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The channel sands encountered in the GoT multilayered gas reservoirs have 

porosity ranging from 8% to 30% and permeability ranging from 1 mD to 10 D. The 

channel sand thickness is in the range of5 to 30 meters (16 to 100 feet). The channels 

are found both as isolated channel, interconnected groups and even multiple 

interconnected groups. 

The bar sands have less porosity than the channel sands given the same depth. 

Their porosity lies in a range of 8% to 25% and permeability in the range of 1 mD to 

10 D. The sand thickness is in the range of 1 to 20 meters (3 to 60 feet) in general. 

Another complexity of the GoT multilayered gas reservoir is that the type of 

sand is not totally associated with drive mechanism i.e., a channel sand can be either 

water drive or depletion drive, depends on whether the sand is connected to an 

aquifer. The drive mechanism for specific sand layer will only be known once the 

sand is put into production. This complexity leads to the difficulty in selection of the 

sand to perforate. 

In terms of petroleum engineering, the two sands type is not distinguished 

between each other. There are only thin or thick reservoirs, with either depletion or 

water drive mechanism. Yet the complexity encountered on both Bar and Channel 

reservoir's rock and fluid properties, and with different drive mechanism creates 

difficulties for engineers to find optimum production/perforation scenario to be 

applied. Especially where these multiple reservoirs are to be produced through 

common well. 

Current GoT practice is to produce from bottommost reservoirs upwards and 

shut any reservoirs with excessive water productions. This method allows the gas to 

be produced from deepest reservoir first and produce the next upper reservoirs in 

sequence. This method's strong point is that since it allows the bottom reservoir to be 

produced first, the shutting-off of the depleted reservoir can be done easily without 

concerns that the non-depleted reservoirs will have to be isolated. 

Given the complexity of the reservoir characteristics, the GoT gas fields 

possess one of the most challenging reservoir management aspects for reservoir 

engineers. The multilayered characteristics of the reservoirs in combination with two 

main drive mechanisms; depletion and water drive, and a number of production 

constraints (C02, H2S, water production) that added difficulties for the reservoir 

management. 
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1.1 Outline of Methodology 

In order to improve the multilayered gas reservoirs management, this thesis 

has been initiated to find the various method of perforation strategy such that the 

well's production can be optimized. This includes modeling of drive mechanism and 

determination of its impact on the reservoir performance, study of optimal perforation 

sequencing under different drive mechanisms, and study of optimal perforation under 

production constraints. 

The study is carried out in following steps: 

l) Set up of Actual Reservoir Model 

The study starts with setting up of actual reservoir model. An objective of this 

step is to obtain real dynamic reservoir response such as pressure and production rate. 

This real dynamic response is used as basis for the simplified reservoir model to be 

prepared in next step. The model will be constructed based on available geological 

data such as structural map and isopach map through the employment of Petrel 

Geological Modeling Software. The PVT and SeAL data are based on available GoT 

reservoirs data. The resulting model is considered as representative model for GoT 

multilayered gas reservoirs. 

In performing the actual model set up, the pre-assumptions is that the drive 

mechanism associated with each sand layer is known. This pre-assumption has to be 

made because the type of sand deposition is not associated with drive mechanism i.e., 

the bar sand can be either water drive or depletion drive, depending on whether the 

sand is connected to the aquifer. This pre-assumption leads to the need for simplified 

model to allow for the change in drive mechanism from the pre-specified input. 

2) Generate simplified model that matches the actual model 

In the next step, the simplified version of reservoir model possessing similar 

response to the actual model is created. The purpose of this step is to ensure that there 

can be a simplified model that possess similar response to actual model, and therefore 

for the study conducted, the simplified model will provide similar results to the actual 

model. This simplified model have the similar number of reservoirs, similar reservoir 

inclination (dip angle), and OGIP to the actual model. 
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The comparison of reservoir response between actual and simplified model is 

observed on the similar trend of response basis. A ±10% difference in value is 

considered acceptable. 

3) Study/Optimize Various Scenarios 

Better understanding of the performance of the multilayered reservoir is 

expected through this step. After simplified model has been decided to be a basis for 

the study, various perforation options are put into test through the model. This 

includes: 

(a) The strategy to perforate the depletion sands alone. 

(b) The strategy to perforate the water drive sands alone. 

( c) The strategy to perforate both sand layers under depletion drive and 

sand layers under water drive. The options to study such as: 

1. The option of dedicated well according to drive mechanism. 

2. The option of sequenced perforation. 

3. To study the optimal perforation strategy under different sand layer 

sequence. 

These options are then compared to determine the best perforation strategy as 

well as the response and behavior of the reservoirs under each perforation option. 

4) Result Analysis 

After all steps have been carried out, the results are summarized and analyzed 

carefully to check the validity of each result in terms of: 

(a) Practicality 

(b) Operation ability 

( c) Other concerns. 

1.2 Thesis Outline 

This thesis consists of six chapters. 

Chapter II outlines a list of related works/studies on multilayered gas 

reservoirs and perforation strategy. 

Chapter III describes the setting of reservoir model, theory of gas reservoirs, 

and drive mechanisms. 
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Chapter IV discusses the principle of reservoir simulation, original model 

generation, and simplified model generation and matching with actual model. 

Chapter V discusses the cases studied and their results of reservoirs simulation 

obtained. 

Chapter VI provides conclusion and recommendation. 



CHAPTER II 

LITERATURE REVIEW 

This chapter discusses previous works that are related to multilayered gas 

reservoirs and perforation strategy. 

2.1 Previous Works on the Subject 

A number of literatures regarding behavior of multilayered reservoirs and 

perforation sequence have been reviewed as elaborated below. As a summary, only a 

small amount of the reviewed articles directly address the perforation sequence in 

multilayered gas reservoirs. This left the topics of interest becomes challenging. 

Arianto et al. [1] have presented the completion solution for multilayered gas 

fields. The field of interest is Sanga-Sanga PSC offshore Kalimantan which is fluvial 

gas field consisting of: 

1. Lower section: Low permeability (1-100 mD), Depletion drive reservoirs 

2. Upper section: Higher permeability (100-1000 mD), Water drive reservoirs 

The classical way of perforation is to carry out a bottom-up perforation approach. 

However, this leads to low gas rate (as the bottom has low permeability), liquid 

loading, and/or poor well performance. Alternatively, production from shallow 

reservoirs can be chosen, but the watered out perforation zone will be difficult to 

isolate. Their solution in the past was to use single selective completions. However, 

this solution is quite ineffective since their production tubing system has to be 

completed with various downhole equipment such as double tubing packer, sliding 

sleeve valve etc. which increase a risk of system leakage and subsequent problems. In 

their study, they have decided to use the dual completions, one for the shallow and 

one for the deep reservoirs which proves to be successful applications. 

AI-Sheri et al. [2] has tested the commingled production from multilayered 

gas-carbonate reservoirs in Ghawar field, Saudi Arabia. They have highlighted that 

the key successful factors for commingled production is to keep the flowing 

bottomhole pressure of the system below the lowest static reservoir pressure. They 

further stressed that the best result would be obtained when similar static pressure 

zones are combined or when the lower static pressure zone exhibits higher 
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productivity index. Along with several findings, they concluded from actual results 

that commingled production shows improvement both for production rate and 

recovery. This conclusion is made from comparing the commingled production vs. 

original selective zone production (i.e., to produce from only one reservoir zone at a 

time). 

Fetcovich et al. [3] have presented the performance prediction of multilayered, 

depletion-drive gas reservoirs using material balance and radial flow equation. The 

study was based on actual field data with no crossflow between each layer and high 

contrast between layer permeability. The conclusions from the studies are that for 

multiple depletion drive gas reservoirs, to combine all reservoirs into single reservoir 

with average reservoir properties is possible in view of long term performance 

prediction. The conclusion hold true regardless of contrasts in reservoir properties 

among each reservoir layers. 

A number of published literature regarding the multilayered gas reservoirs has 

been reviewed such as a study performed by Raghavan [4], Sansu et al.[5], and 

Gangdan et al. [6]. However, most literatures are irrelevant to the topic of interest. 

From the available theses, Jiraratwaro [7] has studied the effect of different 

perforation sequence in multilayered oil & gas reservoirs. His work deals primarily on 

wellbore modeling using the Petroleum Expert's IPM software. He employs the 

history matching technique to fine-tune the model and used it for future prediction of 

reservoir performance under different perforation sequences. Based on his fmdings, 

no single strategy is best for all well models. He suggests that the current field 

practice, while provides minimum water production, yields low recovery efficiency. 

The highest recovery efficiency is the bottom up approach. 

From the available senior project documents, two works are found to be 

related to the topic of interest. Thirawarapan et at. [8] studied the effect of partial 

perforations in multilayered gas reservoirs with an attempt to delay water production. 

Their work is carried out using both wellbore modeling (Petroleum Experts' IPM 

Software) and reservoir simulation (Schlumberger's Eclipse Software). Their study 

started with verification 0 f each layer's production from existing well using PL T data. 

They found that apart from different reservoir properties encountered in each layer, 

the partial perforation contributes significant effect to reduction of water production. 

However, in terms of recovery efficiency, the results depend on other factors such as 
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reservoir permeability. In high permeability reservoirs, the recovery efficiency IS 

increasing with reducing partial perforation ratio and vice versa for low permeability 

reservoirs. From the economic point of view they found that almost all partial 

perforation approaches reduces the incremental NPV. 

Another senior project reviewed is the work from Kiatrabile et at. [9]. They 

studied the production strategy emphasized on reservoir drive mechanism In their 

study a simplified reservoir model has been built using reservoir simulator. Their 

reservoirs consisted of 7 layers, 4 depletion drive with 3 water drive in between. 

Homogenous reservoir properties were set. They categorized their study into three 

situations corresponding to the impact of permeability. The first is where the 

permeability of water drive layers is higher than the depletion drive layers. The 

second is where the permeability of water drive layers equal to the depletion drive 

layers. And the third situation is where the permeability of water drive layers is less 

than the depletion drive layers. For the first situation, they found that bottom up 

perforation approach is the best. For the second situation, they found that to perforate 

the depletion drive layer followed by the water drive would yield highest recovery. 

And in the third situation the simultaneous production using dedicated well for 

different reservoir drive mechanism would be the best. 

2.2 Discussions 

From a number of literatures surveyed, no articles have mentioned the 

treatment of multilayered gas-sandstone reservoirs similar to the GoT multilayered 

gas fields. The work carried out by Arianto et at. is based on different depositional 

environment. The study by AI-Sheri et al. is made on carbonate reservoirs. The work 

by Fetkovitch et al. is based on depletion drive reservoirs only. 

From the available theses and senior project documents, related topics have 

been reviewed but these are differences to the topic of interest. Jiraratwaro's 

investigation deals with oil reservoirs with some gas layers. His focus is on the well 

model. Thirawarapan et at. 's work deals with effect of partial perforations in attempt 

to delay water production. It can be seen that there is still space for this study to 

improve understanding on perforations in multilayered reservoirs. Nevertheless, the 

literature reviewed provides a very good hindsight to this study. 



CHAPTER III 

THEORY AND CONCEPT 

As the study approach relies on reservoir simulations technique, this chapter 

will explain the use of reservoir simulation in this study. 

3.1 Reservoir Simulations 

The reservoir simulation technique is used in this study because it offers 

advantage on phenomenon of gas and water flowing in reservoirs, the interaction 

between each reservoir in the multilayered reservoirs through the common producing 

well(s), and the effect of different drive mechanisms on the producing characteristics 

of the multilayered reservoirs. These advantage is important in order to understand the 

behavior of multilayered reservoirs, and ultimately, to determine the optimal 

production/perforation techniques to be applied. 

The reservoir simulation software used in this study is the Eclipse software. 

Black Oil model is used in this study as the reservoirs of interest are mostly 

wet gas reservoirs, the compositional change in the reservoir fluids through time is 

minimal and therefore Compositional model is not needed. 

In the original model, the model is upscaled, and imported to reservoir model 

by geological modeling software. As a result, the reservoir shape is too complex to 

duplicate using simple reservoir modeling both from the areal extent and dip angle 

aspects. To reflect this complexity in simplified model, the comer-point grid needs to 

be used over simple Cartesian gridding system. 

The well model is generated using Prosper software, which is commonly used 

because of its accuracy in predicting flow in wells in the GoT reservoirs. 

The two important concepts that are used in the reservoir simulations are the 

concept of material balance and the concept of fluid flow in porous medium 
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3.2 Material Balance Concept 

The law of conservation of mass is the basis of material balance calculations. 

Material balance is an accounting of material entering or leaving a system The 

calculation treats the reservoir as a large tank of material and uses quantities that can 

be measured to determine the amount of a material that cannot be directly measured. 

In its simplest form, the equation can be written on volumetric basis as: 

Initial volume = volume remaining + volume removed 

Measurable quantities include cumulative fluid production volumes for oil, 

water, and gas phases; reservoir pressures; and fluid property data from samples of 

produced fluids. Material balance calculations may be used for several purposes. They 

provide an independent method of estimating the volume of oil, water, and gas in a 

reservoir for comparison with volumetric estimates. The magnitude ofvarious factors 

in the material balance equation indicates the relative contribution of different drive 

mechanisms at work in the reservoir. Material balance can be used to predict future 

reservoir performance and aid in estimating recovery efficiency. 

3.3 Material Balance in Gas Reservoir 

Reservoirs containing only free gas are termed gas reservoirs. Such a reservoir 

contains a mixture of hydrocarbons which exists wholly in the gaseous state. The gas 

reservoirs can be classified as dry gas reservoirs, wet gas reservoirs, and gas­

condensate reservoirs, depending on the composition, pressure, and temperature at 

which the accumulation exists. 

Gas reservoirs may have water influx from contiguous water-bearing portion 

of the formation or maybe volumetric (i.e., have no water influx). The general 

material balance equation applied to a gas reservoir is in the form of 

where 

G Initial gas in-place 
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Gp Cumulative gas production 

Bg Gas formation volume factor 

Bg; Initial gas formation volume factor 

Cw Water compressibility 

S w; Initial water saturations 

Cf Formation compressibility 

~p Difference in reservoir pressure compared to original reservOIr 

pressure. 

We Cumulative water encroached to reservoir 

Bw Water formation volume factor 

Wp Cumulative water production 

Equation (3 .1) is derived by applying the law of conservation of mass to the 

reservoir and associated production. 

For gas reservoirs, the gas compressibility is much greater than the formation 

and water compressibility, and the second term on the left-hand side of Equation (3.1) 

becomes negligible. 

The new equation becomes 

(3.2) 

When there is neither water encroachment into the reservOIr nor water 

production from the reservoir, the reservoir is said to be volumetric. In this case 

Equation (3 .2) reduces to 

(3.3) 

But 

(3.4) 

Substituting Bg into Equation (3.4), we have 
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(3.5) 

Because p i, Zi and G are constants for a gIVen reservolf, Equation (3.5) 

suggests that a plot of p/z as the ordinate versus Gp would yield a straight line with: 

slope = 

y intercept = 

The p/z plot versus cumulative production is shown in Figure 3.1. 

~nnt" . 
T 

4.000 

p/z 

~~ 
i 

, .... ...--.--- ~ 
~ 
~ "'-2-.... -.-- ..-. • . . " 

tDOOo 6 t2 18 2 

cumulative production 

Figure 3.1: p/z plot versus cumulative production (Craft and Hawkins[ll]) 

If p/z is set equal to zero, which would represent the production of all the gas 

from reservoir, then the corresponding Gp equals G, the initial gas in-place. 

3.4 Fluid Flow in Porous Medium 

The fluid flow equations that are used to describe the flow behavior in a 

reservoir can take many forms depending upon the combination of variables presented 

previously (i.e., types of flow, types of fluids, etc.). By combining the conservation of 

mass equation with the transport equation (Darcy' s equation) and various equations of 
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state, the necessary flow equations can be developed. Since all flow equations to be 

considered depend on Darcy's law, it is important to consider this transport 

relationship first. 

3.4.1 Darcy's Law 

The fundamental law of fluid motion in porous media is Darcy's law. The 

mathematical expression developed by Darcy in 1756 states that the velocity of a 

homogeneous fluid in a porous medium is proportional to the head (or potential), and 

inversely proportional to the fluid viscosity. For a horizontal linear system, this 

relationship is: 

where 

q -k dp 
v=-=--

A fJ dx 
(3.6) 

v = Apparent velocity in centimeters per second and is equal to q/A. 

q = Volumetric flow rate in cubic centimeters per second. 

A = Total cross-sectional area of the rock in square centimeters. In other 

words, A includes the area 0 f the rock material as well as the area 0 f 

the pore channels. 

Jl = Fluid viscosity, centipoise. 

dp/dx = Pressure gradient, atmospheres per centimeter. Taken in the same 

direction as v and q. 

k = Permeability of the rock, Darcy. 

The negative sign in Equation (3 .6) is added because the pressure gradient 

dp/dx is negative in the direction of flow. For a horizontal-radial system, the pressure 

gradient is positive and Darcy's equation can be expressed in the following 

generalized radial form: 

(3.7) 
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where: 

qr = volumetric flow rate at radius r 

Ar = cross-sectional area to flow at radius r 

(Bp/Br) r = pressure gradient at radius r 

v = apparent velocity at radius r 

The cross-sectional area at radius r is essentially the surface area of a cylinder. 

For a fully penetrated well with a net thickness of h, the cross-sectional area Ar is 

given by: 

Ar = 27rrh (3.8) 

Darcy's law applies only when the following conditions exist: 

• Laminar (viscous) flow; 

• Steady-State flow; 

• Incompressible fluids; 

• Homogeneous formation. 

For turbulent flow, which occurs at higher velocities, the pressure gradient 

increases at a greater rate than does the flow rate and a special modification of 

Darcy's equation is needed. When turbulent flow exists, the application of Darcy's 

equation can result in serious errors. 

3.4.2 Radial Flow of Compressible Fluids (Gases) 

For a viscous (laminar) gas flow in a homogeneous radial system, the real-gas 

equation of state can be applied to calculate the number of gas moles n at the pressure 

p, temperature T, and volume V: 

pV 
n=--

zRT 
(3.9) 

At standard conditions, the volume occupied by the above n moles is given by: 
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nZscRTsc 
V sc = ------==-=------=-=- (3.10) 

Psc 

Combining the above two expressions and assuming Zsc = 1 gives: 

zT Tsc 
(3.11) 

Equivalently, the above relation can be expressed in terms of the reservoir 

condition flow rate q, in scf7day, and surface condition flow rate qsc, in scf7day, as: 

P x q = .:..P-"s,:::..c q.::,..:s:.:::...c 
zT Tsc 

(3.12) 

Rearranging: 

( PSCJ(ZTJ = T qsc q 
sc P 

(3.l3) 

where: 

q = gas flow rate at pressure p in scf7day 

qsc = gas flow rate at standard conditions, scf7day 

Z = gas compressibility factor 

Tsc, = standard temperature in 0 R and 

psc = standard pressure in psia 

Dividing both sides of the above equation by the cross sectional area A and 

equating it with that of Darcy's law, i.e., Equation (3.6), gives: 

!l... = (psc J(ZTJ(_I_)qsc = -0.006328! dp 
A Tsc P 2nrh Jl dr 

(3.14) 
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The constant 0.001127 is to convert Darcy's units to field units. Separating 

variables and arranging yields: 

[ 
qsc PscTzj.J ] r2 dr __ (1' 2 d _.!. 2 _ 2 

(0.006328)(21l')TSCkh J.I r - Jpl P !P - 2 (PI P2 ) 
(3.15) 

Assuming that the product of zj.Jg is constant over the specified pressure range 

between PI and P2, and integrating, gives: 

where: 

Then, 

q = gas flow rate, scf7day 

k = permeability, rnD 

T = temperature, oR 

Jlg = gas viscosity, cp 

h = reservoir thickness, ft 

r = total length of the radial system, ft 

(3.16) 

(3.l7) 

If one considers the drainage radius of the well, and adding skin factor into 

account, the final equation is, 

(3 .18) 

It is essential to notice that those gas properties z and Jlg are very strong 

functions of pressure, but they have been removed from the integral to simplify the 

[mal form ofthe gas flow equation. The above equation is valid for applications when 
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the pressure is less than 2000 psi. The gas properties must be evaluated at the average 

pressure. 

3.5 Discussions 

This chapter describes the basic theory and techniques used to describe the gas 

and water flow in the reservoirs. Reservoir simulations can be used to describe the 

flow in multilayered reservoirs. The analysis of study results carried out in Chapter V 

will utilize the basic theory outlined in this chapter. 



CHAPTER IV 

ORGINAL RESERVOIR MODEL AND SIMPLIFIED 
RESERVOIR MODEL 

This chapter describes the selection of actual reservoir model for the study, 

their characteristics and resulting production profiles. Setting up of simplified model, 

assumptions used and matching results are also discussed. 

4.1 Description of Original Reservoir Model 

The reservoir model for the study is selected from available reservoir model in 

the GoT. The selection aims at the model that is best described in terms of geological 

setting/depositional environment as outlined in Chapter I. Two models have been 

picked: one for bar sand and another for channel sand. The bar sand reservoirs will be 

representative of thin, small reservoirs and the channel sand reservoirs will be 

representative for thick, large reservoirs which normally connected with aquifers. 

4.1.1 Bar Sand Reservoir Model 

Bar sand reservoir model has been well-identified from geological modeling in 

combination with 3D Seismic amplitude anomaly and well log correlations. The 

geological setting of bar sand reservoir is shown in figure 4.1 
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Figure 4.1: Mouth Bar Facies 
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Based on data collected and correlated, the reservoir possesses following 

reservo ir characteristics: 

1. Reservoir fluid type: Wet Gas 

2. Top reservoir depth (ft): 6206 

3. Average thickness (ft) : 61.4 

4. GWC depth (ft): 6360 

5. GRV (MMrcf): 1,714 

6. Net to Gross Sand(%): 0-100% (Average 25%) 

7. Porosity (%): 10% - 35% (Average 21 %) 

8. Permeability (mD): 22-1000 

9. Average reservoir pressure (psia): 2955 

10. Reservoir temperature (OF): 294 

11. Reservoir fluid SG (air = 1): 0.97 

12. OGIP (Bscf) : 8.57 
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The reservoir model was built based on the collected geological data. The 

details of input data for simulation are described in Appendix A. Summarized data for 

reservoir model including phase equilibrium data, reservoir and fluid properties are 

described below. PVT properties and rock properties are tabulated in Table 4.1. 

a) Case Definition 

Simulator: Black Oil 

Model Dimensions: Number of cells in the x direction 56 

Number of cells in the y direction 120 

Number of cells in the z direction 4 

Grid type: Corner Point 

Geometry type: Block Centered 

Oil-Gas-Water Options: 

b) Grid 

Water, Gas 

Properties: Porosity 

Permeability k-x 

k-y 

k-z 

Gross thickness 

Net to Gross Ratio 

Depth of Top face 

10% - 35% 

22-1000 

22-1000 

2.2-100 

roD 

mD 

roD 

15.4 feet l layer 

0-100% (Average 25%) 

6,206 ft 

Table 4.1: PVT properties of reservoir fluids and rock properties 

Water Reference pressure(Pref) 4652.5 

Properties Water FVF at Pref 1.0636 

Water viscosity at Pref 0.1907 

Water viscosibility 9.22 E-06 

Fluid Densities at Oil density 48.4 (50 0 API) 

Surface Conditions Water density 62.43 

Gas density 0.060 

Rock Properties Reference Pressure 4230 

Rock Compressibility 5.4029E-6 

pSla 

rb/stb 

cp 

I /psi 

Ib/ft3 

Ib/ft3 

Ib/ftJ 

pSla 

I/psi 



c) SCAL (Special Core Analysis) 

Initial reservoir properties 

Initial Water Saturation (SWAT) 

Initial Gas Saturation (SGAS) 

Initial Pressure 

0.40 

0.60 

2,955 pSla 
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The gas saturation and relative permeability relation is tabulated in Table 4.2 

and shown in Figure 4.2. 

Table 4.2: Water saturation versus gas and water relative permeabilities 

1.00 

0.90 

0.80 

0.70 

0.60 

0.50 

0.40 

0.30 

0.20 

0.10 

0.00 

0.0 

Sw 

0.4000 

0.4411 

0.4822 

0.5233 

0.5644 

0.6056 

0.6467 

0.6878 

0.7289 

0.7700 

1.0000 

....... ' ..... 

0.2 

KrJ Krw 
1.0000 0.0000 

0.5549 0.0040 

0.2846 0.0183 

0.1317 0.0446 

0.0529 0.0840 

0.0173 0.1372 

0.0041 0.2049 

0.0005 0.2876 

0.0000 0.3859 

0.0000 0.5000 

0.0000 1.0000 
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r' 
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Figure 4.2: Bar sand reservoirs relative permeability function 
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The resulting reservoirs shape, net to gross distribution, porosity distribution 

and permeability distribution, pressure distribution, and gas saturation of the bar sand 

reservoir are shown in Figures 4.3 to 4.8. Histogram showing permeability 

distribution of the bar sand reservoirs are shown under Figure 4.9. 

oek.l001 J 
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Figure 4.3: Bar sand reservoirs shape 

-
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Figure 4.4: Bar sand reservoirs porosity distribution 



23 

-

Figure 4.5: Bar sand reservoirs Net to Gross ratio distribution 
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Figure 4.6: Bar sand reservoirs permeability distribution 
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Figure 4.7: Bar sand reservoirs pressure distribution 

L , 

-

(l()(,C) oro, 0 

Figure 4.8: Bar sand reservoirs gas saturation distribution 
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Histogram for Permeability Distribution of Selected Bar Sand Reservoir 

2500 
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Figure 4.9: Histogram for bar sand reservoirs permeability distribution 

The dynamic response of the selected bar sand reservolfs will be described 

under the model matching between original and simplified model section. 

4.1.2 Channel Sand Reservoirs Model 

Similar to bar sand reservoirs, the Channel sand reservoirs model picked has 

been well-identified from geological modeling in combination with 3D Seismic 

amplitude anomaly and drilled well log correlations. The geological setting of channel 

sand reservoirs is shown in figure 4.10. 
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Zone H50_3a1: layer 447 

Figure 4.10: Fluvial Channel Facies 

Based on data collected and correlated, the reservoirs possesses following 

reservoir characteristics: 

1. Reservo ir fluid type: Wet Gas 

2. Top reservoir depth (ft): 7,875 

3. Average thickness (ft): 98.7 

4. GWC depth (ft): 8,420 

5. GRV (MMrcf): 2,704 

6. Net to Gross Sand(%): 0-1 00% (Average 40%) 

7. Porosity (%): 15% - 34% (Average 21 %) 

8. Permeability (rnD): 2.4-1000 

9. Average reservoir pressure (psia): 3,785 

10. Reservoir temperature (OF): 347 

11. Reservoir fluid SG (air = 1): 1.1 

12. OGrp (Bscf): 49.7 

The reservoir model was built based on the collected geological data. The 

details of input data for simulation are described in Appendix A. Summarized data for 

reservoir model including phase equilibrium data, reservoir and fluid properties are 

described below. PVT properties and rock properties are tabulated in Table 4.3. 



a) Case Definition 

Simulator: Black Oil 

Model Dimensions: Number of cells in the x direction 56 

Number of cells in the y direction 120 

Number of cells in the z direction 5 

Grid type: Comer Point 

Geometry type: Block Centered 

Oil-Gas-Water Options: 

b) Grid 

Water, Gas 

Properties: Porosity 

Permeability k-x 

k-y 

k-z 

Gross thickness 

Net to Gross Ratio 

Depth of Top face 

15% - 34% 

2.4-1000 

2.4-1000 

0.24-100 

mD 

mD 

mD 

18.9 feet! layer 

0-1 00% (Average 40%) 

7,875 ft 

Table 4.3: PYT properties of reservoir fluids and rock properties 

Water Reference pressure(Pref) 

Properties Water FYF at Pref 

Water viscosity at Pref 

Water viscosibility 

Fluid Densities at Oil density 

Surface Conditions Water density 

Gas density 

Rock Properties Reference Pressure 

Rock Compressibility 

c) SCAL (Special Core Analysis) 

Initial reservoir properties 

Initial Water Saturation (SWAT) 

Initial Gas Saturation (SGAS) 

3349 

1.0897 

0.1601 

1.00 E-05 

48.4 (50 0 API) 

62.43 

0.068 

3349 

5.4092E-6 

0.38 

0.62 

pSla 

rb/stb 

cp 

lIpsi 

Ib/ft3 

Ib/ft
j 

Ib/ft
j 

pSla 

1/psi 
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Initial Pressure 2,955 pSla 

The gas saturation and relative permeability relation is tabulated in Table 4.4 

and shown in Figure 4.11. 

Table 4.4: Water saturation versus gas and water relative permeabilities 

1.00 
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Sw Krg Krw 
0.3800 1.0000 0.0000 

0.4233 0.5549 0.0040 

0.4667 0.2846 0.0183 

0.5100 0.1317 0.0446 

0.5533 0.0529 0.0840 

0.5967 0.0173 0.1372 

0.6400 0.0041 0.2049 

0.6833 0.0005 0.2876 
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Figure 4.11: Channel sand reservoirs relative permeability function 

The resulting reservoir shape, net to gross distribution, porosity distribution 

and permeability distribution, pressure distribution, and gas saturation of the channel 

sand reservoir are shown in Figure 4.12 to 4.17. Histogram showing permeability 

distribution of the bar sand reservoirs are shown under Figure 4.18. 
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Figure 4.12: Channel sand reservoirs shape 

Figure 4.13: Channel sand reservoirs porosity distribution 
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Figure 4.14: Channel sand reservoirs Net to Gross ratio distribution 
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Figure 4.15: Channel sand reservoirs permeability distribution 
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Figure 4.16: Channel sand reservoirs pressure distribution 
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Figure 4.17: Channel reservoirs gas saturation distribution 
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Histogram for permeability d istribution of Channel sand reservoirs 

Mean = 65.6 mD 
Standard Deviation = 128.9 mD 
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Figure 4. 18: Histogram for bar sand reservoirs permeability distribution 

The dynamic response of the selected channel reservolfs will be described 

under the model matching between original and simplified model section 

4.2 Generation of Simplified Reservoir Model 

The simplified version of reservoir model possessing similar response to the 

actual model is created using reservoir simulat ion software. This simplified model 

will offer benefit over the actual model as the reservoirs layers can be remodeled 

(such as changing the drive mechanism) and re-sequenced. Better understanding of 

the multilayered reservoir performance is expected through this model. The simplified 

model will have the similar number of reservoirs, simi lar reservoir inclination (dip 

angle), and OGIP to the actual model. 
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4.2.1 Homogenous Original Model 

Although the OGIP of the simplified model would be matched with the 

original model, the number of cells would be reduced; the shape would be slightly 

different due to the simplification assumptions. 

The homogenous version of the original reservoir model is set up usmg 

average value of the properties shown in table 4.5. Apart from these assumptions, no 

other modifications are made to the original reservoir model. 

Table 4.5: Average properties used for original model modification and simplified 

model generation 

Properties 
Bar sand reservoirs Channel sand reservoirs 

Range Average Range Average 
Net to Gross (%) 0-100% 25% 0-100% 40% 

Porosity (%) 10-35% 21% 15-34% 21% 

4.2.2 Simplified Model 

The simplified model has been generated using corner point gridding. In order 

to reflect the original reservoir's dip, the simplified model has been set with 

inclination angle in accordance with the original model. The dip angle of the original 

reservoir model is shown in Figures 4.19 and 4.20. 
O\tH!l 1OO1 1 

1'10 )1 11 1 

Figure 4.19: Bar and channel sand reservoirs dip along Y-Y axis 
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Figure 4.20: Bar and channel sand reservoirs dip along x-x axis 

As both bar and channel reservoirs have to be constructed on the same model, 

the different in dip angle has to be normalized. As a result, the dip angle has been set 

to 2 fill OOfi for the Y -Y direction dip and 10 fill OOfi for X-X direction dip. The result 

reservoir plane is shown in Figure 4.21. 

" 

Figure 4.21: Simplified Model Reservoir Plane 



The following data has been used for setting up of the simplified model. 

a) Case Defmition 

Simulator: 

Model Dimensions: 

Grid type: 

Geometry type: 

Oil-Gas-Water Options: 

b) Grid 

Properties: Porosity 

Black Oil 

Number of cells in the x direction 15 

Number of cells in the y direction 45 

Number of cells in the z direction 4 (Bar) 

5 (Channel) 

Comer Point 

Block Centered 

Water, Gas 

Bar Channel 

21% 21% 

Gross thickness 15.4 18 .9 ftl layer 

Net to Gross Ratio 25% 40% 

Depth of Top face 6,206 ft 7,875 ft 
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The shape and size of the reservoir is obtained by setting active cell in close 

match to the original model. The comparison between the original model and 

simplified model is shown in Figures 4.22 and 4.23 . 

- . - ., - - - - - .. - - - ' f 

, 
,I 

Figure 4.22: Shape matching between original and simplified model for bar sand 

reservoirs 
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Figure 4.23: Shape matching between original and simplified model for channel sand 

c) PVT Same as Original model, each for bar and channel sand reservoirs 

d) SeAL Same as Original model, each for bar and channel sand reservoirs 

The static model matching between original and simplified model has been 

made by adjusting the pore volume, OGIP, water in place and initial reservoir 

pressure to best match. Matching result is shown in Table 4.6 under section 4.2.4. The 

deviation for simplified model is less than 10% for all data investigated. 

4.2.3 Well Model 

In order to simulate the dynamic performance, the well model has been 

created using Prosper Software. The model is built based on monobore well design 

which is widely applied in the GoT. The well has a wellbore diameter of 6-1/8 inches 

with 3-112 inches production casing (inside diameter of 2.992 inches). The well is 

perforated from 6,000 ft . to 7,500 ft , depending on the reservoir depth in each case. 

The schematic of well bore and configuration is shown in Figure 4.24. 
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Figure 4.24: Monobore well schematics 

The well's configuration detail and the set up of VFP model can be found in 

Appendix A. As a summary, the model set up including: 

Fluid Type: 

Method: 

Inflow Model: 

VLP Model: 

Variables Run: 

Dry & Wet Gas 

Black Oil 

Multilayered (Jones) 

PE2 

WHP: 14.5 - 3250 psig 

CGR: 0- 3000 stb/MMscf 

WGR: 0 - 3000 stb/MMscf 

4.2.4 Matching of Original and Simplified Model 

In matching of the original and simplified model, following steps are taken; 

a) Static Model Matching 

Since the rock and fluid properties are kept similar between the original and 

simplified model, the model is matched by 2 variables: 
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(a) Adjust the reservoir inclination angle until the GWC contact and 

initial reservoir pressure are matched. 

(b) Adjust the reservoir shape until the pore volume, gas and water in 

place are matched. 

After various adjustments, the fInal match is shown in Table 4.6. The result is 

further used for dynamic model matching. 

Table 4.6: Static model matching result 

Properties 
Bar sand reservoirs Channel sand reservoirs 

Original Siml!lified Original Simplified 
Pore Volume, MMRB 64.111 64.395 101.120 101.104 

OGIP, BSCF 8.573 8.575 49.751 49.999 

Water In Place, MMbbl 50.754 5l.170 48.436 48.286 
Initial Reservoir . 
Pressure, psia 

2,955 2,991 3,773 3,785 

b) Dynamic Model Matching 

Because the reservoir size, shape, and inclination have been set in order to 

match static model, the parameter to match the dynamic model response is 

permeability. All other rock and reservoir fluid properties are set to be the same. The 

resulting permeability is found to be 100 mD for bar sand reservoirs and 80 mD for 

channel sand reservo irs. 

The matching is carried out for gas production rates, reservOIr pressures, 

bottomhole pressures, and p/z behavior of the reservoirs. The matching of water 

production is not carried out due to relatively low water production « 0.00 I bbVd) 

from both reservoirs. 

Bar Sand Reservoirs Matching Results 

Original model and simplifIed model has been compared for gas production 

rates, reservoir pressures, bottomhole pressures, and p/z behavior. In matching of 

production rates, the production of bar sand in the reservoir is capped at 5 MMscfld 

using single well with 3-1 /2 inches production casing size. Although the erosion limit 

for this tubing size is at 20 MMscf/d. The matching is done at lower rate in order to 

see the behavior more clearly. 
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Figure 4. 25: Result of model matching, Production rates 
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Figure 4.26: Result of model matching, Pressures 
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Figure 4.27: Result of model matching, p/z 

The result deviation from matching between original and simplified model is 

shown in Figure 4.28 . The deviation is plotted as percentage difference in production 

rates, reservoir pressures, and bottomhole pressures. Most results are found to be 

accurate within ±5% deviation. Although the production rate shows more than 10% 

deviation in the late life, it is associated with very low production rates at the time, 

which can be considered as insignificant. The deviation is, therefore, considered 

acceptable. 
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Figure 4.28: Result of model matching, deviation plot 

Channel Sand Reservoirs Matching Results 

In order to confrrm the model, additional matching scenario has been set for 

channel sand reservoirs, where the reservoirs can be subjected to large connecting 

aquifer. Numerical aquifer has been set with 10 times and 20 times the size of gas 

reservoirs, connecting to the edge of the reservoir which is the direction of 

meandering channel. 

As the performance matching is done based on single well. The well capacity 

is limited by erosion to 20 MMscf/d using 3 Y2 inch production casing. The matched 

parameters are flowrate, reservoir and bottornhole pressure, and p/z behavior of the 

reservoIrs. 

The base case matching is shown in Figures 4.29 through 4.31. 
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Figure 4.29: Result of model matching, Production rates 
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Figure 4.30: Result of model matching, Pressures 
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The result deviation from matching between original and simplified model is 

shown in Figure 4.30. Similar to bar sand reservoirs, most results are accurate within 

±5% deviation. Although the production rate shows more than 10% deviation in the 

late life, it is associated with very low production rates at the time. The deviation is, 

therefore, considered acceptable as well. 
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Figure 4.32: Result of model matching, deviation plot 
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Numerical Aquifer Matching Results for Channel Sand 

For the additional simulation with large numerical aquifers, the model 

matching result are shown through Figures 4.33 to 4.35 for aquifer size of 10 times of 

gas reservoir size and 4.36 to 4.38 for aquifer size of 20 times of gas reservoir size. 

No change to either original or simplified model, including well location, is made 

apart from added aquifers. 
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Figure 4.33: Result of model matching, Production rates. Aquifer size = lOx gas 

reservo If SIze 
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Figure 4. 36: Result of model matching, Product ion rates. Aquifer size = 20 x gas 

III 
·iii 
Q", 

oj ... 
::I 
I/) 
I/) 
Q) ... 

Q", 

reservoIr SIze 

Pressure Profiles 
4,000 

• Original Reser\Qir P • Original BHP • Simplified Reser\Qir P • Simplified BHP 

3,500 

3,000 

2,500 

2,000 

1,500 

1,000 

500 

01-Jan-09 16-May-10 28-Sep-1 1 09-Feb-13 24-Jun-1 4 06-Nov-15 20-Mar-17 02-Aug-18 15-Dec-19 
Date 

Figure 4.37: Result of model matching, Pressures. Aquifer size = 20 x gas 

reservoIr SIze 



c: 
o 

:;:I 
C\I 

.S; 
Q) 

% Deviation between Original and Simplified Model 
40% 

30% 

20% 

10% - - - - - - - - - - - ---=:;;;;..iiiili"'-"'~~":" - - - , 
0% 

~ (-10%) _.;;:==:;::J!!!I!!!!I~~~ - - - - - - - - - - - - - - - , 

(-20%) 
• Production Rate & Reser\Qir Pressures • Bottomhole Pressures 

(-30%) 

(-40%) 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

% Cumulative Production 

Figure 4.38: Result of model matching, deviation plot. Aquifer size = 20 x gas 

reservo IT SIze 

4.2.5 Matching Conclusions 
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The matching result for both bar and channel sand reserVOITS show that 

simplified model is matched with small deviations. Since the study is intended to 

compare the performance of different perforation sequence within same bar and 

channel model, this deviation is considered acceptable. 

The recovery factor for each case is shown in Table 4.7. The differences are 

all below 10%. For all cases, the deviation is below 5% for cumulative production of 

up to 90% of ultimate recovery. 

Table 4.7: Recovery Factor obtained from model matching 

Case 
RF,% 

Orhdnal Simplified % Difference 
Bar Reservoirs 75% 79% 5.6% 

Channel Reservoirs, Base case 67% 69% 3.2% 
Channel Reservoirs, Aquifer size 

68% 72% 6.5% = lOx gas reservo ir size 
Channel Reservoirs, Aquifer size 

68% 72% 6.5% = 20 x gas reservoir size 
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From the matching result, it is found that it is possible to generate simplified 

models which possess similar static and dynamic response to the original reservoirs 

based on single well approach. Therefore, to use simplified, homogeneous model for 

further study would give similar results as using original model. The outline of 

investigation and results is discussed in Chapter V. 



CHAPTER V 

RESUL TS AND DISCUSSION 

This chapter presents the results of the study. The effect of production! 

perforation approaches on the reservoir recovery efficiency under different drive 

mechanism and reservoirs arrangement is investigated using the simplified model that 

tested to match with original bar and channel sand reservoir model. 

5.1 Model Arrangement 

The simplified model is set up by two main characteristics of the reservoirs 

that may have an effect on perforation strategy determination: 

1. The size of the reservoirs. In the GoT reservoirs there are two types of 

sand reservoirs, one is big, continuous and thick as mostly encountered 

in Channel sand type reservoirs. Others is small, thin reservoirs normally 

called Bar sand type reservoirs. 

2. The permeability ofthe reservoirs. 

Therefore, putting these two characteristics together would results in four 

layered reservoirs. The simplified reservoir model matched in chapter 4 is used as 

representative model in this study. The matched channel sand reservoirs represent the 

thick, continuous reservoirs, and the matched bar sands reservoirs represent the small, 

thin reservoirs. For permeability, 20 mD is chosen for low permeability reservoirs 

while 200 mD is chosen for high permeability reservoirs. The result combination is 

shown under Table 5.1. The top depth of the reservoirs is 6,200 feet same as top depth 

of the original model. Each layer is 100 feet apart, with shale (inactive cells) m 

between. The initial reservoir pressures are assumed to be hydrostatic. 
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Table 5.1: Model arrangements 

Reservoir Size Permeability 

1 Thick 200mD 

2 Thin 200mD 

3 Thick 20mD 

4 Thin 20mD 

Due to the combination of each reservoir into multi-layered reservoirs, it is 

found that single well would not be practical approach to drain the whole reservoirs. 

For a 3Y2" production casing, the maximum gas rate is around 20 MMscf/d, which 

means for a total 104 Bscf reservoir (2 Thick & 2 Thin), it would take 14.3 years to 

deplete. It is anticipated that 4 wells would be required to deplete the study model. 

As both reservoirs (Bar and Channel) are separated from each other in the 

original model, the overlay of simplified model can be arranged in such manner that 

well placement can be vertical as possible. Based on production characteristics of 4 

wells placed evenly on the reservoirs, each well will produce restricted to its available 

drainage area, with no flow boundary adjacent to other well's drainage area. Under 

depletion drive mechanism and homogenous reservoir, the production of each well 

placed evenly in the reservoir (i.e. similar drainage area) would therefore be similar. 

Figure 5.1 depicts the well placement in the reservoirs. The red colours represent gas 

zone and blue colours represent water zone . 

... - ... 

Figure 5.1: Thick and thin reservoirs, well placements and drainage area pattern 
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Under water drive mechanism studied, the connection of water drive is from 

the edge of reservoirs as typically found in channel type reservoirs in the GoT. The 

impact of water expansion and production through each well are shown under Figure 

5.2 using thick reservoir as an example. It can be seen that the pattern of water 

encroaching reservoirs are in subsequent manner, i.e., one well after another starting 

from the well which is nearest to the water zone and encroach to the next well. This 

depletion pattern would result in similar depletion from one well to another, only 

difference is timing. 

@Oday @903days 

@2345 days @5642 days 

Figure 5.2: Water encroachment pattern in reservoirs 

Therefore, to ease the analysis, the reservorrs are cut into single well's 

drainage area limit. From recovery performance of water drive reservoirs, the result of 

this reservoir cutting into single well drainage will be conservative because the gas 

that can not produce after water reaches the well under single well model can actually 

flow to next well in the 4-wells reservoirs model. However, this phenomenon is not 
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affecting study approach and results as the study is carried out on comparison basis. 

The result multilayered reservoirs model are shown in Figure 5.3 below. 

- ~----

000 o ().I ODe 017 0 41 D'50 05.1 0 58 061 

Figure 5.3: Single well model from reservoir model, showing gas saturation 

distributions 

There are three cases to be investigated in this study: 

1. Case 1: When all reservoirs are produced under depletion drive 

mechanism. In this simplest arrangement, the reservoirs are depleted based 

on the expansion of gas in the reservoirs only. As a result, pressure will 

plays an important role on production strategy in this case. The case is 

initiated to study behavior of pressure and their influence on production 

and cross flow issue. 

2. Case 2: When all reservoirs are produced under water drive mechanism. In 

the second case, the reservoirs are set to be connected with aquifers. As the 

gas is being produced from well, the reservoir pressure declines and cause 

the supporting aquifers to expand. As a result there will be an influence 
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from both pressure and gas saturations that plays role on optimal 

production/perforation strategy determination in this case. 

3. Case 3: Commingled production from both depletion and water drive 

reservoirs. This case represents more realistic multilayered gas reservoirs 

in the GoT. 

5.2 Study Scenarios 

The perforation/production scenarios under this study can be categorized into 

3 groups and 1 additional scenario . The first group (scenario 1 a-d) is the set of 

scenario using bottom-up approach. Bottom-up approach is one of the widely used 

techniques in the gas field in GoT. This method allows the gas to be produced from 

lowest reservoir first and produce the next upper reservoirs in sequence. This 

method's strong point is that since it allows the bottom reservoir to be produced first, 

the shutting-off of the depleted reservoir can be done easily without concerns that the 

non-depleted reservoirs will have to be isolated from well as found in other scenarios. 

The scenarios under this group are listed in Table 5.2. 

Table 5.2: Scenario studied under Bottom-up approach 

Scenario Description Explanation 

Produce current reservoir until fully deplete, and then 

la Fully depleted 
open the next upper layer. Production rate at fully 
depleted is set at minimum economic limit of 0.5 
MMscf7d. 
Produce current reservoir until rate decline to half of 

Ib Half depleted plateau rate (20 MMscf7d), which equals to 10 
MMscf7d, then open the next upper layer. 

Maintain 
Produce current reservoir unti l rate drops below 20 

lb production 
plateau 

MMscf7d, then open next upper layer. 

Water Shut-Off 
Shut the reservoir once the reservoir produce 

ld 
(WSO) 

significant amount of water and less gas to avoid 
further water production from that reservoir. 

As scenarios ld involves water production, the scenario is tested on water 

drive and combination drive cases .where water production is anticipated only. 
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The second group concerns with permeability of the reservoirs. It is being 

investigated because of the importance of permeability on the depletion mechanism of 

the reservoirs. There are two scenarios under this group, scenario 2a where high 

permeability reservoirs are depleted first , and scenario 2b where low permeability 

reservoirs are depleted frrst. 

The third group concerns with the size of reservoirs. The size of reservoirs 

impacts the rate of depletion in the way that pressure declines are slower in big 

reservoirs (given same reservoir properties and depletion rate). Therefore, in order to 

study the multilayered reservoirs, two scenarios are added to the study. Scenario 3a is 

where the big reservoirs are depleted first. Scenario 3b is where the small reservoirs 

are depleted first 

The summary of scenario 2 and 3 are shown in Table 5.3 . 

Table 5.3: Summary of scenario 2 and 3 studied 

Scenario Description Explanation 

High Produce from high permeability reservoir (reservoir 1 
2a permeability & 2) until rate drops below 20 MMsc£ld, then open 

frrst lowpermeability reservoirs (reservoir 3 & 4). 
Low Produce from low permeability reservoir (reservoir 3 

2b permeability & 4) until rate drops below 20 MMsc£ld, then open 
frrst high permeability reservoirs (reservoir 1 & 2). 

Thick 
Produce from thick reservoir (reservoir 1 & 3) until 

3a 
reservo irs first 

rate drops below 20 MMsc£ld, then open thin 
reservoirs (reservoir 2 & 4). 

Thin reservo irs 
Produce from thin reservoir (reservoir 2 & 4) until rate 

3b 
frrst 

drops below 20 MMsc£ld, then open thick reservoirs 
(reservoir 1 & 3). 

The last scenano IS scenano 4. This scenarIO brings all reservolfs to 

production altogether since first date of production. The production plateau is set at 20 

MMsc£ld as previous scenarios. 

5.3 Monitoring Parameters 

Optimal perforation/production strategy IS defmed in terms of optimal 

production out of the multilayered reservoirs. Certain aspects of production are 

focused in this study. The monitoring parameters include: 
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1. The level of cross flow through well. The level of crossflow is detennined 

as % of OGIP. In multilayered reservoirs, one of the key issues is the 

crossflow from one or more reservoirs to others through the well's 

perforated sections. The crossflow may result in loss or reduced recovery 

factors if the crossflowed volume cannot be recovered. 

2. The time to recover the cross flow volume. Corresponding to the level of 

crossflow, the time to recovery such crossflowed volume is another 

concern as the hydrocarbon recovery is delayed by the crossflow effect. 

3. The time to achieve designated recovery factors. The time to deplete the 

reservoirs up to certain recovery factors (depends on study case) is of 

economic importance as the faster the recovery, the better the economics. 

Since the RF can be varied among each perforation/production scenarios, 

certain RF is set for each case for comparison purpose. For Study Casel 

(depletion drive) it is set at 70%, For Study Case 2 (water drive) it is set at 

30%, and for Study Case 3 (commingled production from depletion and 

water drive) it is set to 40%. The time to reach ultimate recovery is also 

monitored. 

4. The RF obtained from each scenario . The RF is also of importance as the 

ability to recover gas from the reservoirs varies with scenarios and study 

case. The higher RF, the better. 

5.4 Multilayered Reservoirs Performance under Depletion 

Drive 

The first case under study is when all reservoirs are under depletion drive 

mechanism. The study model employs basic single well drainage reservoirs as 

depicted in Figure 5.3. The model has been put into production under various 

perforation/ production scenario outlined in section 5.2. 

The result from each scenario is shown in Table 5.4 below. 
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Table 5.4: Depletion drive case simulation results 

Time to time (years) to 

Crossflow recover reach % recovery 
Scenario Description RF(%) 

(% OOIP) crosstlow 
70% Uhimate 

vol. (days) 

1 Bottom-Up 

la Fully depleted 2.46 1638 17.46 20.59 80.47 

Ib Half depleted 0.98 168 6.18 11.79 77.56 

Maintain 
lc 0.48 105 6.20 11.84 77.11 

plateau 

2 Permeability selective 

2a 
High perm. 

0.02 Infinite 6.58 11.02 76.79 
flIst 

2b 
Low perm. 

0.01 245 6.27 11.90 77.06 
flIst 

3. Reservoir size selective 

Thick 
3a 0.30 35 6.27 12.00 76.95 

reservoirs first 

Thin reservoirs 
3b 0.27 70 6.27 11.90 77.05 

flIst 

Produce all 
4 0.01 231 6.27 11.90 76.85 

since day 1 

The following are observed from the table: 

1. The level of crossflow is in a range of 0.0 I %- 2.46% of the OGIP. Based 

on model (4 reservo irs) OGIP of 30 BCF, the crossflow . volume is in a 

range of3 MMscf - 0.73 BCF. 

In terms of trends, scenario 1 a, has highest crossflow of 2.46%, scenario 

1 b has crossflow of 0.98%, scenario 1 c to 4 has relatively lower level of 
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crossflow (0.48% down to 0.01 %) this is directly associated with the level 

of depletion in the reservoirs. In scenario I a, at the time next reservoir is 

open to flow, the current producing reservoir is depleted to minimum flow 

and hence the reservoir pressure is at minimum. In scenario 1 b, the current 

producing reservoir only half depleted and therefore the reservoir pressure 

is higher than scenario lao In other scenarios each reservoirs is open to 

flow one after another in a short period of time (because of trying to 

maintain plateau production) therefore the reservoir pressure is relatively 

high and crossflow is smaller. The crosstlow issue is studied in further 

details in section 5.4. I. 

2. The time to recovery cross flow ranging from unable to recover, to as low 

as 35 days. The infinite time to recovery indicated in the table does not 

means that all crossflowed volume is lost in the reservoirs but rather means 

that only some part of the crossflowed volume can be recovered (but not 

all of them). Apart from the infmite scenario (scenario 2a), all other 

scenarios shows definite time to recover the crossflow volume. 

The level of crossflow recovery time depends on the level of reservoir 

pressure depletion as observed from the table. If the reservoir pressure of 

the reservoir is lower than the producing well's flowing bottomhole 

pressure, the gas from higher pressure reservoir would flow into the lower 

pressure reservoir. If this happens when the reservoir pressure of the 

crossflowed reservoir is depleted, there will be less chance to recover, and 

the time spend would be longer than the scenario where reservoir pressure 

of the crossflowed reservoir is still high. 

3. The recovery factor is in the range of76.79% to 80.47%. The variation in 

recovery factor between each scenario is low, especially from scenario I b 

to 4, where the RF is between 76.79% to 77.85%. This is because of the 

drive mechanism of the reservoir itself. Under depletion drive mechanism, 

the recover efficiency of the reservoirs depends on level of depletion. 

Therefore, if the reservo ir is depleted to same abandonment pressure in all 

scenarios, the RF% would be similar. 

For scenario I a, the reason the RF% is 80.47%, which is highest among all 

other scenarios, is because of the late opening (by allowing each reservoir 
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to produce as long as possible up to mmimum economIC limit) of each 

reservoirs allows wells to sustain production above wells economic limit 

compared to other scenarios. 

5.4.1 Investigations on Crossflow through Well 

A detailed investigation is made on the crossflow Issue using the highest 

crossflow scenario, scenario I a, as a model. The crossflow rate of each layer is plotted 

over time in Figure 5.4. 
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Based on the figure, the crossflow occurred whenever the bottomhole pressure 

exceeds the reservoir pressure, or to be more specific, the near wellbore pressure. This 

event would unlikely to happen at initial time because the reservoir is not yet depleted 

and the reservoir pressure is still high. The crossflow will start from middle to late life 

when one or more of the reservoirs are depleted to near well' s bottomhole flowing 

pressure. As shown under Table 5.4, there is variation in time to recover the crossflow 

volume. If the crossflow occurs at late life, the time to recover will be long, or even 

unrecoverable as appear in scenario 2a. 
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From the darcy's equation for pseudo-steady state gas flow, 

O.000703kh(F:2 
- p"~! ) Q = . 

g r 
,uZTln(0.472 _e + S) 

(5.1 ) 

rw 

Which means that for the rate of gas cross flowed into reservOIrS, the rate 

depends on reservoir pressure, well's bottornhole flowing pressure, permeability, 

reservoir thickness, gas viscosity and compressibility factor, the well's drainage 

radius and well's tubing radius, and the skin factor. If we compare each reservoir's 

ability to get crossflowed, it is better to compare in terms of Injectivity Index, 

2 Qg 2 ,since each reservoir have different pressure and therefore different 
(PR - ?'v/ ) 

drawdown. Ifwe rearrange the Darcy's equation into injectivity index form, the result 

would be, 

Qg 
--~-=--------
(Pi -P~. ) 

O.000703kh 
(5.2) 

,uZT In(0.472~ + S) 
rw 

Figure 5.5 plots the LHS and RHS of this injectivity index equation together. 

The LHS is obtained from reservoir simulation output, while RHS is calculated. It is 

found that for low permeability reservoirs, the crossflow injectivity index follows the 

theory. However, there's variation in the high permeability reservoirs as the 

injectivity index obtained by model is higher than calculated figures. The cause of this 

variation needs further investigations. 
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Figure 5.5 : Simulation plotted versus calculated injectivity index 
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From the observations, it is clear that cross flow amount depends on pressure 

difference, reservoir volume, and how easy or difficult fluid can get into the 

crossflowed reservoirs (i.e., rock and fluid properties). 

Therefore, it is suggested that to minimize crossflow, the reservoir pressure 

and the rock and fluid property for each reservoir in the multilayered reservoir should 

be analyzed in accordance with Darcy's equation over the lifetime of the reservoirs. 

5.4.2 Conclusions on Depletion Drive Case 

As discussed under section 5.4 and 5.4.1. Although the crossflow volume is 

not large in the model case, it can be larger in reservoir where the rock and fluid 

properties are good and difference in reservoir pressure between each layer is high. It 

is suggested to avoid the opening of new layer when the depleted layer(s), or current 

producing layers 's reservoir pressure is low because the crossflowed volume will be 

difficult to recover. 
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The recovery efficiency in each case is almost similar. This is due to the 

depletion drive characteristics of the reservoirs. At similar abandonment pressure of 

each reservoir, the RF would be similar. 

Based on the study results, to produce all reservoir together since day 1 

(scenario 4) would provide optimal solution to the depletion drive multilayered 

reservoirs case. Under this scenario the crossflowed volume is small, the RF is similar 

to other scenario, and the time to recovery is among the fastest. This scenario also 

have other practical benefit such as reducing well intervention (i.e. , to perforate others 

reservoirs) and reduce the chance of tool stuck or fish. 

5.5 Mutilayered Reservoir Performance under Water 

Drive 

The second case in the study is when all reservoirs are under water drive 

mechanism. This case is set with an intention to study behavior of multilayered well 

when all reservoirs are under water drive and subjected to gas/ water flow behavior. 

5.5.1 Model Set Up 

Numerical aquifers, each with size of 100 times of gas reservoir size of their 

connected reservoirs is set. The aquifer properties are set to be the same as their 

connected reservoirs. Aquifer initial pressure is set to be in equilibrium with their 

reservoirs, i.e. , hydrostatic. 

Another important concern is that as the simplified model is homogenous, the 

effect of heterogeneity in the water drive reservoirs can not be taken into account. 

Heterogeneity in the reservoir creates bypass ing of water towards the well and hence 

trapping of gas behind. As a result, the recovery factor of the reservoirs is reduced. 

Under homogeneous reservoirs, the water will sweep the gas towards the well and 

improve recovery factors of the reservoirs. 

A model check has been carried out to see if this is the case. The result is 

shown in Table 5.5. The recovery efficiency is reduced down to 50% when support 

aquifer is active, which is in-line with typical RF% on water drive gas reservoirs (use 

scenario I a as comparison basis). The model is therefore used without further 

adjustment. 
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Table 5.5: RF% comparison between depletion and water drive case 

Reservoir Depletion Drive With Aquifer 
support 

Overall 80.5% 50.5% 

1 82% 51% 

2 84% 49% 

3 79% 51% 

4 78% 49% 

5.5.2 Study Case Results 

The result from each scenario is shown in Table 5.6 below. 





64 

The low level crossflow is observed to be the result of the supporting 

aquifers. As the gas is being produced from the reservoirs, the reservoir 

pressure declined. The declines in reservoir pressure causes supporting 

aquifers to expand and in tum makes reservoir pressures drops to the lesser 

extent compared to depletion drive case. As a result, reservoir pressure is 

almost always higher than well's bottornhole flowing pressure and 

therefore reduces the chance of cross flow through well experienced in 

depletion drive case. 

Among all scenarios tested, only scenario 1 a, I band 3a are found to have 

crossflow. For scenario I a and 1 b, the producing reservoir is allowed to 

deplete to very low reservoir pressure before open the next upper reservoir 

layer. Therefore, the crossflow can happen on these two scenarios. For 

scenario 3a, the crossflow occurred at reservoir I which is shallowest, high 

permeability. As the water is not expanded yet and the thin layer is open to 

flow, the thin layer which has higher initial pressure (from hydrostatic 

gradient) causes crossflow into the reservoir 1. 

2. The time to recover the crossflowed volume, if occurred, lies in the range 

of 14 to 70 days which is short period. This is due to the small volume of 

crossflow. 

3. The RF lies in the range of 36.27% to S0.49%. Unlike the depletion drive 

case, there 's significant difference in RF between each scenario in the 

water drive case. The RF is highest with scenario 1 a (S0.49%) and lowest 

with scenario 2b, 3b and 4 (36.27%). 

As will be explained in further details in section S.S.3 , there are two effects 

from water in the water drive reservoirs. Firstly, water would trap the gas 

from reaching the well. Secondly, water that reaches the well is being 

produced through the well to surfaces. This water causes higher pressure 

drop in the well and hence higher reservoir abandonment pressure (through 

higher well's bottomhole flowing pressure). These effects reduce 

reservo ir ' s recovery efficiency. 

When consider the RF variation, it is found that scenarIO I a provides 

highest RF because of this strategy provides least water production over its 

perforation sequences. The first perforation is on bottommost reservoir 
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(reservoir 4), which connected with small aquifer and therefore the water 

production is small. The next upper reservoir, reservoir 3 can depletes 

more because of small water production in the well at the time it is open to 

flow. Also, reservoir 3 will not produce water until majority of gas is 

produced. The higher well bottornhole pressure which reduces drawdown 

will takes place upon reservoir I & 2 only. Therefore, the RF is highest in 

this case. 

The next case is scenario Id, where the water producing reservoir will be 

shut off from well. Noted that this scenario provides slightly lower RF 

than scenario la (ld RF = 49.40%). This is because when the water 

producing zone is shut off from well, some small part of gas that is 

flowing with that water is also shut off Therefore, the RF is slightly lower. 

Scenario I b is the next highest recovery (39.68%). This is because it 

repeats the patterns of scenario I a, only to the lesser extent. Instead of 

allowing each reservoir to be depleted to minimum flow rates before open 

the next upper reservoir, this scenario open the next reservoir at 10 

MMscfld (half of plateau, 20 MMscfld). The thick reservoir, where water 

support is large, is open faster than scenario 1 a or I d (because the reservo ir 

is only half depleted to allow next upper layer to open). As a result , the 

water reaches the well faster and recovery factor is reduced. 

Scenario I c, and scenario 2 through 4 all shares similar recovery efficiency 

as their production characteristics is similar. The early opening of big 

aquifer supported reservoirs, especially the high permeability reservoirs 

leads to early water breakthrough and high reservoir abandonment 

pressure (through higher flowing bottornhole pressure), which reduced 

recovery efficiency drastically. The effect of permeability on recovery 

efficiency is further investigated in section 5.5.4. 

5.5.3 Flow of Gas and Water in the Multilayered Reservoirs 

The flow of gas and water in the reservoir has been analyzed on the 

multilayered reservoirs in order to better understand the mechanism of water drive 
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effect to multilayered reservoirs. Scenario 1 a (Open next upper reservoir layer when 

current reservoir producing less gas and more water) is used in the study. 

Pressure and gas saturation along the X-axis of the reservoir has been analysed 

at various timestep. The time steps are chosen according to flow phenomenon in the 

reservoir as follows: 

a) After 3 days of production. Under perforation scenario 1 a, the deepest 

reservoir (reservoir 4) is opened for 3 days. This time step is chosen as 

initiation of production. 

b) After 42 days of production. At this step the pressure declines at edge of 

reservoir 4 where aquifer is connected is observed. 

c) At 728 days of production. At this step the first water production through 

well is observed. 

d) At 1099 days of production. At this step reservoir 4 is decline below 0.5 

MMscfld limit and reservoir 3 starts its production. The interaction 

between two reservoir is observed. 

Figure 5.6 depicts the reservoir shape along X-axis for reservoirs 3 & 4. 

Notice that since the well is placed at the middle of reservoirs, the X-Axis extent of 

reservoir 3 starts from cell number 2 to 31 , where reservoir 4 starts from cell 9 to cell 

31. 
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Figure 5.6: Axis for pressure and saturation analysis 

Figure 5.7 a) - d) shows the pressure profile and saturation profile along the 

reservoirs layers. The Y-axis represents pressure, and saturations. The X-axis 

represents the cell along the X-directions of the reservoirs, the cell number I is at 

updip, and increasing cell number represents location downdip of the reservoirs. At 

the edge of downdip ofreservoirs is where the aqui fer is connected. 
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Figure 5.7: a-d) Pressure and Gas saturations alo ng the reservo ir at various times 

There are 4 t imesteps showed to describe the tlow behav ior in the reservo irs: 

a) Aft er 3 days of production (i.e., the time when reservo ir 4 flowed for 3 

days) . This timestep shows the reduction in reservo ir pressure as the gas is 
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produced. Water is not expanded yet as the pressure reduction only occurs 

at near wellbore area. 

b) The time when reservoir 4 flowed for 42 days. This timestep shows the 

reduction in pressure along the reservoir (the gray line represents pressure 

profile at step a) (3 days), for comparison purpose) to the supporting 

aquifers. The aquifer expands, and reservoir pressures near them (cell 20-

25) gets higher (but not as high as original reservoir pressure). Gas 

saturation reduced on the downdip side (cell 19-20) as water moves 

towards the well. 

c) The time when reservoir 4 flowed for 728 days. At this timestep the water 

reaches the well already (as see by reduced gas saturations on wellbore 

area, cell 16). The reservoir pressure is lowered to around 2200 psia at 

near wellbore. The water still expands and makes the reservoir pressure at 

near aquifer side (cell 20-25) higher than no aquifer connection side (cell 

9-16). 

d) The time when reservoir 4 flowed for 1099 days, and reservoir 3 flowed 

for 3 days. In this timestep the reservoir 3 is opened to flow. The pressure 

and gas saturation distribution is similar to reservoir 4 at beginning of 

production. Except in this case the well's bottomhole flowing pressure is 

higher than time step b) due to water production from reservoir 4, causing 

the drawdown on reservoir 3 lesser than ifno water is present. 

As a summary to the phenomenon observed, the effects of water drive m 

multilayered reservoirs are two folds: I; water trapped some gas as it flow towards the 

well. 2; the water production keeps bottomhole pressure increases, which prevent the 

wells to produce gas from next layer at full potential. 

5.5.4 Factors Effecting Performance of Water Drive in Multilayered 

Reservoirs 

Another study on the mechanism of water drive in multilayered gas reservoirs 

is the factors affecting the performance of the multilayered reservoirs under water 

drive. There are 2 parameters that being investigated: The size of aquifers, and the 

permeability. Table 5.7 shows the %RF of each reservoir in the model under different 
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aquifer size. Table 5.8 shows the %RF of each reservoir in the model under different 

permeability. For Base Case, the aquifer size is 100 times of the gas in place at 

reservoir conditions, with the reservoirs permeability of 200 mD in all layers. All 

other parameters remain unchanged throughout analysis. Scenario 4 (produce from all 

reservoir together since dayl) is used as comparison basis as it provides more insight 

on how each reservoir contributes to total production. 

Table 5.7: Sensitivity on RF on aquifer Size, times of gas in-place at reservoir 

conditions 

RF(%) 
Aquifer Size, times of gas in-place 

50 Base = 100 500 

Overall 54.0% 49.2% 36.5% 

Reservoir 1 55.0% 47.4% 36.0% 

Reservoir 2 51.2% 45.5% 37.7% 

Reservoir 3 54.0% 50.3% 35.6% 

Reservoir 4 53.3% 54.4% 40.9% 

Table 5.8: Sensitivity on RF on reservoir permeability 

RF(%) 
Reservoir Permeability, mD 

Base = 200 20 5 

Overall 49.2% 33.1% 28.2% 

Reservoir 1 47.4% 33.7% 28.5% 

Reservoir 2 45.5% 30.0% 26.0% 

Reservoir 3 50.3% 34.0% 29.0% 

Reservoir 4 54.4% 30.3% 26.3% 

In general, the bigger aquifers, the lesser the recovery factors . Because 

reservoirs 2 and 4 are smaller than reservoirs 1 and 3, their aquifer size is also smaller 

than reservoir I and 3 (because the size of aquifers is relative to reservoir size). This 

fact makes the change in recovery factors of reservoirs 2 and 4 smaller than change in 

recovery factors of reservoir 1 and 3. 

Despite significant change in Aquifer size, it is found that the highest effect to 

the recovery performance of the reservoirs lies in the reservoir permeability. Further 

test is made on permeability to check whether there 's threshold where permeability 

starts to effect recovery performance as found above. The result is shown under table 
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5.9. At low penneability cases (5 - 100 mD), similar RF are obtained from each 

reservoirs. At very low permeability (5-20 mD), the RF varies according to reservoir 

size. RF from reservoir 2 & 4 (same reservoir size) is the same, while RF from 

reservoir 1 & 3 (same reservoir size) is also the same. At higher permeability, the 

RF% spread wider between each reservoir. 

Table 5.9: Sensitivity on RF for variation in permeability 

RF(%) 
Reservoir Penneability, mD 

5 20 50 100 200 500 1000 

Overall 28.2% 33.1% 40.1% 45.2% 49.2% 52.7% 53.0% 

Reservoir 1 28.5% 33.7% 36.8% 42.8% 47.4% 52.1% 50.8% 

Reservoir 2 26.0% 30.0% 35.3% 40.3% 45.5% 51.8% 54.2% 

Reservoir 3 29.0% 34.0% 43 .0% 47.3% 50.3% 52.1% 52.9% 

Reservoir 4 26.3% 30.3% 45 .0% 49.8% 54.4% 58.2% 59.7% 

The result is depicted under Figure 5.8 for overall RF. Note the Sharp change 

in effect of permeability around 200 mD. Below 200 mD, permeability plays very 

important role in overall RF. Beyond 200 mD, permeability has relatively small 

impact to the RF. Further investigation is needed to explain the impact of penneability 

on overall RF as observed. 

Effect of Permeability on RF% in multilayered water drive 
reservoirs 
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Figure 5.8 : Effect of penneability on recovery efficiency in water drive reservoirs 
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5.5.5 Conclusions on Water Drive Case 

Under water drive on all reservoir case, the crossflow is very small in all 

scenarios and make the issue of less importance. The time to recovery and recovery 

efficiency is of more concerns. 

Scenario 1 a (to deplete the reservoir until gas rate is low and water production 

is high before open next upper reservoir layer) provides highest recovery efficiency, 

but the time to recovery is the longest. Performing WSO as per scenario I d did not 

help improving recovery time either. On the other hand, to open all reservoir to 

production since day I (scenario 4) provide one of the fastest recovery, but the 

recovery efficiency is low. 

Hence, the optimized scenario is to compromise both extremes. This can be 

achieved by performing early WSO on the producing reservoir once the well's starts 

to produce significance amount of water. However, the decision on how early such 

WSO is required (i.e., what is the appropriate level of water production to shut off the 

zone) is subject to the incremental reserves gain (through allowing the reservoir to 

produce more water) compared to incremental water production, and the level of 

prolonged time to recover such reserves. This, in tum, depends on reservoirs 

characteristics & properties such as permeability, relative permeability to gas and 

water in the reservoirs, distance from water zone to well, etc. as well as production 

contribution from updip wells, if any. 

An additional case has been investigated to test this concept of early WSO by 

shutting off the reservoirs when cumulative water production reaches 50% of 

cumulative water production level observed in scenario I a (fully depleted) . The result 

shows that Recovery efficiency is increased to 44% with time to reach 30% recovery 

of 1.39 year, which is much improved from both extreme cases. Therefore, the early 

WSO of the water producing reservoirs would be the most optimized strategy for 

water drive reservoirs. 
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The last case investigated under this study involves multilayered reservoirs 

where some reservoirs are under depletion drive mechanism and others are under 

water drive mechanism from connected aquifers. This case is the combination of both 

case I (depletion drive mechanism) and case 2 (water drive mechanism) discussed 

earlier, and the study result from case 1 and 2 will both be used to explain the results 

from this case. A separate model is generated for this case. The description of the 

model is described in next section. 

5.6.1 Multilayered Reservoirs under Combination Drive Model Set 

Up 

A new model has been set up for the case. In order to be able to analyze 

thoroughly, up to 8 reservoirs is created. 4 of the reservoirs are under depletion drive 

mechanism. Another 4 reservoirs are under water drive mechanism. The reservoir 

arrangements follow Table 5.10. 

Table 5.10: Reservoir arrangements for combination drive model 

Reservoir Size Penneability 
Aquifers 

connected 

1 Thick 200mD Yes 

2 Thin 200mD 

3 Thick 20mD Yes 

4 Thin 20mD 

5 Thick 200mD Yes 

6 Thin 200mD 

7 Thick 20mD Yes 

8 Thin 20mD 

Under the 8 reservoirs study model, the OGIP is increased to 60 BCF. Single 

well approach is still used despite higher OGIP because of the ease on the analysis 
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and improved focus to the effect of recovery mechanism. Based on case 2 study 

results, the effect of water is more on the thick reservoirs (as the aquifer is bigger), 

therefore, all the thick reservoirs (reservoirs 1, 3, 5, and 7) are modeled to be 

connected with supporting aquifer. The aquifer size is 100 times of the gas reservoir 

size similar to case 2. Fig 5.9 shows the shape and pressure distribution along the 

reservoirs. Fig 5.10 shows the gas saturations on the reservoirs. 

With the modeled arrangement of reservoirs, there are some implications to 

the production/perforation scenarios. On the scenario 3 where the perforation 

scenarios are based on type of reservoirs (thick and thin reservoirs), another 

implications is that this set of scenario is based on drive mechanism, since thick 

reservoirs are all water drive, and thin reservoirs are depletion drive. Therefore: 

Scenario 3a = thick reservoir first = water drive first. 

Scenario 3b = thin reservoir first = depletion drive first. 

This implication is important because the impact of different drive mechanism 

can be studied by this set of scenario. 

19 'iSi 1 11 40 30 ]1 )1 01 )1 8] 316" ))16 3.01 

Figure 5.9: Model shape and pressure distribution for combination drive model 
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Figure 5.10: Gas saturations for combination drive model 

5.6.2 Simulation Results for Multilayered Reservoir Performance 

under Combination Drive 

Table 5.11 listed the simulation results for this case. 
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Table 5.11: Combination drives case simulation results 

Time to Time (years) to 

Crossflow recover reach % recovery 
Scenario Description RF(%) 

1. 

2. 

3. 

(% OGIF) crossflow 
40% Ultimate 

vol. (days) 

Bottom-Up 

la Fully depleted 2.66 Infinite 12.81 18.69 55.14 

Ib Half depleted 3.01 Infmite 5.30 20.91 52.96 

lc Maintain plateau 2.57 Infinite 4.06 5.69 51 .66 

Id WSO --- --- 14.89 21.36 60.61 

Permeability selective 

2a High perm. first 1.06 Infinite 4.06 6.60 52.75 

2b Low perm. fIrst 0.62 Infinite 4.06 6.02 52.22 

Reservoir size selective = Drive Mechanism selective 

3a 

3b 

4 

Thick (Water 

drive) reservoirs 2.05 Infinite 4.06 6.54 51.13 

frrst 

Thin (Depletion 

drive) reservo irs 2.63 Infmite 4.06 6.06 52.56 

frrst 

Produce all 
0.44 Infinite 4.06 5.58 50.74 

since day 1 

The following are observed from the table: 

1. The level of crossflow is in a range of none to 3.11 %. The level of 

crossflow is relatively higher than depletion drive case, which is in range 

of 0.01 %- 2.46%. The crossflow in this case is also higher than water drive 

case where crossflow is minimal (none to 0.09%). The reason for increase 





Size 

Thick 

Thin 

Thick 

Thin 

Thick 

Thin 

Thick 

Thin 
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pressure (hydrostatic) is lowest among other reservorrs. Depending on 

each scenario, the reservoir has some crossflow effects. 

Another point to be highlight is the effect of different drive mechanism on 

crossflow. Where the water drive is allowed to produce first, followed by 

depletion drive (scenario 3a), the crossflow are small on depletion drive 

reservoir. On the contrary, where depletion drive is allowed to produce 

frrst, followed by water drive (scenario 3b) the crossflow is high on 

depletion drive reservoir. 

Table 5.13: Water production (as % of their OOIP) by reservoir and scenarios 

la lb Ie ld 2 3 4 5 
k, Drive 

Bottom Up Depleti 
# Water 

mD meeh. Highk Lowk 
drive 

-on 
fully half maintain first first drive 

deplete deplete plateau 
WSO First 

first 
Overall 5% 2% 1% 0% 2% 1% 2% 1% 

200 
200 
20 
20 

200 
200 
20 

20 

Water 1 2% 1% 
Depletion 2 -1 % -1% -1% -1% 

Water 3 

Depletion 4 

Water 5 15% 6% 6% 1% 11% 5% 7% 7% 
Depletion 6 -5% -2% -1% -1% - 1% 

Water 7 lO% 2% 1% 1% 1% 1% 1% 
Depletion 8 

On the water production aspects, Table 5.13 highlights the water 

production by reservoirs as a percentage of their OOIP. The yellow cells 

shows high water production reservoirs while the red value highlight the 

crossflow of water from wells into the reservoirs. It is found that the high 

permeability, water drive reservoirs contributes highest water production. 

Part of this water produced is crossflowed into the high permeability, 

depletion drive reservoirs (as shown by negative sign). The water 

production occurs more on the lower side of the model (reservoirs 5 and 7) 

than upper side. This is contribution from the higher aquifer pressure 

(according to hydrostatic pressure) at the lower part of the reservoirs. 

6 
Produc 

e all 
from 
day 1 

1% 

4% 
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2. The time to recover crossflowed volume is infinite for all cases except 

scenarIO 1 d (WSO). Unlike the depletion drive case, the crossflow 

becomes more difficult to recover in this case because higher flowing 

bottornho Ie pressure exists in all cases (except scenario 1 d). 

Again, it is to be noted that the unable to recover (infinite) indicated in the 

table does not means that all crossflowed volume is lost in the reservoirs 

but rather means that only some part of the crossflowed volume can be 

recovered (but not all ofthem). 

3. The RF lies in range of 50. 74% to 60.61 % in this case. The RF is relatively 

higher than water drive case (36.27% vs. 50.49%) but lower than depletion 

drive case (76.79% vs. 80.47%). Table 5.14 highlight the RF by 

reservo IrS. 

Table 5.14: Recovery Factor (%) by reservoirs and scenarios 

la lb Ic Id 2 3 4 5 
k, Drive 

Bottom Up Depleti 
# High k Lowk 

Water 
mD mech. drive 

-on 
fully half maintain 

WSO first first 
First 

drive 
deplete deplete plateau first 

Overall 55% 53% 52% 61% 53% 52% 51% 53% 

200 

200 

20 

20 

200 

200 

20 

20 

Water 1 54% 60% 63% 73% 63% 63% 61 % 63% 

Depletion 2 58% 61 % 61 % 81 % 56% 60% 56% 59% 

Water 3 43% 36% 35% 48% 42% 40% 41 % 41 % 

Depletion 4 52% 49% 48% 51 % 50% 51% 45% 51 % 

Water 5 70% 68% 64% 72% 64% 63% 62% 63% 

Depletion 6 60% 61 % 63% 84% 60% 64% 60% 63% 

Water 7 49% 45% 42% 46% 42% 41 % 42% 42% 

Depletion 8 63% 57% 51 % 52% 50% 51 % 45% 51 % 

From the table, the yellow rows are the reservoir with water drive, and 

white rows are the reservoirs with depletion drive. In general, the RF from 

depletion drive reservoirs are higher than water drive reservoir as 

expected. There is no significant difference in RF among each scenario 

with the exception of WSO scenario (scenario 1d). It can be seen that 

water shut off has an outstanding advantage in terms of RF improvement 

by improving the RF of depletion drive reservoirs from 60% to 80% for 

6 

Produc 
e all 
from 
day I 

51% 

62% 

61 % 

36% 
48% 

62% 

65% 

40% 

48% 
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reservoirs that their RF are hindered by water production from water drive 

reservoIrs. 

5.6.3 Conclusion on Combination Drive Case 

Under combination drive case, Table 5. 15 listed the optimal solution to each 

issue of concerns. The marks are for scenarios that provide best results for each 

monitoring parameters. 

Table 5.15: Best scenario categorized by issues related to optimal production 

la Ib Ie Id 2a 2b 3a 3b 4 
Monitoring 

Bottom Up Water 
Depleti Produc 

Parameters Highk Lowk 
drive 

-on e all 
fully half maintain 

WSO first first 
First 

drive from 
deplete deplete plateau first day I 

Crossflow ./ 

Time to ./ ./ ./ ./ ./ ./ 
recovery 
Recovery 
efficiency 

./ 

There are two sides of scenario to be compromised. WSO scenario provides 

favorable solution to the crossflow and recovery efficiency, while other maintaining 

production scenarios (scenario 1 c, and 2 to 4) provides fastest time to recovery. 

To compromise between two extremes, the optimal perforation! production 

strategy must:-

1. Producing depletion drive without interference of water production. 

2. Producing water drive without effect of crossflow into depleted reservoirs. 

Therefore, additional scenario is created, using knowledge from the two 

previous cases to provide insight. This scenario will start by: 

1. Producing from depletion drive reservoirs in commingled production until 

all reservoirs is fully depleted. 

2. Then shut-off all depletion drive zones. 

3. Produced from water zones, all at once. Early production would provide 

small amount of water production. 

4. WSO on zones which produces half of their expected water production. 



The result is as fo Bowing: 

Crossflow: 

Time to recovery: 

RF: 

0.1% 

8.1 years 

56% 
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Which is closer to the maximum RF of 62% and time to recovery closer to the 

minimum time of 4 years (rather than 15 years). The crossflow is also minimal. The 

case is not a best practice to apply on all other reservoir model in GoT, but it provides 

general guidelines to achieve optimal solution that can be further developed for 

specific reservoir of interest. 

5.7 Discussions 

Based on the study results, it is found that the optimal production strategy 

varies with drive mechanism. 

• For reservoir under depletion drive mechanism, to produce from all 

reservoirs altogether since dayl would provide optimal result. 

• For water drive reservoirs, to produce from all layer altogether, and 

perform early WSO on water producing zone would provide an optimal 

results. 

• For combination drive reservoirs, to produce from depletion drive layers 

altogether, shut off the depleted zones, start producing water drive layers 

and perform early WSO on water producing zone would provide optimal 

results. 

While the solution for depletion drive multilayered reservoirs is obvious, there 

are a number of items to be discussed on water drive and combination drive 

reservoIrs. 

For water drive multilayered reservoirs, there would be an issue of how early 

WSO should there be in order to reach optimal strategy. The earlier the WSO: 

1. More gas is trapped behind in shut off reservoirs. The RF is less. 

2. Other reservoirs can produce with lower abandonment pressure because of 

water producing reservoirs is shut off The RF is higher. 

As a result, how early WSO should be will be a tradeoff between 1 and 2. The 

answer is subject to specific reservoirs rather than generic since different rock and 
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fluid properties as well as different reservoir geometry would bring difference optimal 

point. 

Under combination drive mechanism, in addition to issue faced with water 

drive reservoirs, to deplete the depletion drive reservoir first and shutoff the depletion 

drive zone prior to produce water drive zone would not be practical if there are many 

depletion drive reservoirs. Therefore, to produce the water drive reservoirs frrst and 

early WSO on these reservoirs once they start producing water, then produce from all 

depletion drive reservoirs altogether would be optimal solution in this case. Vice 

versa, if there are a number of water drive reservoirs while only few numbers of 

depletion drive reservoirs, it may be more practical to produce from depletion drive 

frrst and shut them off before open the water drive reservoirs. 

Under combination drive reservoirs, it is suggested that one should not try to 

produce from both drive mechanism altogether because it is difficult to know the 

strength of aquifer drive when production from these reservoir starts. If the aquifer is 

strong enough as appear to be in study case, the pressure support from the aquifer of 

these reservoirs would eventually results in cross flow to the depletion drive reservoirs 

under production. 



CHAPTER VI 

CONCLUSIONS 

This chapter presents the conclusions of the effect of various production! 

perforation scenarios over the different types of reservoir drive mechanism for the gas 

field in the Gulf of Thailand (GoT). The simulation results and the recommendation 

for future works are outlined. 

The reservoir model is built using single well model, based on simplified 

versions of bar and channel sands that matched original bar and channel reservoirs. 

Under the model, the channel sand is used as representative of reservoir sands that is 

thick, continuous and mostly connected with aquifers. The bar sand is used as 

representative of small, thin sand encountered in the GoT. The model is consisted of 

4 reservoirs with equal share of thin and thick reservoirs. 

There are 3 major cases in this study. The first case is where all 4 reservoirs in 

the model are under depletion drive mechanism. The second case is where all 4 

reservoirs in the model are under water drive mechanism The aquifer is set to have 

the size oflOO times of each reservoir's OGIP. The last case consisted of8 reservoirs, 

4 ofthem under depletion drive and others of water drive. 

In total, 6 main production! perforation scenarios are put in to study on each of 

the cases as follows: 

1. Bottom-Up production: This scenario produce from deepest reservoirs first 

followed by the next upper layer one by one. It allows the plugging or 

patching on the depleted reservoirs without problem on the next producing 

layers (because the depleted layer(s) are deeper). This method is common 

practice ofthe gas field in the GoT. 

In this study there are three criteria to trigger the opening of next upper 

layers: 

a. Fully depleted. This criterion allows the current producing layer to 

fully deplete (i.e., reach minimum possible flow of 0.5 MMscf7d) first 

then open the next layers. 

b. Half depleted. This criterion allows the next upper layer to open 

whenever the flow from current layer drops below 10 MMscf7d. 
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c. Maintain production: This criterion opens the next reservorrs layer 

once the production from current layers drops below 20 MMscf7d. 

d. Water shut off: To shut the wells once the reservoir is fully depleted 

and more water produced to avoid further water production from that 

reservoir before open the next upper reservoirs. 

2a. Produce from high permeability reservoirs first (reservoir 1 & 2). 

2b. Produce from low permeability reservoir first (reservoir 3 & 4). 

3a. Produce from thick reservoirs first (reservoir 1 & 3). 

3b. Produce from thin reservoirs first (reservoir 2 & 4). 

4. Produce from every reservoir together since day 1. 

From scenario 2 through 4, the criterion to open the next layer IS the 

production maintaining criteria similar to case 1 c. 

The result is then compared in terms of percentage of cross-flow from one 

reservoir to another through wells, time to reach certain recovery limits, and recovery 

efficiency. 

Based on the study results, the result can be summarized as follows: 

1. The incident of crossflow through well in multilayered gas reservoirs 

depends on two major factors, one is the difference between reservoir 

pressure and well bottomhole flowing pressure. Another factor is the 

reservoir's rock and fluid properties itself. The incident in general fits 

with the Darcy's equation. 

2. The active aquifer creates two effects in the multilayered reservoirs. One 

is that the aquifers, as it expands through lowering reservoir pressure, 

traps the gas behind and reduce gas recovery. Another factor is that once 

the water breakthrough at the well, the pressure drop in well increases. 

The bottomhole flowing pressure increases and the drawdown is reduced 

for all reservoirs put into production. The frrst phenomenon affects 

individual reservoirs while the second phenomenon affects all reservoirs. 

The second phenomenon creates difference in recovery efficiency for 

each perforation/production scenarios studied. 

3. Permeability plays an important role in gas - water flows through 

reservoirs as it has direct effect on recovery efficiency. It is found that 
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permeability will have less effect on recovery efficiency once the 

reservoir permeability is above 200 mD. 

4. Under depletion drive reservoirs, to put all reservoirs to production since 

day 1 (scenario 4) would provide optimal solution to the depletion drive 

multilayered reservoirs case. The crossflowed volume is small, the RF is 

similar to other scenario, and the time to recovery is among the fastest. 

Commingled production also have other practical benefit such as 

reducing well intervention (i.e., to perforate others reservoirs) and reduce 

the chance of tool stuck or fishing. 

5. Under water drive reservoirs, to produce from bottom up by allowing 

each reservoir to be fully depleted before open another provides highest 

recovery efficiency, but the time to recovery is the longest. On the other 

hand, to produce from all reservoirs together since day 1 provides one of 

the fastest recoveries, but the recovery efficiency is low. Hence, the 

optimized scenario is to compromise both extremes. This can be achieved 

by performing early WSO on the producing reservoir once the well's 

starts to produce significance amount of water. 

6. Under water drive reservoirs, the decision on how early such WSO is 

required (i.e., what is the appropriate level of water production to shut off 

the zone) is subject to the incremental reserves gain compared to 

incremental water production, and the level of prolonged time to recover 

such reserves. This in turns depends on reservoirs characteristics & 

properties such as permeability, relative permeability of the gas and 

waters in the reservoirs, distance from water zone to well, etc 

7. Under combination drive reservoirs, the observations from both depletion 

drive and water drive reservoirs are valid. 

8. The optimized solution for combination drive reservoirs would be to 

separate the production between depletion drive reservoirs and the water 

drive reservoirs. The WSO need to be performed on reservoirs where 

water production becomes excessive. 
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APPENDIX A 

At. ECLIPSE definition for simplified model of Bar Sand Reservoirs 

a) CASE DEFINITION 

Simulator : 

Model Dimensions : 

Grid type : 

Geometry type : 

Oil - Gas - Water Options : 

b) GRID 

X Grid Block Size : 

Y Grid Block Size : 

Inclination Angle in X: 

Inclination Angle in Y: 

Depth of Top face : 

Black Oil 

Number of cells 

Number of cells 

Number of cells 

Corner Point 

Block Centered 

Water , Gas 

219 ft 

201 ft 

10 ftl 100 ft 

2 ft 1100 ft 

6 , 206 ft 

Shallowest Cell Coordination : 1 , 34 

in the x direction 

in the y direction 

in the z direction : 

15 

45 

4 

89 
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AC TNUM 

o 0 0 0 0 0 q Q 
0 0 0 

0 0 0 
0 0 
0 0 
0 0 

0 0 0 
0 0 0 0 0 0 
0 0 0 0 

I 

I 
I I o 0 
I 
I I 

I 

0 
0 0 

0 0 
0 
0 

I 

0 0 0 0 
0 0 0 0 
0 

q 
0 0 

0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

c ) PVT 

Water PVT 

Properties 

Fl u id 

Densities at 

Surface 

Conditions 

Rock 

Prope r ties 

d) SCAL 

Upper & Lower Bar 

Sw Krg K r w 

0.4000 1.0000 0 . 0000 

0.4411 0 . 5549 0 . 0040 

0 . 4822 0 . 2846 0 . 0183 

0 . 5233 0 . 13l7 0 . 0446 

0 . 5644 0 . 0529 0 . 0840 

0 . 6056 0 . 01 73 0 . 1372 

0 . 6467 0 . 0041 0 . 2049 

0 . 6878 0 . 0005 0 . 2876 

0 . 7289 0.0000 0 . 3859 

0 . 7700 0 . 0000 0 . 5000 

1 . 0000 0 . 0000 1 . 0000 



e) INIT 

f) SCHEDULE 

,';'p- ~ 

I,J Location 

Primary 

Control 

Secondary 

Control 

Primary Target 

Secondary 

Target 

Well Economic 

Limit 

Max WGR Limit 

Production Starts : 

Production Ends : 

Report Steps : 

Par , 
2 , 32 

Gas Rate 

THP 

20 MMscfd 

30 Barg 

0.1 MMscfd 

1 , 000 , 000 

STB/ Mscf 

1" Jan 2009 

23 ' d June 2039 

7 days 

A2. ECLIPSE definition for simplified model of Channel Sand Reservoirs 

a) CASE DEFINITION 

Simulator : 

Model Dimensions : 

Grid type : 

Geometry type : 

Oi1-Gas-Water Options : 

b) GRID 

X Grid Block Size : 

Y Grid Block Size : 

Inclination Angle in X: 

Inclination Angle in Y: 

Depth of Top face : 

Black Oil 

Number of cells 

Number of cells 

Number of cells 

Corner Point 

Block Centered 

Water, Gas 

219 ft 

201 ft 

10 ftl 100 ft 

2 ft /100 ft 

6 , 206 ft 

Shallowest Cell Coordination : 1 , 34 

in the x direction 15 

in the y direction 45 

in the z direction : 5 
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ACTNUM 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

0 0 0 0 -" "- 0 0_ 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

I 

0 
0 0 

I 

0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 

0 0 
0 0 I 
0 

I 

0 0 0 o 0 o 0 o 0 
0 

"-
0 
0 

0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 o 0 0 

c) PVT 

Chanr:e~ 

Reference pressure (Pref) 33 49 psia 

Water PVT Water FVF at Pref 1 . 0897 rb/stb 

Properties Water viscosity at Pref 0 . 1601 cp 

Water viscosibi1ity l. 00 E-05 /psi 

Fluid Oil density 48 . 4 (50 °API) 1b/ft3 

Densities at Water density 62 . 43 1b/ft> 
Surface 

Conditions 
Gas density 0.068 1b/ft' 

Rock Reference Pressure 3349 psia 

Properties Rock Compress i bi l ity 5 . 4092E- 6 /psi 



d ) SCAL 

Upper & Lower Channel 

Sw 

0 . 3800 

0.4233 

0 . 4667 

0 . 5100 

0 . 5533 

0 . 5967 

0.6400 

0 . 6833 

0 . 7267 

0 . 7700 

1.0000 

e) INIT 

f) SCHEDULE 

\"J" 1" 

I , J Location 

Primary 

Control 

Secondary 

Control 

Primary Target 

Secondary 

Target 

We l l Economic 

Limit 

Max WGR Limit 

Production Starts : 

Production Ends : 

Report Steps : 

Krg 

1 . 0000 

0 . 5549 

0 . 2846 

0 . 1317 

0 . 0529 

0 . 0173 

0 . 004l 

0 . 0005 

0 . 0000 

0 . 0000 

0 .0 000 

Channel 1 

2 , 34 

Gas Rate 

THP 

20 MMscf/d 

30 Barg 

0 . 1 MMscf/d 

1 , 000 , 000 

STB/ Mscf 

1" Jan 2009 

2 3 'd June 2039 

7 days 
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K~ 

0 . 0000 

0 . 0040 

0 . 0183 

0 . 0446 

0 . 0840 

o . l372 

0 . 2049 

0 . 2876 

0 . 3859 

0 . 5000 

1.0000 



A3. ECLIPSE definition for study model of Combination Drive Reservoirs 

a) CASE DEFINITION 

Simulator : 

Model Dimensions : 

Grid type : 

Geometry type : 

Oil - Gas-Water Options : 

b) GRID 

X Grid Block Size : 

Y Grid Block Size : 

Inclination Angle in X: 

Inclination Angle in Y: 

Depth of Top face : 

Black Oil 

Number of cells 

Number of cells 

Number of cells 

Corner Point 

Block Centered 

Water , Gas 

74 ft 

74 ft 

10 ft! 100 ft 

2 ft /100 ft 

6,206 ft 

Shallowest Cell Coordination : 1 , 35 

in 4 4 15 . 4 21 % 

ACTNUM 

Thick Reservoirs 

in the x 

in the y 

in the z 

0 . 25 

direction 

direction 

direction : 

20 

33 

33 

43 

2 
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Figure A 1: Model shape and pressure distribution for combination drive model 
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Figure A2: Gas saturations for combination drive model 



c) PVT 

Densities 

Surface 

Conditions 

Rock 

Properties 

Densities 

Surface 

Conditions 

Rock 

Properties 

d) SCAL 

ThlCk ReserVOlrs 

Sw 

0.3800 

0 . 4044 

0 . 4289 

0 . 4533 

0.4778 

0.5022 

0.5267 

0 .5511 

0 . 5756 

0.6000 

1.0000 
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Krq Krv 

1.0000 0.0000 

0 . 5549 0.0296 

0 . 2846 0.0838 

0 . 1317 0.1540 

0.0529 0.2370 

0 . 0173 0 . 3313 

0 . 0041 0.4355 

0.0005 0.5487 

0.0000 0 . 6704 

0.0000 0.8000 

0.0000 1.0000 



Thln ReSer'J,--,lrs 
I 
I 

Sw 

0.4000 

0.4411 

0.4822 

0.5233 

0.5644 

0 . 6056 

0.6467 

0.6878 

0 . 7289 

0 . 7700 

1 . 0000 

e) INIT 

Thin 4 

f) Schedule 

I , J Location 

Primary 

Control 

Secondary 

Control 

Primary Target 

Secondary 

Target 

Well Economi c 

Limit 

Max WGR Limit 

Produc tion Starts: 

Production Ends: 

Report Steps : 

Krg 

1.0000 

0.5549 

0.2846 

0.1317 

0.0529 

0.0173 

0 . 0041 

0.0005 

0.0000 

0.0000 

0.0000 

9180 

9484 

16, 21 

Gas Rate 

THP 

20 MMscf/d 

30 Barg 

0.1 MMscfd 

1,000,000 

STB/ Mscf 

3975 

4106 

1st Jan 2 009 

23 'd June 2 039 

7 days 
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K .... 

0 . 0000 

0 . 0040 

0 . 0183 

0.0446 

0.0840 

0.1372 

0.2049 

0.2876 

0 . 3859 

0.5000 

1.0000 

9117 

9442 



A4. ACTIONX keywords for production/perforation scenarios. 

ACTIONX 

ACT1 10000 / 

WGPR 'COMBINE' < 600 / 

/ 

COMPDAT 

' COMBINE ' 2* 34 34 ' OPEN' 2* 0 . 2552 1* 5 1* 'Z ' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT2 10000 / 

WGPR ' COMBINE' < 600 AND / 

RPR 7 < 3900 / 

/ 

COMPDAT 

'COMBINE ' 2* 29 29 ' OPEN' 2* 0 . 2552 1* 5 1* ' Z ' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT3 10000 / 

WGPR 'COMBINE' < 600 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 / 

/ 

COMPDAT 

' COMBINE ' 2* 23 23 'OPEN' 2* 0. 2 55 2 1* 5 1* ' Z' 1* / 

/ 

WELOPEN 

' COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT4 10000 / 

WGPR 'COMBINE' < 600 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 / 

/ 

99 



COMPDAT 

'COMBINE' 2* 18 18 ' OPEN ' 2* 0 . 2552 1* 5 1* 'Z ' 1* I 

I 

WELOPEN 

'COMBINE' I 

I 

ENDACTIO 

ACTIONX 

ACT5 10000 I 

WGPR 'COMBINE ' < 600 AND I 

RPR 7 < 3900 AND I 

RPR 6 < 3697 AND I 

RPR 5 < 3548 AND I 

RPR 4 < 3345 I 

I 

COMPDAT 

' COMB I NE ' 2* 12 12 ' OPEN ' 2* 0.2552 1* 5 1* ' Z ' 1* I 

I 

WELOPEN 

' COMBINE' I 

I 

ENDACTIO 

ACTIONX 

ACT6 10000 I 

WGPR ' COMBINE ' < 600 AND I 

RPR 7 < 3900 AND I 

RPR 6 < 3697 AND I 

RPR 5 < 3548 AND I 

RPR 4 < 3345 AND I 

RPR 3 < 3196 I 

I 

COMPDAT 

'COMBINE ' 2* 7 7 ' OPEN' 2* 0 . 2552 1* 5 1* 'z ' 1* I 

I 

WELOPEN 

'COMBINE' I 

I 

ENDACTIO 

ACTIONX 

ACT7 10000 I 

WGPR 'COMBINE ' < 600 AND I 

RPR 7 < 3900 AND I 

RPR 6 < 3697 AND I 

RPR 5 < 3548 AND I 

RPR 4 < 3345 AND I 

RPR 3 < 3196 AND I 

RPR 2 < 2991 I 
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/ 

COMPDAT 

'COMBINE' 2* 1 1 ' OPEN ' 2* 0.2552 1* 5 1* 'z' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT1 10000 / 

WGPR ' COMBINE' < 10000 / 

/ 

COMPDAT 

'COMBINE' 2* 34 34 ' OPEN' 2* 0 . 2552 1* 5 1* 'Z' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT2 10000 / 

WGPR ' COMBINE' < 10000 AND / 

RPR 7 < 3900 / 

/ 

COMPDAT 

'COMBINE ' 2* 29 29 ' OPEN ' 2* 0.2552 1* 5 1* 'Z' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT3 10000 / 

WGPR 'COMBINE' < 10000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 / 

/ 

COMPDAT 

'COMBINE' 2* 23 23 'OPEN' 2* 0. 2 55 2 1* 5 1* 'Z' 1* / 
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/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT4 10000 / 

WGPR ' COMBINE' < 10000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 / 

/ 

COMPDAT 

'COMBINE' 2* 18 18 'OPEN' 2* 0 . 2552 1* 5 1* ' Z ' 1* / 

/ 

WELOPEN 

'COMBINE ' / 

/ 

ENDACTIO 

ACTIONX 

ACTS 10000 / 

WGPR ' COMBINE' < 10000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 AND / 

RPR 4 < 3345 / 

/ 

COMPDAT 

'COMBINE' 2* 12 12 'OPEN' 2* 0.2552 1* 5 1* ' Z ' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT6 10000 / 

WGPR ' COMBINE' < 10000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 AND / 

RPR 4 < 3345 AND / 

RPR 3 < 3196 / 

/ 

COMPDAT 

' COMBINE' 2* 7 7 ' OPEN' 2* 0 . 2552 1 * 5 1* ' z' 1 * / 

/ 

WELOPEN 
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'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT7 10000 / 

WGPR 'COMBINE' < 10000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 AND / 

RPR 4 < 3345 AND / 

RPR 3 < 3196 AND / 

RPR 2 < 2991 / 

/ 

COMPDAT 

'COMBINE' 2* 1 1 ' OPEN' 2* 0.2552 1* 5 1* 'Z' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACT I ONX 

ACT1 10000 / 

WGPR 'COMBINE ' < 20000 / 

/ 

COMPDAT 

' COMBINE' 2* 34 34 ' OPEN ' 2* 0.2552 1* 5 1* 'Z' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT2 10000 / 

WGPR 'COMBINE' < 20000 AND / 

RPR 7 < 3900 / 

/ 

COMPDAT 

' COMBINE' 2* 29 29 'OPEN ' 2* 0.2552 1* 5 1* 'z' 1* / 

/ 

WELOPEN 

' COMBINE ' / 

/ 

ENDACTIO 

ACTIONX 

ACT3 10000 / 
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WGPR 'COMBINE' < 20000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 / 

/ 

COMPDAT 

'COMBINE' 2* 23 23 ' OPEN' 2* 0 . 2552 1* 5 1 * 'Z' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT4 10000 / 

WGPR 'COMBINE' < 20000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 / 

/ 

COMPDAT 

'COMBINE' 2* 18 18 ' OPEN' 2* 0.2552 1* 5 1* 'Z' 1* / 

/ 

WELOPEN 

'COMBINE ' / 

/ 

ENDACTIO 

ACTIONX 

ACTS 10000 / 

WGPR ' COMBINE' < 20000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 AND / 

RPR 4 < 3345 / 

/ 

COMPDAT 

' COMBINE' 2* 12 12 ' OPEN ' 2* 0.255 2 1* 5 1* 'Z' 1 * / 

/ 

WELOPEN 

' COMB INE' / 

/ 

ENDACTIO 

ACTIONX 

ACT6 10000 / 

WGPR 'COMBINE' < 20000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 AND / 

RPR 4 < 3345 AND / 
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RPR 3 < 3196 / 

/ 

COMPDAT 

' COMBINE' 2* 7 7 'OPEN' 2* 0 . 2552 1 * 5 1* 'z' 1 * / 

/ 

WELOPEN 

' COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT7 100 00 / 

WGPR ' COMBINE' < 20000 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 AND / 

RPR 4 < 3345 AND / 

RPR 3 < 3196 AND / 

RPR 2 < 2991 / 

/ 

COMPDAT 

'COMBINE' 2* 1 1 ' OPEN' 2* 0 . 2552 1* 5 1* 'Z' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT1 10000 / 

WGPR 'COMBINE ' < 600 / 

/ 

COMPDAT 

' COMBINE' 2* 40 40 ' SHUT ' 2* 0.2552 1* 5 1* ' Z ' 1* 

'COMBINE' 2* 34 34 ' OPEN' 2* 0. 2 55 2 1* 5 1* 'z' 1* 

/ 

WELOPEN 

' COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT2 10000 / 

WGPR ' COMBINE ' < 600 AND / 

RPR 7 < 3900 / 

/ 

COMPDAT 

' COMBINE' 2* 34 34 'SHUT' 2* 0 . 2552 1* 5 1 * ' Z ' 1* 

'COMBINE' 2* 29 29 ' OPEN ' 2* 0.2552 1* 5 1* ' Z' 1* 
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/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT3 10000 / 

WGPR ' COMBINE' < 600 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 / 

/ 

COMPDAT 

' COMBINE' 2* 29 29 'SHUT' 2* 0.2552 1* 5 1* ' Z ' 1* / 

'COMBINE' 2* 23 23 'OPEN' 2* 0.2552 1* 5 1* ' Z ' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT4 10000 / 

WGPR ' COMBINE ' < 600 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 / 

/ 

COMPDAT 

' COMBINE ' 2* 23 23 'SHUT ' 2* 0 . 2552 1* 5 1* 'Z ' 1* / 

' COMBINE' 2* 18 18 'OPEN' 2* 0.2552 1* 5 1* ' Z' 1* / 

/ 

WELOPEN 

' COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACTS 10000 / 

WGPR ' COMBINE' < 600 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 AND / 

RPR 4 < 3345 / 

/ 

COMPDAT 

' COMBINE ' 2* 18 18 'SHUT' 2* 0 . 2552 1* 5 1* ' Z' 1* / 

' COMBINE' 2* 12 12 'OPEN ' 2* 0. 25 52 1* 5 1* 'Z ' 1* / 

/ 

WELOPEN 



'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT6 10000 / 

WGPR 'COMBINE' < 600 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 AND / 

RPR 4 < 3345 AND / 

RPR 3 < 3196 / 

/ 

COMPDAT 

'COMBINE' 2* 12 12 'SHUT' 2* 0.2552 1* 5 1* 'Z' 1* / 

'COMBINE' 2* 7 7 'OPEN' 2* 0.2552 1* 5 1* 'Z' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT7 10000 / 

WGPR 'COMBINE' < 600 AND / 

RPR 7 < 3900 AND / 

RPR 6 < 3697 AND / 

RPR 5 < 3548 AND / 

RPR 4 < 3345 AND / 

RPR 3 < 3196 AND / 

RPR 2 < 2991 / 

/ 

COMPDAT 

'COMBINE' 2* 7 7 'SHUT' 2* 0.2552 1* 5 1* 'Z' 1* / 

' COMBINE ' 2* 1 1 'OPEN' 2* 0.2552 1* 5 1* 'z' 1* / 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 
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ACTIONX 

ACT1 10000 / 

WGPR 'COMBINE' < 20000 / 

/ 

COMPDAT 

'COMBINE' 2* 12 12 'OPEN' 

'COMBINE' 2* 18 18 'OPEN' 

'COMBINE' 2* 34 34 ' OPEN' 

'COMBINE ' 2* 40 40 'OPEN ' 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACT1 10000 / 

WGPR ' COMBINE ' < 20000 / 

/ 

COMPDAT 

' COMBINE' 2* 

' COMBINE ' 2* 

'COMBINE' 2* 

'COMBINE ' 2* 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

ACTIONX 

ACTl 10000 / 

1 1 'OPEN' 2* 

7 7 'OPEN' 2* 

23 23 'OPEN' 

29 29 'OPEN' 

WGPR ' COMBINE ' < 20000 / 

/ 

COMPDAT 

'COMBINE' 2* 

' COMBINE' 2* 

' COMBINE ' 2* 

'COMBINE ' 2* 

/ 

WELOPEN 

'COMBINE' / 

/ 

ENDACTIO 

7 

18 

29 

40 

7 'OPEN' 2* 

18 'OPEN' 

29 'OPEN' 

40 ' OPEN ' 
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2* 0 . 2552 1* 5 1* 'Z' 1* / 

2* 0.2552 1* 5 1* ' Z ' 1* / 

2* 0 . 2552 1* 5 1* , Z' 1* / 

2* 0 . 2552 1* 5 1* 'z' 1* / 

0.2552 1* 5 1* 'Z ' 1* / 

0 . 2552 1* 5 1* ' Z' 1* / 

2* 0.2552 1* 5 1* 'Z' 1* / 

2* 0.2552 1* 5 1* 'z' 1* / 

0.2552 1* 5 1* ' Z' 1* / 

2* 0 . 2552 1* 5 1* 'z' 1* / 

2 * 0.2552 1* 5 1* ' Z' 1* / 

2* 0 . 2552 1* 5 1* ' Z' 1* / 



ACTIONX 

ACT1 10000 / 

WGPR ' COMBINE ' < 20000 / 

/ 

COMPDAT 

' COMBINE ' 2* 1 1 ' OPEN ' 2* 

' COMBINE ' 2* 12 12 ' OPEN ' 

' COMBINE ' 2* 23 23 ' OPEN ' 

' COMBINE ' 2* 34 34 ' OPEN ' 

/ 

WELOPEN 

' COMBINE ' / 

/ 

ENDACTIO 

109 

0 . 2552 1* 5 1* ' Z ' 1* / 

2* 0 . 2552 1 * 5 1* ' z ' 1* / 

2* 0 . 2552 1* 5 1* ' Z ' 1* / 

2* 0 . 2552 1* 5 1 * ' Z ' 1* / 
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APPENDIXB 

Selected Simulation Results 

Case 1: Scenario la, Combination drive model 
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Figure Bl: Gas Production Profiles 
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Pressure Profiles 
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Figure B3: Water Production Profiles vs, Well's Flowing Bottomhole Pressures 



Case 2: Scenario 1 b, Combination drive model 

Production Profiles 
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Figure B4: Gas Production Profiles 
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Case 3: Scenario Ic, Combination drive model 
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Figure B2l : Water Production Profiles vs. Well's Flowing Bottomhole Pressures 

Case 8: Scenario 3b, Combination drive model 
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