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Coning

is a grid-size sensitivity study for radial coning
using
Eclipse *
Reservoir Simulation Software **
vended by
Schlumberger (GeoQuest)

Eclipse is Schlumberger (GeoQuest) software.
This tutorial is based on Grid version 1999a 1.

*%*
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Thank you for visiting www.EricLaine.com.
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The primary purpose of this document is to serve as a memory aid for the
author. Thus, the author is also the target audience. (In other words, the quality
of the composition is 100% sufficient for me to understand what | wrote.)

The secondary purpose is to share this tutorial with the public. | appreciate the
possibility that the general public may have some difficulty understanding the my
personal abbreviations and my intuitive logic.

This presents the results of a series of single-well, radial, 3-phase, coning runs.
The primary parameter is grid size.
Timestep size is also a consideration.

This is for a 720-day, black-oil simulation.
Thickness, permeability, and porosity are homogeneous by layer.
Capillary pressures are modest.
The well is controlled on oil rates of 100 and 1,000 stbd.
Flowing bottom-hole pressure is limited to 3,000 psi.
The model is based on previous work by Weinstein, Chappalear and Nolan.
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This study ran a 12,150-cell model in about 2 hours. The oil and the water
predictions are converged. However, the gas predictions are only partially
converged. Truly converged studies are not yet cost effective.
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Today’s computers can cost-effectively run 10,000-cell models. In contrast,
studies done in the middle 1980s were run on 100-cell models. It appears that a
truly converged solution requires a prohibitive number of cells, possibly 100,000.

Attempts to run a 270 x 1 x 405-cell model proved difficult. Small cells
combined with the 1,000-to-100-stbd rate change at day 10 iterated excessively,
even with timesteps of only 0.0001 days (8.64 seconds.)
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LAINE & ASSOCIATES, INC. (Laine) LICENSES THIS SOFTWARE TO YOU ONLY UPON THE CONDITION THAT YOU ACCEPT
ALL OF THE TERMS AND CONDITIONS CONTAINED IN THIS LICENSE AGREEMENT. PLEASE READ THESE TERMS
CAREFULLY. IF YOU DO NOT AGREE TO THESE TERMS, PLEASE DESTROY THE DOCUMENT(S) YOU HAVE DOWNLOADED
IMMEDIATELY.

The software and documents which accompany this license (Software) are the property of Laine or its licensors and is protected by
copyright law. While Laine continues to own the Software, you will have certain rights to use the Software after your acceptance of this
license.

Except as may be modified by a license addendum which accompanies this license, your rights and obligations with respect to the use
of this Software are as follows:
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YOU MAY:
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(i) have limited permission to copy and distribute this Software, but only for non-profit, personal use, provided there is no charge, fee,
etc. for said distribution, and further provided that all copyright marks and all references to Laine & Associates, Inc. and to
www.EricLaine.com and to Eric Laine are included in the distribution;
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(ii) agree that any decision to use some or all of the contents of this Software rests exclusively on your professional and competent
judgment of the suitability of this Software for your intended purpose. Furthermore you understand and acknowledge that this Software
was originally intended only to be useful to the author, and that you may experience difficulty understanding or using this Software;
and,
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(iii) use the Software on a network.
LIMITED WARRANTY:

Laine does not warrant that the Software will meet your requirements or that operation of the Software will be uninterrupted or that the
Software will be error free. THIS SOFTWARE IS PROVIDED AS IS, WITHOUT WARRANTY OF ANY KIND, EITHER EXPRESS OR
IMPLIED, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF PERFORMANCE, MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, ACCURACY, OMISSIONS, COMPLETENESS, CURRENTNESS, AND NON-INFRINGEMENT.
THE AUTHOR EXPRESSLY DISCLAIMS ANY REPRESENTATION OR WARRANTY, WHETHER WRITTEN OR ORAL, THAT THIS
SOFTWARE WILL BE ERROR FREE OR UNAMBIGUOUS. YOU ACKNOWLEDGE THAT USE OF THIS SOFTWARE IS AT YOUR
SOLE RISK, AND YOU AGREE THAT ANY INFORMATION, SERVICE OR PRODUCT, WHETHER BASED IN PART OR IN WHOLE
ON THIS SOFTWARE, IS WITHOUT WARRANTY, EITHER EXPRESSED OR IMPLIED.
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Laine & Associates, Inc. LICENSE AND WARRANTY NOTICE, continued
DISCLAIMER OF DAMAGES:

IN NO EVENT WILL LAINE BE LIABLE TO YOU FOR ANY SPECIAL, CONSEQUENTIAL, INDIRECT OR SIMILAR DAMAGES,
INCLUDING ANY LOST PROFITS OR LOST DATA ARISING OUT OF THE USE OR INABILITY TO USE THE SOFTWARE, EVEN IF
LAINE HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. SOME STATES DO NOT ALLOW THE LIMITATION OR
EXCLUSION OF LIABILITY FOR INCIDENTAL OR CONSEQUENTIAL DAMAGES SO THE ABOVE LIMITATION OR EXCLUSION
MAY NOT APPLY TO YOU. IN NO CASE SHALL LAINE'S LIABILITY EXCEED THE PURCHASE PRICE FOR THE SOFTWARE.
THE DISCLAIMERS AND LIMITATIONS SET FORTH ABOVE WILL APPLY REGARDLESS OF WHETHER YOU ACCEPT THE
SOFTWARE.

GENERAL:

The author has made a good faith effort to advise all vendors of the software used to develop this Software of his intention to share this
Software with others. Those vendors have neither endorsed nor declined to endorse the contents of this Software.

Nothing in this Software will give you any right, title or interest in or to any of Laine’s trademarks, trade names, service marks, insignia,
labels or designs, or any of the same, except a mere privilege and license during its term, to display and use the same according to the
foregoing limitations.

Any and all opinions found in this Software are of the author. The author reserves the right to modify any and all opinions as, if, and

when new information is made available. Factual input, whether supportive and dissenting, is welcome. Your input will receive due

consideration and will surely affect the author's future efforts. The author expresses advance appreciation for the time and effort you
devote to your communications.

This is an agreement between you and the author regarding your use of this Software. You agree by your use or possession of any or
all of this Software to the conditions and limitations of this agreement.

This agreement is an integral part of this Software. Failure to include this entire agreement in any and all distributions of this Software
shall be a breach of this license agreement, and shall not sever, void, or nullify the meaning or the intention of this agreement.

This Agreement will be governed by the laws of the State of Texas. This Agreement may only by modified by a license addendum
which accompanies this license or by a written document which has been signed by both you and Laine.

You may copy this document (including all “© 2000, Laine & Associates, Inc.” copyright marks) as is, but only for non-profit, personal use. See license agreement for details.
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This presents the results of a series of single-well, radial, 3-phase, coning runs.

The primary parameter is grid size.
The five models include 10x1x15 30x1x45 40x1x61 60x1x90  90x1x135

The number of cells is 150 1,350 2,440 5,400 12,150
The number of timesteps is 30 50 100 170 460
The nominal cpu seconds are 2 20 100 700 6000

Several factors impact run time.
Writing files to another computer and saving data for pseudo curves adds runtime.
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Timestep size is also a consideration.
It is important (albeit very subjective) to converge in both space and time.
This requires advance knowledge about the converged solution.
The nominal relationship is (dt)/(dx)**2.
Reducing the time dimension by 4 matches a space dimension reduction of 2.
Timesteps typically need to be smaller whenever there is a rate change.
There is a balance between how small, convergence tolerance, & cell size.
This study also considers the effect of the maximum timestep size.
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This study used a SUN ULTRASPARCIIi workstation running at 440 Mhz with 256Mb
of RAM and 2 Mb of L2 cache. SUN currently offers cpu speeds up to 600 Mhz.
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This report discusses saturation maps and production plots from the simulations.
There is some discussion about calculating well indices (for the perforated cells.)

The oil-saturation maps are for vertical cross sections. The cross sections show the
water and gas coning through time. The wellbore is on the left.
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The production plots are grouped for easy comparison:
Production ratios and flowing-bottom-hole pressures,
Production rates and a close-up view of flowing-bottom-hole pressures, and
Production cumulatives and average reservoir pressure.
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A spreadsheet highlights the input variables for calculating the completion factors.

A summary of the simulated results for the 30 x 1 x 45 case is in the appendix.
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Each of the RZ cross sections is an oil-saturation map. There are two versions of the 10
x 1 x 15 cross section (an overview and a close up,) and there are close-up cross
sections of the 30 x 1 x 45 model.

The overview 150 cells from 0.25 to 2050 ft. This pictures the important features of the
reservoir:
Perforation locations,
Transition zones:
Gas-oil capillary pressure, and
Oil-water capillary pressure.
However, there is too little detail to show the coning.
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The close ups (of the 10 x 1 x 15 model) enlarge the cells closest to the perforations.
The perforated cells and the transition zones provide reference points.
The water cone and the gas cone are easy to see.
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The close ups (of the 30 x 1 x 45 model) also zoom into the near-wellbore cells.
This is the same area covered by the second cross section.
The additional detail gives better views of the water and the gas cones.
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The plots consistently support the conclusions drawn from the cross sections.
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There has been considerable discussion about which fluid phase wets reservoir rock. The
reality is that any phase might be the dominate wetting phase. It is also possible for two
phases to share wetness.

The capillary pressures used for this study are for:
A water-wet aquifer,
A water-wet oil zone, and
An oil-wet gas cap.
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A phase (water, oil, or gas) can only flow at saturations above the critical saturation.
This also means the phase relative permeability is above zero.
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The gas-oil and the water-oil contact depths are defined as follows.
Gas saturation is at (or below) the critical gas saturation below the goc.
Oil saturation is at (or below) the critical oil saturation below the woc.

Interfacial-surface tension forces wetting phases beyond the contact. In this study:
Mobile oil rises above the goc, and
Mobile water rises above the woc.
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Note: negative capillary pressures indicate an oil-wet aquifer and a gas-wet oil zone.
Mobile gas would exist below the goc, and
Oil saturation is at (or below) the critical oil saturation above the goc.
Mobile oil would exist below the woc.
Water saturation is at (or below) the critical water saturation above the woc.
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Water-Oil Contact
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Discussion, 10 x 1 x 15 Saturation-Map Close-Up Cross-Sections
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1,000 stbd
100 stbd
1,000 stbd
100 stbd

Oil Rates
from day 0
fromday 10

fromday 100
fromday 720

Water Cone

Gas Cone

to day
to day
to day
to day

The first close up shows that water cones (up to the lower perforation) within 10 days.

The second and third close ups show that the cones are stable (no change) at 100 stbd.
Controlling (healing) the cone at this rate is probably uneconomic.

The rest of the close ups show the water cone growing.

The gas may have reached the upper perforation as early as day 100.
The probability of gas breakthrough is even higher by day 200.

The rest of the close ups show the water cone growing.

10
100
720
900
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RZ Cross Section, 10 x 1 x 15 Model, Layers 1 to 13, Wellbore to 4th radius Laine & Associates, Inc.

www.EricLaine.com

© 2000

0.00 [N 0.13 [ 026 0.39 I 0.52 0.65 i} 0.78 = Oil Saturation Key

0.25 ft 0.25 ft 0.25 ft 0.25 ft 20 0.25 ft

1l L _ _Il'.-_ _Ili transition zone [ L

i — [im——
UNEE SRR [l vensionzone NEENEENN.."

Time = 0.00 10 days 50 days 100 days 200 days

transition zone

TN T TIRI TR el (/T

Jll_ transition zone
500 days

300 days

400 days 600 days

720 days

You may copy this document (including all “© 2000, Laine & Associates, Inc.” copyright marks) as is, but only for non-profit, personal use. See license agreement for details.




Py
()

<

N
N
=
=
.
o
o

"0U| ‘SOJBIN0SSY %} auleT 10} pajeal)

("3s1 uMo InoA 1B Bsn “I1sIXe Aew sJoll3)

"s)yBLl Jesn pajiwi| o} Juswesibe asusdl| 88g

6C J0 ¢l

1dd-Buiuooy pey auo)\ 10X2e|g\ @sdijo3\ wis\ sapinb n\:

000C ®

"WO0D BUIRTOLT MMM @) peojumod

Discussion, Saturation Maps Laine & Associates, Inc.
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Both grid sizes show the same gas-coning trends.

However, the gas cone is closer to the upper perforation by 100.
Perhaps the finer grid is predicting more coning:
Gas breakthrough might be sooner, or
More gas may be breaking through.
This appears to be a convergence issue.

In summary, grid size affects the gas coning predictions.
The sizes of the water cone and the gas cone increase with time.
It appears uneconomical to control coning with a lower oil rate.
Finer grids should be investigated (for convergence.)
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RZ Cross Section, 30 x 1 x 45 Model, Layers 3 to 38, Wellbore to 15th radius Laine & Associates, Inc.
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Overview - Production Plots
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Each group of plots provides an easy comparison of related data.
Production ratios and flowing-bottom-hole pressures,
Production rates and a close-up view of flowing-bottom-hole pressures, and
Production cumulatives and average reservoir pressure.

All three groups look at solution convergence as a function of grid resolution.
The first set of plots tends to be the most useful, especially for history matching.

Qil rate is a common input, either for history matching or as a production target.
Naturally, gas rate would be input for a gas field.

It is easier to compare ratios (water cut and produced gas-oil ratio) than rates. This is
equally true for history matching and for comparing field-development scenarios.

It is also easier to compare ratios than cumulative production.
The summations give larger values that automatically mask rate variations.
Integration smoothes data whereas.
Differentiation introduces noise.

This study focuses on the effect of grid size on coning performance.
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Production Plots - Ratios and Flowing-Bottom-Hole Pressure
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All the grids switch to bottom-hole pressure control near 300 days.

The ratio plots clearly indicate the 10 x 1 x 15 grid is unconverged.
This grid is too coarse.

The finer grids give converged values.
The exception is the produced gas-oil ratio.

Increasing grid resolution shows a trend towards convergence.
The produced gas-oil ratio diverges:
at about 60 days for the 10 x 1 x 15 grid,
at about 120 days for the 30 x 1 x 45 grid,
at about 180 days for the 40 x 1 x 61 grid, and
at about 200 days for the 60 x 1 x 90 grid.

Perhaps a 120 x 1 x 180 or a 180 x 1 x 270 grid will converge.
These will be much longer runs.
A 21,600 cell run might be six to ten hours.
An 86,400 cell run might be 18 to 40 hours.
Neither run was considered cost-effective for this study.

Perhaps the limiting gas-oil ratio is near 4.2 Mscf/stb.

This suggests that a much finer grid will be needed to get a converged gas-oil ratio.

Engineering judgement suggests treating gas-oil ratio convergence as a sensitivity item.
The divergence time is approaching the asymptotic portion of the curve.
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Results Plots, Ratios
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The next set of plots includes a close up of the flowing-bottom-hole pressure.

The switch seems to happen between 275 and 290 days.
This is a narrow range.
The exaggerated scale of the close-up plot is visually misleading.

The rate plots, like the (previous) ratio plots indicates:
The 150-cell grid is too coarse to converge,
The finer grids all converge for flowing-bottom-hole pressure,
The finer grids all converge for water production, however,
Gas production is (probably) not yet converged.

The gas-rate divergence times are about the same as for the gas-oil ratio.
The predicted gas rate seems to:

Be a little later as grid resolution (fineness) increases,
Peak a little higher as fineness goes up.

The divergence time is approaching the switch to pressure control.
Perhaps the limiting gas rate is just below 4,000 Mscfd.

Pressure control replaces oil-rate control at about the same time for all grids.

In addition, the decline ratio looks like it is about the same for all grid resolutions.

Engineering judgement suggests treating gas-rate convergence as a sensitivity item.
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The cumulative plots tend to support previous (ratio and rate) conclusions.
The cumulative-produced-gas plot disguises the divergence times because it
takes awhile for the (relatively) small rate differences to add up to noticeable
cumulative differences.

Most of the cumulative difference happens at the end of the second year.

Engineering judgement suggests treating cumulative-gas as a sensitivity item.
Perhaps the limiting gas quantity is about 100 MMscf higher at 720 days.
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coning.

Convergence is clearly a function of grid resolution.
None of the grids fully converged for gas production.

This casts doubt on using a 10 x 1 x 15 grid for the Second SPE Comparative Study
Project. A review of JPT, March 1986, pp345-53 is in order.

Grid resolution is a relative term. Contemporary computers now run two orders of
magnitude faster. This indicates thata 10 x 1 x 15 was a fine-grid model in 1986.

In summary, the 60 x 1 x 90 grid resolution (with its 15-minute run time) is great
predictor for water coning (with today’s computers.) The same grid is an adequate
predictor for gas coning, provided the economic analyses reflect the sensitivity to gas

Faster computers will continue to redefine the fine and coarse adjectives used to
characterize relative cell sizes.
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Convergence is clearly a function of grid resolution.
The finer grids converge nicely for water production.
They also converge well for flowing-bottom-hole pressure.
None of the grids fully converged for gas production.
This study concluded converged runs would NOT be cost effective.
Engineering judgement extrapolated the gas values.

The increasing gas coning does seem reasonable.
Gas preferentially cones into the cell closest to the top perforation.
This becomes more noticeable as the cell sizes get smaller.
The gas saturation is higher with finer grids.
Gas relative permeability is also higher with finer grids.
This means gas cones faster with finer grids (which is what the models tell us.)

to recognize the trade-off between study cost and field profitability.

An extra 100 MMscf production (7%) in the second year has a small impact.
Sales increase about $200,000 (at $2 / Mscf.)

This adds to the oil and the other gas sales.
Other gas sales are $3,000,000 (for 1,500,000 Mscf.)
Oil sales are about $11,000,000 (for 550,000 stb at $20 /stb.)

The net effect is a 2% increase in gross revenue.

Intuitively, marginal projects become unattractive with a 2% revenue reduction.

Alas, there is no convergence. The obvious mathematical recommendation is to further
reduce the cell size and the timestep size. The equally obvious engineering solution is
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Timestep Size and Convergence
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The next group of plots focuses on the gas plots (ratio, rate, and cumulative.)
The solid line is from the previous plots for:
The 90 x 1 x 135 grid, and
A maximum timestep of 44 days.
The symbols are from a special model with:
A 90 x 1 x 135 grid, and
A maximum timestep of 0.5 days.

The results appear to be identical.

Only four differences are greater than 1%.
The results are identical (within engineering accuracy.)

In addition:
The runtimes were within 5%.
The runtimes were within six cpu minutes (out of two hours.)

Curiously, the faster run was for the 0.5-day maximum timestep.
This may not be a general result.
In general, there is some timestep size that optimizes the iterations.

The largest difference for the production and pressure variables is 1.6%.
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Completion Factors (Well Indices)
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Calculating completion factors (well indices) is straight forward.
The calculation must be completed for each completed cell (grid block.)
It is easy to overlook a variable.

The simulated results are rather insensitive to completion factors.
This does NOT justify introducing careless errors.

Completion factors are the time-invariant portion of productivity indices.
Peaceman developed a robust procedure for calculating completion factors.
Peaceman’s procedure works for vertical and horizontal wells.
Eclipse uses Peaceman’s procedure.
There is a difference between grid-block and field productivity.
Simulators must use grid-block productivity.
Grid-block productivity accounts for the well-to-cell connection.
Please note that many authors have derived productivity-index equations.

One cause seems to be grid-block versus field productivities.

Some of these equations give productivities that differ by an order of magnitude.
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The 60 x 1 x 90 grid resolution is appropriate for this coning study.
Adding cells improves convergence and increases runtime.

The common adjectives for describing grid resolution (fine and coarse) are

relative terms that reflect cost-effective engineering (with “today’s” computers.)

The 10 x 1 x 15 grid resolution was a fine grid in the mid 1980s.
The mid 1980s grid may not have been a converged solution, yet
It was a cost-effective solution.

Today a 60 x 1 x 90 grid is considered “fine” resolution.
It is only converged for pressure and water, although
It is NOT converged for gas, yet
It is cost effective.

Tomorrow’s computers will use a 270 x 1 x 405 grid for fine-scale studies.
It seems likely that this will be a fully converged solution, including gas.

Several factors impact run time.
Runtimes increase about 33% when files are written to another computer.
Runtimes increase about 33% when pseudo-curve files are saved.

Timestep size is also a consideration.
Maximum timesteps of 0.5 and 44 days are compared.
The results are identical (for practical use.)

Use a spreadsheet to calculate the completion factors (It helps avoid errors.)
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0.39542 3.40310 3000
0423258 3.47304 3000
042925 233471 3341.78
043517 1.44913) 334525
0.44429 1.33257 | 3343.48
044115 1.33198 3343.90
0.43781 1.33137 334427
042927 1.33140) 334495
0423658 1.33146 3345.23

FFR
psia

3621,
3621,
3621,
3621,
3621,
3621,
3621,

3621
3621

3620.51
362076
3620.51
3619.99
3619.02
361774
361647
J616.55
J616.44
3616.03
361546
3614.90
3613.19
3610.63
3605.45

3601

3557.90
3559274
358516
3577.594
3570.54
3554 .20
354887
354375
353865
352587
3516.03
350649

349

3477 B4

3451

3424 12
342420
342409
342331
3422 67
342210
342064
3419.57

13
13
13
17
16
14
1
&
A0

Rl
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