (1,000 bbl/d), COSRs (0.29), and the time (0.15 year) at which these values are observed are

also the same. For the Charivari Creek reservoir the COSR decreases to 0.15 at 0.75 years and the

oil recovery by that time is 88%. A lower net to gross thickness ratio of the Inna reservoir (0.6

compared to 0.8 for the other reservoirs) is likely to have caused the delay in time at which the

production rate peaks. Thermal efficiencies are about 53% for all of the reservoirs, except the

Elliott South reservoir which has a low efficiency of 31% because of a low thickness of 7 ft.

Recovery efficiencies are more than 80% in all cases, and about 95% in Elliott South reservoir

because of much smaller pore volume in the formation. Times for hot fluid breakthrough are

smaller for Elliott South and Troy reservoirs because of smaller formation thicknesses. Mandl-

Volek critical time (Mandl and Volek, 1969) and fractional area heated at that time are higher for

Irma and Troy reservoirs, compared to the other three reservoirs.

On the basis of performance, according to this type of operation, the top three reservoirs are:

Charivari Creek, Troy, and Sandy Bend. For a time period up to 0.2 year, the Elliott South

reservoir shows good performance. The Irma reservoir shows a good performance after 0.32

year.

12oo r,,., ,.., ..,...,,, .!., : .._, ,....

looo /t I SandyB°n
/.\

-'= P

arl ree ¢.

u.[
_ 600

_J

400

200

_ _

0 0,5 1 1.5
TIME, year

FIGURE 2.1 - Oil productionratehistoriesfor high rateoperationsfor the
reservoirs using the JONES model.
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FIGURE 2.2- Cumulative oil production histories for high rate
operations for the reservoirs using the JONES model.
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FIGURE 2.3 - COSR histories for high rate operations for the reservoirs
using the JONES model.
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2.4,1.2 Low rate operations. Figures 2.4, 2.5 and 2,6 compare the histories of oil

production rate, cumulative oil production, and COSR for the five reservoirs operated at low steam

injectio, rates of 350 bbl/d. The Charivari Creek reservoir is found to have the highest peak oil

production rate (100 bbl/d) and peak COSR (0.29). The peak oil rate is 10 times lower than that

obtained from the high rate operation, where the injection rate is 10times higher. Interestingly, the

peak COSR value is the same as that obtained from the high rate operation. The Sandy Bend

reservoir case compares similarly, where the peak oil production rate is proportional to the injection

rate, and the COSR is the same for both the high and low rate operations. For other reservoirs, the

COSRs are much lower for the low rate operations. It is most likely that fluctuations in oil

production rates between 2 and 10 years are introduced while taking derivatives of cumulative

recovery histories to evaluate the oil rates.

The peak COSRs under the high and low rate operations of other reservoirs are: Troy, 0.29

and 0.06; Irma, 0.14 and 0.04; Elliott South, 0.23 and 0.07; respectively. The results are
combined effects of the different reservoir characteristics. For the Charivari Creek reservoir, under

low rate operation the COSR decreases to 0.15 at the end of 2 years and the oil recovery at that
time is 24%.

120 " ......' ' " I ' ' ' '" ' I ' ' ' " -

0 Irma

100 _ SandyBend -

O Troy

80 X EIIiottSouth -I , CharivariCreek

_J

5 4o

20

0

0 5 10 15

TIME, year

FIGURE 2.4 - Oil production rate histories for low rate operations for
the reservoirs using the JONES model.

15



140 ........... _I ' II _ ' ......... J I J J El

_ _o1__ _n_on° -
rl- _-- Troy .'"+'

o loo _,..__x.E,_o,South . '" _'

80 .' .. e

__. 60 . ." ' .,..,,=_:-.--_-- - -_- - -x- --
•-F'' "/o,,,40 . __ J

o 0

0 5 10 15
TIME, year

FIGURE2.5- Cumulativeoil productionhistories for low rate
operationsfor the reservoirsusingtheJONESmodel.
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FIGURE 2.6 - COSR histories for low rate operations for the reservoirs
usingthe JONESmodel.
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The thermal efficiency values for the high rateoperations (-52%) are 30% higher than those

of the low rate operations (,.,22%). For the Elliott South reservoir, the thermal efficiency values for

the high and low rate operations are 31% and 15%, respectively. Compared with other reservoirs

these values are substantially lower because of its much lower thickness. The thermal efficiency

for the high rate operations are higher because _f shorter time periods of operations. The re :overy

efficiency values for the high rate operations (-84%) are 10% to 15% higher than those of the low

rate operations (56% to 76%).

Except in the case of Troy reservoir, hot fluid does not break through by the end of 15 years.

Troy reservoir has a breakthrough time of 10.36 years, and the recovery and thermal efficiency

values are given at the breakthrough time (Table 2,3). The fractional areas of steam zone obtained

at the end of Mandl-Volek critical time for high rate operations are much higher than those obtained

from the low rate operations. Hence, the hot waterflood start inside a reservoir at a much earlier

stage in the case of a low rate operation than in the case of a high rate operation. Considering the

COSR as an operating criterion, a reservoir will reach the economic limit of operation at an earlier

stage of oil recovery in the case of low rate operations. On the basis of perfomaance under low rate

operations the top three reservoirs are: Charivari Creek, Sandy Ben,j, and Troy, The Elliott South

reservoir shows a good performance for the first 5 years of operation.

For high rate operations the initial investment cost (additional capital cost for the inclined

well) will be higher, but the total operation cost may be lower becaose of shorter operational time

and higher thermal efficiencies. Moreover, some of the well costs may be recovered by retrieving

the casing and the downhole and surface equipment. Casing and cementing costs are considered to

: be one-third of total well cost. The downhole and surface equipment costs are another one-third of

total well costs. The retrieval operation should be of significance for high rate operations because

the project life may be limited to 2 years of steamflooding and another 1 year of waterflooding. At

the end of 3 years of operation, the casings and equipment are expected to be in good condition.

Comparing the performance of five reservoirs under high and low rate operations, the

Charivad Creek reservoir appears to be the most attractive. Figures 2.7 and 2.8 show histories of

COSR and cumulative oil production for the high and low rate operations conducted on the
Charivad Creek reservoir.

2,4.2 INTERCOMP Model: Low rate operations

In contrast to the JONES model, the amount of steam that can be injected at a particular time

in a particular reservoir is limited by the formation injectivity, which depends upon the product of

mobility and thickness of the reservoir (h * kkrl/kt0, and the position of the steam front. To

17
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FIGURE 2.7 - Cumulative oil production and COSR histories for high rate
operations for the Charivari Creek reservoir using the
JONES model.
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FIGURE 2.8 - Cumulative oil production and COSRhistoriesfor low
rate operations for the Charivari Creek reservoir using
the JONES model.
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compare the results obtained from the JONES and INTERCOMP models fi_ra particular reservoir,

the operating conditions (injection rate and temperature, pressure, and quality of steam) should be

the same. The bottomhole steam pressure (Ps) and temperature (Ts) decrease slightly as steam

tnjecti,Jn continues. Because of limited injectivity, the model could not be run for some of the

reservoirs at low rate operations (steam injection rate of 350 BBL/D). To maintain a uniform

basis, the low rate operations were conducted by artificially increasing the permeabilities by 10

times for all the reservoirs. Higher permeabilities will provide more optimistic results, but it is

assumed that outcome of the selection process consisting of comparison of relative reservoir

performances will remain unchanged. In the JONES model, permeability is not a factor; hence, the

comparison of results obtained from JONES and INTERCOMP models should be viewed with

caution. The model could not be run for any of the reservoirs at high rate operations (steam

injection rate of 3,500 BBL/D). To use this model appropriately, it is necessary to know the

relative permeability data. In the absence of any relative permeability data, the same default

equations and parametric vah_eshave been used for all the reservoirs.

Figures 2.9, 2.10, and 2.il compare the histories of oil production rate, cumulative oil

production, and COSRs for the five reservoirs operated at low steam injection rates of 350 bbl/d.

100 ..............

[_X'..,,',I, CharivariCreek''
60 _,ii_! ---+--ElliottSouth

,, :' r., I

40 i I ,_'_,k,

20 , !

0 5 10 15
TIME, year

FIGURE 2.9 - Oil production rate histories for low rate operations
for the reservoirs using the INTERCOMP model.
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model.
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The Charivari Creek and Elliottt South reservoirs show similar peak COSRs of 0.16 and similar

peak oil rates of approximately 80 STB/d. For Charivari Creek reservoir, the COSR decreases to

0.15 at the end of 2 years. For Elliort South reservoir, the COSR and the oil rate decrease very

sharply. The poor performance by Sandy Bend reservoir is probably resulting from the relative

permeability effect caused by a low oil saturation. The delay in time at which oil rates peak

probably results from the combined effects of relative permeability, viscosity, and poor

displacement efficiency in the cold reservoir zones. The Charivari Creek reservoir has a low cold

zone viscosity as well as a high oil saturation. The Sandy Bend reservoir has a low cold zone

viscosity but a low oil saturation. Figure 2.12 shows the different lagging periods that different

reservoirs have before reaching the full injection rate of 350 BBIJD.

Based on the performances according to the low rate operations, the top three reservoirs are:

Charivari Creek, Irma, and Troy. The Elliott South reservoir shows a good performance only

during the early period of the operation.
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FIGURE 2.12 - Steam injection rate history for the reservoirs using the
INTERCOMP model.
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2.4.3 Effect of Models

The influence of models on the performances of the five reservoirs operated under low rate

operations is discussed here. The final thermal efficiency values obtained from the INTERCOMP

model are 7 to 11% less as compared to the values obtained from the JONES model. The recovery

efficiency values for the Chadvafi Creek, Sandy Bend, and Elliott South reservoir are 10 to 15%

less as compared to the values obtained from the JONES model. However, the model values for

recovery efficiency for the Irma and Troy reservoirs are similar. The values of fractional area

heated at 15 years obtained from the JONES and INTERCOMP models are similar for all the

reservoirs. It is not clear why the values for fractional area heated at Mandl-Volek critical time

obtained from the INTERCOMP models are much higher compared to those obtained from the

JONES model.

Compared to the Sandy Bend and Charivari Creek reservoirs, the Irma and Troy reservoirs

show a delay in the beginning of oil production. This is likely because of higher viscosity for Irma

and Troy reservoirs. Both the models predict recovery efficiency values near 65% for all the

reservoirs, except the Elliott South reservoir where it reaches about 80%.

The JONES and INTERCOMP performance prediction results indicate that Charivari Creek

has the highest potential for steamflood operations. Figures 2.13, 2.14, and 2.15 compare the
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FIGURE 2.13 - Comparison of the oil production rate histories obtained
from the JONES and INTERCOMP models for low rate
operations of the Charivari Creek reservoir.
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histories of oil production rate,cumulative oil production, and COSR obtained from the JONES

and INTERCOMP models. These results show that the JONES model is more optimistic in its

prediction with a much higher peak COSR than that predicted by the INTERCOMP model.

2.5 Conclusions

(1) Results from screening all the heavy oil reservoirs in the Nacatoch formation of

Arkansas and Louisiana indicate that the five reservoirs with highest potentials for

steamflood applications are Sandy Bend, Irma, Charivari Creek, Troy, and Elliott
South.

(2) DOE steamflood predictive model suggests that the Charivari Creek reservoir has the

highest potential for steamflood applications, and Irma and Troy reservoirs have good

potentials.

(3) Based on model results, Charivari Creek reservoir was selected for further in-depth

performance analysis.
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CHAPTER 3

GEOLOGICAL AND RESERVOIR DESCRIPTION OF
CHARIVARI CREEK RESERVOIR

INTRODUCTION

3.1 introduction

Based on core-log calibration, characteristics of the fractured wells, and the production
I

characteristics of the reservoir, an attempt was made to characterize the Nacatoch formation at

Charivari Creek field (also referred to as Charivari Creek reservoir) and to identify the more

productive part of the reservoir. Core analyses and the type and number of logs available for this
field are limited.

Charivari Creek field is about 35 miles northeast of El Dorado in the lower part of Bradley

County, Arkansas. The field is in sections 6 and 7 of R-10-W, T-17-S and sections 1 and 12 of

R-1 I-W, T-17-S. This area is within the Mississippi alluvial plain and the Gulf coastal plain.

Phillips Petroleum Co, completed the first well in the field on November 26, 1963. The well

produced 17° API gravity oil at the rate of 66 BOPD (based on bailing for 8 hours). The producing

formation for the subject field is the Nacatoch sand of late or Upper Cretaceous age. Figure 3.1

shows the well locations with a geographical location map insert. Figures 3.2 and 3.3 show

structural contours on the top of the Nacatoch sand and net oil isopachs of the Nacatoch sand over

the field. Figures 3,4 and 3.5 are the north-south and east-west structural cross-sections along the

lines AA' and BB', respectively. Wadkins (1992) reinterpreted the geological data and prepared

these maps (Figs. 3.1 to 3.5), which are different from those available from the Arkansas Oil and

Gas Commission Office, El Dorado, Arkansas.

The trap for the accumulation of hydrocarbons is considered both structural and stratigraphic.

The oil-bearing sand pinches out in all directions. The north boundary of the sand is truncated by a

fault. A coarsening upward sequence, observed on the SP logs (not shown here) of the peripheral

wells on the south side of the field, and a moderate salinity of the formation water (resistivity is

0.065 _.m at the reservoir temperature of 114" F) suggest the possibility of a stream-mouth

bar/barrier bar type of depositional environment.

Out of a total area of 549 acres, 360 acres are considered drilled and proven, 144 acres are

considered proven but undrilled, and 45 acres are of questionable status. The average pay

thickness is 15.2 ft. The wells were drilled on 10-acre spacing. Based on the oil isopach map and

a preliminary analysis of SP logs, the cleaner and thicker parts of the field, which can be referred

to as the potential steamflood area, are shown in Fig. 3.6 as the area inside the dotted curve. The

total area having thickness more than 14 ft is approximately 130 acres. Oil-in-place in this area is

about 2.5 MMSTB. The geological de_ription will focus on this area.
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FIGURE 3.4 - North-south structural cross section along line AA' of Fig. 3.2 (from Wadkins,
1992).
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FIGURES 3.5 - East-west structural cross section along line BB' of Fig. 3.2 (from Wadkins,
1992).
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FIGURE 3.6 - Net oil isopach contours (14 and 20 fl) and SP logs of Nacatoch
formation at selected well locations.

3.2 Core.Log Calibration

To calibrate core and log data at a well, it is necessary to have core analysis reports and well

logs such as spontaneous potential (SP), gamma ray, porosity and resistivity available for the stone

well. The SP, resistivity logs, and a sidewall core analysis report were available for well

Borden 1, located on the south.east part of the area (Fig. 3.6). In the absence of gamma ray and

porosity logs for this well, the gamma ray log for well Potlatch "A" 4 and the sonic porosity log

for well Salmar 2 were used for approximate information on the clay content and porosity of the

well. In fact, Salmar 2 has the only porosity log available in this whole field. From comparison of

SP logs for these three wells, it was observed that formation features compare well among these
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three wells. The top of the pay zone at Borden 1 is located 30 and 16fl below the similar locations

of Potlatch "A" 4 and Salmar 2 wells, respectively,

In the potential area, the formation thickness varies from 80 to 90 ft. The Nacatoch

formation at Borden 1 is 90 ft thick (2,370 to 2,460 ft) and can be divided into three sections: top

(~ 27 ft), middle (~ 23 ft), and bottom (-- 40 ft). The thickness of the middle section decreases,

and the thicknesses of the top and bottom sections increase towards the periphery of the area. The

lithological description of the formation will be based on the sidewall core analysis report available

for Borden 1. Only the middle section contains hydrocarbons, and the limited core data on top and

bottom section do not indicate any presence of hydrocarbons.

The top section of the formation is composed of siltstone, silty fine grained sandstone,

calcareous fine grained sandstone, silty limestone, and limy fine grained sandstone layers. These

layers have little permeability. The pre_nce of lime at the bottt_mof the upper section is indicated

by very low values of the gamma rays, but the high resistivity associated with a thick limestone are

not present on the lnduction-Laterolog. The fairly high resistance portrayed on the Induction-

Laterolog is probably indicative of limy sandstc',' _ne.

The middle section (from 2,397 to 2,420 It) can be divided intt_3 zt_nes: Zone 1, Zc_ne2

and Zone 3. The thicknesses of these zones are 4, 9 and !() ft, respectively. Zone ! consists t_t"

fine grained sandstone with shale content decreasing in the downward directi_m. A thin, limy, and

fine-grained sandstone layer separates Zone 2 fn_m Zone 1. Zcme 2 ctmsists _f fine-grained

sandstone, but the top parts, of the zone are silty and limy. Zone 3 also ccmsists of fine-grained

sandstone. This zone is slightly shaly and silty at the top that marks the separation of this zt)ne

from the Zone 2. Presence of free gas has been reported in the top 1 ft segment of the top zone at

Borden 1. It is most likely that all three zones laterally extend over the potential area, but there are

thin discontinuous (not reservoir-wide) laminations of limy and silty sandstone layers. Water is

indicated within the lower part of zone 3 in all the wells.

A cross plot of porosity and permeability of the middle section of the formation at well

Borden 1 is _hown in Fig, 3.7. It shrews little increase in permeability with an increase in

porosity. SP and resistivity logs (Induction and Short Normal), and core and log-derived

porosity, permeability, and water saturations of Nacatoch formaticm in well Borden 1 are shown in

Fig. 3.8.

The figure shows three types of porosities: core, core (calibrated) and log-derived effective

(corrected for clay content). The core porosity is directly obtained from the core analysis report.

The core (calibrated) porosity is obtained by first correcting the core porosities for the overburden
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pressure and then by taking a moving average over a 3-ft interval, as di_ussed below. For an

approximate net overburden pressure of 1,344 psi, a correction factor of 0.88 has been applied to

all the porosity values (Mattax et al., i975). The correcteddata are averaged using 1:2:1 weights

(Hilchie, i 989: Chapter 10). The log-derived total porosityhas been evaluatedfrom interpretations

of the sonic log taken at well Salmar 2. An average clay content value for each zone of the middle

section was obtained from interpretationsof the gamma raylog in Potlatch "A" 4 well. The log-

derived effective porosity values were then obtainedby correcting the total porosity values for the

clay content. A brief discussion of the procedureis given in appendices B.I and B.2. The core

analysis reportshows the presence of limestone and calcareous sandstone layers but a constant

matrix transit time of 55.5 Bsec has been used for the whole interval; consequently,

underestimationof porosities are obtained for lJmylayers, where matrix transit time is lower, The

core (calibrated)porosity data show good agreement with the log-derived effective porosity values.

Figure 3.8 shows two types of water saturation values: log-derived and total core. To

evaluate log-derived water saturation values for this shaly sand reservoir, the automatic

compensation method of Asquith (1990) has been used. The log-derived total porosity values have

been used to evaluate the effective water saturation at Borden 1. A brief discussion of the

procedure is given in appendix B.3. The total water saturation values are directly obtained from

the core analysis report.

It is typically found that in the absenceof any gas the total water saturationvalues match log.

derived water saturation values (Table 1-2 in Anderson, 1975). In this case, the log-derived water

saturationvalues match well wLththe core values in Zone 2, but arehigher in the Zone 1 andlower

in the Zone 3. For Zone 1 water saturation values aretaken to be the same as total watersaturation

values. From limited core data, the Zone 3 is believed to be a transition zone where saturation

increases continuously from 57% at the top. For a fine-grained shaly sand reservoira transition

zone of 10 ft is quite feasible. But, log-derived values indicate that the averagewater saturationin

the top half is 53% and the transition zone starts from the middle of the zone. The saturation

values range from 53 to 65% in the bottom half. Considering the lack of data andthe assumptions

involved in the calculation procedure,averages of total water saturationfrom core and log-derived

values are considered. The average water saturation value for the top half is 58% (core-63% and

log-derived-53%)and that for the bottom half is 65%(core-70% and log-derived-59%).

The bottom section consists of limy fine-grained sandstone, very fine-grained sandstone,

siltstone, andshale layers. For the bottom section of the formation, a gradual increase in SP in the

upward direction, prominently observed in the wells on the south and east side of the field,

suggests that the shaliness decreases andthe grainsize increases in the upwarddirection. A very

limy, thin and fine grained sandstone layer separate the bottom section from the middle section.

This layer is not present in the north-western part of the area. Based on the information that the
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wells in this field are fractured and the WOR (water.oil ratio) is non-zero from the beginning of

production, it is highl_ylikely that the sha:ly,silty layers lying at the bottom of the middle section

are contributing towards water production. A bottom water layer with a net pay of 19 ft is

considered as a part of the reservoir for simulation purposes. The values for porosity and

permeabilityare arbitrarilyassumed for this zone (considered to be Zone 4).

From the analysis, the average values of thickness, porosity, permeability, and water
saturation for the three zones in the middh:__ction are shown in Table 3.1. In the absenceof data

to calibrate other wells, the characteristics found at Borden 1 well will be considered applicable to

other wells, except for the thickness which is known from the SP logs available for the other

wells.

3.3 Fractured Well Characteristics

All of the wells in the Charivari Creek field were hydraulically fractured and propped with

sand. So, it is important to estimate the orientation and geometry of the fractures, and evaluate the

influence of fractures on the flow performances of the wells. To evaluate the flow performance of

a fractured well, first, the values for length, width, height, and permeability of fractures first need

to be evaluated. The long-term PI (productivity index) may then be calculated using the McGuire-

Sikora chart (Fig. 6.1 in Gidley et al., 1989). It is important to know the orientation of the

fractures for determining the optimum well locations to improve the drainage efliciency during

primary recovery processes, and the areal sweep efficiency during any subsequent displacement

TABLE 3.1

Thickness, Porosity, Permeability, and Water
Saturation Values at Well Borden 1

Zone Thickness, Porosity, Permeability, Water saturation,
ft % mD %

1 4 0,28 235 0.50

2 9 0.29 181 o,52

3a 5 0.335 171 I.),58

3b 5 0.335 171 (_.65

4 (See. 3) 19 0.29 1(30 1.00
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process (wate_ood, steamflood, etc.). The sweep efficiency is improved by preventing early

breakthrough of the injected fluid in the production wells (Bradley et al., 1989: Fig. 16.1 and
16.2).

Not enough data are available to do a complete fracture analysis of the wells. An attempt has

been mad,' to conduct a rough evaluation of the fracturing jobs. An analysis of the fracture data of

the well Potlatch "A" 4 have been shown in appendix C. As mentioned before, this well is located

at the center of our area of interest and is considered as a typical good well in the reservoir.

Calculations on fracture orientation show that the fiacture will have a vertical orientation. Azimuth

of the fracture has ne+,erbeen predicted or determined for this field. Before a steaJnflood operation

is initiated, the azimuth should be determined. To calculate dynamic fracture dimensions a

computer model, based on the approximate solutions for 2-D constant -height analytical models of

PKN (Perkins-Kern-Nordgreen), has been developed. It can account for non-Newtonian fluids

and net sand less than fracture height (Appendix G in Bradley et al., 1989). The results obtained

from the use of the PKN model shows that the propped fracture length is 507 ft and the fracture

width is 0.047 inches. From the McGuire-Sikora model, the P! ratio has been found to be 1.4.

The improvement in PI ratio is very poor because the improvement in conductivity is limited and

the long length of the fracture is ineffective. The low width of the fracture is obtained primarily

because of low proppant concentration (2.75 lb/gal) in the suspension.

Some other wells (Potlatch B- l, 2, and 3) are fractured with smaller size sands (20/40 mesh

size), keeping other parameters constant. In most cases the fractures are long and thin, and present
over the entire formation in the vertical direction.

Well production data of Salmar 2 indicated that after fracturing the rate of production

increased significantly from 1 to 12 STB/d of oil. The oil production rate and WOR histories at

Salmar 2 well is shown in Fig. 3.9. The initial (March 1964) oil rate was 12 bbl/d with a WOR of

1.0, but decreased very quickly to 4 STB/D with a WOR of !.8 within 3 years of operations.

Whether the improvement in production resulted from improvement in skin or from the improved

performance of a fractured well cannot be determined from limited data available. A well may be

refractured to obtain higher conductivity, and its prtxluction performance analyzed to answer the

question.

3.4 Production Characteristics

Since the reservoir has a fault in the north and it pinches out in all other directions, the

primary production mechanism is most likely to be liquid expansion drive. All the wells in this

field were put on production using SRP (sucker rod pump) from the beginning of production. The
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FIGURE 3.9 - Oil production rate and WOR histories of Salmar 2 well.

field has seven leases. Although production from the field started with a well in the Salmar lease in

1963, the development of the field was slow; and the last well that was added to the field was

drilled in 1980. There are a total of 23 wells. The field oil production history is shown in Fig.

3.10. During primary operations, several peaks in the production curve indicate addition of new

wells to the leases. The production reached a peak value of 41,000 STB/yr in 1978 as a result of
addition of wells in Potlatch "A" and "B" leases in 1976 and 1977. The OOIP for this field is

5.9 MMSTB, and the primary production is 0.337 MMSTB (5.7%).

The shut-in pressure was found to be 1,060 psi at a depth of 2,413 ft from a test conducted

in October 1962 by Schlumberger using a formation tester in well Caddo Oil Potlatch No. A-I

(located on the east side and now abandoned). The sub-sea depth for this well is 2,330 ft which is

almost at the lowest level for this field. The core analysis report from Salmar 1 (core was taken

using a diamond bit in May 1963) shows that the solution gas-oil ratio was 180 SCF/bbl, the

formation volume factor was 1.13, and the average calculated connate water saturation was 39%.

The field was unitized in May 1984, and a secondary operation was initiated in October 1989

to maintain reservoir pressure by injecting all the produced water in a single well. Well Borden

"A" 13 was used for injection from October 1984 to August 1990, and since then well Salmar 4

has been used for that purpose. Both wells used for water disposal are located at structurally
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FIGURE 3.10 - Oil and water production rates and WOR histories for Charivari Creek field.

lower elevations. The histories of field oil and water production rates and WOR are shown in Fig.

3.10. The secondary production, until the end of 1991, was 0.335 MMSTB (5.67%); therefore,

the total recovery is 11.4%. The WOR data are based on the monthly production data. The WOR

was about 1.5 at the time of unitization, but increased to about 2.2 by the end of 1984. The WOR

remained constant around 2.2 for about 4 years (until 1988), and then gradually increased to 2.8 in

August 1990. With the change in location of the injection well from Borden "A'° 13 to Salmar 4,

the WOR started increasing and reached a value of 9.5 by the end of 1991. Water seems to have

invaded part of good productive areas of Potlatch "A" and "B" leases. Water injection rate and

injection pressure histories at the injection wells are shown in Fig. 3.11. The injectivity of well

Borden "A" 13 increased from 0.064 bbl/psi/d in October 1984 to 0.086 bbl/psi/d in August 1990.

The injectivity of well Salmar 4 increased from 0.105 bbl/psi/d in August 1990 to 0.138 bbl/psi/d

in December 1991. The higher injectivity in both cases may be attributed to the higher mobility of

the aqueous phase.

Individual well production tests were carried out at several wells in September 1985, within 1

year from the start of water injection program. The results presented in terms of ranges for the

leases, are shown in Table 3.2. The results show that wells located closer (in terms of distance

and elevation) to Borden "A" 13 (south-east side of the field, elevation = -2321 ft) like Borden 1
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TABLE 3.2

Results of Individual Well Production Test Analys,es
Presented in Terms of Ranges for the Associated Leases

Lease Name

Descriptions

Potlatch "A" Potlatch "B" _xden _ _ Scott

Number of wells 8 4 4 1 4 2

Total prodn, rate, STB/d 4.5-8.3 2.4-11 2.8-7 11.8 8.3-9.4 2.4

Oil prodn, rate, STB/d 1.4-4.9 2.4-4.2 2-4.8 4.9 1-2.8 0.7

WOR 0.5-3.7 (.)-2.2 0.7-3.4 1.43 2-8 1.0

and Potlatch "A" 1 are showing higher WOR, possibly because of influence from the injection

processes. The north-west and center parts of the field are showing less WOR.

Since waterflooding began in 1984, the oil production rate has decreased only slightly from

23,000 to 20,000 STB/yr (only 1.8%/yr) over a period of 7 years. The rate of decline before

waterflood was 9%/yr. The most important knowledge gained from the secondary operation is that
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there is lateral and vertical continuity in the reservoirs and that the silty and shaley aspects of the

formation should not be a deterrent in the sense of any reservoir-wide barrier.

3.5 Conclusions

(1) Based on core-log calibration, characteristics of the fractured wells and the production

characteristics, a cleaner and thicker part of the Nacatoch formation in the Charivari
Creek field has been characterized.

(2) The zones containing oil have a gross thickness of 23 ft and average porosity of 31%.

The oil saturation ranges from 50% at the top to 35% at the bottom. The average

permeability has a low value of 186 roD. A water zone that exists below the oil zone

has a net thickness of 14 ft, contains some low permeability streaks, and has

permeabilities less than those of the oil zone.

(3) A simplified fracture analysis of a typical well shows that the fracture orientation, is

vertical, and improvement in PI ratio was marginal, possibly because of low proppant

concentration used during fracturing.

(4) Primary and secondary production characteristics of the field indicate that the values for

primary and secondary (until 1991) till recoveries are about 5.7% each. The lateral and

vertical continuities within the reservoir are good.
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CHAPTER 4

CYCLIC STEAM STIMULATION STUDY

INTRODUCTION

4.1 Introduction

The approach taken to study cyclic-steam-stimulation (CSS) performance of the Charivari

Creek reservoir by conducting reservoirsimulation was as follows. First, an optimization study

was conducted to find out the optimum steam injection volume and then a parametric sensitivity

study was conducted by varying values of certain parameters such as: reservoir pressure, vertical

communication, absolute permeability, and oil saturation. A brief description of the reservoir

simulator used and the collection of additional data required for simulation are given in following
sections.

4.1.1 Reservoir Simulator

Computer Modeling Group's STARS (Steam and Additive Reservoir Simulator) was used

for making all the simulation runs including cyclic and steamflood operations. This is a fully

implicit, multiphase, multicomponent, finite difference thermal simulator, lnterblock flow is

calculated using a single-point upstream fluid mobility and entnalpy applied to a five- or nine-point

block-centered finite difference scheme on cartesian, radial,variable thickness and curvilinear grids

(Aziz et al., 1985).

4.1.2 Additional Data

In addition to the basic reservoir data on thickness, porosity, permeability, and saturation

(Table 3.1), additional data on rock-fluid properties and thermal properties of rocks and fluids are

required to conduct simulation studies. Viscosity and density as functions of temperature are

available for the field crude (Table 4.1). Kinematic viscosities are calculated and plotted on the

Standard Viscosity - Temperature Chart for Liquid Petroleum Products, ASTM: D-341-43

(Fig. 4.1). The results show a straight-line relationship which is extrapolated to obtain viscosities

at higher temperatures. In the absence of real data for rock-fluid properties such as, oil-water and

gas-liquid relative permeabilities and capillary pressures, and thermal properties of rocks and

fluids, appropriate data have been chosen from the literature. The oil-water relative permeability

data for a reservoir composed of fine-grained sand (Morgan et al., 1970) have been chosen to

represent this field (Fig. 4.2). The gas-liquid relative permeability (Fig. 4.3) was arbitrarily

chosen to be similar to that used in the 4th SPE comparative solution project (Aziz et al., 1985).

Capillary pressure data for Frio sandstone, similar in values as those for Charivari Creek reservoir

of permeability 170 mD (Fig. 3-15 in Amyx, Bass and Whiting, 1960), were used here (Fig. 4.4).

Properties of rocks and fluids were arbitrarily assumed to be the same as those used by Aziz et al.

(1985) and are given in Table 4.2.
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TABLE 4.1

Crude Oil Viscosity Data as a Function of Temperature

Temp, Viscosity, Density, Kinematic Viscosity,
°FcP gm/mL Centistokes

60 1391,7 1,028 1354.1
I I0 201,9 1.(X)4 201.1
160 54,5 0,9823 55.5
210 21.4 0,9615 22.3
260 10,5 0.9416 11.2
3 i 0 5,9 0.9225 6.4

*350 4.1 0.9074 4.5 !
410 2.6 0.8857 2.9
450 2.0 0.8710 2.25
480 1.6 0.8606 1.8

* Viscosity values at 350" F and above are obtained from
extrapolated kinematic viscosity curve,

100,000 ...........................

_O,_O .......

0.000 ............ i
5,000 ,...... • ..... ,, m , " ;

Z.O00 .............

ilk ........ _. ......

,ooo_L_
500 _

300ili _7mr-

ZOO .,- ,,_ ......
.............

1so IL
100 ...... ._. ...... I ....

751 _ r

v) so ll_
0 ]0

_L • .
_ 15 .... ,

" _o I_.
-%

"_ s,o " "_
5,0 .........

(.}

_ 4.0 ........ .

Z,O ' - - _

1,5 .....

1.15 --

1.OaoO _oo _zo 14o _so leo Zoo Z4o °zao szo 3so 40o 440 ,b_ szo

TEMPERATURE, DEGREE FAHRENHEIT
i

FIGURE 4.1 - Viscosity of the Charivari Creek crude.
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TABLE4.2

Oil andRockProperties
, J,i,i1, i , , ,L, ,,,,,, L,, , ,,, , ,, ,, ,,: ,,, '

Oil

Molecular weight 440
Isothermal compressibility, psi"l 5.0 x 10.6
Thermal expansion coefficient, °R'I 4.43 x 10"4
Specific heat, BTU/Ib °F 0.5

R_k (reservoir,overburdenandunderburden)

Isothermalcompressibility,psi"1 5,0 x lO"4
Heat capacity,BTU/ft3t °F 35.0
Thermalconductivity,BTU!ft/d/°F 24,0
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4.2 Base Case

For CSS processes there is no optimum rateof stealn injection, andthe strategy commonly

used is to inject as high a rate as possible without fracturing the formation (Fig. 6.5 in Butler,

1991, In some cases where injectivity is low, the injection rate in the very beginning is chosen

high, even if the injection pressureexceeds the fracturingpressure, to improve the injectivity by

preheatingthe formation. Here, the injectionstrategyis assumed such that the steam is injected in

the top four layers containing oil at a rateof 250 bbl/d for the first day (or 24 hours), 500 bbl/d for

the second day and 1,000 bbl/d for subsequent days. The injected steam quality and steam

saturationtemperatureare arbitrarilyassumed to be 70%anti 545° F (1,000 psi), respectively. The

generaloperatingconditions and numericaldataaredescribed in Table 4,3. The arealgrid that has

been used here is similar to that used by Aziz et al. (1985) fl_rcyclic operations, in the vertical

directionthere are five grid blocks to representZone 1, Zone 2, Zone 3a, Zone 3b and Section 3 of

the flmnation (Table 3.1), respectively, The layerat the top will be referredto as the first layer.

The effect of steam injection volume is discussed in the next section, The soak period was

limited to 1 day, because a longer soak periodwas fl)undto decrease the temperatureof the heated

zone (discussed later). The production period is chosen such that the minimum rate of oil

production is 3 STB/d, which is the current unstimulated approximate rate of production. This

criterionto markthe end of productionperiodis sotnewhat arbitrary,

TABLE 4.3

Cyclic Stemn Operating Conditions and Numerical Parameters

Steam injection strategy 250 bbl/d x I 1) + 5(XIbbl/d x l d + ICxX)bbl/d x subsequent days
Steam conditions quality, 70%; saturatiofl temix;raturc - 545° F (I,tX)t)psi)
Cycle data

Injection period, days limited by the injection strategy
Soak period, days i.0
Production period, days limited by a mininlunl rate of oil production ()f 3.0 STB/d '

Numerical data

Simulated pattern area, acres 5.0
Coordinate system cylindrical
No, of grtd blocks (r x z x O) 13 x 5 x 1
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Cumulative injection/productiondataand simplified economic criteriawere used to compare

different CSS cases on an overall basis. Detailed results including histories for the rate of oil

production,WOR, cumulative oil productionand COSR were shown only for the base case and

the high-permeability case, which was found to be an important one, To analyze CSS

performances, radialand vertical profiles of pressure, temperatureandsaturationat different times

are constructed, All the vertical profiles areconstructedat a distance of 8 ft from the center of the

well (center of second block). Because of the small volume of the steam slug a small distance were

chosen. All the radial profiles are created using data in the central layer which is at a distance of

15,5 ft from the top of the formation. To avoid interference from the overburden and underburden

layers the central layer were chosen.

A phenomenon ob_rved here in several cases is that duringsteam injection in the reservoir

the pressure andtemperatureincreased to a much higher level. Itresulted tn ineffective heating of

the re_rvoir i,e., increase in temperatureof the reservoir occurred without much gain from the

reduction in viscosity of crudeoil above certain temperature. This has been termed as ineffective

reserw:_trheating.

4,2,1 Optimum Steam Injection Volume

CSS simulation runs were conducted with different steam injection vc_lumes(60 to 13,634

bbl) to find an optimum value for maximizing the COSR (cumulative otl steam ratio) and

minimizing operatingcosts, Only one cycle was simulated in each ca._. Although the COSR is a

good criterion to evaluate overall performance, it could not be used alone to find out an optimum

steam injection w)lume. This is because of high WORs which contribute towards the fluid

handling costs, and the variations in production period which contribute differently towards the

manpower costs. A simplified economic calculation procedurehas been folh)wed here to evaluate

the operating costs (appendix D). The well costs have been excluded from the calculations, This

type of calculation should not be taken for granted on an absolute basis, but may be worth

considering fl)r "_ ' "ct mpanson purposes.

The productionperformance dataare summarized in Table 4,4, The results show that with

an increase in the slug size the cumulativeoil productionincrea._s, butthe WOR also increasesand

the COSR decreases. The plot of COSR and operating cost vs. volume of injected steam (Fig.

4.5) shows that the final COSR decreases exponentially with increase in slug sizes, but the

operatingcost is minimum at an injection volume of 747 bbl. This case gives the highest peak oil

productionrate of 30 STB/d anda relatively low final WOR of 9. In cases t)f larger slugs the oil

around the wellbore seems to be pushed tot) far in the formation and the oil relative permeability

aroundthe welibore becomes too low to effect a good oil recovery during the production period.
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TABLE 4.4

Resultsof Steam InjectionVolume OptimizationStudy

.,f=, f i ...................... _ : ..................... ............................ _--: .......

Run Volume of Production Oil ratemax WORf COSR Cumulative Cumulative Operating
No. steam, bbl time, day _/d fraction oil, STB liquid, Mbbl cost,$/STB
, , ,,i,_ ,,,f,,, .... ,,u_ .......... = T,:, i1 ,,,,,1,, : rj,.,m_l, ,, ,, : .... :: ....... : = =_- ,.,,,,,,,

1 60,0 28 7 4.6 1.54 92,0 0,48 18.80

2 247.0 79 18 7.6 1.19 295.O 2.02 17.29

3 747,0 100 30 9 0.59 443.0 3,56 16.49

4 1,747,0 143 26 11,5 0,39 678.0 6,54 17.13

5 3,747,0 189 27 13,8 0.25 944,0 1(),76 18.72

6 5,747,0 230 19 15.0 O.19 1318.t) 16,63 18.06

7 8,721,0 273 13 15,6 0,16 1395.0 18,81 21,97

8 13,634,0 349 6 16,8 O,13 1798,0 26.12 23.92

NOTE: Suffix'. max ,, maximum; f- final

1,6 24.00

1.4 23,00 0

1.2 22,00 m

1 0 21.00

08 20.00
0.6 19.00

_'_- .'_'-,' _ _e

o.4k __, ',_ _8,oo_
o.2__ _7.oo0.0 i6.00

0 2000 4000 6000 8000 100001200014000

STEAM INJECTION VOLUME, bbl

RGURE 4.5 - COSR and operating cost vs, steam injection volume.
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Therefore,a steaminjectionvolumeof747bblseemstobethe_)ptimumfortheconditions

mentioned,Thisca,_ehasbeenconsideredt_betheba_ case.Thedetailedresultsfrc)mthiscase

aredi_ussedbelow.

TheresultsinTable4,5showthatdependinguponthelength_)ftheproductionperiod,the

cumulativeliquidprc_ductioncanbeverydifferentfromthesteaminjectionvolume.Inthebase

cn._,theliquidproductionisabout4 timeshigherthanthesteaminjectionvrflumeattheendofIfX)

daysofoperation.Becau_ ofthepre_nceofacoldzone_)utsideastimulatedradiusofabout30

ft,thewaterwillflowmainlyfromtheunstimulatedtothestimulated/._)ne.The hugeliquid

productlcmisattributabletothedepletionofthereserw_ir,whichisindicatedbyaclecrea_einthe

pressureattheboundary(263ftfromthewell)from205toI_)8psi.

4.2.2 Detailed Base Case Results

The base case was simulated for two cycles using the same injection schedule and steam

injection volume of 747 bbl, Figure 4.6 shows the till prt)duction rate and WOR histt)ries for the

two cycles. During the first cycle, the rate of oil production peaks at 30 BOPD in the beginning ()f

prcvductionperiod, and then decreases to 5 STB/d by the end t)f 30 days. The production period

ends at 100 days when the rate of oil production falls below 3 STB/d. The WOR approaches 9 at

the end of ItX) days of production. During the second cycle, the oil rate reaches similar peak

values but decreases very sharply and the WORs are higher. Figure 4,7 shrews the cumulative _)il

production and COSR histories. During the first cycle the final cumulative t_ilproduction and

COSR are 443 STB and 0.59, respectively. During the second cycle, the cumulative c)il

prtxluction increases by 325 STB, and the final COSR decreases tc_t).5.

TABLE 4.5

Base Case Results, With Steam lnjectitJn V¢dume¢_f747 bbl, at Different Times
, , ,i, ,, ,,,,,r,,, ,,, ,,,, ,,,, ,,,

Time Oil rate, WOR Cure. Oil Cure. Liq. C()SR Tcmp.(2,3) I Vi,,c_,,. Prc._ure(2,3) I Pressure(13,3) I
days STB/d STB STB °F cP psi psi
....

10 7.8 6,1 1(_ 57! t). 14 313 6 96 205

25 5.7 6.4 194 12,46 t),26 232 16 90 205

lflf) 2.6 9.4 443 3558 0.59 149 71 I l() 198
,., . t

I (2,3) means second block in (8 fl) the radial direction and third block (15,5 ft) in the vertical direction. 13th
block is at a radial distance of 203 ft.
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RGURE 4.6 - The rateof oilproduction_mdWOR historiesforthe ba_ case (2 cycles).
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FIGURE4.7 - The cumulativeoil productionandCOSR historiesforthe base case (2 cycles).
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Figure 4.8 shows vertical temperature profiles at different times during the first cycle.

Because of steam injection in the top four layers and a limited vertical communication with the

bottom water layer, the injected steam remained mainly in the top layers. At the end of the injection

period (2 days) the maximum temperature was observed in the fourth layer (from the top),

probably because of higher aqueous phase relative penneability from higher aqueous phase

saturation in this layer. The differences in permeability among the top four layers are not

significant. At the end of the production period (1t30 days), the temperature profile was almost

vertical and only slightly above the initial reservoir temperature profile. The exp_nsion and

contraction of the heated zone in a radial fashion suggests that the important production

mechanisms are (1) improvement in oleic phase mobility from decrease in viscosity of oil with

increase in temperature, and (2) increase in potential gradient from compression of fluids in the

near wellbore region. The gravity drainage mechanism, found to be an important one in cases of

thick reservoirs, seems to be not important for thin reservoirs (Butler, 1991 : Chapter 6).

In one case, as a variation of the base case, the soak time was changed from 1 to 5 days.

Figure 4.9 shows the radial temperature profiles at different times. The temperature in heated

zones decreased continuously with longer soak periods. The results suggest that heat conduction

in the radial direction is less significant than the heat losses to the overburden and underburden

layers; therefore a soak perk_l longer than 1 day is n, ,t beneficial.

0 T 1 ' 1 _ 1 '

f o =in,ia,
5 -" ' , I -------[3- t=l day

-_ t J

-(]) ; ,_, - -_- t=2 days

10 .'7, ] _ . ,\ --->_- t--.3days
-' , ',\ • • -+ - t=25 days

15 _ _ ._ R_ -- _ - t=100 days/final
ft..

-i / s.

30 LII z_"l . 4,..,

q

35 ' 1 , I .... , 1 -I

100 200 300 400 500

TEMPERATURE, OF

FIGURE 4.8 - Vertical temperature profiles at different times.
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100 ,0;, l ,0 I ,

" 0 5 10 15 20 25 30

DISTANCE, ff

FIGURE 4.9 - Radial temperature profiles at different times.

In the base case, the radial extent of the heated zone is limited to approximately 28 ft. The

pressure and temperature in the injection block in the central layer at the end of injection are 825 psi

and 525 ° F, respectively. Assuming a maximum stimulated radius of 50 ft, the oil recovery

efficiency is 10% of OIIP.

4.3 Sensitivity Studies

The reservoir data obtained from the reservoir description study (Chapter 3) may not be

accurate. Sensitivity studies are conducted to have an understanding of the range of CSS

performance that might be obtained as a result of differences in estimated and real reservoir data.

Sensitivity studies are conducted by varying only one parameter at a time, except in the high

permeability and oil saturation case where two parameters are changed simultaneously. Another

benefit of conducting a sensitivity study is that one of the different scenarios created with a

particular set of parameters can be found in another reservoir, in which case the predicted

performance may be accepted as a possible solution. For example, the Irma and Troy reservoirs

(described in Chapter 2) have characteristics similar to that of the Charivari Creek reservoir except

the absolute permeability which is 13-fold higher in the case of Irma and Troy reservoirs. The

performances of these two reservoirs under CSS operations are likely to be similar to that of the

very high permeability case studied here.

5O



The sensitivity study results are summarized in Table 4.6. The results are compared with

those of the base case except as noted. The initial and final radial and vertical profiles of pressure,

temperature, and oil saturation during the first cycle for the base case and sensitivity runs are

shown in Figs. 4.10 through 4.15. The initial and final times refer to the end of steam injection

and end of production time, respectively.

TABLE 4.6

Results From Parametric Sensitivity Studies

Run Description Volume of Production Oil ratemax WORf Cum. Cum.
No. steam, time, STB/d COS R oil, liquid,

bbl days fraction STB MMbbl

1 Base case 747 100 30 9 0.59 443 3.56

2 Steam injection 742 100 27 9 0.62 460 3.47
in central layers

3 High reservoir pressure 743 510 57 15 3.02 2248 27.99

4a Communicating layers 747 76 28 11 0.47 348 3.23

4b Non-communicating layers 747 150 40 4 0.85 633 2.85

4c Non-communicating 747 100 38 3 0.66 497 2.12
bottom layer

5 High oil saturation 740 225 40 5 1.60 1188 5.48

6a High permeability in oil 750 886 73 5 7.85 5885 37.59
layers

6b High permeability in all 750 240 58 26 1.99 1489 34.07
layers

6c Very high permeability 750 790 97 4 9.86 7393 40.81
in oil layers

7 High permeability and 750 1700 110 2 22.00 16527 39.65
oil saturation

Note: Suffix f---final, Cure. = cumulative.
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FIGURE 4.10 - Radial pressure profiles at the end of injection (initial) and final production
time.
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FIGURE 4.11 - Vertical pressure profiles at the end of injection (initial) and final production
time.
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FIGURE 4.12 - Radial temperature profiles at the end of injection (initial) and final production
time.
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FIGURE 4.13- Vertical temperature profiles at the end of injection (initial) and final
production time.
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FIGURE 4.14 - Radial saturation profiles at initial and final production time.
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FIGURE 4.15 - Vertical saturation profiles at initial and final production time.
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4.3.1 Effect of Steam Injection in Central l,ayers

In this simulation run, the injection strategy was changed such that the steam was injected

only in the second and third layers to reduce overburden and underburden conductive heat losses

(Run No. 2: Table 4.6). The first and fourth layers in which steam was not injected were 4 and 5

ft thick, respectively. The results showed that the conductive heat loss was reduced marginally by

1.6%, and the production time remained the same.

The cumulative oil production and COSR were slightly better than those of the base case.

The radial and vertical pressure and temperature profiles showed that pressure and temperature in

the second and third layers at the end of injection were higher than those of the base case. The

final radial and vertical pressure and temperature profiles were similar to those of the base case.

The oil production from the fourth layer was found to be less than that in the base ca_. A lower

pressure and temperature in the fourth layer may have been the reason fl_r this low oil recovery.

The beneficial effect of steam injection in central layers was probably off_t by ineffective re_rvoir

heating and low vertical permeability between the third and fourth layers.

4,3,2 Effect of Reservoir Pressure

The initial reservoir pressure was changed from 200 to 5()_)psi (Run Nt_.3: Table 4.6). The

results show that the production time increased significantly from ItX)to 5i0 days. The COSR

and cumulative oil production increased significantly from 0.59 to 2.11 and from 443 to 1,568

STB, respectively. At the end of I(X) days of production the cumulative oil production and the

COSR were 857 STB and 1.15, respectively.

The radial and vertical pressure profiles showed that pressures at the end of injection were

3(X)psi higher than those of the base case. During the production peric_l a higher pressure gradient

was available, wellbore pressure being the same in both the cases, to increase the rate of

production. The peak production rate was 57 STB/d compared to 30 STB/d in the base case.

However, the rate of oil production fell below 5 STB/d after ICX)days. The radial and vertical

temperature prof2!esat the end of injection were similar to those of the base case. However, at the

end of production temperatures were slightly lower than those of base case values becau_ of more

conductive heat losses from a longer flow period and more convective heat losses from higher

liquid production (about 5 times). Consequently, the final pressure gradients were higher to

maintain the same minimum rate of oil production including a relatively higher WOR. The r_ial

saturation profiles over the radial distance from 12 to 37 ft showed that the reduction in oil

saturation was higher in the third layer but lower in the top tw_._layers (not shown), A higher oil

saturation around the wellbore improved oil phase mobility from increased relative permeability.
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4.3.3 Effect of Vertical Communication

In this category there were three sub-cases: (a) perfectly communicating layers (implemented

by imposing kv/kh = 1.0) (Run No. 4a: Table 4.6), (b) nonccmununicating layers (implemented by

imposing kv/kh = 0.01) (Run No. 4b: Table 4.6) and noncommunicating bottom layer

(implemented by imposing kv,bottom layer = 0.05 roD) (Run No. 4c: Table 4.6), As mentioned
before, the kv/kh was one-half in all the layers for the base case,

For the communicating layer case, the production time decreased by 24 days, the COSR

decreased from 0.59 to 0.47 and the cumulative oil production decreased from 443 to 348 STB.

For the noncommunicating layer case, the production time increased by 50 days, the COSR

increased from 0.59 to 0.85 and the cumulative oil production increased from 443 to 633 STB.

For the noncommunicating bottom layer case, the production time remained the same, the COSR

increased marginally from 0.59 to 0.66, and the cumulative (_il producti¢m increased marginally

from 443 to 497 STB. No pressure, temperature or saturati_)n prc_filesare shown for this non-

communicating bottom layer case.

The better performance of the noncommunicating layer case was mainly caused by the

isolation of the underlying water layer. The injected steam was confined to oil layers resulting in a

state of higher pressure and temperature, which in turn impr_wed the _il mc_bilityand pressure

gradient. The final temperature profiles were similar tc_those ¢_fthe base case. The po_)rvertical

communication decreased water prc_tuction from the underlying water layer. Moreover, in the case

of communicating layers, some oil was lost in the water layer in the t'(_rm_f an annular oil zone.

For example, the final oil saturation in the second block (3 t_ 13 It) of the bott_m layer was 7%.

Mainly during the injection period, the heated low viscosity c_ilwas pushed into the b(_ttomwater

layer becau_ of higher pressure and temperature in the f_)urthlayer.

4.3.4 Effect of Oil Saturation

The initial oil saturation was increased to)65% l'¢)rall the t¢)p l'¢)urlayers c¢_ntaining ¢_il

corresponding to an incre.'tse in OIIP of 48%, (Run No. 5: Table 4,6) The shapes _1"the relative

permeability curves were unchanged, but the endp¢fints were II_¢_clified.A perfect vertical

communication among the oil layers was assumed. The results sh¢)w that production time

increased by 125 days, the COSR increased from 0.59 t¢_1.60, and the cuanulative oil production

increased from 443 to 1,188 STB. The cumulative oil producti¢mand the COSR at the end ¢)f I(X)

days of production were 775 STB and 1.05, respectively.

The end-of-injection vertical and radial pressure profiles sh¢_wthat pressures were slightly

higher than those in the base case pr()bably because of lower aque¢)usphase m¢)bilityfrom lower

aqueous phase saturation. With an increase in the pressure, the temperatures also were slightly

higher than those of the base case. The final pressure profiles were similar tc_those of the base

case. The final temperature profiles were slightly below those ¢_fthe base case. The radial oil
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saturation profile showed a higher decrease in oil saturation than that found in the base case. This

decreasein oil saturationwas caused by higher mobility of oil from higher relativepermeability at a

higher oil saturation. The vertical saturation profile showed that the reduction in oil saturation

increasedwith vertical distance from the top.

4.3.5 Effect of Absolute Permeability

In this category there were three sub-cases: (a) the absolute permeabilities of the top four

layers containing oil were increased to 1,500 mD (Run No. 6a: 'Fable 4.6), (b) the absolute

permeabilittes of all the five layers, includingthe underlyingwater layer, were increa_d to 1,5ff)

mD (Run No. 6b: Table4.6) and (c) the absolute permeabilitiesof the top four layerscontaining oil

were increased to 2,500 mD (RunNo. 6c: Table 4,6). A perfect communication (kv/kh = 1.0) was

assumed for the layers with increased permeabilities,

For the high-permeability-oil layers case, the critical productiontime increased from 100 to

886 days, The COSR increased from 0.59 to 7,85, andthe cumulative production increased from

443 to 5,885 STl3. The maximum WOR decreased from 9 to 5. In cases (a) and (b) the vertical

pressure profiles were more uniform, and radial profiles had less gradient. The end.of-injection

radial pressure and temperature profiles showed that pressures were about 400 psi less, and

temperatureswere about 75° F less in the near-wellborearea.

For the high-permeability-all layers case, the production time increased from 100 to 240

days. The COSR increasedfrom 0.59 to 2.0, and the cumulative prc_tuctionincreased from 443 to

l,aSc_ STB. The maximum WOR increased from 9 to 26. The end.of-injection radial pressure

profile showed that pressurevalues were about 500 psi less in the near-wellbore area. In the high

permeability-all layers case, more steam was lost in the water layer, flow potential available during

productionwas less, water production from bottom layer was higher, and some oil was trapped in

an annularregion aroundthe wellbore.

Forthe very high-permeability-oil layerscase, the productiontime increased from I(X)to 790

days. The COSR increased from 0.59 to 9.86 andthe cumulative production increased from 443

to 7,325 STB. The maximum WOR decreased from 9 to 4. No pressure, temperature or

saturationprofiles are shown for this case.

In the high-permeability-oil layers andhigh-permeability-all layers cases, the end-of-injection

radialtemperatureprofiles showed lower temperaturesassociated with lower pressures in the near-

wellbore area. The final temperatures of the heated zone were similar to those of the original

reservoir temperatures. The final radial and vertical pressure profiles showed a decrease in

pressure in the drainage radius region. The productionrate in both cases increased significantly

because of much higher mobility from an increase in absolute permeability. Very little decrease in

oil saturationin the nearwellbore areain the high-permeability-oil layers case was probablycaused

by the flow of oil from the areaoutside the heated zone. In addition to the longer transientphase of
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production, the pseudo steady state phase of production was longer as well, The significant

decrease in oil saturation in the near welibore area in the high-permeability-all layers case was

probablycaused by flow of waterfrom the bottom layer,

4.3.6 Effect of High.Permeability and Oil Saturalhm

The initial oll saturation was increased to 65%,andtheabsolute penneabilitles were increased

to 1,500 mD in the top four layers (Run No, 7: Table 4,6), The pr_duction time increased

significantly from 100 to 1,700 days. The COSR and cumulative oil production increased by an

order of magnitude to 22.0 and 16,527 STB, respectively.

In this case, a multtplicative effect of higher oil saturaticm and higher permeability was

observed. The end-of-injection pressure profile was between tht_ of the high-permeability and

the high-saturation cases, but at a lower level than that t_f the base case. Although the radial

temperature profile in the third layer was at a lower level than that in the base case, the similar

profiles in other layers were at a higher level than those of the base C_L,_e.This was indicated also

in the vertical temperature profile. The saturation profiles suggest that _il saturatitm in the near

wellbore area decrea_d such that there was a significant recovery, but the oil relative permeability

remained at a relatively higher level. A significant reductit_nin _il saturatit_nwas _bserved in the
whole simulated area.

4,4 Conclusions

(1) Simulation results indicate that steam injection wflume _f 747 bbl is the t_ptimum f_r

cyclic steam stimulation using 70% quality steam at I,()(X)psi pressure, and vertical
wells in the Charivari Creek re_rvoir. The radius of stimulatitm is limited tt_a sht_rt

distance of approximately 3() t_. The cumulative till steam ratit_(COSR) is li_llitetltt_

0.59 in the first cycle and tt_0.5 in the _c_nd cycle. The liquid expansion drive and

increase in mobility of the t_iiseem tt_be the main till recove_'yIllechanisrlis, while the

gravity drainage mechanism is unlikely tt_ have any influence.

(2) Sensitivity studies suggest that the characteristic of the low permeability of the

reservoir, among all the parameters studied here, has the mt_stnegative influence tm the

cyclic-steam-stimulation performance. The low permeability limits the rateand wflume

of steam injection and cauls ineffective reservoir heating where the injected steam is

consumed for raising the pressure and temperature t_fthe reserwdr to a much higher

level. Using the same volume of steam for a ca:,_eusing sevenfold higher permeability,

the radius of stimulation is higher, and the end-_f-injecti_m pressures in the near

wellbore area are half of those in the base case. The injected fluids penetrate deeper

into the fonnation tuldthe _il is drained tTolnan area with higherdrainage radius.
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(3) Higher permeabilityandhigher oil saturationhave muttplicative effects, farInfluential

than the individualeffects of higher permeabilityor higher oil saturation,on the cyclic- !

steam.performance of the reservoir,

(5) The cyclic steam stimulation may be used as a precursorfor steamflood processes, but

not as a process by itself for recoveringa significantamount of oil,
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CHAPTER $

SIMULATION OF STEAMFLOOD PROCESSES
IN THE CHARIVARI CREEK FIELD

INTRODUCTION

$. 1 Introduction

The results from screening of heavy oil reservoirs in Nacatoch formation of Arkansas, using

_reening guides and predictive models, suggest that CharivariCreek, irma, and Troy are the three

having the most potentlai reservoirsfor applying steam injection processes, Because of availability

of complete data only for CharivartCreek field, the steamflood simulation studywas conducted on
this field. The Nacatoch formation in CharivartCreek field is referredto as the ChartvariCreek

reservoir.

The approach taken here to studysteamfiood performances of the Charivart Creek remrvoir

by conducting reservoir stmulatitms was _ follows, First,c_ptimizationstudies were conducted to

find out the optimum steam injection rate and the optimum steamflood pattern area. The

steamflood case using the optimum steam injection rate and the optimum steamfiood patternareais

termed the base case. Second, a parametric sensitivity study was c_mductedby varying values of

important parameters such as: reservoir pressure, absolute permeability, vertical communication,

and oil saturation. Third, use of horizontal or inclined wells to improve steavnfh)odperformances

was evaluated.

Mainly the cumulative injection/production data, and simplified economic criteria have been

used to compare different steatnflood cams on an overall basis. Detailed results have been shown

only for important cams. To compare cumulative results it is necessary to choose the appropriate

basis for injection/production or operati_n time. This time is termed as the critical production time

here and is arbitrarilydefined as the time when the oil pr_duction rate during steamflood falls to

80% of its peak value, This is the time ar_und which the steam injecti_m strategy is commonly

changed to reduce the amount of steam breakthrough. Moreover, fl)r thin reservoirs it is more

likely that stemn override andgravity drainage will not be the dominant productionmechanisms.

Therefl_re, a project will be expected to be profitable by that time. The WOR is another criterion

which may be used alone or in combination with oil production rates for evaluating production

time. Spivak et al. (1987) fi)und that cutting the steam injection ratehas advantages over cutting

the steam quality. All oil recovery efficiencies in this report were calculated on the basis of OIIP.
All conductive heat losses to the overburdenandunderburdenr(_ckswere calculated on the basis of

the gross heat injected.

As mentioned before, a phenomenon that has been observed, in the case of a low-

permeability reservoir, is that during the process of steam injection in a reservoir, the pressureand
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temperature reached very high levels. A significant fraction t)f the injected steam was consumed,

as the compressed volume for raising the pressure of the reserw)ir. The injected energy is

consumed raising the re._rvoir telnperature without gaining much from the reduction in visc,_sity

of oil above certain temperature. This phen,,menon is referred t,) as ineffective re_rv_)ir heating.

5.1.1 Reservoir Description and Thermal Simulator

The results fr,)m reservoir description studies are given in Table 3. I. The prt)curement of

additional data on r,)ck-fluid properties and lhermal properties of rocks and fluids are described in

Section 4.1.2. A brief discussion on STARS simulator, which has been used here, is given in

Section 4.1.1. The general steamflo,,d operating ccm(liticms and numerical parameters are
described in Table 5. I.

5.i.2 Pattern Configuration and Grid System

Figure 5,1 shows sketches of the co,)rdinate system (Fig. 5.1a) and the well c()nfiguratit)ns [

used in this study. A sketch of a 5-spt)t pattern showing location of vertical wells and the

sirlmlated area, which is I/Sth of a 5-sp,)t, is sh,)wn in Fig. 5.lb. This c,_nfiguration was used in

all the simulatitm cases during the selecti(m t)f the base case and the sensitivity studies.

Configurations using horizontal _)rinclined wells (Fig, 5, Ic Ihn)ugh 5. If) arediscussed later.

Nine-point differencing was used in the simulator to minimize grid orientationeffects. Inthe

vertical direction, five grid blocks were used for five zones found from reservoir descripti_m

studies. The thickness of different layers or the bh)ck dimension in the vertical direction range

from 4 to 19 ft. The layer at the tt)p is referred It)as the first layer. Ft_r5.spot patterns using only

TABLE 5.1

Steamfh)¢flOperating Conditi¢_nsand Numerical Parameters

_-" : ,,..... _......... , : , : ,,,,,i,,,

Steam C,)nditicms

Saturati,)n temperature, °F 596.2 ( saluratit_llpressure = IS(X)psi)

Quality, % 711,11

NtHl',ericali)ala

Ctx_rdinale system rectangular

2 th of 5-SlK)!for patterns using _mly vertical wells; 1/2 o1' patternSimuhtted patteru element 8

area fi)r patterns using ht)rizt)t)tal/inclined wells.

Grid system (x * y * z) 9 x 5 x 5 li)r patterns using truly vcrlical wells; 12 x 9 x 5 fl)r patterns
using horizontal/inclined wells,

I1[ II III i I iii1,[[ II JJl I I$ II I I I I IIIIIIrl [ _ I I I III I i ill!ill I IJ I i IIIIII i T]ll_ I
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FIGURE 5.1 - Coordinate system and well configurations,
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vertical wells, one-eighth of the area was used for simulation (Fig. 5.ib). A 9x5 areal grid

system, which gives block dimensions of 29.16 ftx 29.16 ft in a 2.5-acre pattern, was used (Aziz

et al., 1985). The same grid system was used for all of the simulation runs using only vertical

wells. In the area optimization study, the pattern areas were varied from 1 to 10 acres.

Correspondingly, the block dimensions varied from 18.5 ftx 18.5 ft to 58.3 ftx 58,3 ft. No grid

sensitivity study was conducted because the base case was found to have an area of 2.5 acres, the

same area for which the grid system had already been tested (Aziz, 1985). It was unlikely that the

results for areas other than 2.5 acres would be heavily influenced from grid size effects. The

vertical permeability for the underlying bottom water was arbitrarily assumed to be 0.05 roD. A

low value was assumed because the SP logs showed presence of shale layers.
5.1.3 Initial and Well Conditions

For all simulation runs, initial reservoir temperature and pressure were specified to be

114° F and 200 psi, respectively. For injection wells, the maximum BHP (bottomhole pressure)

was specified to be 1,400 psi. For production wells, the minimum BHP and the maximum liquid

production rate were specified to be 17 psi and 2,300 bbl/d, respectively. A closed pattern area,

i.e. no fluid enters or leaves through the boundary of the pattern, was assumed. Additional

operational conditions are mentioned later in relevant .sections.

To simulate an occurrence of higher temperatures around the wellbore from the effect of

cyclic steam operations, generally conducted before a steamflood, the temperature of the blocks

containing a well and of the adjacent blocks to the well was increased by 100° F. Because steam

was injected only in the top four layers, the temperature of the relevant blocks in the fifth layer was

increased by 50° F. The results from the simulation of cyclic steam operations show that the

temperature around the wellbore increases by more than 4(10° F at the end of injection period and

then decrease with the length of the production period (Figs. 4.8 and 4.9).
5.2 Base Case

First the steam injection rate was optimized, because injection rate is more dependent on the

inherent properties of a reservoir, such as permeabilities, thickness, saturations and viscosity of

oil. Then the pattern area was optimized using the optimum steam injection rate. No optimization

study was conducted on the quality of the steam injected, because technically it is always better to

use higher quality steam (Section 2.4). Spivak et al. (1987) have shown that higher quality steam

is better economically as well. This hypothesis has been found to be right in a base case sensitivity

study where the injected steam quality was reduced from 70 to 10%.

5.2.1 Optimum Steam Injection Rate

Table 5.2 shows the effects of steam injection rates on steamflood results for a 2.5-acre 5-

spot pattern. With increases in steam injection rate, the critical production time decreased, the

maximum oil production rate increased and the final WOR (at the end of critical production time)
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decreased. The cumulative oil production or the oil recovery efficiency decreased slightly (59 to

53%), but the COSR passed through a maximum of 0.117 at the injection rate of 250 bbl/d. The

absolute values of COSRs were low and not very sensitive to changes in rates. Following a

simplified economic calculation procedure (appendix D.1) the operating cost was found to be the

minimum at the injection rate of 250 bbl/d (Table 5.2). Therefore, a steam injection rate of 250

bbl/d seems to be the optimum for the conditions mentioned here.

5.2.2 Optimum Pattern Area

Table 5.3 shows the effects of pattern area on steamflood results for a steam injection rate of

250 bbl/d in a 5-spot pattern. With increases in pattern area, the critical production time increased,

the maximum oil production rate decreased, the final WOR increased, and the final COSR

decreased. The oil recovery efficiency reached the highest value of 58% in the 5-acre case.

To compare the operating costs, a common development area of 10 acres was arbitrarily

chosen. Results from a pattern of particular area were then converted to equivalent results of a 10-

acre area. For example, the values for cumulative steam, cumulative oil, and number of wells

(mathematically there are two wells in a 5-spot pattern) for the l-acre pattern area were multiplied

by 10. The operating cost was found to be the minimum for the 2.5-acre pattern (Table 5.3).

Therefore, a steamflood pattern area of 2.5 acres is the optimum for the conditions mentioned here.

TABLE 5.2

Results of Steam Injection Rate Optimization Study in a 2.5-Acre 5-Spot Pattern

Run Steam lnj. Cr. prcxl. Oil ratema x WORf Cure. Cum. Cum. COSR Operating
No. rate, bbl/d time/d bbl/d fraction Steam, Mbbl oil, STB liquid, Mbbl cost, $/bbl

(PV) (%)

1 (.162.5 5500 7.3 13.6 343.8¢1.32) 36,660(59) 370.68 0.107 29.74

2 125.0 2500 20.8 10.2 312.5(1.20) 36,050(58) 327.38 0.115 24.72

3 250.0 1260 50.3 9.0 284.4(1.09) 33,168(53) 272.23 0.117 23.48

4 350.0* 1098 67.1 8.6 289.8(1.11) 32,936(53) 268.96 0.114 23.61

Note: Cr. = Critical, Inj. = Injection, Cure, = cumulative.
* Although specified to be 350 bbl/d, the average rate was 264.0 bbl/d because of pressure limitations.
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5.2.3 Detailed Base Case Results

The results from the steam injection rate and pattern area optimization studies indicate that a

steam injection rate of 250 bbl/d and a pattern area of 2.5 acres are the optimum steamflood

operational parameters for the Charivari Creek reservoir. The critical production time of 1,260

days is referred to as the final time. Histories of oil production rate and WOR are shown in the top

part of Fig. 5.2. The oil production rates are higher in the very beginning, because of higher

temperatures in the near wellbore area. The oil production rate increases slowly till 800 days,

increases sharply reaching its peak value of 50 STB/d at around 1,050 days, and finally fall rapidly

after 1,200 days. The WOR remains below 7 till 800 days, and then increases gradually exceeding

a value of 10 after 1,300 days. Histories of cumulative oil production and COSR are shown in the

bottom part of Fig. 5.2. The oil recovery is 53% at the end of the production time. The COSR

which reaches its peak value around 1,200 days is 0.117. The final pressure and temperature in

the top layer of the injection block are 746 psi and 510° F, respectively. The conductive heat losses

to the overburden and underburden rocks at the critical production time is 42.5%. The results for

the high-permeability sensitivity case, which are included in Fig. 5.2, are discussed later.

150 50
' I ' 1 ....... I j,, 'l /
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FIGURE 5.2 - Histories of oil production rate, WOR, cumulative oil production,
andCOSRfor thebaseand high-permeabilityreservoircases.
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Figure 5.3 shows final oil saturation contours at for all the top four layers containing oil.

The comer areas between the injector and the producer remain unswept in all four layers. The

extent of unswept area in a layer increases with depth. Figure 5,4 shows final steam saturation,

temperature, and pressure contours at for the third layer (central layer). The saturation and

temperature contours show that enough steam do not invade the corner region in a distribution of

lower steam saturation and higher residual oil saturation. The temperature data (not shown)

suggest that the vertical temperature profiles (in the x-z plane) in the central part and in the corner

region are more or less uniform. The occurrence of an unswept corner region is one of the reasons

a mature 5-spot steamflood is commonly converted to a 9-spot steamflood to improve oil recovery

(Fig. 4.16 in Butler, 1991).

5.3 Sensitivity Studies

The reservoir data obtained from the reservoir description study may not be perfect.

Sensitivity studies were conducted to have an understanding of the range of steamflood

performance that might be obtained as a result of differences in evaluated and real reservoir data.

Sensitivity studies were conducted by varying only one parameter at a time, except in the high

permeability and oil saturation case where two parameters were changed at the same time, while

holding others constant at their base case values. In only one case, an operational parameter,

namely the steam quality, was changed to evaluate its effect on the performance. All cumulative

results are presented at 1,260 days which is the critical production time for the base case. The

descriptions and overall production performance of the different cases are summarized in Table

5.4. All the comparisons, except as mentioned otherwise, are made with respect to the base case
results.

As mentioned in Section 4.3, one more beneficial effect of conducting sensitivity studies is

that one of the different scenarios created with different combinations of parameters may be found

similar to the parameters of another re_rvoir and in that case the predicted performance may be

accepted as a possible solution. For example, Irma and Troy fields (described in Chapter 2) have

characteristics similar to these of Charivari Creek field except the absolute permeability which is

13-fold higher in the case of Irma and Troy reservoirs. This was found from an incomplete

reservoir characterization study done with limited data available t)n those reservoirs. The

steamflo(_l performances of these two fields are likely to be similar to that ()fthe high permeability
case studied here. The results show that conductive heat losses to the overburden and underburden

layers ranged from 41 to 44%, except in the high permeability cases where it was around 40%.
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5.3.1 Steam Injection in Central l,ayers

in this simulation run, the injection strategy was changed such that the steam was injected

only in the second and third layers to reduce overburdenantiunderburdenconductive heat losses,

The results show that the tunountof steam injectedby 1,260 days was 10%less. The oil recovery

decreased by 13%, and the final COSR decreased to 0,095, The peak oil rate and final WOR

decreasedslightly, The pressureandtemperature in the top layerof the injection block, particularly

the pressure, were much higher compared to those of the base case. The likely reasons for low

recoveryefficiency are low volume of steoaninjectedand the ineffective reservoir heating.
5.3.2 Effect of Reservoir Pressure

The initial reservoir pressure was changed from 2(X)to 500 psi. The results show that the

amount of steam injected was 20% less, but the oil recovery was only 8% less. However, the

COSR improved marginally at 1,260 days. The pressure in the top layer of the injection block was

about 500 psi higher than that of the base case.

Because of higher pressure gradient from higher initial pressure in the system (wellbore

pressure being the same), initial production rates were much higher. However, on the injection

side, because of the injection pressure constraint, the amount of steam injected was limited. It

seems that the beneficial effect of higher pressure is offset by ineffective reserw_ir heating. The

maximum eil rate was found to be 53.3 STB/D at i,371 days and the maximum COSR was found

to be 0,14 at 1,500 days. The displacement pr()cess was slowed down, and the hot fluid broke

through at a later date.

5.3.3 Effect of Vertical C,,,,mmunication

In this category there were two sub-cases: (a) perfectly communicating layers, implemented

by imposing kv/kh = 1.0, and (b) noncommunicating layer, implemented by imposing kv/kh =

0.01. As mentioned before the kv/kh was 1/2 for the base case. This vertical communication was

with regard to the top 4 layers containing oil. The vertical coxnmunication with the underlying

water layer is discussed later.

The results from these two cases differed slightly, and varied in the opposite direction from

the base case results as would be expected. For the noncommunicating layer case, the volume of

steam injected and the volume of oil produced were slightly higher. However, the final COSR

remained the same. The likely reason for vertical communication having little effect was that a

piston type of displacement was occurring in these two and base cases probably as a result of

lower thickness, similar mobility among the layers (resulting from horizontal permeabilities and

phase saturations), and higher steam injection rate.
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5.3.4 Effect of Low Quality Steam

The Injected steam quality was reduced from 70 to 10%. The amount of steam injected is

reduced by 3%; however, the aJnount of heat injected was reduced by a large extent of 36%, The

oil recovery was reduced by 25% and the final WOR became higher, in this can, the COSR was

not a valid criterion to compare performance results, because heat contents and costs per BBL of

steam for 70% and 10% quality steams are different. The COHR (cumulative otl heat ratio,

STB/MMBTU) _emed to be a better criterion (Spivak et al,, 1987). The COHR for the base case

and thts case were 2.66 and 2.15 STB/MMBTU, respectively. The pressure and temperature in

the top layer of the injection block were 1,287 psi and 576° F. These values were the highest

among the cases considered. Although cumulative heat loss was slightly less, the ineffective

reservoir heating was possibly the reason for poor performance. The operating cost was

$28.28/STB of oil as colnpared to $23.48/STB of oil for the base case.
5.3.5 Effect of Oil Saturathm

The initial oil saturation was increased to 55% fl_rthe top 3 layers and to 45% fo, the fourth

layer. This increased the OtIP of the pattern by 16.8% (7,4771 STB). A perl:;_ctvertical

communication (kv/kh = 1.0) was assumed among the oil layers. The amount of stean_ injected at

1,260 days was reducedby 11%because of lower aqueous phase mobilities from lower aqtieous

phase saturations. The oil recovery was reducedby 6%, however, the final WOR was less and the

final COSR was slightly higher (0.14). Allowing the steamflood to continue until the critical

productiontime for this case was (1,417 days) reached, the final COSR and the recovery efficiency

increased to 0.148 and 58%, respectively. The likely reasons fl_r lower recovery efficiency were

lower volume of steam injected andthe ineffective re_rw_ir heating.

5.3.6 Effect of Absolute Permeability

The absolute permeability for the top four layers were increased to 2,5(_) roD. A perfect
communication (kv/kh = 1.0 ) was assumed fl_rthose layers. At 1,260 days, the amount of steam

injected was 1I% higher and the oil recovery was 12%higher. The maximum oil rate increased

significantly from 50.3 to 129 STB/D and the final WOR was much higher at 47.

In this case the critical production time was reached much earlier at 429 days. The COSR

and the oil recovery at that time were 0.226 and 39%, respectively. The maximum COSR was

found to be 0,232 at the end of 461 days when the oil recovery efficiency was 43% and the WOR

was 3.8. The cumulative oil recovery in this case exceeds that of the base case at 663 days when
the COSR was still 0.20.

At some intermediate time of 400 days the amount of steam injected (-96,000 bbl) and the

conductive heat loss (-.35%) were similar for this case and the base case. In the high permeability

case the pressure and temperature in the top layer of the injection block were 247 psi and 398° F,

respectively. These values were much lower compared to the base case values of 1,394 psi and
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587 ° F, respectively. The pressure difference between the injection and the production blocks were

126 and 763 psi for this case and the base caM. The oil recovery at this tilne were, respectively,

33% and 7%, for this case and the base case, Therefore, comparing the two cases at a particular

time, keeping all operational and reservoir parameters same, except the absolute permeability, the

steam injection in a low permeability reservoir leads to ineffective reserwfir heating. If the

steaJnflood operation is conducted in such a way that pressure and temperature distributions tire

similar for both the cases, the low-permeability reservoir sinewsdt_wnthe displacement process by

limiting the rates of injection and production. The effect of permeability is mast significant among
all the effects considered here,

Histories of oil production rate and WOR are shown, along with the base case results, in the

top part of Fig. 5.2. As mentioned befl}rethe oil production rates were high in the very beginning

because of higher temperature in the near wellbore area. The oil production rate increased slowly

till 200 days, increa._d sharply reaching its peak value of 129 STB/D at around 421 days, and then

fell rapidly. The WOR remained below 4 until 461 days. Histories of cumulative oil production

and COSR are shown in the bottom part of Fig. 5.2.

5,3,7 Effect of High Permeability and Oil Saturation

Both absolute penneabilities and the oil saturation were increased according to the conditions

mentioned above with regard to their individual increases. The absolute permeability for the top 4

layers containing oil were increased to 2,500 mD. The initial till saturation was increased to 55%

for the top three layers, and to 45% for the fourth layer. The amount of steam injected at 1,260

days increased by i 1%, but the oil recovery increased by 18%.

in this case, the critical prcnluctiontime was reached earlier at 405 days. The oil recovery by

that time was 45% and the COSR was 0.334. In this case, a mu!tiplicative effect of higher

saturation and higher permeability was observed. The pressure profiles lay between high

permeability and high saturation profiles, and at a lower level than the base case profiles. The

effect of higher oil saturation was found to be significant when the permeabilities also were higher.
5,3,8 Vertical Communication with the Bottom Sand

The effect of vertical commurdcation between the oil layers at the top and the water layer at

the bottom was investigated by changing the vertical permeability of the bottom layer over a wide

range from 0.05 to 50.0 mD. The results are summarized in Table 5.5. The results indicated that

with increase in the vertical permeability of the bottom layer, the amount of steam that could be

injected by a fixed time period of 1,260 days increased, the maximum oil production rate

decreased, and the final COSR decrea._ed. Under the conditions of higher vertical permeability

more oil was first being pushed into the bottom layer and then became trapped as the residual oil
saturation.
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TABLE 5.5

Results Showing the Effect of VerticalCommunication With the Bottom
Water Zone at the End of i,260 Days for a 2,5-Acre 5-Spot Pattern With a

Specified Maximum Stemn injection Rate of 250 bbl/d.

........ __ ul .......... i ill i : - :11 u. i i i ...... tt_: iJ i _uHi ul -iT ......... : :...... :.-lr.l_l

Run VerticalPenn. Yolom_of COSR Corn, Corn, 011ratemax WORr
no. mD steam, Mbbl fraction off, STB liquid, Mbbl STB/d
n,Jl, .... : .... :l ,,r, - -- [i ..... ,l i J ! [[ J ..... l: ,,111_ , , ,,,,,n ,,ltij1 : --- 7: .............

1 0,05 284.4 O.1i7 33,1fi8 272.23 50,3 9.0

2 0,5 294.8 O.108 31,787 292.65 48.8 1i .0

3 5.0 303.07 0.083 25,083 292.23 43.4 11,7

4 50.0 315,00 0,063 19,725 308.97 139,9 12,2

IThe maximum oliproductionrateisreachedatalaterdate;cure,-cumulative;suffix"max"-maxiltlutrl,"f"-fitlal,

5.4 Potential of Using Horizontal Wells

The results from steamflood sensitivity studies using vertical wells indicated that the lnain

reason for poor steamflood perfornlance in the base case was Ineffective reserw)ir heating caused

by low permeability of the reservoir. To keep the pressure and temperatureof the reservoirat a

lower level, the use of horizontal or inclined wells instead t_fvertical wells seemed to be a solution.

To test this idea, steamflood simulations using horizontal wells were conducted.

The types of well configurations used were: (1) one horizontal injector and fl)ur vertical

producers, (2)one horizontal producerand fl)ur vertical injectors, and(3)one horizontal injector

andtwo horizontalpnxlucers. The configurations 1 and2 can be termed as horizontal-verticaland

the configuration 3 can be termed its horizontal-horizontal configurations. The sketches of

configurations 1 and 2 are shown in Fig. 5.1c and that of configuration 3 is shown in Fig. 5.1e.

For configurations using one horizontal well, the h_rizontal well was located centrally in the

y-direction andare oriented parallel to x-axis. For configurations using _ne h_)rizontalinjector and

two horizontal pr(xtucers,the injectorwas h_ated as before, but the two producerswere located at

y = o andy = patternlength in the y-direction. Both the wells were parallel to the x-axis. In the

verticalplane, wells were located in the fl_urthlayer from the top.
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As variations of exactly h()rizontalwells, h)w angle (2.8° in a 5-acre pattern) inclined wells

were used to study the influence ()f m_)rerealistic situations where ht_rizontalwells are n()t exactly

horizontal (Ciussls, 1985), and the effects of contacting all the layers ¢)fthe f(mnation for injecti¢)n
and production, The sketches of an inclined injectc)r/pn_ducerin c¢)nfigurati¢_nsi and 2, and of an

Inclined producer in configuration 3 are sh¢_wnin Fig. 5.1d and f, iespectively. In the areal x.y

plane the configurations were similar to those ()f h()r'iz_)ntalwell c()nl'igurati()ns (Fig. 5. Ic

and e). In configurati()n 3, the injectic_n and prt_ducti_mwells had tnclinati()ns in the opp_site

dtrecti()n In the x-z plane (at different values (_fy), lot)king like the alphabet "X". This was th)ne

with the tt,_sumptt()nthat it would impnwe sweep efficiency.

A steamflood pattern area ¢_f5 acres was cho,_n fl_rthe fi)llowing reas_ms. In the base CtL,_e

of a 2.5-acre area and 5-sp()t pattern, mathematically there are tw,, wells, ttence, there are fi_ur

vertical wells per 5-acre area. Accc)rding to)the h(_rizCmtalwell cont'igurati¢_nsmenttCmedab_we,

the number ()f wells per 5-acre pattern area are _me h_riz_)ntal and ()ne vertical fl)r h_riz_mtal-

vertical configurations, and tw(_ ht_rizc)ntal wells l't)r hc_riz_mtai-ht_riz_)ntalc()nfigurati_)ns.

Assuming the costs ()f a horizontal well to be dt_uble the c_st _t"a vertical well, the fixed c_sts _t"

f()ur vertical wells in two patterns ()f 2.5 acres each are equivalent t_ thai t)f tw() h()riz_ntal wells in

a 5-acre pattern. The fixed costs _)fone vertical and ()he h_)rizontal well in horiz_)ntal-vertical

c()nfigurations in a 5-acre pattern are less than that t)f the base case using t(_ur vertical wells, Of

course, in terms of physical number _)fwells, the wells I_cated t)n the _)utskirts _)fthe area to be

developed will introduce additional well ct)sts, because physically there is n_)thing like a quarter

well. For patterns using inclined/h()rizontal wells, half _t' the patlem area was used fi)r simulation

(Figs. 5.2c and 5.2e). A 12x9 areal grid system, which gives bl_ck diH_ensi_ms ()f 42.42 ftx

29.16 ft, was used fl)r all _1'the runs. The h_)riz_mttdwells were c_)_npleted in sect)nd thn_ugh

eleventh blocks with a total length of 424.2 l't, leaving 21.2 !i _f t'irsl and twellth bl()cks being n_t

completed. In c_)nligurati(ms I and 2, the inclined inject_)r!pn)ducerwell was completed in bl()ck 2

of the first (top) layer, bh)cks 3 thr(_ugh 7 _)fthe second layer, bl_)cks 8 thn_ugh 1()of the third
I

layer, and blocks 11 and 12 of the f(_urthlayer. In c_nt'iguntti_n 3, the injecti_m well (at y = _ ()f

the Ic_ngthof a side of the pattern) was completed as described abt)ve. But, the inclined producer

well (at y = ())was completed in bl()ck 11 of first (t_p) layer, hijacks 7 thn_ugh 1()of second layer,

blocks 4 through 6 of third layer, and blocks 2 and 3 of fi)urth layer, in case _)finclined wells, the

_cond layer received ()r injected maximum amount (ff pr()tluced fluid ()rsleam becau_ it was the

thickest layer among the four layers that contained oil.

The steamflo(_d results for the,_ three types of configurations, using horizontal (Cases 2a, 3a

and 4a) and inclined type of wells (Cases 2b, 3b and 4b), along with the results ()f the base case
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usingverticalwells,aresummarizedinTable5,6,As mentionedbefore,thecriticalproduction

timeisdefinedasthetimewhen therateofoilproductionfallsbelow80% ofthepeakrate.The

cumulativeresultsarecomputedatthecriticalproductiontimeforeachcase.Forthebasecase

usingverticalwellsina2,5-acrepatternarea,theoilrateandcumulativeinjectionandproduction

dataweredoubledtoobtainequivalentresultsfora5-acrearea.

$.4.1 HorizontalInjectorand VerticalProducers
i

Forhorizontalandinclinedinjectorcases(RunNos,2aand2b),theCOSRs were0,081and

0.0'73,andrecoveryefflciencieswere34% and29%,respectively.The5% reductioninrecovery

efficiencycouldbepartlyexplainedbya6% reductionintheamountofsteaminjected.TheCOSR

values were even lower thanthe base ca._ values. The critical production time was approximately

1,500 days for both the cases, The final conductive heat losses (for the base case and the

horizontal injector cases) were 42% and 47%, respectively. In the case {_fhorizontal injector and

vertical producers, the peak rate of oil production of 90 STB/d was reached at 1,485 days, but in

the case of inclined injector and vertical producers, the peak rateof oil production of 60 STB/d was

reached at 1,396 days. Similarly, the production time was 81 days less in the case of inclined

injector and vertical producers. This occurred because of non.uniform displacement in the case of

inclined i_jector and vertical producers. The hot fluid broke thr{}ughfirst in the well on the left- I

' ') ( ' Ihand side, probably becau._ of a combined effect of penneabilily dnstributt_ns and the I_cat_onsof
S 'the completed interval in a layer, This was indicated on the temperature contour of the. econd layer

F'at around 1,400 days for both the cases ( lg. 5 5). In the case of inclined injector and vertical

producers, the temperature in the wells {}nthe left- and right-hand sides were 4(X)° and 225 ° F,

respectively. However, in the case _}fhorizontal injector and vertical producers, the temperature in

the wells on both the left- and right-hand sides were 3(X)° F. The amounts of steam injected at this

time were very similar fi}rthe two cases.

5,4,2 Horizontal Producer and Vertical Injectors

There was not much difference in the performance of horizontal and inclined producers with

that of vertical injectors. The values for production time, COSR, and recovery efficiency fl_r

horizontal and inclined producer cases and vertical injectors were approximately 400 days, 0.208,

and 34%, respectively. Compared to the base case results, COSR was much higher, but the

recovery efficiency was 20% less.

Interestingly, the configurations using horizontal or inclined producer and vertical injectors

(Run Nos. 3a and 3b) were showing better process efficiency than the configurations using

horizontal or inclined injector and vertical producers (Run Nos. 2a and 2b). The amount of steam

injected in the horizontal injector and vertical producers (Run No, 2a) case was 8% less, but in the
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FIGURE 5.5 - Temperature contours (in °F) of the second layer for
horizontal injector and vertical producer (2a) and
inclined injector and vertical producers (2b) cases at
1,400 days.

horizontal producer and vertical injector (Run No. 2b) case was 65% less, when compared to the

amount of steam injected in the base case. The oil recovery efficiencies were similar for these two

cases. Figures 5.6 and 5.7 show contours of oil saturation and pressure in second layer at an

intennediate time of 400 days for the horizontal injector and vertical producers (2a), and horizontal

producer and vertical injectors (3a) cases. The required potential gradient for fluid flow around a

horizontal well was low, but that around a vertical well was very high, because of the difference in

the length of contact with the reservoir. Moreover, in the case of vertical producers receiving

colder oil of higher viscosity, the required potential gradient became even higher. In the case of

horizontal injector and vertical producers, a bottle-neck type of situation was created where the

injected fluid was used for building up higher pressure and temperature in a significant portion of

the area of the pattern.

5.4.3 Horizontal Injector and Horizontal Producer

The configuration using horizontal wells for both injet tion and production showed the best

results (Run No. 4a). The COSR was 0.212, which is generally perceived as a desired value for a
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FIGURE 5,6 - Oil saturation(in fraction) contours in secondlayer for horizontal
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FIGURE 5.7 - Pressure (in psi) contours in second layer for horizontal injector
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producers (3a) cases at an intermediate time of 400 days.
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successful steamflood (p. 107 in Butler, 1991). This was much higher than that of 0.117 obtained

in the base case using vertical wells. The oil recovery efficiency was about 68%, which was 15%

higher than that of the base case. The amount of steam injected was about 30% less.

Figure 5.8 shows oil saturation contours at 800 days for all the top four layers containing oil.

Areal sweep was best in the second layer, good and similar to each other in the first and third

layers, and worse in the fourth layer. Figure 5.9 shows steam saturation, temperature and

pressure contours at 800 days for the second layer. Although steam was injected in the fourth

layer, areal extent of steam zone in this layer was less. The different factors involved were

horizontal and vertical permeabilities of the layers, overriding tendency of steam, and different

displacement efficiency of "team and hot water. Figure 5.10 shows histories of pressure,

temperature and steam saturation at an observation point located centrally between an injector and a

producer for the base case and the horizontal injector and horizontal producer case. The

observation points are marked with small circles in Figs. 5.1b, c and e.

The configuration using inclined wells tbr both injection and production showed poorer

results (Run No. 4b) compared to those of the previous case, where both the wells were exactly

horizontal. Both the oil recovery efficiency and the amount of steam injected were about 8% less

compared to the values in the horizontal wells case. Figure 5.10 shows oil saturation contours at

800 days for all the top four layers, containing oil. Areal sweep was relatively better in the first

and second layers, but worse in the third and fourth layers. Compared to the horizontal wells case

(4a), the displacement in this case was nonuniform creating a nose in the central part of the pattern

in the first and second layers. When this nose broke through, the areal sweep remained poor on

the both sides of the pattern. This happened probably for two reasons. First, in an "X" type of

well configuration, the distance between the injector and the producer was minimum in the second

layer. Second, because of saturation and permeability distributions, the first and second layers had

higher mobilities. Figure 5.12 shows steam saturation, temperature, and pressure contours for the

second layer at 800 days. The temperature and steam saturation contours showed low

temperatures and low or no _team saturation on both the sides of the pattern. The values of

pressures and temperatures were similar to those of the horizontal wells case (4a).

The histories of oil production rate and WOR for horizontal injector and vertical producers

(2a), horizontal producer and vertical injectors (3a), horizontal injector and horizontal producer

(4a), and the base case are shown in Fig. 5.13. The oil production rates reached their peak values

at around 350, 600, 1,100 and 1,500 days for these cases, respectively. The WOR was below 5

for first 200 days and remained around 7 for time less than 1,000 days for all the cases. The

cumulative oil production and COSR histories for the horizontal injector and horizontal producer

and base cases are shown in Fig. 5.14.
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5.5 Conclusions

(1) The results from simulation of steamflood operations indicate that a steam injection rate

of 250 BBL/D (cold waterequivalent) and a pattern area of 2.5 acres are the optimum

values for steamflood processes using 70% quality steam at 1,500 psi pressure in a 5-

spot pattern using vertical wells. The COSR at 1,260 days is limited to 0.12, indicating

a possibility that the operation might be economically unsuccessful, The steamfront

progresses almost like a piston with no gravity override, because the thickness of the

oil zone is small and variationof permeabilitieswithin the zone are small.

(2) As observed in the cyclic.steam-stimulation cases, the characteristic of the low

permeability of the Charivari Creek reservoirhas the most negative influence on the

steamflood performance. It limits the rate of steam injection and causes ineffective

reservoir heating, where the mass and energy of the injected stealn is consumed for

raising the pressureand temperature of the reservoirto a much higher level. The strong

effects of higher oil saturation are clearly noticeable when the permeabilities also are

higher. A hundred-fold increase in vertical permeability of the underlying water layer,

although less likely in reality,reducesoil recovery by 13%.

(3) Use of horizontal wells improves the recovery performance very significantly by

reducingthe ineffective reservoirheating, increasingsweep efficiency, andaccelerating

the oil recovery process. At 800 days, the COSR is 0.2, which is considered a desired

value for a successful steamfiood, and the recovery efficiency is 68% of OIIP. The

higher cost of horizontal wells is presumably offset by reducing the number of wells

per acre. Simplified economic calculations suggest that the project might be

economically successful.

(4) Sensitivity studies suggest that an increase in vertical permeability of the underlying

water layer can reduce oil recovery much more significantly than that observed in the

configurations using vertical wells. Zones of higher oil saturation are created in the

waterlayer alongthe lines parallel to the horizontal injector.

(5) Configurations using horizontal producers and vertical injectors show much better

performance than configurations using horizontal injectors and vertical producers,

because in the latterconfigurations ineffective reservoir heating occurs as a result of a

bottle-necktype of situationcreated at the producers receiving the cold oil.
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CHAPTER 6

SUMMARY

Results from screening all the heavy oil reservoirs in the Nacatoch formation of Arkansas and

Louisiana, using screening guides, indicate that five reservoirs with highest potentials for

application of steam injection processes are Sandy Bend, Irma, Charivari Creek, Troy, and Elliott

South. According to predicted performances, using steamflood predictive models, the Charivari

Creek reservoir has the htghest potential for application of steam injection processes. Irma and

Troy are two other reservoirs with good potentials for successful steamfloods.

A cleaner and thicker part of the Nacatoch formation in Charivari Creek field is identified and

characterized based on core-log calibration, characteristics of the fractured wells and the production

characteristics of the reservoir. The zones containing oil have a gross thickness of 23 fi and an

average for oil saturation of 44%. The values for porosity and permeability in different layers are

more or less uniform with averages at 31% and 186 roD, respectively. A water zone that exists

below the oil zone has a net thickness of 14 ft, contains some low-permeability streaks, and has

permeabilities less thanthose of the oil zone. A simplified fracture analysis of a typical well shows

that fracture orientation is vertical and improvement in PI ratio is marginal possibly because of low

proppant concentrations used during fracturing. Primary and secondary production characteristics

of the field indicate that the lateral and vertical ccntnnumes within the reservoir are good. The

primary and secondary (waterflood till 1991) oil recoveries are about 5.7% each.

Numerical simulation of cyclic-steam-stimulation operations using a thermal simulator show

that the optimum steam injection volume has a small value of 747 bbl; consequently, the radius of

stimulation is limited to a short distance of approximately 30 ft. The COSR is limited to 0.59 in the

first cycle and to 0.5 in the second cycle. The liquid expansion drive and increase in mobility of

the oil seem to be the main oil recovery mechanisms, while the gravity drainage mechanism is

unlikely to have any influznce here. The characteristics of low permeability, low thickness, and

low oil saturation are the major reasons for poor recovery performance. A sensitivity study using

seven-fold higher permeability shows that the pressures in the near-wellbore area at the end of

injection period are half of those observed in the base case using original permeability. The

injected fluids penetrate deeper into the f_Jrmation, and the oil is drained from an area with higher

drainage radius. Higher permeability ,andhigher oil saturation combined have mutiplicative effects.

The cyclic steam stimulation may be used as a precursor for steamflood processes but not as a

process by itself for recovering a significant amount of oil in thin reservoirs such as Charivari
Creek.

Simulation of steamflood operations using vertical wells shows that the optimum steam

injection rate is 250 bbl/d and the c)ptimum pattern area is 2.5 acres. The COSR at 1,260 days is

limited to 0.12, indicating a possibility that the operation might be economically unsuccessful. The

88



I

steamffont progresses almost piston like with very little gravity override, becau_ the thickness of

fhe oil zone is small and _rmeabtltties of the otl layers are more or less sil,dlar. Sensitivity studies

suggest that the ch_u'acteristicof low permeability of the reservoir, tunong all the parameters studted

here, has the most negative influence on the recovery performance. It causes ineffective reservoir

heating where the mass and energy ot injected steam is consumed for raising the pressure and

temperature of the reservoir to a tnuch htgher level without gaining much from reduction in

viscosity of otl. A 100-fold increase in vertical permeability of the underlying water layer,

although less likely, reduces oil recovery hy 13%.

Use of horizontal wells in steamflooding improves the recovery performance very

significantly by reducing the ineffective reservoir heating, increasing sweep efficiency, and

accelerating the oil recovery process, At 800 days, the COSR is 0.2, which is considered as a

desired value for a successful steamflood, and the recovery efficiency is 68% of OIIP. The higher

cost of horizontal wells is presumably offset by reducing the number of wells per acre by half.

Simplified economic calculations suggest that the project might be economical. A 100-fold

increase in vertical permeability of the underlying water layer can seriously jeopardize the process

by reducing oil recovery by 34%. Zones of higher oil saturation are created in the water layer,

along lines parallel to the length of the wells and at a distance half-way between the injector and the

producer.

A configuration using a horizontal producer and vertical injectors shows much better

performance than a configuration using a horizontal injector and vertical producers, becau_ in the

latter configuration ineffective reservoir heating occurs as a result of a bottle-neck type of situation

created at the producers receiving the cold oil. For the configuration using horizontal producer and

vertical injectors the recovery efficiency is 20% less, because of a poor areal sweep efficiency.

The COSR is similar (0.2), when compared with the values of the configuration using a horizontal

producer and a horizontal injector.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

A commercial ther!nal stfnulator was used to evaluate the steamflood potential of a marginal

heavy oil reservoir in the Nacatoch fi_rmation of Arkansas. This is a shallow, thin, low-

permeabilityreservoirwith low initial oil saturationand is underlaidby watersand,

This investigation has shown that the re_rvoir will respond favorably to stetun injection and

at current oil prices ($18.00/bbl) the economy seems to faw_rhorizontal well steam injection

techniqueover the vertical well steamdrive, The following specific conclusions were derived from

this study.

CONCLUSIONS

1. Due to thin pay-zone (23 fl net), low permeability (...186 roD) and higher initial water

saturation (56%)° cyclic steaming is not effective in this reserw_ir. However,

stimulation is necessary to improve steam injectivity during subsequent steamdrive,

2, Steamdrive simulation studies indicated that becau_ of the thin pay-zone and high water

saturation, the steamfront progressed almost piston-like with very little gravity override.

The in situ water by virtue of its higher heat capacity and thermal conductivity, absorbed

nluch of the injected heat which resulted in very low heat losses to the overburden.

During the early _tages of steamdrive, the bulk of the injected heat was expended in

converting the in situ water t_ steam. This resulted in large steam zone w_lume that

progressed in almost piston-like fashion and displaced oil toward the producer.

3. The residual oil saturation in the steam invaded zone was less that_8%, However, not

all of the displaced oil was produced. Due to vertical communication between the water

saturated bottom layer and the oil layer, approximately 20% of the displaced oil was

drained into the water sand and was not produced. When the water sand was _aled off,

almost all of the displaced oil was produced.

4. No detailed economic study was perfl_rmed. However, a back of the envelope type

econotnic calculation indicated that at an oil price of less than $23.(X)/bbl, steamdrive

using vertical wells will not be econotnical in this reserwfir.

5. Oil recovery and oil steam ratio increased '_;ignificantlyusing horizontal well steam

injection technique suggesting that the economics may be more lhw_rablewith horizontal
wells.

6. For the pattern area studied conw.ntional steamdrive using vertical injectors and

producers recovered 66,336 bbl of oil (53% of OIIP) at an estimated cost of $23.47/bbl.

7, For the same area, the use of horizontal inject_rs and horizontal producers recovered

84,870 bbl of oil (68% of OIIP) at an estimated cost of $15,33/bbl. This reduction in
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the production cost is due to the improvement in the cumulative oil-steam ratio from 0.12

(for vertical wells) to 0.21 for horizontal configuration.

RECOMMENDATIONS

1. The description of the reservoir needs to be improved. Wells may be drilled on the top

of the formation, according to the new structure and isopach maps prepared in this

work. All three sections of the Nacatoch fomlation may be cored and analyzed. It will

be important to know the vertical and horizontal penneabilities of the bottom section

(underlying water layer). A :;uite of logs including SP, gamma ray, porosity, and

resistivity should be run in a single well for proper core-log calibration. Well tests

should be conducted for evaluating skin factor of wells, and pressure and permeability
of the reservoir.

2. Fracturing, if necessary, should be carried out with higher proppant concentration to

obtain any significant improvement in productivity index (PI) ratio. Tests should be

carried out to determine height, length, and conductivity of the fracture. It will be

important to know if the vertical growth of the fracture can be limited to the middle

section only.

3. Since this study indicates that steamflooding using horizontal wells has good potential,

an in-depth study using improved reservoir data and appropriate economic data should

be conducted before implementing any steamflood project.
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APPENDIX A--CALCULATIONS OF RESERVOIR TEMPERATURE,
OIL SATURATIONS, OIIP, OIL RECOVERY, AND COSR

Reservoir temperature (Treservoir)are estimated from the following equation.

Treservoir= Tsurface+ o_* Depthreservoir (A-l)

Here tx is the temperature gradient. The surface temperature (Tsurface)and the temperature gradient

(ix)were assumed to be 70° F and 2° F/100 ft (Frick, 1962), respectively.

Initial oil saturation (Sol) is estimated from the following equation.

Soi=l-Swc (A-2)

No free gas was assumed to be present in the reservoir. Here Swcis the connate water saturation.

Present oil saturation (So) is estimated from the following equation.

So=Sol - NpBo (A-3)
7758 Ah_

Here Np is the cumulative amount of oil (BBL) produced, Bo is the formation volume factor, A, h,
and ¢ are the area (acre), thickness (ft), and porosity of a reservoir, respectively.

Oil in place (OIP) is estimated from the following equation.

OIP = 7758*Ah¢SoBo (A-4)

Oil recovery is estimated from the following equation.

Recovery - Soi - SoSoi *100 (A-5)

Cumulative steam-oil ratio (CSOR) is the reciprocal of the cumulative oil -steam ratio

(COSR). COSR is evaluated from the following correlation (p. 110 in Butler, 1991).

For COSR>5, (English unit: same as the units used in the screening table )

COSR = -0.011253 + 0.00002779D + 0.0001579h - 0.0013570 + 0.0000072321a.

+ 0.00001043kh/_t + 0.5120_So (A-6)
Here D, 0, and k are the depth (ft), dip angle (degree) and permeability (mD) of a reservoir,

respectively, ktis the viscosity (cP) of the oil.
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APPENDIX B--THE LOG ANALYSIS PROCEDURE

B.1 Volume of Clay

Gamma ray index is evaluated as,

IGR = GRlog-GRmin
GRmax-GRmin

where,

GRlog = gamma ray from the log

GRmin = gamma ray minimum (clean sand) = 25

GRmax = gamma ray maximum (shale) = 60

Volume of clay is (assuming an unconsolidated sand) evaluated as,

Vclay = 0.083"[2 (3"7.I°R)- 1]

B. 2 Porosity

The total sonic porosity is evaluated as,

d_t= Atlog - Atma , 100
Atf- Atma Atsh

The effective porosity is evaluated as,

_Pe=_t- Vday * At_- Atma
Atf- Atma

where,

At log = interval transit time of shaly formation, _t sec

At ma = interval transit time of formation's matrix = 55.5 _t sec

At f = interval transit time of fluid = 189 It sec

At sh = interval transit time of adjacent shale = 125 _t sec
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B.3 Water Saturation

The effective water saturation is evaluated as,

-_(FRw 1/2

where, the formation resistivity factor for shaly sands is expressed as (Asquith, 1990),

Rw = free water resistivity ----0.065Dan (at the formation temperature of 114 o F)

Rt = deep resistivity of the formation, D.rn
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APPENDIX C--FRACTURE ANALYSIS

The gross thickness is evaluated on thebasis of the idea that only the thick shale layers atthe

top and bottom of the formation can be considered to be the boundaries. Following this basis, the

gross fracture height is the thickness of the middle section of the formation, and the net fracture

height includes the thickness of the oil zone and the underlying low permeability water zone. The

fracture will be extended over the oil and water zones in the vertical direction. The drainage area

for the well is 10 acres. Details of the fracture job, conducted at the Potlatch "A" 4 well in July,

1976, may be summarized as:

Injection rate, bbl/min 18

Gross fracture height, ft 80

Net fracture height, ft 42

Pad volume, bbl 30

Suspension volume, bbl 500

Proppant type 10/20 sand (average size = 0.0559 inches,
sp. gravity =1.53)

Proppant mass, lb 32,000

Average permeability, mD 129

Immediate shut-in pressure at the surface was 500 psi. The long-term transient phase pressure data

are not available. This shut-in pressure may be considered as the upper limit for the closure stress.

Fracture fluid data are not available and they are arbitrarily assumed as follows.

Fluid loss coefficient, ft/min I/2 0.002

Fluid loss, ft3/ft2 0.01

Viscosity, cP 300

Specific gravity 1.0

The fluid pressure gradient is assumed to be 0.44 psi/ft. The maximum proppant concentration

was 2.75 ppg (pound per gallon). From the correlatiun chart the fracture permeability is 1,150 D

(Fig. 6.2: Bradley, 1989; Fig. 6.2; Brady type sand is considered here).

C.1 Fracture Orientation

PIsIP, Instantaneous shut-in pressure = 500 psi

Ph, hydrostatic pressure 0.44 psi/ft * 2,370 ft = 1,043 psi

Presto, Bottomhole instantaneous shut-in pressure = PxsIP+ Ph = 1,543 psi

Fracture gradient = PmsIP/Depth = 1,543/2,370 = 0.65 psi/ft

Normal overburden stress is 1.0 psi/ft. Since the fracture gradient is less than the overburden

stress, it is most likely that a vertical fracture will form.
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C.2 Fracture Dimension and Productivity Ratio

Assuming a medium hard sand formation the Poisson's ratio (v) is found to be 0.17 (Bradley

et al., 1989; Table 11.1). Young's modulus has been approximated from the following equation

(Bradley et al., 1989; Eq. 11.1).

2.16"108(1-2 v)(l+v)[165(1-¢) + ¢ OfE=
(l-v)(At,:)2

Here,

Ate, sonic travel time = 120 gsec/ft (from the sonic log at Salmar 2),

¢, porosity = 0.29,

pf, reservoir fluid density = 62.4 lb/ft3.

Or, E= 1.613"106 pai

From the PKN model the results are propped fracture length equals to 507 ft and width =

0.047 inches. Although, the dynamic fracture width at the wellbore is 0.4 inches, the propped

width is only 1/10th of the dynamic width. From the McGuire-Sikora chart (Bradley et al., 1989;

Fig. 6.1) the PI ratio is 1.4. As the fluid viscosity was unknown a sensitivity run was made with a

viscosity of 30 cP. The results show that the fracture length increases to 587 ft and the width

remains almost same at 0.041 inches. These differences are unlikely to make any difference on the

value for PI ratio.

C.3 Fracture Pressure Analysis

The fracturing process can be divided into four phases: formation breakdown, fracture

propagation, fracture closure, and transient phases (Bradley et al., 1989; Fig. 14.10). The

maximum surface pressure observed during the fracturing process was 1,150 psi (hydrostatic

pressure is 1,050 psi). So, the formation breakdown pressure is about 2,200 psi. The average

surface pressure during fracturing process was 700 psi, which indicates that the fracture

propagation pressure was about 1,750 psi. The history of surface pressure data during the

propagation phase are plotted in log-log coordinates in Fig. C.1. The plot can be qualitatively

analyzed following an example analysis given by Bradley et al. (1989; Fig. 14.16). After the

initial time period, the slope of the pressure curve shows slight negative value, which is a

indication of the fact that the fracture propagated more in the vertical direction and less in the

horizontal direction. The immediate shut-in pressure was 1,543 psi. A sharp decrease in the
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FIGURE C.1 - Surface pressure and injection rate histories during fracturing of
Potlatch "A" 4 well.

pressure value at the beginning of closure phase indicates a quick fluid leak-off from the fracture

channel. This may be a result of low viscosity fracture fluid or low proppant concentration in the

slurry. This value can be considered as the upper limit for the closure stress. The 15-minute shut-

in pressure data are available only at Salmar 2, and the data show a decrease of only 50 psi (from

the immediate shut-in value) and it seems that the fracture closure phase is almost completed by that

time. No data are available for the transient phase.
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APPENDIX DmCALCULATION OF OPERATING COST

Following the detailed economic calculation procedure shown by Dowd, Kuuskraa and

Godec (1988), a simplified procedure has been developed here for comparison purposes. The

fixed and variable operating costs have been lumped into single indicatorsof fixed operatingcost

per day per well and variable operating costs per unit volume of oil produced, respectively. The

capital and operating costs for steam generation and water treatment/disposal have been lumped

into single indicators of steam cost per unit volume of steam and water disposal cost per unit

volume of water, respectively. At presentthe field is developed on a 10 acre/well basis. Because

new wells need to be addedbefore initiatingsteam injection processes capital well costs have been

included. The capital costs for surface facilities have not been included because they arealready

existing. Financial costs, such as royalty, severance tax, income tax, interest, etc., have not been
included,

The datafor fixed operatingcost per day perwell, variable operating costs perunit volume of

oil produced, and water disposal cost per unit volume of water have been assumed to be

$25.00/day/well, $2.50/STB and $0.025/BBL, respectively (Dowd, Kuuskraa and Godec, 1988).

These cost data, expressed in 1986 dollars, assume a standard thermal EOR facility that uses a 50

MMBTU/hr steam generator operating at up to 2,500 psi and injecting steam into wells as deep as

3,000 ft. The data for steam cost per unit volume and vertical well cost have been assumed to be

$1.50/BBL and $100,000.00 (Chapter 4 in Sarathi et al., 1992). The cost of a horizontal or

inclined well has been arbitrarily assumed to be double the cost of a vertical well ($200,000.00).

All of these cost data should be considered as average values.

So,

Total operating cost = Fixed operating cost + Variable operating cost + Water

disposal cost + Steam cost + Well cost

Here,

Fixed operating cost = Production period, days * no. of wells * $25.00/day/well

Variable operating cost --Cumulative volume of oil produced, STB * $2.50/STB

Water disposal cost = Cumulative volume of water produced, BBL * $0.025/BBL

Steam cost = Cumulative volume of steam injected, BBL * $1.50/BBL

Well Cost = Number of wells * cost of a well, S/well

Finally,

Total operating co_, $
Operating cost, $/STB =

Cumulative oil produced, STB
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NOMENCLATURE

A = Area of the reservoir, acre

Ah = Area heated, fraction

Bo -- Oil formation volume factor, bbl/stb

COSR = Cumulative oil-steam ratio

D = Depth, fi

Eh = Thermal efficiency, fraction

Er = Oil recovery efficiency, fraction

F = Formation resistivity factor

GR = Gamma Ray Value, API

h = Thickness of a reservoir, ft

IGR = Gamma Ray Index

k = Permeability, mD

Np = Cumulative oil recovery, MSTB (103 STB)

OIP = Oil in place, STB

OIIP = Oil initially in place, STB

PI = Productivity/lnjectivity Index, bbl/d/psi

Ps = Steam pressure, psi

Rw = Free water resistivity, tim

Rt = Deep resistivity of formation, f_m

S = Saturation, fraction

T = Temperature, °F

tBT = Time for hot fluid breakthrough (fractional area heated equals to 1), yr

tDC = Dimensionless critical time/Mandl-Volek time, fraction

Vclay = Volume of clay, fraction

x = Steam quality, fraction

At = Interval transit time, _t sec

Suffix

c = Cold

h = Hot

log = Log value
min = Minimum

max = Maximum

ma - Matrix

o = Oil
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oi = Initialoil

or = Residual oil

Sh - Shale

we = Connate water

we = Effective water

GreekSymbols

o_ = Temperature gradient, °F/IO0 ft

¢ = Pcrosity, fraction

_t = Viscosity, cP

0 = Dip angle, degree
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