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Development of General Inflow Performance Relationships (IPRs) for Slanted and
Horizontal Wells Producing From Heterogeneous Solution-Gas Drive Reservoirs

By Aaron M. Cheng

Abstract curve, use of the empirical Vogel 1 equation, developed in
1968, has been the most frequently used technique in the

Since 1968, the Vogel equation has been used oil industry; however, the Vogel equation or curve is valid
extensively and successfully for analyzing the inflow only for vertical wells. Recently, with DOE funding,
performance relationship (lPR) of flowing vertical wells NIPER has developed IPRs for slanted and horizontal
producing by solution-gas drive. Oil well productivity can wells 2"3 by using a special vertical/horizontal/slanted well
be rapidly estimated by using the Vogel lPR curve and reservoir simulator (hereafter called horizontal well

well outflow performance. With recent interests on simulator). 4-5 These IPRs represent wells producing from
horizontal well technology, several empirical IPRs for homogeneous and isotropic reservoir systems under the
solution-gas drive horizontal and slanted wells have been solution-gas drive producing mechanism. Since most
developed under homogeneous reservoir conditions. This reservoirs are heterogeneous, there is a need to develop and
report presents the development of IPRs for horizontal and understand horizontal IPRs for heterogeneous systems.
slanted wells by using a special vertical/horizontal/slanted This project has two main objectives: (1) to adapt the
well reservoir simulator under six different reservoir and NIPER horizontal well reservoir simulator for an IBM

well parameters: ratio of vertical to horizontal PC/AT type microcomputer and (2) to develop IPRs for
permeability, wellbore eccentricity, stratification, slanted and horizontal wells producing from heterogeneous
perforated length, formation thic "kaless,and heterogeneous solution-gas reservoir systems using the NIPER simulator.
permeability. The pressure and gas saturation distributions Objective (1) has been achieved; the PC version of the
around the wellbore are examined. The fundamental horizontal well simulator was completed and submitted to
physical behavior of inflow performance for horizontal DOE in July, 1991. 5 This report presents the results of
wells is described, objective 2. Six reservoir and well parameters were

selected to stud)' their influence on well inflow
Introduction performance: vertical permeability, wellbore eccentricity,

stratification, perforated length, formation thickness, and
With recent technological advances in horizontal well heterogeneous permeability. In particular, pressure and gas

drilling, horizontal well technology has quickly emerged as saturation profiles, oil flow rates, gas-oil ratios (GOR),
a promising method to boost well productivity and and reservoir pressures for the base case data of the
reserves. Additionally, the horizontal well technology can horizontal and slanted wells were examined to understand
be used as an alternative or supplement to enhanced oil better the physical phenomenon of the inflow behavior of
recovery (EOR) processes and infill drilling. In certain these wells.
geologic conditions such as thin-pay and naturally fractured
systems, this new technology can be the only means to Acknowledgments
produce hydrocarbons commercially. Likewise, it can

provide more comprehensive reservoir descriptions than This project was conducted for the U. S. Department of
were previ,:,usly possible. At the 1989 International Energy under Cooperative Agreement DE-FC22-
Symposium on EOR in Maracaibo, Venezuela, it was 83FE60149. Special thanks are due to Fred Burtch and
concluded that horizontal well drilling (and steam injection) Thomas Reid of the DOE Bartlesville Project Office for
will play major roles in the future of EOR. their initiation and supervision of this project, and to

With declines in domestic reserves and gradual increases Thomas E. Burchfield, Ming-Ming Chang, James F.
in imported oil, horizontal well drilling currently appears Pautz, Michael P. Madden and Min K. Tham, ali of

to be the most cost-effective method for adding petroleum ,NIPER, for their valuable ideas and technical support.
reserves to new and existing fields and marginal fields near

abandonment in the United States. Literature Review
To decide whether to drill a conventional vertical or a

horizontal weil, the type of well that will result in the
Recently Norris et al. 5 presented a comprehensive reviewhighest productivity and econonfic return must be selected.

of predicting horizontal well performance, lt contains 84Common practice in the 6il industry for making this
selection is to calculate well productivity by using the well references. IPRs of horizontal ,'rod slanted wells have been

developed for single-phase (oil) flow. Most of theseinflow performance relationslfip (lPR). Simply stated, ml
lPR describes the relationship of well flowing bottomhole equations are mmlytical in nature and require properties

such as formation permeability to compute wellprcssurc Pwf versus oil flow rate qo at a stabilized reservoir
productivity. However, regarding two-phase (oil and gas)

prcssurc. For quick and accuratc gcncration of thc lPR inflow performance relationship (lPR) for solution-gas



drive horizontal wells, only three refcrcnces were 3. To normalize the lPR data, compute p' = Pwf/Pr and

quoted. 7-8 The two most significant studies on empirical q' = qoil/qomax to obtain an IPR plot; plot p' vs. q' on a
two-phase IPR's of horizontal wells are those of normal scale with p' on the y axis and q' on the x axis.
Bendakhlia and Aziz 7 and Cheng. 3 Both IPR generations
were obtained by reservoir simulators. Empirical two- 4. Repeat the above three steps for a different flowing
phase IPRs for slanted wells have been reported. 23 bottomhole pressure; the lPR data in this study were

generated at Pwr = 14.7, 100, 200, 300, 400, 450, 500,

Assumptions 600, 800, 1,000, 1,200, 1,400, 1_600 and 1,800 psia.

The major assumptions for generating horizontal and Because of the unstable IPR results obtained in certain
slanted well IPR data are similar to the ones previously circumstances discussed later, sometimes it may be
presented. 2 For the base case of a horizontal weil, they necessary to examine a range of flow data at a given Np/N
include the following. The well is located in the center of value and decide the best lPR point at that Np/N and Pwf.
a completely bounded reservoir of rectangular prism However, when a small fixed time step of 0.01 day was
geometry. The reservoir is homogeneous and isotropic used to generate the lPR data, the flow results appeared to
with a constant water saturation. Thus permeability and be stable and the corresponding Pwf, qo, and Pr were

porosity in the x, y, and z directions are equal. Water recorded at a given Np/N to generate the normalized IPR
saturation is immobile during depletion of the weil. curve.
Therefore, only two-phase flow, oil and gas, is considered
in the reservoir. The well is producing under a semisteady Selection of Grid Data and
state condition. Capillary pressure forces of reservoir Time Step Size
fluids are neglected. The assumptions for the base case of
a slanted well are similar. In this project_ the IPRs for
horizontal and slanted wells were generated by inputting The base case reservoir data of Vogel 1 were selected as
various reservoir and well parameters mentioned the principal reservoir data for generating lPR results for
previously; they were compared with those of the base horizontal and slanted wells. These data include basic
case. reservoir data (Table 1), fluid PVT, and oil-gas relative

permeability data. 1

Procedures for Generating IPR Data At the beginning (July 1990) of this project, it was
expected that a large number of simulation runs (>10,000)
would be required to generate IPR data for horizontal and

There are several ways to deplete a solution-gas drive slanted wells producing from heterogeneous systems. At
reservoir and obtain IPR data using a reservoir simulator: that time, the available computer system was an 8 MB
constant rate control, constant pressure control, constant microVAX -II with a 0.9 Vax Processing Units (VPU)
rate control followed by pressure control, and constant speed (1 VPU is approximately equal to 1 million
pressure control followed by constant rate control, instructions per second, MIPS). lt was determined that the
Bendakhlia and Aziz 7 have reported that they obtained execution of hundreds of simulation runs with more than

better resolution runs using the constant pressure control 150 grid blocks involving fine grid computations would
option than the constant rate option in their simulation not be feasible on the computer system. Thus the
runs. After several trial runs in this study, it also appeared selection of an appropriate simulation grid size that could
that using the pressure control option in executing the generate reliable results in minimal computer time was
NIPER horizontal well reservoir simulator gave the most very important.
stable results and that option was selected as the method to TABLE 1

deplete the reservoir and generate 1PR data. The procedures Base Data (Based on Case 1 of Vogel) 1
for generating the IPR data under the constant pressure

control option are as follows. Initial reservoir pressure, psia 2144.7
Bubble point pressure, psia 2144.7

1. At a predetermined flowing bottomhole pressure, c.g., Reservoir drainage area, acres 20
Pwf = 14.7 psia, run the horizontal well depletion to a Well radius, ft 0.33
certain time such that at least 10% of the original oil in Net pay, ft 23.5
place (OOIP) is produced or depleted, if the input data Porosity, % 13.9
permit to do so. (In some runs when Pwf is high, e.g., Perme:lbility, mD 20
Pwf = 1,800 psia, the reservoir can deplete no more than Initial water saturation, % 19.4
4% OOIP.) Critical gas saturation, % 2.1

Oil gravity, °API 40

2. At each of the cumulative oil production Np/N, of Gas specific gravity 0.8
0.1, 2, 4, 6, 8, 10%, record the corresponding oil flow Formation compressibility, psi -1 4.2 x 10-6
rate, gas flow rate, oil and gas cumulative production, and
reservoir pressure.



During the early phase of this project, the 5 x 5 x 3 grid TABLE 2
previously used in generation of IPR data for homogeneous
s,,stems was selected for generation of initial IPRs for this Reservoir Grid Block Dimensions Shown in
project. However, initial lPR results generated using this Fig. 1
coarse grid appeared to be inappropriate. The 5 x 3 x 3
grid was not fine enough to incorporate the proposed
heterogeneities appropriately in a given reservoir system. Ali Ax, Ay, and Az are in ft.
It was then decided to select a much finer grid to generate

the IPR data of horizontal and slanted wells producing from Ax0 = 10.00
heterogeneous systems. After several trial runs using AXl = 13.20
-'arious grid sizcs, a 19 x 3 x 3 grid wa_ dccmcd to bc Ax2 = 17.40
appropriate and was selected to study the inflow Ax3 = 23.00
performance of wells producing from heterogeneous
reservoirs under solution-gas drive. Ax4 = 30.40

Figure 1 shows the 19 x 3 x 3 reservoir grid for A×5 = 40.10
generating the lPR data of horizontal and slanted wells. Ax6 = 53.00
For a 20-acre well spacing as used in the base case data of Ax7 = 70.00
Vogel 1, the 19 x 3 x 3 grid had the following grid Ax8 = 92.40
dimensions: constant geometric constant = 1.32, zXx0 &x9 = 122.20
(center block with wellbore) = 10 ft, Ay1_3 = 311.13 ft,
and Azl_ 3 = 7.83 ft. Table 2 shows the detailed grid block Ayl = 311.13
dimensions for the zXx,zXy,Az variables of the 19 x 3 x 3 '5Y2 = 311.13
reservoir grid. The grid block sizes in the x-direction of kY3 = 311.13
the 19 x 3 x 3 grid were increased outward with a constant
geometric factor from the center blocks containing the Az 1 = 7.83
wellbore. The horizontal well was located in the center Az2 = 7.83

blocks and was oriented in the y direction of the grid _z 3 = 7.83
(Fig. 1). The slanted well was positioned in tile crnter
column and was producing from the top, middle and

bottom blocks in the base case (Fig. 1). This arrangement Using a 19 x 3 x 3 grid, and an automatic time step
will retain more accuracy for flow computations in near- control with a minimum and maximum time step = 0.01
wellbore grid blocks where rapid pressure and saturation and 3 clays (a time step of 0.001 day was used to initialize
take piace, and minimize the number of grid blocks and the simulation during the first 0.1 day), IPR results were
thus computer storage and execution time. However, the obtained using the base case data of Vogel for a horizontal
use of such a fine grid would significantly increase the well under the six variables previously discussed. An
computer CPU time for executing the simulation runs. examination of the inflow performance relationship (IPR)
For example, a single 500-day simulation run using the results indicates that the simulated lPR data to be
base case data of Vogel for a horizontal well with an somewhat unstable, i.e., fluctuating flow rate (or pressure)
automatic time step control option using a minimum and vs. time. The exact reasons for the unstable results were

maximum time step of 0.01 and 3 days, could take more unclear. Probably the unstable results could have been duethan 24 hours of turnaround time on the MicroVAX
to the use of implicit pressure-explicit saturation (IMPES)

computer system. Because of the limited computing formulation in the reservoir simulator to handle the rapid
power for fine grid simulation, a very selected number of changes in pressure and saturation in the small grid blocks
runs would be made to study the inflow performance of surrounding or enclosing the flowing horizontal weil,
slanted/horizontal wells producing from heterogeneous which represent numerically difficult computations for
systems. The runs would also focus on the inflow IMPES. A possible remedy to reduce the unstable results
performance properties such as oil flow rate, gas-oil ratio, is the use of an extremely small time step. An automatic
reservoir pressure, pressure and gas saturation profiles time step control with a minimum and maximum timearound the wellbore. Even with such a more focused

step = 0.01 and 3 days was selected for previous runs. lt
study, the computing speed of the computer system was a seems that the use of an automatic time step control for
big concern to the project. In March 1991, two new running the fine grid IPR simulations in this study caused
Digital high-speed workstations, the VAX station - 3100 unstable computations. The minimum and maximum time
Model 76, were installed in the MicroVAX II system, steps are not stringently and correctly selected during the
Each VAX station has a speed of 7.6 VPU and thus can course of simulation to ensure stable pressure and
provide more than 8 times the speed for executing the saturation solutions. For instance, at a certain time of
simulation runs. Practically, the turnaround time for the
project simulations runs was reduced by a factor ranging
from 10 to 20 times.
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simulation, ml incorrect large time step is chosen for case for the horizontal and the two slanted wells shown in
pcrfornfing INIPES calctdations and subsequently produces figures 11,20, and 29, display more stability than the ones
inaccurate results. Therefore, to generale more stable lPR with kv = kh case shown irl figures 10, 19, and 28. This
results using the current simulator with an IMPES indicates that less gas cross flow will lead to more stability
formulation, it is necessar)' to use a fixed small time step in the inflow performance results.
to execute the s;:aulations. The use of a fixed time step

was to avoid oscillating pressure and rate computations General Physical Interpretation of IPR Curves
that occurred when a variable time step is used.

After several trial runs, a fixed time step of 0.01 day Based on the generated lPR data in this study and the
(14.4 minute:') appeared to be small enough to yield more Vogel lPR curve, the generated IPR results or curves
stable results than the previously simulated values using follow the typical behavior of a solution gas drive
an automatic time step selection. In tiffs case, a fixed time reservoir. The basic physical interpretations of an lPR
step of 0.001 day was used to initialize the simulation curve are as follows. A normalized lPR curve is a plot of
during the first 0. I day of simulation. With the use of normalized flowing bottomhole pressure p' (y-axis) vs.
such a small time step, generally a m,'-tximum of 50,000 normalized oil flow' rate q' (x-axis), with p' = Pwr/Pr and
time steps w,-ts required to generate an lPR data point for a q' = qo/qomax, where Pwf = flowing bottomhole pressure,
horizontal ,,,,'ellat a given fiow'ing bottomhole pressure and
ctunulative oil production ranging from 0.1 to 10 % of the Pr = average reservoir pressure, qo = oil flow rate, and
ori_nal oil in place. A maximum of 150,000 time steps qomax = maximum oil flow rate. The inverse slope of an
was required to run a vertical well lPR stud)' for a 19 x 19 lPR curve, dq/dp or q/dp, represents the oil productivity
x 1 grid. In this 19 x 19 x 1 grid, Ayi = Axi of the 19 x 3 index or can be viewed as a quantity proportional to the

index. Theoretically, for a one-phase (oil) flow case, fluidx 3 grid for the horizontal well where i is the row or
flow follows Darcy equation the oil productivity index iscolunm i_dcx, and Az = total pa.,,' thickness = 23.5 ft. This
constant, and the lPR curve will be a straight line. For atranslated into 16 CPU hours of VAX station time for one

run. The execution of each of these small time step two-phase flow' (oil and gas) where the critical gas
simulation runs was processed on the two newly installed saturation is reached, as pressure depletes, more gas
high-speed work stations on the Micro-VAX II computer evolves from the liquid oil and oil saturation decreases and
system; the results can be obtained in a reasonable gas saturation increases, assuming the water saturation
turnaround tame, e.g., less than I week for 15 horizontal remains constant.
,,,.'ell lPR simulation runs. Without these work stations, The saturation change leads to an increase in relative
the turnaround time for each simulation run could take 10 permeability ratio krg/kro, where krg is the gas relative

to 20 times longer. In general, a horizontal well can permeability and kroiS the oil relative permeability. Also
deplete more than 10% OOIP from the 19 x 3 x 3 grid used the viscosity ratio mo/mg is extremely high, where m o
in this stud)'. However, for some unknown reasons, the and mg are oil and gas viscosity respectively. For
simulator cannot deplete more than 6% OOIP for a well instance, at low pressures, this ratio can be as high as 100
draining from the 19x 19x 1 grid. and even at high pressures the ratio will be high. 9

The generated IPR results using the fixed small time Therefore, as pressure declines in two-phase flow, the rapid
step indicate that generally they appear to be more stable increase in the permeability and viscosity ratios impedes
and reliable than the values obtained under the automatic the oil flow drastically. This translates into a decrease in
time step control option. However, in some cases, the oil productivity index with decrease in flowing bottomhole
IPR results were still somewhat discontinuous, and it was pressure. Mathematically, this means that an IPR curve
beyond the scope of this stud)' to investigate the exact slope increases with decrease in pressure. "lifts explains
reasons causing this. The NIPER horizontal simulator why the original Vogel IPR curve for a vertical well is
was developed by modifying the DOE - BOAST black oil concave to the right when p' decreases. A useful variable
reservoir simulator, which is know'n to have some stability that may be used to predict concavity or curvature or
problems when the gas phase saturations were high in the shifting of an IPR curve to fight or left is the producing
reservoir. Again, the unstable results could have been gas-oil ratio (GOR). In general, for an oil reservoir
simply duc to the use of IMPES formulation to handle the starting production at an initial pressure the same as the

numerically difficult problems of oil and gas flow in small saturation pressure, as the oil depletion (Np/N) increases,
grid blocks as discussed before, the subsurface reservoir gas saturations increases and the

I3ascd on the IPR plots of a horizontal well and tw'o GtR increases, and the IPR curvature increases or shifts to

slanted wells for the base case with equal vertical and right. In Vogel's 1 original work, the lPR cur,,es for

horizontal permeability (kv = kh) generated in this stud)' Np/N = 0.1, 2, 4, 6, 8 and 10% overlay each other, and it
(presented in later sections), it seems that a high kv causes is unclear whether the lPR curve shifts from left to right or
a significant cross flow around the horizontal or slanted fight to left. Up to a certain depletion stage, e.g.,

wellbore. Because of this high cross flow and the usually Np_N = 8%, the gas phase becomes the dominant one. and
much longer horizontal wellbore drainage length exposed decline of reservoir pressure is not as rapid as in the
to formation than the vertical well,the inflow performance beginning; the result is a less rapid decline in oil
in a longer horizontal or slanted v cii can bc unstable in prodr, ctivity index as flowing bottomhole pressure
certain circumstances. The lPR plots for the kv = 0.1 kh dccrc;mcs. The IPI?, curve loses its curvature as reported by



Vogel for Np/N > 10%. The IPR curve shifts to left under grid) from tile wellbore respectively for the vertical and
this condition. The shift of IPR curve from left to right horizontal wells at a flowing battomholc pressure Pwr of
for 0%< Np/N < 8% and then right to left as 100 psia. Figures 7 and 8 show these comparisons at
Np/N > 8% is also found in the base case horizontal IPR Pwf = 600 psia. At 0.1% oil depiction, which a!most
curves generated from this study and Bendz_hlia anti Aziz. 7 represents the very beginning of the oil production, Fig. 7
This close agreement of the shift of IPR curves in both shows that the horizontal well in general has a higher
studies verifies the validity of the NIPER horizontal well pressure along the x-direction wellbore distance whih. the
reservoir simulator, lt is the subsurface two-phase flow vertical well has a lower pressure around the wellbore.
condition that governs the ultimate IPR curve shape. The This corresponds to a lower and higher gas saturation for
most critical parameter is the gas saturation Sg the horizontal and vertical well respectively (Fig. 8). Fig.
distributions surrounding the wellbore. 9 shows the IPR curves for vertical and horizontal weil:_ at

Figures 2, 3, and 4, show for the base case horizontal Np/N = 0.1%, indicating the horizontal IPR curve at 0.1%
well, the change of reservoir pressure, oil flow rate, and depletion _s more linear than the vertical well lPR curve
gas-oil ratio (GTR), with cumulative oil production under and is on its left. This can be explained by Figs. 5 and 6.
two flowing bottomhole pressures Pwf of 100 psia (85.3 The relatively lower gas saturation distributions around the
psig) and 600 psia (585.3 psig), respectively. Based on horizontal wellbore than the vertical weJIbore leads to a

these figures, the following was observed. As Np/N less concave IPR curve and is shown in Fig. 9. The
increases from 0 to 6%, reservoir pressure decreases pressure and gas saturation profiles for Pwf = 600 psia are

rapidly. For Np/N > 6%, the rate of decline of reservoir quite similar to the one at Pwr = I00 psia. In the Pwr =
pressure begins to drop (Fig. 2). The gas phase becomes 600 psia case, the differences between the corresponding
dominant and the pressure decline is not as significant as at vertical and horizontal well saturation profiles are not as
the beginning depletion stage. Also shown in Fig. 2, the big as the Pwr = 100 psia case. This will be expected as a
reservoir pressure is independent of the flowing bottomhole higher pressure drawdown at Pwr = 100 psia will lead to a
pressure and is affected by the amount of the oil depleted, higher gas saturation distributions around the wellbore than
This would have been expected from the concept of oil the relatively lower drawdown at Pwf = 600 psia case.
material balance. Oil production rate of the horizontal well Based on the current findings, the gas saturations around
drops drastically to less than 20% of its initial rate after the wellbore is the critical parameter to determine the shape
only 2 % of the oil-in-piace is depleted (Fig. 3). However, or slope and oil productivity index of an IPR curve for
the oil rate will then decline at a lower rate. Figure 3 also both vertical and horizontal wells.
shows that after 4% oil depletion, the oil production rates

for Pwf = 100 and 600 psia are almost identical. This IPR Results of Horizontal and Slanted Wells
implies that a lower wellbore pressure drawdown can attain

the same oil flow rates as those obtained from higher The following presents the normalized lPR curves
pressure drawdown. Therefore for Np/N > 6%, the (p' vs. q') at Np/N = 0.1, 2, 4, 6, 8, 10% for the horizontal
reservoir pressure and oil flow rate decline begin to drop, and slanted well base cases and under the following six
and accordingly the oil oil productivity index decreases ata variables, vertical permeability eccentricity, and
lower rate than that at the beginning depletion stage. So stratification, perforated length, and formation thickness,
the IPR curve will appear to be less concave and shift from and heterogeneous permeability. A 19 x 3 x 3 grid and a
right to left for higher Np/N. This is in agreement of the fixed time step of 0.01 day (a time step of 0.001 day was
shifting of IPR curves presented above. Figure 4 indicates used to initialize the simulation for the first 0.1 day) were
that the GtR for both Pwf increase with oil depletion. As used to generate the lPR data. Recall that normalized
discussed above, the IPR curve fora horizontal well shifts pressure p' = Pw f/Pr and normalized rate

from right to left for Np/N > 8%. Therefore, an increase q'= qo/qomax, where Pwf = flowing bottomhole pressure,
in GtR will not necessarily imply the IPR curve shift Pr = average resezrvoir pressure, qo = oil flow rate, and
from left to right but will also depend on the time of or oil

qomax = maximum oil flow rate, and Np/N = cumulative
depletion stage, oil production.

Comparison of Pressure and Gas Saturation
Profiles for Vertical and Horizontal Wells Horizontal Well IPR

Base Case
The reservoir pressure and gas saturation distributions (or

profiles) of the base case vertical and horizontal wells were
Figure 10 shows the lPR curves using the base case data

generated at cumulative oil production Np/N = 0.1 and of Vcgel. The horizontal well is located in the middle of

6%, These distributions and the related inflow performance the 19 x 3 x 3 grid and draining from the middle of the payrelationship (lPR) simulation results wcrc used to aid in
zone. In general, the IPR curves appear to be continuous

explaining the fundamental inflow phenomenon of these and stable. As Np/N increases, the IPR curve of awells.

Figures 5 and 6 compare the reservoir grid pressure and producing horizontal well shifts to the right and has more
gas saturations along the distance (x-direction of reservoir concavity or curvature. However, as Np/N increases from



8 to 10%, the IPR curve begins to lose its cot,cavity as These curves are quite different than those of the first
shown by the IPR curve at Np/N = 109_. This curve stratified system. The)' display more concavity and appear
almost overlaps the 2% IPR curve for p' > 0.4 and the to bc less stable as shown in Fig. 15. In general, for a
0.1% IPR curve for p' < 0.4. The shift of the lPR curve horizontal reservoir system, gas evolved from the oil in the
from left to right and then right to left have been explained lower part of the pay zone will flow to the top of the
in detail previously. Likewise, the base case horizontal reservoir system. As the bottom layer has the highest
well IPR curves are quite similar to those presented by permeability among the three layers in the gird for the
Bendakhila and Aziz. 7 second system, it will allow gas to flow more easily to the

wellbore than the first stratified system case where the

Vertical Permeability bottom layer has the lowest permeability. Thus a higher
gas saturation is expected in the second system and the IPR

Figure 11 shows the lPR curves for the vertical curves appear more concave that, .he first one.
permeability case. A vertical permeability kv and

horizontal permeabit:ty kh of 2 and 20 roD, respectively, Perforated Length
were used and kv = 0.1 k h. In general, the IPR curves as

The perforated horizontal length Lp is 311 ft while theshown in Fig. 11 are stable with the exception of the
10% curve where there is a discontinuity at p'= 0.4. As total horizontal length nf the well Lh is 933 ft, and
discussed, lower gas cross flow leads to more stable IPR Lp = 1/3 Lh. The perforated length is located in the center
results generated b_, the horizontal well simulator, of the 19 x 3 x 3 grid (Fig. 1). Figure 16 shows the IPR

Generally, the IPR curve shifts to the right as Np/N curves for this selected perforated length case. The IPR
increases from 0 to 8 % until which the lPR curve goes to curve for Np/N = 0.1% case appears to be more linear than
the left as shown by the 10% lPR curve. These lPR ali the other lPR curves which almost overlap each other at
curves appear to follow the pattern of those of the base any p' with the exception of the 8 % curve. The lPR curve
case. for Np/N = 0.1% case is very similar to the one in the

base case. The other lPR curves are similar to the one at

Eccentricity Np/N = 8% in the base case.

Two cases were studied: the horizontal wellbore is Formation Thickness

located in the bottom or top layer of the 19 x 3 x 3 grid.
Figure 12 shows the the IPR curves for the bottom layer A formation thickness of 235 ft is used, which is 10
case. In general, the lPR curves as shown in Fig. 12 are times that of the base case (23.5 ft). Thus, the horizontal
stable. Generally, the lPR curve shifts to the right as well is producing from a thick-pay reservoir where gravity
Np/N increases from 0.1 to 8% until which the lPR curve drainage may have a more dominant effect on oil
goes to the left as shown by the 10% lPR curve. These production than a thin-pay system. Figure 17 shows the
lPR curves appear to follow the pattern of those of the lPR curves for this formation thickness case. lPR curves
base case. However, these lPR curves generally have more of this thick-pay reservoir are smooth, and ali of them
concavity than the base case curves. Figure 13 shows the appear to be fairly linear. In particular, the IPR curve for
lPR curves for the top layer case. These IPR curves Np/N = 0.1% case is highly linear. Generally, the lPR
foilow the pattern of those of the bottom layer case. curve shifts to the right as Np/N increases from 0 to 8 %
However, the IPR data for p' < 0.5 for Np/N = 2, 4, and until which the lPR curve goes to the left as shown by the
10% cases are different from the bottom layer case data. 10% lPR curve. These lPR curves appear to follow the

pattern of those of the base case.
Stratification

Heterogeneous Permeability
Two cases were studied: two stratifiexl reservoir systems

each with three different strata permeabilities are used: 40, Under this heterogeneous permeability case, a reservoir
20 and 10 md for the top, middle and bottom layers, system with a gradual change in x-direction permeability
respectively, for the first system, and 10, 20 and 40 md for was selected. This is represented by various reservoir grid
the top, middle and bottom layers, respectively, for the column permeability values. The data used are 103.20,
second system. Figure 14 shows the IPR curves for the 86.00, 71.66, 59.72, 49.77, 41.47, 34.56, 28.80, 24.00,
first straufied system. In general, the IPR curves as shown 20.00, 16.00, 12.80, 10.24, 8.19, 6.55, 5.24, 4.19, 3.36,
in figure 14 are stable. Generally, the lPR curve shifts to and 2.68 rod, representing a 20% decrease in permeability
the righ: as Np/N increases from 0.1 to 8% until which the from left to right of the 19 x 3 x 3 reservoir grid. Figure
IPR curve goes to the left as shown by the 10% IPR 18 shows the !PR curves for this heterogeneous
curve. Interestingly, the IPR curves at Np/N = (). 1,2, and permeability case. Generally the IPR curves shift from left
10_ overlap each other in almost ail ranges ol+p'. In to right. Except the 2% curve at p' = 0.5, the IPR curves
general, the lPR curves of the stratified system I appear to appear to be fairly stable. They are less concave than the
follow :tie pattern of those of the base case. Figure 15 base case.
shows the lPR curves for the second stratified system.
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the left as shown by the 8 % lPR curve and then goes to
Slanted Well IPR the right at Np/N = 10%. With the exception of the 0 and

8% lPR curves, ali the other lPR curves almost overlap
Two slanted angles were used in the generation of lPR each other.

data for the slanted well case: 85.68 and 75 degrees. From
the previous SGP27 project study, it was found that lPR Eccentricity
curves are similar for a slanted well with an angle of less
than 45 degrees. As the use of a fine grid to generate IPR Two cases were studied: the slanted wellbore is located in

data can be extremely time consuming, it was decided to the bottom or top layer of the 19 x 3 x 3 grid. Figure 21
generate the IPR data using only two angles greater that 45 shows the the lPR curves for the bottom layer case. In
degrees. The wellbore geometry of a slanted well in this general, the lPR curves as shown in figure 21 are stable.

study is illustrated in Fig. 1. Generally, the lPR curve shifts to the right as Np/N
increases from 0.1 to _% until which the lPR curve goes

85.68 Degree - Slanted well to the left as shown by the 10% lPR curve. These IPR
curves appear to follow the pattern of those of the base

The follawing discussion presents the normalized lPR case. However, these lPR curves generally have more
curves (p' vs. q') at Np/N = 0.1, 2, 4, 6, 8, 10% for the concavity than the base case curves. Figure 22 shows the
85.68 aegree-slanted well base case and under the following lPR curves for the top layer case. Th._se IPR curves
six variables, vertical permeability, eccentricity, and follow the pattern of those of the bottom layer case.

stratification, perforated length, and formation thickness. However, the lPR data for p' < 0.5 for Np/N = 2, 4, and
A 19 x 3 x 3 grid and a fixed time step of 0.01 day (a time 10% cases are different from the bottom layer case data.
step of 0.001 day was used to initialize the simulation for

the first 0.1 day) were used to generate the lPR data. An Stratification
examination of the normalized lPR plots of the slanted

well indicates that the simulated lPR data generally to be Two cases were studied: two stratified reservoir system
more concave than those of the horizontal well case. This each with three different strata permeabilities are used: 40,
increase in concavity could indicate a more gaseous flow in 20 and 10 md for the top, middle and bottom layers,
the slanted well than the horizontal weil. This is justified respectively, for the first system, and 10, 20 and 40 md for
because one-third of the slanted well in this 19 x 3 x 3 grid the top, middle and bottom layers, respectively, for the
was producing from the top layer of the reservoir system second system. Figure 23 shows the lPR curves for the
where gas saturation would be higher than the middle layer, first stratified system. In general, the IPR curves as shown
In the previous base case for the horizontal weil, the well in figure 23 are stable. Generally, the IPR curve shifts to
was producing from the middle layer. Also generally the the right as Np/N increases from 0.1 to 4% until which the
simulated IPR results for the slanted well case appear to be lPR curve goes to the left as shown by the 10 % lPR
more unstable than those of the horizontal case. curve. Figure 24 shows the IPR curves for the second

Base Case stratified system. These curves are quite different than
those of the first stratified system. Except for the 0.1%
case.

Figure 19 shows the lPR curves using the base case data

of Vogel. The slanted well is located in the middle row of Perforated Length
the 19 x 3 x 3 grid and draining from the center portion of

the reservoir pay zone (Fig. 1). The 0.1% IPR curve is The perforated length Lp is 104 ft while the total length

similar to the horizontal well base case one, and is fairly of the slanted well Ls is 312 ft, and Lp = 1/3 Ls. Thelinear. Other than the 0.1% case, in general, the IPR
perforated length is located in the center of the 19 x 3 x 3curves display more concavity and appear to be more

unstable than the ones in the horizontal well case. Figure grid. Figure 25 shows the lPR curves for this selected
19 shows that the maximum concavity occurs at the perforated length case. The lPR curve for Np/N = 0.1%
Np/N = 2% and then the lPR curves shift to the left as case appears to be more linear than ali the other lPR curves
Np/N increases, which almost overlap each other at any p' with the

exception of the 8% curve. The IPR curve for

Vertical Permeability Np/N = 0.1% case is very similar to the one in the base
case. Generally the IPR curves are less than concave than
those in the base case. This is expected as the one-third

Figure 20 shows the IPR curves for the vertical wcllbore is located in the center of the reservoir grid and is
permeability case. A vertical permeability kv and not draining from the top zone which has a higher gas
horizontal permeability kh of 2 and 20 rod, respectively, saturation.
were used and kv = 0.1 kh. In general, the IPR curves as
shown in figure 20 are much more stable than the base

case. Generally, the lPR curve shifts to the right as Np/N
increases from 0 to 6% until which the IPR curve goes to



Formation Thickness ft in the base case and is more than 3 times shorter than
the one in the 85.68-degree weil, 312 ft.

A formation chickness of 235 ft is used, which is 10
times that of the base case (23.5 ft). Thus, the slanted Base Case
well is producing from a thick-pay reservoir where gravity
drainage may have a more dominant effect on oil Figure 28 shows the IPR curves using the base case data
production than a thin-pay system. Figure 26 shows the of Vogel. The slanted well is located in the middle row of
IPR curves for this formation thickness case. IPR curves the 19 x 3 x 3 grid and draining from the center portion of
of this thick-pay reservoir are smooth, and ali of them the reservoir pay zone (Fig. 1). The 0.1% IPR curve is
appear to be fairly linear. In particular, the IPR curves for similar to the horizontal well base case one, and is fairly
Np/N = 0.1 and 8% case are highly linear. The 6% IbR linear. Other than the 0.1_ case, in general, the lPR
curve has the maximum concavity, curves display more concavity and appear to be more

unstable than the ones in the horizontal well case. Figure
Heterogeneous Permeability 28 shows that the maximum concavity occurs at the

Np/N = 2% and then the IPR curves shift to the left as
Under this heterogeneous permeability case, _ reservoir Np/N increases.

system with a gradual change in x-dir,'.,ction permeability

was selected. Thi,q is represented by various reservoir grid Vertical Permeability
column permeability values. The data used are 103.20,

86.00, 71.66, 59.72, 49.77, 41.47, 34.56, 28.80, 24.00, Figure 29 shows the IPR curves for the vertical
20.00, 16.00, 12.80, 10.24, 8.19, 6.55, 5.24, 4.19, 3.36, permeability case. A vertical permeability kv and
and 2.68 md, representing a 20 % decrease in permeability horizontal permeability kh of 2 and 20 rod, respectively,

from left to right of the 19 x 3 x 3 reservoir grid. were used and kv = 0.1 k h. In general, the IPR curves as
Figure 27 shows the IPR curves for this heterogeneous shown in figure 29 are much more stable than the basepermeability case. The 0.1% IPR curve is fairly linear.
Ali the other IPR curves except the 10 % one almost case. Generally, the IPR curve shifts to the right as Np/N

increases from 0 to 6 % until which the lPR curve goes tooverlay each other. The 10% curve displays serious
the left as shown by the 8% lPR curve and then goes todiscontinuity for p' < 0.6. Generally the IPR curves are

more concave than the corresponding ones in the horizontal the right at Np/N = 10%. With the exception of the 0 and
well case. 8% lPR curves, ali the other lPR curves almost overlap

each other.

75 Degree . Slanted Well
Eccentricity

The following presents the normalized lPR curves
(p' vs. q') at Np/N = 0.1,2, 4, 6, 8, 10% for the 75 degree- Two cases were studied: the slanted wellbore is located in
slanted well base case and under the following six the bottom or top layer of the 19 x 3 x 3 grid. Figure 30
variables, vertical permeability, eccentricity, and shows the the lPR curves for the bottom layer case. In
stratification, perforated length, and formation thickness, general, the lPR curves as shown in figure 30 are stable.
A 19 x 3 x 3 grid and a fixed time step of 0.01 day (a time Generally, the lPR curve shifts to the right as Np/N
step of 0.001 day was used to initialize the simulation for increases from 0.1 to 8% until which the IPR curve goes
the first 0.1 day) were used to generate the lPR data. to the left as shown by the 10% lPR curve. These lPR

curves appear to follow the pattern of those of the base

An examination of the normalized IPR plots of the 75- case. However, these lPR curves generally have more
degree slanted well indicates that the simulated lPR data concavity than the base case curves. Figure 31 shows the

lPR curves for the top layer case. These lPR curvesgenerally to be slightly more concave than those of the
horizontal well case. As in the case of the 85.68-degree follow the pattern of those of the bottom layer case.
slanted well, this increase in concavity could indicate a However, the IPR data for p' < 0.5 for Np/N = 2, 4, and
more gaseous flow in the slanted well than the horizontal 10% cases are different form the bottom layer case data.
weil. This is justified because one-third of the slanted well
in this 19 x 3 x 3 grid was producing from the top layer of Stratification
the reservoir system where gas saturation would bc higher
than the middle layer. In the previous base case for the Two cases were studied: two stratified reservoir system
horizontal weil, the well was producing from the middle each with three different strata permeabilities are used: 40,
layer. In general, the lPR curves for the 75-degree slanted 20 and 10 md for the top, middle and bottom layers,
well are similar to those of the 85.68-degrc¢ slanted wcll. respectively, for the first system, and 10, 20 and 40 md for
However, compared to the 85.68-degree case, less the top, middle and bottom layers, respectively, for the
concavity is displayed in the 75-degree well case. The second system. Figure 32 shows the lPR curves for the
weilbore length for production for the 75-degree well is 91 first stratified system. In general, the IPR curves as shown

in Fig. 32 are stable. Generally, the lPR curve shifts to



the right as Np/N increases from 0.1 to 4% until which the program uses cubic spline technique to interpolate the
IPR curve goes to the left as shown by the 10% lPR dimensionless qi' at a given dimensionless Pi'. Also, the
curve. Figure 33 shows the lPR curves for the second program can show the IPR curves generated in this study
stratified system. These curves are quite different than on the computer screen and print hard copies. Therefore, a
those of the first stratified system. Except the 0.1% lPR user can overlay his actual normalized lPR data on the
curve, ali other curves almost overlay each other, computer generated curve and make comparisons. The

software and the user's manual are submitted tc the

Perforated Length Department of Energy as a separate deliverable, l0 Details
of the program usage and applications can be found in the

The perforated length Lp is 30.3 ft while the total length user's manual.
of the slanted well Ls is 91 ft, and Lp = 1/3 Ls. The
perforated length is located in the center of the 19 x 3 x 3 Results and Conclusions
grid. Figure 34 shows the IPR curves for this selected

perforated length case. The lPR curve for Np/N = 0.1% 1. Inflow performance relationships (IPRs) for horizontal
case appears to be more linear than all the other IPR curves and slanted wells producing under solution-gas drive
which almost overlap each other at any p' with the mechanism were generated using NIPER's
exception of the 8% curve. The lPR curve for vertical/horizontal/slanted well reservoir simulator under

Np/q_l = 0.1% case is very similar to the one in the base six different variables: vertical permeability, wellbore
case. Generally the IPR curves are less than cc._cave than eccentricity, stratification, perforated length, formation
those in the base case. This is expected as the one-third thickness, and heterogeneous permeability.
wellbore is located m the center of the reservoir grid and is
not draining from the top zone which has a higher gas 2. Ali lPR curves at cumulative oil production
saturation. Np/N = 0.1% or during the very early production stage of

the horizontal and slanted wells display a linear behavior.

Formation Thickness Most lPR curves beyond Np/N = 2% display concavity
that is similar to the Vogel lPR curve for a vertical weil.

A formation thickness of 235 ft is used, which is 10
times that of the base case (23.5 ft). Thus, the slanted 3. Inflow performance relationship (lPR) curves of
well is producing from a thick-pay reservoir where gravity vertical, horizontal, and slanted wells producing from
drainage may have a more dominant effect on oil solution-gas drive follow the general behavior of solution-
production than a thin-pay system. Figure 35 shows the gas drive mechanism. The initial shifting of lPR curves
IPR curves for this formation thickness case. lPR curves from left to right is due to the increase of gas saturation
of this thick-pay reservoir are smooth, and ali of them around the wellbore. After the well has depleted a certain
appear to be fairly linear. In particular, the lPR curves for amount, e. g., 8%, the shift of the IPR curve is from right
Np/N = 0.1 and 8% case are highly linear. The 6% IPR to left. At this time, the gas phase dominates the two-
curve has the maximum concavity, phase (oil and gas) flow and reservoir pressure and oil

productivity index decline are small, which result in a less
Heterogeneous Permeability concave IPR curve.

For this heterogeneous permeability case, a reservoir 4. The IMPES formulated horizontal well reservoir
system with a gradual change in x-direction permcability simulator can produce unstable lPR results for a fine
was selected. This is represented by various reservoir grid reservoir grid in some cases even when a small fixed time
column permeability values. The data used are 103.20, step of 0.01 day was used.
86.00, 71.66, 59.72, 49.77, 41.J,7, 34.56, 28.80, 24.00,
20.00, 16.00, 12.80, 10.24, 8.19, 6.55, 5.24, 4.19, 3.36, References
and 2.68 md, representing a 20 % decrease in permeability
from left to right of the 19 x 3 x 3 reservoir grid. Figure 1. Vogel, J. V. Inflow Performance Relationships for
36 shows the IPR curves for this heterogeneous Solution Gas Drive Wells. J. Pet. Tech., January 1968,
permeability case. The 0.1% IPR curve is fairly linear, pp. 83 - 93.
Ali the other IPR curves except the 10% one almost 2. Cheng, A, M, Development of an Inflow Performance
overlav each other. Similar to the 85.68 dceree-_,l:_ntcd RelatiorL_hip (IPR)for a Slanted/Horizontal Well DOE

well case, the 10% curve displays serious discontinuity for Report NIPER - 458, January 1990.
p' < 0.5. Generally the lPR curves are less concave then 3. Cheng, A. M. Inflow Performance Relationships forSolution-Gas-Drive SlantedHorizontal Wells. Pres. at
the corresponding ones irathe 85.68-degree well case. the SPE Annual Tech. Conf. and Exhibition, New Orleans,

Sept. 23 - 26, 1990. SPE Paper 20720.
IPR Data Interpolation and Sot't_vare 4 Chang. M. M. Simulation of Production from Wells with

llorizontal/Slanted Laterals. DOE Report NIPER-326
The normalized IPR data generated in this study were (Revised). October. 1988.

installed in a PC software called IPR program. "1he
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Fig. 19 85.68-Dog Slanted well inflow performance relationship; wellbore in bottom
performance relationship; base case. layer of 19 x 3 x 3 grid.
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Fig. 23 85.68.beg Slanted well inflow Fig. 25 85.68.Deg Slanted well inflow
performance relationship; perforated length =performance relationship; strata permeability = 1/3 x total well length.40, 20, 10 mD (top, middle, and bottom).
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Fig. 26 85.68-Deg Slanted well inflow Fig. 28 75-Deg Slanted well inflow performance
performance relationship; formation thickness = relationship; base case.235 ft = 10 x base case.
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right by 20%. horizontal permeability.
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Fig. 30 75-Deg Slanted well inflow performance Fig. 32 75-Deg Slanted well inflow performance
relationship; welibore in bottom layer of relationship; strata permeability = 40, 20, 10 mD
19 x 3 x 3 grid. (top, middle, and bottom).
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Fig. 31 75-Deg Slanted well inflow performance Fig. 33 75.Deg Slanted well inflow performance
relationship; wellbore in top layer of 19 x 3 x 3 relationship; strata permeability = 10, 2_ 40 mD
grid. (top, middle, and bottom).
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APPENDIX A

USER'S MANUAL FOR INFLOW PERFORMANCE RELATIONSHIP (IPR)
GENERATOR

By AaronM. Chcng,RaymondJ.Hccmstra,andJamcsF.Pau_

ABSTRACT

This manual provides user instructions for running the personal computer software IPR - an inflow

performance relationship (IPR) generator. The main purpose of IPR is to interpolate the dimensionless inflow

performancerelationshipresults generated in SGP40 project.

INTRODUCTION

For details of development of the lPR results used in this IPR software, refer to DOE report NIPER-573.1

The IPR data generator uses a cubic spline fit to calculate a dimensionless flow rate (q'i) for a given dimensionless

pressure (P'i) generated by natural cubic spline interpolation of inflow performance relationship (IPR) tables or

curves derived from output files of the BOAST-VHS model. A normalized lPR curve is a plot of normalized

flowing bottomhole pressure p' (y-axis) versus normalized oil flow rate q' (x-axis) at a given cumulative oil

depletion, or oil recovery Np/N in %, with p' = Pwf/Pr and q' = qo/qomax, where Pwf = flowing bottomhole pressure,

Pr = average reservoir pressure, qo = oil flow rate, and qomax = maximum oil flow rate. The cumulative oil

production Np/N is selected from each table chosen from a built-in directory. The names of the tables in the

directory include the following designated codes:

First two characters --

NH ....... horizontal well
S1 ....... base case for slanted well with slant angle = 85.68 dog
$2 ....... base case for slanted well with slant angle = 75.00 deg

Last one or two characters --

D ....... heterogeneous permeability
E ....... wellbore in bottom layer
E1 ....... wellbore in top layer
H ....... base case
H2 ....... formation thickness = 10 x base case
K ........ vertical permeability = 0.1 x horizontal permeability
L ........ perforated well length = 1/3 x total well length
S ........ stratified system; strata permeability increases from top to bottom
Sl ........ stratified system; strata permeability increases from bottom to top
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System Requirements

The minimun_ system requirements to nm the IPR progr_un on a microcomputer or personal computer arc as

follows:

Computer --- IBM PC, AT compatible, CPU ma)' be 80286, 80386, or 80486.

Operating system --- PC - DOS, MS - DOS version 3.0 or later, or I)RDOS 5.0.

Memory --- 512 K minimum, 640 K preferred (lPR program size is about 220K).

Disk capacity --- Application, IPR, will operate from the supplied 360K floppy drive, ,although a h,'u-cidrive will

be faster.

Math coprocessor --- 80287 math coprocessor. The program will not run without a math coprocessor.

Screen graphics --- Graphic plots are supported by the EG?, VGA, and super VGA color graphic adapter.

Graphic printer --- Screen graphics can be printed on an Epson/IBM compatible 9 pin dot matrix printer, inclucting

the IBM graphics printer and the Epson FX and MX series.

lPR Software and Related Files

The 360K floppy disk supplied with this user's mantwl contains a total of 31 files. These are:

IPR.EXE --- Main application program.

Three supporting device drivers for the executable application code are developed by Heartland Software, Inc.,

234 S. Franklin, Ames, Iowa 50010. These include:

DRAFI'.I=T,H" --- Default text font used for ali the displayed graphical text.

SCRF"ASN.CFG --- Default coxffiguration screen device for the IBM color graphics card.

RASTFA_.CFG -.- Default configuration raster device driver emulating an Epson/IBM compatible graphics

pr,,nter.

The remaining 27 flies are named as listed in the User's Instructions section. These are flies created by using

the inflow performance relationship (lPR) data generated by using the BOAST-VHS program as prcviousl 3'

disctLsscd.
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User Instructions for lPR

Under the DOS operating system, type in lhc name of the program, lPR, followed by a carriage return. An

introduction screen is displayed which contains a short explanation of the program. The user is given a selection of

tables to choose from in the form of a directory of data files, At this point, the user can request help on a description

of the table names by optionally entering HELP, H, h, or help and then give the name of the data table name for

which help is needed. If tile user wishes to look over ali the names, type ill ALL or all. Appendix A explains the

built-in file names for the IPR program. If help is not needed, the user merely types in the name of the file or table

requested. Optionally, the user can enter the name of any external file name not listed in the directory, provided the

same rules of format prevail in the file. These rules require tabs to separate the p's and q's in their respective

columns. The lPR program is command driven, and the commands or prompts are very simple and self-explanatory.

The example described in the next section shows a typical lPR run for interpolating q'i for a given P'i.

Example of Running lPR

The following presents a typical example of the running lPR program. The user is assumed to have some

knowledge of the DOS operating system. If the user is not familiar with DOS, he or she should refer to the MS-

DOS or PC-DOS user's manual for the versicr, used on your computers.

>IFR

The Inflow Performance Relationship [lPR] data generator using BOAST-VHS
output files

This program produces a dimensionless flow rate (q') for a given dimensionless pressure (p') generated by a

cubic spline interpolation of tables of p' versus q' values derived from the BOAST-VI-tS model SGP40 project. 1 The

cumulative oil depletion or recovery value (Np/N, %) is selected from each table chosen from a built-in directory.

The names of the tables include the following designated codes:

NH - horizontal well H - base case
Sl - slant angle of 85.68 deg. E - bottom layer
$2 - slant angle of 75.00 deg. E1 - top layer

H2-hl = 10h K-Kv=0.1*Kh
L - LI>efr= 1/3 Lt S & Sl - stratified systems.
The Inflow Performance Relationship

data generator using BOASTVHS output files

Do you wish a new input tablc? ( Y or N )
(Type H for help or Q to quit ) : YES

(Enter a 0 for a new table)

NHH NHD NHE NHEI NIIH2 NHK NHL NHS NHS1
Sl SID S1E S1E1 SIH2 SIK S1L SlS S1SI
$2 S2D S2E S2EI $2H2 S2K S2L $2S $2S1
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Enter input file name of new (p" versus, q") table.
(t-IFLP or QUIT )

>IIELP

Enter input table NAME for which help is needed (or ALL)
( or QUIT )

>$2S1

$2S1 - 75 deg-Slanted well;
wellbore in top layer of 19 x 3 x 3 grid

Select a table from the following list.
(Enter a 0 for a new table)

NHH NHD NHE NHE1 NHH2 NHK NHL NHS NHS1
Sl SlD S1E S1E1 S1H2 S1K S1L SlS SlS1
$2 S2D S2E S2EI $2H2 S2K S2L $2S $2S1

Enter input file name of new (p' versus q') table.
(HELP or QUIT )

>$2S1

Table ready for $2S1
(Enter a 0 for a new table)

N Np/N
(1) O.1
(2) 2.0
(3) 4.0
(4) 6.0
(5) 8.0
(6) 10.0

Choose N from 1 through 6 ( or -1 for all) : 6

A graph of the S2EI file for Np/N = 10.0 % will be displayed on the comput ;r screen.

Type -1 for ali Np/N, 0 for new table, 1 to 6 for new Np/N,
7 for printout of last graph, and >7 to restart.

Using Np/N = 10.0 from table S2EI
CHOOSE p' : .5

q' = 0.63781

Using Np/N = 10.0 from table S2EI
CHOOSE p' : .6

q' = 0.51325

Using Np/N = 10.0 from table S2EI
CHOOSE p' : 2

A graph of the S2E1 file for Np/N = 2.0 % will be displayed on the computer screen.

Type -1 for ali Np/N, 0 for new table, 1 tc)6 for new Np/N,
7 for print out of last graph, anti >7 to restart.

Using Np/N = 2.0 from table S2EI
CHOOSE p' : 0
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(Enter a 0 for a new table)

NHH NHD NHE NI-tEl NHH2 NHK NHL NHS NHSI
Sl SlD S1E S1EI S1H2 SIK S1L SIS SISI
$2 S2D S2E S2E1 _2H2 S2K S2L $2S $2S1

Enter input file name of new (p' versus, q') table.
(HEI,P or QUIT )
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APPENDIX B

DESCRIPTION OF IPR GENERATOR ItELP COMMAND

>HELP

Enter input table NAME for which help is needed (or ALL)
( or QUIT )

>ALL

HELP produces Lhewhole of list of explanations if 'ALL' is selected or selects individual line of help based on
the string 'WHICH' where _ comparison is made between tile user's selection and a list of table name files.

NHH - Horizontal weil;

base case using Vogel's base data (J. Pet. Tech., January, 1968, pp 83-92)
NHD - Horizontal well;

x-direction permeability decreases by 2C:% from left to right
NHE - Horizontal weil;

wellbore in bottom layer of 19 x 3 x 3 grid
NHE1 - Horizontal weil;

wellbore in top layer of 19 x 3 x 3 grid
NHH2 - Horizontal weil;

formation thickness = 235 ft = 10 x base ca.,_c
NHK - Horizontal weil;

vertical permeability = 2 md = 0.1 x base case
NHL - Horizontal weil;

perforated length = 1/3 x total length
NHS - Horizontal well;

strata permeability = 40, 20, 10 md (top, middle, bottom)
NHS1 - Horizontal weil;

strata permeability = 10, 20, 40 md (top, middle, bottom)

TYPE C..arriagereturn to CONTI NUE

Sl - 85.68 deg-Slanted well;
base case using Vogel's base data (J. Pet. Tech., 1968)

SID - 85.68 deg-Slanted weil;
x-direction permeability decreases by 20 %_from left to right

S1E - 85.68 deg-Slanted well;
wellbore in bottom layer of 19 x 3 x 3 grid

S1E1 - 85.68 deg-Slanted wel !;
wellbore in top layer of 19 x 3 x 3 grid

S1H2 - 85.68 deg-Slanted weil;
formation thickness = 235 ft = 10 x ba.sc ca.,;e

S1K - 85.68 deg-Slanted weil;
vertical permeability = 2 mD = 0.1 x base case

S1L - 85.68 deg- Slanted weil;
'perforated length = 1/3 x total length

SlS - 85.68 deg-Slanted weil;
strata permeability = 40, 20, 10 mD (top, middle, bottom)

SlS1 - 85.68 dcg-Slantexl weil;
strata permeability = 10, 20, 40 mD (top, middle, bottom)

TYPE Carriage return to CONT! NUE

$2 - 75 deg-Slanted weil;
base case using Vogel's base data (J. Pcr. Tech., 1968)

S21) - 75 deg-Slantcd weil;
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x-direction permeability decreases by 20 % from left to right
S2E - 75 deg-Slanted weil;

wellbore in bottom layer of 19 x 3 x 3 grid
S2E1 - 75 deg-Slanted weil;

wellbore in top layer of 19 x 3 x 3 grid
$2H2 - 75 deg-Slanted weil;

formation thickness = 235 ft = 10 x base case
S2K - 75 deg-Slanted weil;

vertical permeability = 2 mD = 0.1 x base case
S2L - 75 deg- Slanted weil;

perforated length = 1/3 x total length
$2S - 75 deg-Slanted weil;

strata permeability = 40, 20, 10 mD (top, middle, bottom)
$2S1 - 75 deg-Slanted weil;

strata permeability = 10, 20, 40 mD (top, middle, bottom)

(Enter a 0 for a new table)

NHH NHD NHE NHE1 NHH2 NHK NHL NHS NHSI
Sl SlD S1E SIE1 S1H2 SIK SIL SlS SlS1
$2 S2D S2E S2E1 $2H2 S2K S2L $2S $2S1

Enter input file name of new (p" versus q") table.
(HELP or QUIT )

>QUIT

*U.S.GPO:I992-.661-026/60004
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