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However, there are many factors affecting the hydrocarbon production rate,
e.g. rock properties and hydrocarbons properties. these factors can widely vary which
result in production rates variation. Therefore. a production forecast must be based
upon an understanding of these factors.

Experimental design method is an alternative to traditional sensitivity analysis.
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same time such that the maximum information can be obtained at the minimum
process.

This thesis developed gas production forecast technique using application of
experimental design and response surface methods by representing the integrated
production modeling simulation with a surrogate model. Parameters screening process
was done to identify the high effect parameters. Surrogate model for gas production
forecast was developed. From the result it shows that the model has high accuracy in

production estimation.
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CHAPTER |

INTRODUCTION

Generating production forecasts are an essential part of the oil and gas
industry. Production forecasts are used for preparation of any economic evaluation.
And it is helpful for planning operation schedule in order to sustain production rate
meeting business target. It is accomplished by evaluating the past, investigating
current conditions and projecting these into future based upon the best information in
hand at that time.

There are many factors effect the hydrocarbon rate which is produced from
wells and fields. The geologic factors, i.e., type and characteristics of the rock, true
vertical depth, measuring depth, pay thickness, properties of the hydrocarbons and
also including completion techniques and methods of production, affect production
rates. And these factors can vary widely. Hence, production rates will also vary
widely. Therefore, a production forecast must be based upon an understanding of
these factors.

Reservoirs in the Gulf of Thailand are typically complicated. Commingle well,
well contains more than one pay sand, always found. Necessary data for reservoir
simulation task was unable to obtain completely. So, production forecast by using
reservoir simulation is tough to be done.

“P Field” is one of the major gas fields in the Gulf of Thailand. This field
started operation in 2003. And we ‘will assign this field as base field in order to
develop production forecasts technique by using data obtained from this field.

This thesis will -develop production forecast technique by application of
experimental design and response surface methods. These methods have been shown
to have significant potential in production forecasting and ultimate recovery estimates
by representing the numerical reservoir simulation with a surrogate model.

Petroleum Experts have developed the integrated production modeling toolkit
(IPM) which contains three main parts namely GAP, MBAL and Prosper. These tools
can model the complete production system from the reservoir to the surface network.
GAP is a multiphase optimizer of the surface network which links with PROSPER
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and MBAL to model reservoir and productions system. GAP can model production
system containing oil, gas and condensate, in addition to gas or water injection
systems the engineer is able to design complex field models. The reservoirs, wells and
complete surface systems model, having been matched for production history, will
accurately optimize the entire network and run predictions. Hence, IPM is selected as

our simulator.

1.1 Outline of Methodology

This study starts with obtaining field data which includes reservoir data and
production system data from the reservoir to the surface and then constructing the
GAP model which will be used as process model. Next, parameters of interest and
their statistical distribution will be determined for experimental design approach.

Screening, the aim is to identify the input variables that have the largest
impact in the result of the process. One variable at a time (OVAT) method and
Plackett-Berman design, two levels design, are selected methods to design a series of
input variables for screening purpose. Then, Pareto chart which describes the effects
of each variables to output are used as a tool for selecting the high effect variable to
the next step.

Perform 3-level design for the key variables to estimate in more detail of
response. Then, the response will be fitted by regression method, interpolation method
as a surrogate model for the response.

Perform history matching for the surrogate model with historical data in order
to check the quality. of the moadel.-The tasks will be performed-as flowcharts in figure
1.1.



Data Collection and Preparation
(Input Parameter for IPM software)

A
Construct IPM model

\ 4

Determine the parameters of interest and
their settings (or statistical distribution)

A

Perform a screening analysis to determine the “heavy-hitters”
(e.g. 2-level design or OVAT Method)

»
P

A

Perform 3-level design for selected
parameter to estimate curvature

A 4

Generate Response Surface

History
matching

Analysis and
Conclusion

Figure 1.1: Thesis study workflow.




1.2 Thesis Outline

This thesis paper consists of six chapters.

Chapter 11 reviews previous works on application of experimental design and
response surface concerning to this study.

Chapter 111 presents the experiment design technique which allows screening
the high effect variables and obtaining the maximum information at a minimum
process of experiment. This chapter also presents response surface method explores
the relationships between several explanatory variables and one or more response
variables or output from experiment.

Chapter IV introduces the integrated production modeling toolkits which is
used as simulator for this research and its theory behind.

Chapter V presents methodology and results of this study. This chapter will
study and obtain general information of the selected field in order to define in more
detail about simulation methodology. This chapter also describes the steps and details
involved in simulation model construction and describe methodology for
experimental design, response surface methodology approach then discusses results
from its application.

Chapter VII presents the conclusion and provides recommendation for future

works.



CHAPTER I

LITERATURE REVIEW

The technique of experimental designs and response surface were applied by
many authors for oil and gas application. This chapter discusses some of selected
previous works which applied appropriate experimental design and response surface
for a specific purpose and summarizes typical workflow to apply experimental design
and analysis efficiently.

Chewaroungroaj® demonstrated several approaches that qualitatively estimate
uncertainty in specific hydrocarbon recovery predictions. His approaches include
scaling, first-order Analysis, second-order Analysis, and the Taguchi and Box-
Behnken experimental designs. From the results, experimental design can provide a
reasonably accurate uncertainty estimation of hydrocarbon recovery with fewer
simulation runs than Monte Carlo simulation. And response surface also applied for
developing and optimizing processes.

Peake® presented the paper that identifies key subsurface uncertainties
impacting waterflood performance and quantifies uncertainty with P10/P50/P90 oil
forecasts for Minagish reservoir. Experimental design techniques were used to
establish the minimum simulation runs needed to quantify uncertainty. Analysis of
variance and multiple linear regressions were used to identify the most significant
uncertainties and to create a proxy-for simulator. The proxy was used in Monte Carlo
simulation to develop P10/P50/P90 oil forecasts.

Cheong and Gupta® presented the paper that investigates: the feasibility of
experimental design and analysis methods by using three examples including oil in
place equation, excel spreadsheet for oil in place, and multiple deterministic modeling
of a fluvial reservoir- Mungaroo formation. It includes discussions and guidelines on
how to select efficient design by using expert knowledge and a decision tree, and how
the experimental response can be fitted accurately with the response surface method

to develop a good surrogate equation.
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Table 2.1 is summarized by Cheong® to show presented papers that a variety

of experimental design/methodologies have been proposed and tested for oil and gas
applications.

Table 2.1 summary of the EDA methods: applications in oil/gas reservoirs
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Table 2.1(continued) summary of the EDA methods: applications in oil/gas

reservoirs
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From the previous studies we can conclude that to apply the experimental
design and analysis methods efficiently, a typical workflow includes.
1) Pre experimental planning
Expert knowledge is required for preparing a list of input uncertainties
including their interrelationships (e.g. dependency)
2) Experimental design
Screening objective (optional) — the purpose of the experiment is to
select or screen out the few important main effects from the many less
important ones.
Response surface objective — the purpose of the experiment is to
capture the significant quadratic effects for prediction purposes or to
increase the design runs to accommodate more potential effects
3) Analysis of experiment
In this section, the design matrices of experiment and its individual
results are fitted by mathematical model to develop a surrogate model.
4) Applications
The surrogate model, developed in the previous section, can be used
for sensitivity studies and predicting results.

The next chapter will describe in more detail and provide clearly understand in
experimental design and response surface technique which has been applied for this

research.



CHAPTER Il

EXPERIMENTAL DESIGN
AND RESPONSE SURFACE

Engineers and scientists often perform one variable at a time (OVAT)
experiments, which vary only one factor or variable at a time while keeping others
fixed. However, statistically designed experiments that vary several factors
simultaneously are more efficient when studying two or more factors as mentioned in
chapter I1. This chapter describes experimental design technique and response surface

methodology that applied as a tool for this research.

3.1 Experimental design principal

Experimental design or design of experiments (DOE) is a statistical technique
that consists of purposeful changes of the inputs (factors) to a process (or activity) in
order to observe the changes in the output (responses). This allows obtaining the
maximum information of a given process at a minimum procedure.

It requires less resource (experiments, time, material, etc.) for the amount of
information obtained. This can be of major importance in industry, where
experiments can be very expensive and time consuming. The estimates of the effects
of each factor are more precise. Using more observations in order to estimate an effect
results in higher precision (reduced variability) For example, for full and fractional
factorial designs, all the observations are used to estimate the effect of each factor and
each_interaction (property. of hidden replication), while typically only two of the
observations in an OVAT experiment are used to estimate the effect of each factor.

The interaction between factors can be estimated systematically. Interactions
are not able to estimate by OVAT experiments. Engineers who are not using this

technique may miss this significant.



10

There is experimental information in a larger region of the factor space. This
improves the prediction of the response in the factor space by reducing the variability
of the estimates of the response in the factor space, and makes process optimization

more efficient because the optimal solution is searched for over the entire factor space

Experimental designs can be summarized as:

1) the most effective method for identifying the key input factors

2) the most efficient way to gain an understanding of the relationship
between the input factors and the response

3) a method for building a mathematical model relating the response to the
input factors, which is often referred to as process/product characterization

4) a means of determining the settings of the input factors which optimize the
response and minimize cost

5) a scientific method for setting tolerances

And obtaining good results from DOE involves these seven steps:

1) Set objectives

2) Select process variables

3) Select an experimental design

4) Execute the design

5) Check that the data are consistent with the experimental assumptions
6) Analyze and interpret the results

7) Uselpresent the results (may lead to further runs or DOE's).

3.2 Application of Experimental design for this research

Types of - experimental ~design depend on objective  of the experiment.
Experimental designs are applied with this research for two objectives. First is
screening purpose. The objective of this design is to screen the variables which have
high effect on the result. Theses high effect variables will be selected to study in more
detail about the irresponses to the result. The second purpose will be achieved by

doing other type of experimental design such as response surface design which allows
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us to estimate the interaction and even quadratic effect, and therefore give us an idea
of the (local) shape of the response surface we are investigating.

3.2.1 Screening objective

For this research, Plackett-Burman designs (well known as screening design
and has been tested by many successful approaches) are chosen experimental designs
for its usefulness in screening a relative large number of factors with a minimum of
number of simulation.

In 1946, Robin L. Plackett and J. P. Burman published their now famous paper
"The Design of Optimal Multifactorial Experiments” in Biometrika (vol.33). This
paper describes the construction of very economical designs with the run number a
multiple of four (rather than a power of 2).

Their goal was to find experimental designs for investigating the dependence
of some measured quantity on a number of independent variables (factors), each
taking L levels, in such a way as to minimize the variance of the estimates of these
dependencies using a limited number of experiments.

Interactions between the factors were considered negligible. The solution to
this problem was to find an experimental design in which each combination of levels
for any pair of factors appears the same number of times. A complete factorial design
would satisfy this criterion, but the idea was to find smaller designs.

For the case of two levels (L=2), Plackett and Burman used the method found
in 1933 by Raymond Paley for generating orthogonal matrices whose elements are all
either 1 or -1 (Hadamard matrices). Paley's method could be used to find such
matrices of size N 'for most N-equal to 4 times.an integer. In particular, it worked for
all such N up to 100 except N=92. If one is trying to estimate less than N parameters
(including the overall average) then one simply uses a subset of the columns of the
matrix.

Table 3.1 shows an example of series of input, generated by Plackett-Burman

design, which used for an experiment containing 11 factors.



12
Table 3.1 Plackett-Burman Design in 12 Runs for up to 11 Factors

| Pattern | x1|X2|x3|X4 x5 X6 X7 X8 |X9|x10 X11
[E T FEFEFIFIFIFIFIFIFIFIY P e Y P Y e Y
|73 | [T, T P Y N N R
e e—— ey e E Y P
PR =— ey e

[Ty E R E ST
Q== E R T
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18| 4ttt #a[-1-1 1 #1111+ 4
(9| ++—+ el a2 if-a 1] -1 -1 [+ -1 |+
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Fry e 1 o\ e Y Y YR P

Py CE T E

After using Plackett-Burman designs to generate the series of experiments and
output was obtained, Pareto chart is a tool that ordering the effects of each parameter
to the result by focus on their main effects. This tool helps researcher to compare the

effects of each input variables easily.

Porosity
Tar Zone
Relperm
Hperm
Oil Prop

Vperm
Geolcon
Curvature
Fault Seal
Str top

Effechs Estimals (Absolubs Vaka)

Figure 3.1 Examples of Pareto chart for oil and gas simulation approach
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Figure 3.1 shows an example of Pareto chart applied for uncertainties
assessment in waterflood project in Minagish Oolite reservoir which done by Peake”.
As we can see from the figure, porosity has the highest main effect to the results
ordered to the top of vertical axis, follow by other input variables which has lower
effects subsequently. By setting up cut off value, a group of high effect variables

were selected to the next step to study in more detail about its response to the results.

3.2.2 Response surface objective

To capture the significant quadratic effects for prediction purposes or to
increase the design runs to accommodate more potential effects, a 2-levels design
matrix must add with extra design runs, such as two extremes and the base case.
Because 2-level design can capture only linear result and cannot capture the curvature

of the result as describe in figure 3.2

aResponse

Real
response

2-level
response

—»
Lo Hi X1

Figure 3.2 Limitation of 2-level design
So the experimental design in this section will be commonly done by 3-level

of the input value that allows us to capture the curvature of the result. Next part



14
describes Central Composite Design which used for response surface approach for
this research.

a) Central Composite Designs (CCD)

A Box-Wilson Central Composite Design, commonly called "a central
composite design,' contains an imbedded factorial or fractional factorial design with
center points that is augmented with a group of “star points' that allow estimation of
curvature. If the distance from the center of the design space to a factorial point is £1
unit for each factor, the distance from the center of the design space to a star point is
+ry With |a| > 1. The precise value of o depends on certain properties desired for the
design and on the number of factors involved. A central composite design always
contains twice as many star points as there are factors in the design.

Similarly, the number of center-point runs that the design should contain also

depend on certain properties required for the design.

Figure 3.3: Generation of a central composite design for two factors

A central composite design always contains twice as many star points as there
are factors in the design. The star points represent new extreme values (low and high)
for each factor in the design. Table 3.2 summarizes the properties of the three
varieties of central composite designs.
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Table 3.2: Central Composite Design

Central
Composite
Design Type

Terminology Comments

CCC designs are the original form of the central
composite design. The star points are at some distance
affrom the center based on the properties desired for the
design and the number of factors in the design. The star

points establish new extremes for the low and high

isettings for all factors. Figure 3.4 illustrates a CCC

|hyperspherical symmetry and require 5 levels for each

design. These designs have circular, spherical, or

factor. Augmenting an existing factorial or resolution V
[fractional factorial design with star points can produce

this design.

 For those situations in which the limits specified
for factor settings are truly limits, the CCI design uses
the factor settings as the star points and creates a
factorial or fractional factorial design within those
limits (in other words, a CCI design is a scaled down
CCC design with each factor level of the CCC design
divided by «to generate the CCI design). This design

also requires 5 levels of each factor.

Circumscribed CCC
Inscribed CClI
Face Centered CCF

In this design-the star points are at the center of
each face of the factorial space, so fr= * 1. This variety
requires 3 levels of each factor. Augmenting an existing
factorial or resolution V design with appropriate star

points can also produce this design.
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Figure 3.4: Comparison of the Three Types of Central Composite Designs

The diagrams in figure 3.4 illustrate the three types of central composite
designs for two factors. Note that the CCC explores the largest process space and the
CCl explores the smallest process space. Both the CCC and CCI are rotatable designs,
but the CCF is not. In the CCC design, the design points describe a circle
circumscribed about the factorial square. For three factors, the CCC design points
describe a sphere around the factorial cube.
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b) Determining o in Central Composite Designs
To maintain rotatability, the value of o depends on the number of experimental
runs in the factorial portion of the central composite design:
o = [number of factorial runs]**

If the factorial is a full factorial, then
a =[2<]" (3.1)
However, the factorial portion can also be a fractional factorial design of

resolution V (Variance). Table 3.3 illustrates some typical values of a as a function of

the number of factors.

Table 3.3: Determining for rotatability.

Number of | Factorial Scaled Value

Factors Portion | for Relative to
+1

2 2 274 =1.414

3 G 29" =1.682

4 24 2%% = 2.000

5 2= 2% = 2.000

5 22 2°"=2.378

6 2%t 2°"=2.378

6 2° 2% = 2828

The value of o also-depends on whether-or not the -design is orthogonally
blocked. That is, the question is whether or not the design is divided into blocks such
that the block effects do not affect the estimates of the coefficients in the 2nd order

model.
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3.3 Response surface methodology (RSM)

Response surface methodology (RSM) explores the relationship between
several explanatory variables and one or more response variables. The method was
introduced by G. E. P. Box and K. B. Wilson in 1951. The main idea of RSM is to use
a set of designed experiments to obtain an optimal response.

A response surface, also called surrogate model or a proxy is a representation

of a real system or its simulation.

Urnortrcledinputs

Figure 3.5: Process Model Schematic

Consider a system (Figure 3.5), whose output response variable y is a function

of multiple input parameters Xx; , i=1,2,...,n
Y= F(X, Xypen, X )+ (3.2)

Here, & represents .the random error,- which -has an. independent normal
distribution with- zero = expectation ‘and uniform ‘variance.  The expect value
E(y) = f(xl,xz,...,xn) is called a response surface (RS). Constructing responses
should meet two requirements:

1. RS must accurately represent the output response variable y.

2. Computational efficiency must be optimized.
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Response surface is usually constructed with regression method, interpolation
method and neural network. The most common empirical models fit to the

experimental data take either a linear form or quadratic form.

A linear model with two factors, X; and X5, can be written as
Y = iy + BX| + X + XX 7 + experimental aror (3.3)

Here, Y is the response for given levels of the main effects X; and X, and the
X1X, term is included to account for a possible interaction effect between X; and Xj.
The constant B is the response of Y when both main effects are 0.

For a more complicated example, a linear model with three factors Xi, Xz, X3
and one response, Y, would look like (if all possible terms were included in the

model)

Y=F5+ BX|+ By + B+ Ba X\ X
+ 83X X5+ B X X5 + B X XXy
+ experimental eror (3.4)

A second-order (quadratic) model (typically used in response surface DOE's
with suspected curvature) does not include the three-way interaction term but adds

three more terms to the linear model, namely

BuXy +BalXs + fm X5 (3.5)

Figures 3.6 through 3.8 illustrate possible behaviors of responses as functions
of factor settings. In each case, assume the value of the response increases from the

bottom of the figure to the top and that the factor settings increase from left to right.
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Figure 3.6: Linear function
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Figure 3.7: Quadratic function
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Figure 3.8: Cubic function

Some extensions of response surface methodology deal with the multiple
response problem. Multiple response variables create difficulty because what is
optimal for one response may not be very optimal for other responses. Other
extensions are used to reduce variability in a single response while targeting a specific
value, or attaining a near maximum or minimum while preventing variability in that
response from getting too large.

Significant criticisms of RSM include the fact that the optimization is almost
always done with a model for which the coefficients are estimated, not known. That

is, an optimum value may only look optimal, but be far from the truth because of
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variability in the coefficients. A contour plot (figure 3.9) is frequently used to find the
responses of two variables to find these coefficients by including a large number of
trials in each and combinations of them, and using some sort of interpolation to find

potentially better intermediate values between them.

i L,
"

Figure 3.9: An example of contour plot for response assessment

But since experimental runs often cost a lot of time and money, it can also be
difficult to pinpoint the ideal coefficients, as well; there are frequently strategies used
to find those values with minimal runs. Experimental designs used in RSM must make

tradeoffs between reducing variability and reducing the negative impact that can be
caused by bias.



CHAPTER IV

INTEGRATED PRODUCTION MODELING
TOOLKITS

This chapter introduces function of the application named “Integrated
Production Modeling Toolkits” which is selected for the research.

Petroleum Experts have developed the integrated production modeling toolkits
(IPM) which models the complete production system from the reservoir to the surface
network.

Integrating the tools of GAP, PROSPER, MBAL, REVEAL, PVTP and
OPENSERVER to operate seamlessly, the engineer is able to design complex field
models. The reservoir, wells and complete surface systems model, having been
matched for production history, will accurately optimize the entire network and run
predictions.

GAP, PROSPER and MBAL are main parts of the simulation and was
selected to build simulation model for this research. Being used OPENSERVER to

transfer data to simulation model in order to decrease error due to manual input.

4.1 MBAL

MBAL is in a package made up of various tools designed to gain a better
understanding of the reservoir behavior and perform prediction run. Some of the tools
are material balance, reservoir allocation, decline curve analysis, Monte Carlo
volumetric and multilayer. And material balance tool was selected to build reservoir

model which is one part of simulation model.

The material balance is well known as basic tool of reservoir engineers for

interpreting and predicting reservoir performance. The general material balance
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equation was first developed by Schilthuis in 1936. Since that time, the use of the
computer and sophisticated multidimensional mathematical models has replaced the
zero dimensional Schilthuis equation in many applications. However, the Schilthuis
equation, if fully understood, can provide great insight for the practicing reservoir

engineer. Following the discussion of the gas material balance equation is presented.

4.1.1 Gas material balance equations

Material-balance equations equate the volume of a mass of material at a
particular pressure and temperature to the volume of the same mass of material at
some different pressure and temperature. In a petroleum reservoir, including a gas
reservoir, we define the original free-gas volume in the reservoir as G and state this
volume in standard cubic feet. Thus, the original reservoir volume of free gas in

barrels is the product of G and the initial gas formation volume factor, B, stated in

git
reservoir volume per standard cubic feet. If the gas reservoir is not subjected to a
water drive and no interstitial water is produced, the reservoir volume occupied by the
gas normally remains constant for all practical purposes. Thus, the same initial
reservoir volume can be stated in terms of the gas remaining in the reservoir at any

particular time after some standard cubic feet of gas, G, has been produced.
At this time the volume of gas remaining in the reservoir is (G—Gp) in

standard cubic feet, and the reservoir volume is (G —Gp)Bg in reservoir condition

when the gas volume is converted to the current reservoir pressure. Therefore, the gas
formation volume factor used to make this conversion must be based on the average

reservoir pressure that exists after G, standard cubic feet of gas has been produced.

We can then equate the reservoir gas volume stated in these two different ways to
obtain the material-balance equation for a gas reservoir that does not have a water

drive and where no interstitial water is produced:

GB, =(G-G,)B, (4.1)
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If a gas reservoir is subjected to a water drive, the gas volume in the reservoir
is reduced as the water encroaches into the original gas-bearing portion of the

reservoir. The volume of gas in the reservoir initially, GB, less the volume of gas in

the reservoir at some time after a volume of gas, G_, has been produced,

p?’

(G - Gp) B, is equal to the volume of water that has entered the original gas-bearing
pores of the reservoir if none of the encroached water has been produced. If W,

barrels of the encroached water have been produced, the difference is equal to the
total number of barrels of water that have encroached into the original gas-bearing

portion of the reservoir W,. Water isothermal compressibility c, and Formation
isothermal compressibility c, also included in the calculation in order to account

with initial water expansion and changing in rock volume respectively. Then the

general gas material balance equation can be expressed as:

CuSyi +C¢ | —
G(Bg - Bgi)+GBgi -l—S— Ap+W, =GpBg + BWWp 4.2)

The original gas in place can be calculated volumetrically, and the water

encroachment can be using aquifer model which presented in the next part.

4.1.2 Aquifer models

MBAL provided aquifer models for linear, radial and bottom drive that
developed by many author including

- - Small pot

= Schithuis Steady State

- Hurst Simplified

- Hurst and van Everdingen

- Vogt and Wang

- Fetkovich Semi Steady State
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- Fetkovich Steady State

- Carter — Tracy

- Multi Tank

These aquifer models can be selected to associate with material balance
calculation in MBAL. Hurst van Everdingen model is a selected model for this
research. Because, input parameters required for this model such as reservoir
thickness, reservoir radius and encroachment angle are available with existing data.
And this model has been proved to work efficiently in many case of study in the Gulf
of Thailand.

4.1.3 Relative permeability
Relative permeability is required for production prediction. MBAL using
Corey Functions as a format for input data. The required parameters are
- Residual saturation
These saturations are used to calculate the amount of oil or gas by-passed
during a gas or water flooding.
- End points
Define maximum saturation for each phase of its relative permeability.

For example, for the oil, it corresponds to its relative permeability at So =
(1-Swc)
- Corey exponents

Define the shape of the relative permeability curve between zero and the
end point. A value of 1.0 will give a straight line. A value less than one will
give a shape with curve above straight line. A value greater than one will give

a shape with curve below straight line.

In a Corey function, the relative permeability for the phase X is expressed as

Ky =B, 2>n (4.14)
Smx_er
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where

E, isthe end point for the phase x

X
nx is the Corey exponent

S, is the phase saturation

X

S, Is the phase residual saturation and

S, IS the phase maximum saturation

The phase absolute permeability can then be expressed as :

K, =K*K,_ (4.15)
where

K is the reservoir absolute permeability

K., is the relative permeability of phase x

4.2 PROSPER

PROSPER is a fundamental element in the Integrated Production Model
(IPM) mainly used for all the calculations in the well section. Its PVT section also can
generate fluid properties using standard correlations and allows them to be modified
to better fit measured lab data.

The tool can be used to model reservoir inflow performance (IPR) for single,
multilayer, or multilateral wells with- complex and highly deviated completions,
optimizing all aspects of a completion design including perforation details and gravel

packing. The following table lists the inflow performance options:
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Table 4.1: inflow performance options available in PROSPER

IPR Oil & Dry & Ratrograde

Method Watar Wet Gas | Condensate
Back Pressure v ¥
Candn o o
Compesite ¥
Darcy L
Dual Porosity v
External Entry L 1/ ¥
Fetkowich ¥
Forchheimer 7 o o
Forchheimer with Fseudo - Pressure v v
NEW!!
Multirate® Forchiveimer with Pseudo - ¥ ¥
Pressure MNEW!!!
Horizontal well= NoFlow Boundaries ¥ ¥ ¥
Horizontal awell = Constant Pressure ¥
upper boundary I
Horizontal wall - P fricticn ¥ o L
Horizontal well - (fransverse  wertical ¥ ¥ ¥
fractures
Hydraulically fractured ¥ ~ v
Jones ¥ ¥ ¥
Muilti-lateral ¥ ¥ v
Multi-layer ¥ L v
Multi-layer - dP Loss ¥ v v
Multi-rate C and n ¥ o
Multi-rate Fetkovich ¥
Multi-rate J ones v o o
Medified Isochronal IPR ¥ o
Tetealonwe Enderta v v

Because of this research focus on gas field and availability of IPR input, Jones
method was selected in order to.construct IPR for simulator and network maodel.

The Jones equation for gas is modified form of Darcy equation, which allows
for both laminar and non-Darcy flow pressure drops. The Jones equation can be

expressed in the form:

Ps —Pji =aQ”+bQ (4.16)
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Where “a” and “b” are calculated from reservoir properties or can be
determined from multi-rate test. Required data entry is:

- Reservoir permeability (Total permeability)

- Formation thickness (Thickness of producing reservoir rock)

- Drainage area

- Wellbore radius

- Dietz shape factor (depend on the shape of drainage area)

Another important part of PROSPER is generating tubing lift curves for use in
reservoir and total system simulator. It provide pressure drop in wellbore and pressure

loss in the surface gathering system calculation.

The pressure loss in a pipeline or wellbore is the summation of 3 components:
- Gravity Head
- Friction loss
- Acceleration

where,

Aptotal = Apgravity + Apfriction + Apzmeleration (419)

The gravity component is due to the density of the fluid mixture at each point
in the system and is a complex function of the relative velocity of the phase present.
PROSPER makes a flash computation at each calculation step to determine the
proportion s of each phase and the predicted density at each pressure and temperature
step.

Industry ‘standard ' 2-phase calculations are then applied to determine the
increase in apparent fluid density due to the higher vertical velocity of gas compared
to oil and water (slippage). The gravity head loss is proportional to the fluid density
corrected for slip. The slip correction to be applied depends on the flow regime, fluid
velocity etc. the need for an accurate PVT description for predicting the gravity head

loss is clear.
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Friction losses are controlled by fluid viscosity and geometric factors (pipe

diameter and roughness). In the majority of oilfield application, (i.e. large elevation

difference between inlet and outlet with liquids present) the gravitational component

normally accounts for around 90% of the overall head loss. Therefore, the total

pressure drop function is not particularly sensitive to the value of the friction loss

coefficient.

The acceleration component is usually small except in the systems involving

significant fluid expansion. However, it is accounted for in all PROSPER

calculations.

Vertical lift correlations available in PROSPER are

Duns and Ros (Modified for condensates)
Duns and Ros Original

Hagedorn-Brown

Fancher-Brown

Gray

Orkiszewski

Petroleum Experts

Petroleum Experts 2

Petroleum Experts 3 (bio-degraded oils)
GRE (Modified by PE)

Petroleum Experts 4 (Advance mechanistic model for angled wells)

OLGAS - Qlga 2-phase and Olga 3-phase correlations.

The selected vertical lift correlation for this research is Petroleum Experts 2.

This model has been recommended by Petroleum Expert company that it is suitable

with reservoir condition and fluid properties in the Gulf of Thailand.

Figure 4.1 shows example plot of VLP curves which is calculated by

PROSPER
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Figure 4.1: VLP generated by Prosper

Integrating IPR and VVLP which is calculated by PROSPER is an important

part of GAP input, which is describe later, in order to run the production forecast.

4.3 GAP

General Allocation Package (GAP) is a multiphase optimizer of the surface
network which link with PROSPER and MBAL to model reservoir and production
system. GAP allows engineer to build complete system models, including the
reservoirs, well such as naturally flowing oil ‘wells, gas-lifted wells, ESP operated

wells etc. and surface system.
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Figure 4.2: Network model construct by GAP

The optimizer controls production rates using wellhead chokes to maximize
the hydrocarbon production while honoring constraints at the gathering system, well
and reservoir levels. GAP models both production and injection systems
simultaneously, containing gas, condensate and/or water wells to generate production
profiles.

GAP prediction calculates optimized production over user-defined time steps.
Tank pressure decline curve or MBAL material balance models can be used to
provide reservoir pressures and saturations. GAP automatically re-calculates well IPR
for the current reservoir conditions (and re-calculates the well performance curves if
the user is using performance curve option), then performs the network solver to find
the well production rates.

Using the well rates, cumulative production for each well and reservoir tank is
calculated. The reservoir model (decline curve or MBAL material balance) is used to
find the reservoir pressure at the end of each time step. The entire process is repeated
stepwise until the end of the prediction time reached.

Each well connected to a tank shares the same reservoir pressure. The
parameter IPR Offset dP is optionally used to shift the reservoir pressure from the

tank datum to each well’s intake node depth.
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Reservoir targets can be set for each tank and abandonment limits for each
well. GAP will calculate how much water or gas inject is required to maintain tank
pressure within the user-specified end of prediction target pressure. Well, tank,

separator and joint constraints can be scheduled in time and the results plotted.
4.4 OPENSERVER

OPENSERVER is designed to provide an open architecture for all the
Petroleum Experts products. This will allow the programs to be directly accessed and

be driven by other third party programs.

OpenServer Communications

RESOLVE RESERVOIR SIMULATORS

GAP

| PROCESS SIMULATORS

PROSPER

MEAL

REVEAL

PVTP

Figure 4.3: OpenServer communications

The OPENSERVER can be used for transferring data between databases such
as MS Excel or programs written in Visual Basic-and PETEX programs or can be

used for automated procedure in order to eliminate manual steps.



CHAPTER V

METHODOLOGY AND RESULT

This chapter is separated into four parts. First part is to introduce “P Field”
which will be used as reference field, also data obtaining to develop simulation
model. Second part is to build surrogate model, Experimental design technique
generates series of input to simulate series of output covering result range. Regression
analysis was applied to develop surrogate model. Third part is quality of surrogate
model testing. Fourth part describes how to apply the surrogate model to forecast
field production.

5.1 “P Field” Overview
The P Field is located in the southern part of the Gulf of Thailand. Production

from “P Field”, mainly gas and condensate, began its first production in 1990s

“P Field” located in the southern most of Pattani basin and contains several
structurally complex trans-tensional basins. These are made up of asymmetrical
grabens filled with non-marine to marginal marine Tertiary sediments as old as
Eocene. Underlying the graben sediments are a variety of Paleozoic marine
carbonates, granitic intrusive rocks, and metasediments. The limited lateral extent of
these deposits, combined with vatiations in heat flow and depth of burial of the source
rocks, causes the distribution of hydrocarbons to be complex and difficult to predict.

Figure 5.1 shows multi-layered. commingled gas reservoir which commonly
found - in" this field. Each reservoir has different reservoir properties and fluid
properties. This creates complexity in operation.
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T

Figure 5.1: Typical well schematic
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5.1.1 “P Field” correlations

The number of input variables for doing experimental design and response
surface will affect the number of simulation run and might be difficult for generating
response surface. If there is a correlation between input variables, we can select only
one variable to generate the input to the process and input correlated variables by its
calculated value. This can help us to decrease the number of input variables.

In this section, some of correlations in data which found in the previous study
were introduced.

a) Subsurface depth — Temperature correlation

The increasing of temperature with depth was studied for “P Field”. Figure 5.2
shows sample data which obtained from field and plotted with depth in order to find

the correlation between these two parameters.

The correlation obtained is

T(*F)=115.23-0.0283xTVDSS (5.1)

Where;
T  istemperature (F°)
TVDSS is true vertical depth subsea (ft)
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Temperature vs SS Depth
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Figure 5.2: Temperature VS Subsea depth

b) Permeability - Log Porosity correlation
The correlation between porosity and permeability was also obtained from the
previous study. This equation can be expressed as:
k = 0.0048e*8+ (5.2)
where;
k is permeability (md)
@ is porosity (%)
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5.1.2 “P Field” parameters statistics
Statistics of reservoir and fluid properties obtained from field are summarized
into table which consists of general reservoir properties and characteristics, well
characteristics, surface facilities and other necessary data to construct reservoir
model. These values will be used as input for experimental design process in the next
part.
Table 5.1: ““P Field” statistic

Parameters P10 P50 P90
Gas gravity 0.96478 0.9989 1.0684
CGR (bbl/MMscf) 36.67 52.86 85.90
Condensate gravity (API) 41.54 48.6 57.2
Reservoir Pressure Gradient  (ppg) 7.75 8.93 10.463
Porosity (fraction) 0.132 0.155 0.184
Pay Thickness (ft) 29.2 64 117
MD/TVD (fraction) 1.099 1.261 1.470
TVD (ft) -7785 -8525 -9096
Residual water (fraction) 0.32 0.48 0.56
Total skin -0.14 3 14.7
Flowline Pressure (psia) 400 450 500

Where,
CGR is condensate gas ratio
TVD is true vertical depth of reservoir group
MD/TVD is the fraction of measured depth and true vertical depth of
reservoir group. This parameter can identify deviation of well.

Table 5.2 summarizes averaged value of input parameters which have low
effect to the production, such as kick off depth, and also including base case values
for this research.
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Table 5.2: “P Field”” base case input

Parameters

Kick off Depth (ft) 1400
water salinity (ppm) 30000
Mole% CO2 (%) 28.27
Mole % N2 (%) 2.52
Krw Endpoint 0.8
Water exponent 2
Residual gas (fraction) 0.1
Krg Endpoint 0.8
Gas exponent 2
Reservoir radius (ft) 1053
Outer/inner radius ratio (fraction) 2.5
Encroachement angle (degree) 180

Input parameters in this table can be separated into 3 groups. First group is
low effect parameters including kick off depth of well, specify the position where
well path starts to deviate from vertical, Water salinity and Gas impurities (CO2 and
N2). Second group is relative parameter input parameters including Krw endpoint,
water exponent, residual gas, Krg endpoint and Gas exponent. These parameters are
required for Corey function calculation. Finally is the input for aquifer model
including reservoir radius, outer/inner ratio (the ratio of aquifer radius and reservoir

radius) and encroachment angle.

5.2 Surrogate model development

This research will focus on the production forecast technique by using
experimental design and response surface method. Base on obtained data, normally it
operates at stable ‘surface condition by fix the chock size for each well as shown in
figure 5.3. The base simulation model was constructed by IPM application in well
level which contains stable surface condition that is constant choke size at 1 inch. The
model was constructed by grouping reservoir in the same batch of perforation into
one tank in the simulation model. The surrogate model developed by this simulation

model is able to apply to the other wells that have similar surface condition too.
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Figure 5.3: Operating Choke size

5.2.1 Simulation model construction
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As discuss in the previous part, Integrated Production Modeling Toolkits

software developed by Petroleum Expert was used to construct simulation model in

well level for prediction the production. Figure 5.6 shows simulation model build in

GAP.

S=pl - E lr.IEI' ki Wi
4
© T

Figure 5.4: GAP simulation model
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Sep
This symbol j refers to separator. But the separator in GAP does not
have to be the physical separator in the field. It is simply a point of fixed pressure in

the network.

-~ . IniChk

This symbol ] E refers to choke.

This symbol ‘ refers to reservoir section which linkable to MBAL. All

material balance calculation was completed here.

Wi
This symbol _A refers to well section which linkable to Prosper. The
Inflow performance relationship and Vertical lift performance are calculated in this

section.

5.2.2 Screening process

Initially a traditional method, one variable at a time (OVAT), was used to
identify the high effect parameters. OVAT will change one input parameter to high
and low value while keeping the other parameters constant at their average values.
The value of input parameters for each case was summarized in table 5.3. a table of
22 different cases are required for 11 parameters.

The simulation model was run by using input parameter from table 5.3. The
model simulated the production profile until reach the well production cutoff criteria
at 0.5 MMscf/d.

Simulation output is not a single value of output for each case. But it is
production profile which contains a series of production rate at each timestep. In this
case, the parameters obtain from production profile that can capture production
profile characteristic including Initial gas rate, Production period and Cumulative
production at abandonment will be considered altogether in order to identify the high

effect parameter.



Table 3.3: OVAT input parameters

Reservair Residual Flowline
CGR Condensate Fressure porosity Pay MD/TVD water Pressure
Case | Gas gravity [ (bbl/MMscf) | grawity (AP1) | Gradient (ppg) | _(fraction) | Thickness (ft)| (fraction) | TVD (&) [ (fraction} | skin (psia)
1 1.0634 52.86 43.6 5.93 0.185 64 1261 | 85245 | 0478 3 450
2 0.96478 52.86 43.6 8.93 0.155 64 1261 | 85245 | 0478 3 450
3 0.9939 g85.90 48.6 8.93 0.155 64 1261 | 85245 | 0478 3 450
4 0.9939 36.67 43.6 8.93 0.155 64 1261 | 85245 | 0478 3 450
5 0.9939 52.86 572 5.93 0.185 54 1261 | 85245 | 0478 3 450
G 0.9939 52.86 41.54 5.93 0.185 64 1261 | 85245 | 0478 3 450
7 0.9939 52.86 43.6 10463 0.185 64 1261 | 85245 | 0478 3 450
8 0.9939 52.86 43.6 71.75 0.185 64 1261 | 85245 | 0478 3 450
g 0.9939 52.86 43.6 8.93 0.184 64 1261 | 85245 | 0478 3 450
10 0.9989 52 86 48.6 8.93 0.132 b4 1261 | 85245 | 0478 3 450
1 0.9939 52.86 43.6 8.93 0.185 "7 1261 | 85245 | 0478 3 450
12 0.9939 52.86 43.6 5.93 0.155 29.2 1261 | 85245 | 0478 3 450
13 0.9939 52.86 48.6 8.93 0.155 54 1470 | -8524.5 [ 0478 3 450
14 0.9939 52.86 43.6 5.93 0.185 64 1.099 | 85245 | 0478 3 450
15 0.9939 52.86 48.6 5.93 0.185 64 1.261 -9096 0.478 3 450
16 0.9939 52.86 43.6 5.93 0185 64 1.261 -T785 0478 3 450
17 0.9989 52 86 48.6 8.93 0.155 b4 1261 | -8524.5 0.56 3 450
18 0.9939 52.86 43.6 8.93 0.185 64 1.261 | -8524.5 0.32 3 450
19 0.9939 52.86 43.6 8.93 0.185 b4 1.261 | 85245 | 0478 14.7 450
20 0.9939 52.86 43.6 5.93 0.185 64 1.261 | 85245 | 0478 -0.14 450
21 0.9939 5286 43.6 8.93 0155 64 1261 | 85245 | 0478 3 500
22 0.9989 52.86 48.6 5.93 0.185 64 1.261 | -85245 | 0478 3 400

41
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Table5.4 summarizes result of OVAT for each case and then compares the

differences between each parameter at high value and low value of input for each

criteria.
Table 5.4: OVAT summary
Result Different in result between level
Cumulative Cumulative
Gas Gas
production Producti production
Initial Gas | Production at Initial Gas on at
Rate period abandonment Rate period abandonment
Case Parameter Level | (MMscf/d) (weeks) (MMscf) (MMscf/d) | (weeks) (MMscf)
1| Gas grav!ty High 8.892 57 1353 -0.026 2 38
2 | Gas gravity Low 9.076 55 1315
3| CGR High 8.341 59 1323 -0.145 5 5
4 | CGR Low 9.357 54 1328
Condensate
5 | gravity High 9.04 56 1328 0.008 0 2
Condensate
6 | gravity Low 8.984 56 1330
Reservoir
Pressure
7 gradlent_ High 10.748 55 1531 0.445 0 388
Reservoir
Pressure
8 | gradient Low 7.633 55 1143
9 poros!ty High 14.474 42 1626 1.404 .36 573
10 | porosity Low 4.643 78 1053
11 | Pay Thickness High 12.031 79 2473 0971 M 1895
12 | Pay Thickness Low 5.234 38 578
13 | MD/TVD High 8.458 57 1315 0.044 1 4
14 | MD/TVD Low 8.148 58 1311
15 | TVD High 8.817 56 1351 0131 2 9
16 | TVD Low 7.903 58 1259
17 | Residual water High 8.988 45 1112 0.000 230 -606
18 | Residual water Low. 8.988 75 1718
19 | skin High 6.028 77 1271 -0.603 28 74
20 | skin Low 10.247 49 1345
Flowline
21 Pressqre High 10.223 47 1321 0173 .10 26
Flowline
22 | Pressure Low 9.013 57 1347

The result from this table was plotted and ordering the effect into figure 5.5 to

figure 5.7.
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OVAT result: Initial gas rate
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Figure 5.5: OVAT result — initial gas rate

As seen from figure 5.5 for initial gas rate criteria, main high effect
parameters are porosity, pay thickness skin and reservoir pressure. Porosity was also
used to calculate permeability value. This represents the ability of fluid flowing
through rock. Higher porosity value will cause higher permeability value which
means fluid can flow out from reservoir easier then gas rate will be higher. Higher
pay thickness value also causes higher gas rate because this refers to area open to
flow in wellbore. Reservoir pressure gradient and skin were considered in the part of
pressure response. This gradient used for reservoir pressure calculation which refers
to energy of reservoir and skin causes extra pressure loss around wellbore while

flowing as a results of changing in gas rate.
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OVAT result: Production period
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Figure 5.6: OVAT result — production period

For production criteria (figure 5.6), main high effect parameters are pay
thickness, porosity, residual water saturation and skin. First three parameters were
used for gas volumetric in place calculation. Higher gas in place causes longer
production period. Higher skin value causes more extra pressure loss around
wellbore. This will lower the production rate and it takes longer production period to

produce gas from reservoir.

For cumulative production at abandonment criteria (figure 5.7), main high
effect parameters are pay thickness, residual water saturation, porosity and reservoir
pressure gradient. First three parameters can refer to gas reserve. Higher reserve
results in higher cumulative production at the abandonment. Reservoir pressure
gradient is considered as energy of reservoir. Higher reservoir energy refers to higher
reservoir ability to flow fluid from down hole to surface which increases the

cumulative production at abandonment.
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OVAT result: Cumulative production at abandonment
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Figure 5.7: OVAT result — cumulative production at abandonment

As a result of OVAT screening process identified by each production profile
characteristic parameters, it indicates that the significant high effect parameters to
production profile are pay thickness, reservoir pressure gradient, porosity and total
skin factor.

From OVAT result, although we can observe the high effect parameters but
next section experimental design technique for screening will be introduced to
compare the result with OVAT method.

Plackett-Burman design of experiment methodology which is commonly
know as screening design was applied to identify effect of each parameter to the
result. High value and Low value of each input was expressed as “+1” and “-1”
respectively. For example, parameter “gas gravity” if the experiment case represent
“+1” in the table meaning the input value for gas gravity for that case is at the high
level that equal to 1.0684, the P90 value of gas gravity where as “-1” refers to
0.96478, the P10 value of gas gravity.



Table 5.5: Plackett-Burman design
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Table 5.5 represents series of experiment which contains the input level of
each parameter using Plackett — Burman technique. After transfer input to simulation
model via Openserver option, production prediction for each case was run and the

results of production profile characteristics were summarized in table 5.6.

Table 5.6: Plackett-Burman results

Initial Cumulative
gas Production Gas at
Case rate period abandonment

1 20.4 54 2815

2 8.2 85 1908

3 5% 20 460

4 10.1 73 2120

5 1.4 57 353

6 3.5 184 2026

7 2.7 35 330

8 13.0 101 3601

9 4.9 198 2729

10 10.7 41 1057

11 9.9 44 1085

12 2.3 53 438

Pareto chart is a tool to identify high effect parameters by ordering main effect
of each parameter. Main effect of each parameter is the difference between average
results at high value of that parameter and average results at low value which can be

expressed as:

Main effect = Average output@_ high level input
- Average output@ low level input (5.3

Using the results from table 5.6 correlating with level of each input variables
for each case, Pareto chart was constructed for three objectives as similar to prior
OVAT screening. First is to identify high effect parameters of initial gas rate (figure
5.8). Second is to identify high effect parameters of production period (figure 5.9).
Last is to identify high effect parameters of cumulative production at abandonment
(figure 5.10)
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Figure 5.10: Pareto chart for cumulative production at abandonment

Pareto charts rank the high effect parameters by its main effect. It indicates
that the significant high effect parameters identify by OVAT method and Plackett
Burman for each production profile characteristic parameters are almost the same.

Considering figure 5.7 and figure 5.10, both are OVAT result and Plackett -
Burman result for cumulative production at abandonment criteria. MD/TVD shows
low effect on OVAT result but it shows some effect on Plackett-Burman technique.
This is because the main effect plotted on pareto chart cannot capture correlation
between input parameter. By using Plackett - Burman technique, all input parameters
have pattern to change their-input levels in the same time. Then the main effect for
each input parameter was also affected by value of other input parameters. But if we
consider the number of simulation runs for Plackett — Burman technique which are
less than OVAT method by almost half and its overall results are almost similar,
Therefore, Plackett-Burman technique is effectively tool for screening high effect
parameter.

By considering both techniques applied for this research, porosity, pay
thickness, reservoir pressure gradient, skin and residual water were selected

parameters to be considered in the next part, response surface design.
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5.2.3 Response surface design

From the previous section, the high effect parameters were obtained from both
OVAT analysis and Prackett Burman technique. This section will provide more detail
about selected parameters and the response of result using 3-level design.

There are many type of 3-level design. Each design type has different design
characteristics or design patterns which may be suitable for some specific objective.
Therefore, types of design selection need to be considered carefully. Some discussion
of 3-level design types are presented as follow.

The 3-level fractional factorial designs are especially useful for qualitative
factor (method, material type, lot, vendor, operator, etc) which have few anticipated
significant interactions. If all factors are quantitative (time, temperature, pressure,
flow, speed, concentration, etc) and the objective is to evaluate factor interactions, the
3-level fractional factorial design will be very inefficient.

Box-Behnken design is an efficient and frequently used 3-level design for
modeling quantitative factors. This design does not contain any corner points (no mid
level input parameter) in the design space, which may or may not be concern. In some
experiments where corner points are infeasible, the Box-Behnken may be an
attractive alternative. This design allows for estimating linear effects, quadratic
effects and all linear 2-way interactions. But when the number of factors is greater
than 4, the Box-Behnken design will be less efficient with regard to the number of
runs than the central composite design. Central composite design was then selected
type of design to-apply 5 high effect parameters obtained from the previous section.

Central composite design (CCD) or Box — Wilson design is a very flexible
and efficient second-order modeling design for qualitative factors. This type of design
contain star points. (refer to chapter Ill). These star points are chosen to produce
rotatability, which simply implies that the predicted response is capable of being
estimated with equal variance regardless of the direction from the center of the design
space.

Because star points will be higher than high level or lower than low level

value, then it is not suitable for some parameters in this research such as for
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parameter pay thickness if we apply normal star point value, the minimum value will
be negative value which is not possible. Then this research apply CCD face center
type to design the experiment in order to force the star points to stay within the range
of high level and low level.

Face center type will not have rotatability and will suffer some loss of
orthogonality for quadratic terms. However, it has been used successfully in
numerous case studies.

Table 5.7 summarizes the series of input level for all parameters by apply
CCD face center type in order to run and get the output cover range and also capture

the curvature of the result.

Table 5.7: Central composite design — Face center

Reservoir | Porosity Pay Residual Skin
Case Pressure Thickness water

1 -1 -1 -1 -1 -1
2 -1 -1 -1 -1 1
3 -1 -1 -1 1 -1
4 -1 -1 -1 1 1
5 -1 -1 1 -1 -1
6 -1 -1 1 -1 1
7 -1 -1 1 1 -1
8 -1 -1 i 4 1
9 -1 1 -1 -1 -1
10 -1 1 -1 -1 1
11 -1 1 -1 1 -1
12 -1 1 -1 1 1
13 -1 1 1 -1 -1
14 -1 1 1 -1 1
15 -1 1 1 1 -1
16 -1 1 1 1 1
17 1 -1 -1 -1 -1
18 1 -1 -1 -1 1
19 1 -1 -1 1 -1
20 1 -1 -1 1 1
21 1 -1 1 -1 -1
22 1 -1 1 -1 1
23 1 -1 1 1 -1
24 1 -1 1 1 1
25 1 1 -1 -1 -1
26 1 1 -1 -1 1
27 1 1 -1 1 -1
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Table 5.7 (continued): Central composite design — Face center

Reservoir | Porosity Pay Residual Skin
Case Pressure Thickness | water
28 1 1 -1 1 1
29 1 1 1 -1 -1
30 1 1 1 -1 1
31 1 1 1 1 -1
32 1 1 1 1 1
33 -1 0 0 0 0
34 1 0 0 0 0
35 0 -1 0 0 0
36 0 1 0 0 0
37 0 0 -1 0 0
38 0 0 1 0 0
39 0 0 0 -1 0
40 0 0 0 1 0
41 0 0 0 0 -1
42 0 0 0 0 1
43 (C) 0 0 0 0 0

5.2.4 Surrogate model fitting

After completed running the whole series of experiment, regression technique
was applied to fit the result from simulation.

The result from simulation is not only one value. But it is production profile
which contain gas rate at each time step. In order to fit the response, production rates
at the same time step were selected altogether for regression and came up with
surrogate model at each time step. This research use timestep size, to capture the
response, equal to one week which is suitable for the production period generated by
our simulation.

For the equation which applied to fit the response, this research applied 4
types of equation to perform regression and then selected the best fit equation for the

surrogate model. The general form of each equation can be expressed as,

- Linear effect equation

y=by + > biX, (5.4)
i=1
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- Linear effect and Quadratic effect equation

;/ =b, + Zn:bi X + Zn:bii Xizi (5.5)
i1 i1

- Linear effect and Linear 2-way interactions equation

n—

A n .
y=bg+ D bix +>. > byX X; (5.6)
TR

i=1 i

- Linear effect, Quadratic effect and Linear 2-way interactions equation

;=b0+ibixi+ibiixi2i+§ibijxixj (5.7)
i=1 =l =8 2

Next section provides sample case of regression fitting. Table 5.8 shows the
series of experiment. Each experiment contains input value for each variable and the
last column presents the result at first time step of each experiment case. By applying

regression technique, equation coefficients can be archived.



Table 5.8: First timestep regression input

54

Reservoir porosity Pay Residual skin Gas rate at
pressure (fraction) | Thickness water first time step
Case gradient (ppg) (ft) (fraction) (MMscf/d)
1 7.750 0.132 29.2 0.320 -0.14 2.443
2 7.750 0.132 29.2 0.320 14.70 1.002
3 7.750 0.132 29.2 0.564 -0.14 2.443
4 7.750 0.132 29.2 0.564 14.70 1.002
5 7.750 0.132 117.0 0.320 -0.14 6.811
6 7.750 0.132 117.0 0.320 14.70 3.549
7 7.750 0.132 117.0 0.564 -0.14 6.811
8 7.750 0.132 117.0 0.564 14.70 3.549
9 7.750 0.184 29.2 0.320 -0.14 9.204
10 7.750 0.184 29.2 0.320 14.70 6.46
11 7.750 0.184 29.2 0.564 -0.14 9.204
12 7.750 0.184 29.2 0.564 14.70 6.46
13 7.750 0.184 117.0 0.320 -0.14 12.476
14 7.750 0.184 117.0 0.320 14.70 10.881
15 7.750 0.184 117.0 0.564 -0.14 12.476
16 7.750 0.184 117.0 0.564 14.70 10.881
17 10.463 0.132 29.2 0.320 -0.14 3.469
18 10.463 0.132 29.2 0.320 14.70 1.505
19 10.463 0.132 29.2 0.564 -0.14 3.469
20 10.463 0.132 29.2 0.564 14.70 1.505
21 10.463 0.132 117.0 0.320 -0.14 9.649
22 10.463 0.132 117.0 0.320 14.70 5.209
23 10.463 0.132 117.0 0.564 -0.14 9.649
24 10.463 0.132 117.0 0.564 14.70 5.209
25 10.463 0.184 29.2 0.320 -0.14 12.944
26 10.463 0.184 29.2 0.320 14.70 9.158
27 10.463 0.184 29.2 0.564 -0.14 12.944
28 10.463 0.184 29.2 0.564 14.70 9.158
29 10.463 0.184 117.0 0.320 -0.14 17.801
30 10.463 0.184 117.0 0.320 14.70 15.491
31 10.463 0.184 117.0 0.564 -0.14 17.801
32 10.463 0.184 117.0 0.564 14.70 15.491
33 7.750 0.155 64.0 0.478 3.00 7.072
34 10.463 0.155 64.0 0.478 3.00 10.027
35 8.930 0.132 64.0 0.478 3.00 4.453
36 8.930 0.184 64.0 0.478 3.00 12.917
37 8.930 0.155 29.2 0.478 3.00 5.032
38 8.930 0.155 117.0 0.478 3.00 10.909
39 8.930 0.155 64.0 0.320 3.00 8.388
40 8.930 0.155 64.0 0.564 3.00 8.388
41 8.930 0.155 64.0 0.478 -0.14 9.473
42 8.930 0.155 64.0 0.478 14.70 5.764
43 (C) 8.930 0.155 64.0 0.478 3.00 8.388
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From the regression result, Linear effect, Quadratic effect and Linear 2-way

interactions equation which can capture linear effect quadratic effect and effect

between correlation of parameters, is the best fit equation base on R-square value.

Fitting equation can illustrated as below,

N

+ D55 X3 X5 + s X, Xg

y =D, +b,x, +b, X7 +b,%, +b,, X5 +b,x, b X2 +0,X, +b,, X2 + b X + 0 X2
+ by, X X, 035X Xg 05, X, X, + Dy X, X + 0,0 X, X5 +0,, X, X, + 0,5 X, X +05,X, %,

Where,

X1 is Reservoir pressure gradient (ppg)

X2 is porosity

X3 is pay thickness

X4 is residual water

X5 is skin

(fraction)

(o)

(fraction)

(5.5)

Coefficient values for the first timestep model are shown in table 5.9. As can

be seen from table, R-square values equal to 0.99007. This shows high quality of

model fitting.
Table 5.9: Regression coefficient at first timestep
. ) (3)Pay Pay
Mean/Inter | (1)Pressure( | Pressure( | (2)Porosity( | Porosity( thickness( | thickness(
c. L) Q) L) Q) L
) Q)
4.7167 -2.8780 0.0386 -7.4916 | -65.7820 0.0399 -0.0004
(4)Residu | Residual (5)Skin :
al water(L) | water(Q) L Skin  (Q) 1Lby2L | 1L by 3L 1L by 4L
-6.3742 6.4497 -0.0150 0.0023 18.1928 0.0067 0.0115
1Lby5L | 2L by 3L 2Lby4L | 2L by 5L 3Lby4L |3Lby5L | 4L by5L
-0.0214 0.1040 3.0277 0.1398 0.0023 -0.0004 -0.0106
Model R-square
L,Q,LL 0.99007
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After regression process, the obtained equation was tested by apply the
equation to calculate the production rate for all series of experiment and then compare
the result with input for doing regression.

The percentage error in the last column of table 5.10 is calculated by

%error = (input production — response surface production) X 100 (5.6)

input production

Table 5.10 compare the production rate of the input for regression and the
production rate calculated by coefficient generated from regression.

From the table, although the response surface model might not get the result
as exactly to the input value, but from the percentage error between input and
response surface model shows the low differentiate. Then this response surface model

can be applied to use as proxy model to forecast field production at the first timestep.



Table 5.10: input data and regression result comparison

Regression
Real input result % error from
Case (MMscf/d) (MMscf/d) input
1 2.443 2.735 11.96
2 1.002 0.616 -38.48
3 2.443 2.707 10.80
4 1.002 0.550 -45.12
5 6.811 6.464 -5.09
6 3.549 3.859 8.75
7 6.811 6.484 -4.80
8 3.549 3.841 8.24
9 9.204 8.804 -4.35
10 6.46 6.793 5.15
11 9.204 8.814 -4.24
12 6.46 6.765 4.72
13 12.476 13.008 4.26
14 10.881 10.511 -3.40
15 12.476 13.066 4.73
16 10.881 10.531 -3.21
17 3.469 3.897 12.35
18 1.505 0.916 -39.12
19 3.469 3.877 11.75
20 1.505 0.857 -43.04
21 9.649 9.216 -4.49
22 5.209 5.749 10.37
23 9.649 9.244 -4.20
24 5.209 5.739 10.17
25 12.944 12.532 -3.18
26 9.158 9.659 5.47
27 12.944 12.550 -3.04
28 9.158 9.639 5.25
29 17.801 18.326 2.95
30 15.491 14.967 -3.38
31 17.801 18.392 3.32
32 15.491 14.995 -3.20
33 7.072 7.175 1.45
34 10.027 9.924 -1.02
35 4.453 4.975 11.71
36 12.917 12.395 -4.04
37 5.032 5.691 13.10
38 10.909 10.250 -6.04
39 8.388 8.386 -0.02
40 8.388 8.390 0.02
41 9.473 8.950 -5.52
42 5.764 6.287 9.07
43 8.388 8.301 -1.04
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There are limitations which decrease the fitting quality. Fitted model at the
beginning is Linear effect, Quadratic effect and Linear 2-way interactions model
(Eq.5.7) which contains high R-square value. Later on, fitting model was changed to
the lower required input parameter model because calculation could not be converge
due to limitation of input data. Different cases have different production periods.
From that reason, some experimental cases which have short production period will
have no inputs for processing regression at later time step. The surrogate model for
this research is available for 80 weeks of production period. Regression coefficients
for other timestep are summarized in table 5.11.

In order to apply surrogate model to generated production profiles, production
rate at each timestep was calculated by using the input values of high effect
parameters cooperate with regression coefficients for that timestep which mean if we
need to construct production profile for 80 weeks, we need to perform 80 calculation
processes.

Excel based tool was developed to automate the calculation for the whole 80
timesteps. By inputting values of high effect parameters, this tool will generated the

production rate for all timesteps instead of manual calculation.



Table 5.11: Regression coefficient for all timestep
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Meandl | [Pres | Pressul P2 | porosigg | PP (Pay  |(Fesi Residu) e tapin [iiby fioe oy |iby |2y ZLby |3ty |ZLby |4Lby
nters. | surelL] | re(q) asity[L Q) thickne | thickne|dual | al T a1 aL " BL aL ZL by 4L BL " 5L BL Model | F-square
week ] s=(L]  [=s(@E] | water[L | water|

1| 47167 |-2.6780| 00386 -7.4915| -65.7820| 0.0333(-0.0004]-6.3742[ 6.4437| 0.0050] 0.0023[ 131328 0.00ET| 0.0115] -0.0214] 01040  3.0277| 0.1338] 0.0023[-0.0004] -0.006| Lol | 039007
2| 2viz| 2489 0026 T.354| -06.333] 0024 0.000] 4480 G.a72| 0042 0.002| WE732| 0.007| -0.036| 0013  019|  -B.285| 0.320] 0.004] 0.000] 000|LGLL | 093102
3| tee3| zama| oo028| 20298 -4E.F05| 0.0%2| 0.000] 1738 4546 0062 0.001| 15640| 0.007| -0026| 0013|0261 -18.396] 0482 0005 -0.001 0.026|LGLL | 093173
4| 0360[ 2204] 0025 33631 -8v.F05| 0001 0.000] 0562 2462 0086 0000| 4570| 0007 -0425| 00| 0327 -2r.7en| 0648 0008 -0.001 0.038|LoLL | 099233
5| -to7a| -18EE| no021] 43396 213675 -0.010] 0.000] Za42| 1986| 0004 0.000| 13452 0007 -0.020] -0014| 0385 -ar.227| 0.797| 0.007| -0.001 0.052|LGLL | 099280
| -2v21| -L7EE| n019] 59.364| -255.245| -0.018| 0.000] 5427 08| -0.122| -0.001 12.316| 0007 -0.213| -0.013| 0436 -46173] 0822 0.007| 0001 0064 LoLL | 059304
7| -4018[ -1B0E[ 0017 B6.183| -270.436| -002E| 0.000] 9126 -LeGY| -0432| -0.001 NM286| 0.007| -0263| -0092| 0484 B4143] 1025 0008 0001 0074 LoLL | 099333
5| BAE0| -1346| OO0 75445 -280.211| 0035 0.000] 105643 2054 -0.0%4] -0.002| 10140 0.007| -0308| -000| 06523 -B073| 1140 0007 -0.001 0084 LoLL | 0.99356
9| BEI0| 27| 0.007| B25EG| 301396 0045 0.000| 12793 -nA41| 0058 -0.002| 9.071 0.007| -0366| 00| 0660| -FEAE0| 1237|0007 -0.001 0.096| LGLL | 059360
0| -B.305| -0.783| -0.005| 87.965| -Fl2682| -00G3| 0.000] 14663] 4176| -0.85| -0.00%| &17| 0.007| 0418 -0.003] 0592 -T1883| 1313| 0.007] 0001 O008|LGLL | 099356
W 2514|0753 -0.0m| s3zrr|  -ani6z| -0.058| 0.000| 17.006| -B.063| -O.077| -0.003| 7.293| 0.007| -0450] -0.008] 0.624] 7661 1.386| 0.008| -0.001 ONF|LGLL | 089373
12| -95a7| -06N| -0.008] 94497| -322.023| -0.065| 0.000] 17.952| -6.083] -0.138| -0.003| E534| 0007 0483 -0008| 0543 -Ei200| 1454] 0.008] 0001 0022|LoLL | 099331
13| 10473| -0.273| -0.017| 95.094| -320597| -0.063| 0.000] 19.395| 6.936| -0.195| -0.00%| 58e0| 0.007| -0508| -0.007| 0671 -85.262| 1433] 0.005] 0001 0.126|LGLL | 099380
14| 10904 -0164| 008 98.132| -322.760| -0.073| 0.000] 19.968| -6.866| -0.095| -0.003| 5.261] 0.007| 0508 -0.006| 0586 -30.385| 1518 0.004] -0.001 0.123|LGLL | 099400
15| -M203| -0063| -0.022| 99015 -320.820| -0077| 0.000] 20433] -E@I0| -0.197| -0.003| 4746| 0.007| 0508 -0006| 0537 94541 1523] 0.004] 0001 OIH|LGLL | 093417
16| 538 0.017| -0.024|104.643] -334.937| -0.073| 0.000] 20.356| -B.261| -0201| 0003 4293] 0.007| -0507| -0.006| 0708| -aresn| 1515 0.002] -0001 0.135|LoLL | 099443
17| TEE4| 0002 -0.021| 105531 -336.867| -0.080] 0.000] Z1365| -6.992| -0.203| -0.003| Z934| 0.007| 0503 0006 0716 00030  150| 0.001 0001 0035|LoLlL | 099459
18] 1075| -0078| 0004105552 -2a7.082| 0081 0.000] 22398 -7.769| -0.205| -0.00%| ®EEH| 0007 0508 -0.006] 0717 02478 1523] -0.001 -0.001 0038 LoLL | 099505
19| 0748 0.010| -0.019| 35652 -309.522| -0083| 0.000] 23435 5924 0.203| 0003 3617| 0.007| 0465 -0.004] 0.726| -06.130| 1655] -0.001 -0.000 O.08E|LGLL | 099532
20| 9429 0036 -0.020] 84.990] -292.031| 0076 0.000| 20.384] -7.955| -0.05%| -0.002| o.751| 0.008| -0.347| -0.006| 0693 -95.873| 1373 0003 -0.001 00| LGLL | 099639
21| -9.233| -0.085| 00| 8444 -289.005 -0.076| 0.000] 21550 -8.226| -0.070| -0.002| 2401 0005 -0.253| -0.006| 0.700] -37.306| 1333] -0.002] 0001 O4|LGLL | 099852
22| -amz| -0.058] 0013 B1E01| -279.308| 0075 0000 22496 B892 -0.077| -0.002| 2073 0006 -0278| -0.005| 0700 92165 1400 0013 -0.001 ON8|LGLL | 099662
23| BE7Z| 0044 0072 77026 -264.244| 0075 0.000| 23445| -8.993] -0.088] -0.002| 2784 0006 -0.414| 0004 0700 -93136] 1414 0015 0001 0123 LGLL | 0493661
24| 8950 0003 0072 75281 -256.636| -0.074| 0000 24093 9852 -0.093] -0002| 2473 oo0e| -0428| 0003 0693 -994r3| 1413 0017 0001 O0126|LoLL | 099653
25| GBE7| 0147 -0017| 77062 -258.019 -0.075| 0.000] 24.830] -0130] -0.097| -0002| 2.136| 0005 -0453] -0.003| 0693 -00554] 1409 0019 0001 0130 LoLL | 099663
25| -9.883| 0223 0076 TE56T| -252.721| 0074 0000 24028 -3.745] -0.096| -0002| 1826 0.005| -0483| -0.002| 0683| 01438 1402 0020 -0.001 0135 LoLL | 099652
27| 0070 0,300 -0.020] TEETE| -249.634| 0075 0.000] 24.774| -9.393] -0.094] 0002 1548 0.005 0501 -0.002| 0634| -01537| 13r2| 0022 -0.001] 0133] LOLL | 009644
25| 0802 0473 0.027| 7R047| 248139 0074 0.000| 24925 -9176| -0.097| -0.00Z| 1254 0.005| -0516| 0001 0680| 02538 1381 -0024| -0.000 0040 LGLL | 099543
29| 10896 0555 -0.03| 75.093] -245.735| 0075 0.000| 24.962| -5.783| -0.196| 0.00Z| 1197| 0.005] -0507| 0.000| 0636 -0660E| 1351 0023 -0.001 0134 LGLL | 099602
20| -MI87| 0624 0023 75158 -240.867| -0.076| 0.000] 25E08| 8063 -0.190] -0002| 0964| nO005| -0520| o000 0685 -07.8ss| 1328 0023 -0.001 0133 LGLL | 0499591
3| -M475| 0.738| -0.037| 72.875| -2a8431| -0076| 0.000] 25835 -2a08| -0186| -0.002] D861 0005 0550 0000 0584 08226 1325] -0.024] 0001 0.135|LGLL | 099579
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Meantl | [1Pres | Pressu| EI S | Parasity | PP (P2 Eﬂ;‘egi :EEMU [6)Skin [Skin  [ILby  [by [ty [ILby |20 by 2lby [3Lby [3Lby [4Lby
nters. | surelL|re(@) |5 @) thickne | thickne| | ver[waterr | L1 [ f20 e far s fa [FRRYM |s 0 a0 |sL s |Model Fesquare
Week 1 z=[L] | ==(0) a

2| 12.246 0893] -0.043] 77.606| -250445| 0078 0.000| 25827| -5534| -0.87| -0003] 0543] 0004] 0576 00m| 0629] -09443] 1356] 0026 0001 0132[LGLlL | 09345
3| 12.786| 0873 0041 81094] 242609] -0.072| 0.000] 25.947| 7563 -0.073| 0001 0405 0004] 0643] 00M| 0628 -e2m0| 1061 0024 0001 0058 LGLL | 09961
34| 12426 0982| -0.046] 23908 -246.391) -0.072| 0000 26.145| -7595| -007a| -0.001| 0632| 0004] 085 0.000] 0620] 15563 1023] 0025 0001 0.1680|LGLL | 099605
5| 12653 1027| -0.047] 24.300| 244558 0073 0.000| 26243 7473 -O0rz| 0002| 0630| 0004] 06| 0.000] 0813 TE&sZ|  1018| 0026 0000 0180|LGLL | 099584
26| 15.680] 1053| -0.043] 34485 -242305| -0072| 0000| 26.235| -7227| -0.063| 0002 0415 0004 -0662| 0.000] 0603 -17635| 0957| 0026 0000 0061 LGLL | 099564
57| 12.877| 1138| 0051 84454] 23851 -0072| 0000 26135 -BA86| 0189 -0002| 0.217| 0004 0675 000 0533 07818 0963] 0027 000 0160|LGLL | 039534
u| 14.258| 1202| -0.053| 86.086| -237540| -0.072| 0000 26.138| -EEGH| -0.064| -0.002| 0023 0004) 0633 000 0532] 118575 0923] 0028 0.000] 0180|LGLL | 09950
a| 2.7a6| 1024| -0.043| 76.098| -2ww.36z| -0.077| 0000 27590 -4E17| -0.14%| 0.002| 0273 0004] 0325] 000 0533 121258 0557] 0038 000 018|LELL | 099630
sn| 1183] 0824| 0032 63A1Z| 1947H| 0071 0000| 27228 4434 0044 0002 0151 0004 0352 000 0581 170801 0847] 0030 0000 0204 LGLL | 099678
41| 261 0857 -0034] 63113| 192486| 0071 0000| 27.144| -4533| -0142| 0002 O18| 0004 0954 0001 0570 -20782] 081 003 0000 0205 LGLL | 099674
az| -M6E2| 0901 -0.034] 72862 -197.648| -0.070| 0000 27.015| 4460 -0.139| -0002| 0095 0004] -0985] 000 0562] 121940 0781] -00H| -000] 0207|LELL | 099656
43| -M562| 0885 0024 71993 194915 -0.070| 0000 27201 4530 -0.35 0002 0037 0004] 0970] 000 08553 122157 0.744] 0032 0001 0.207|LGLL | 099686
44| -M8EE| 0902 0034 74731 -201347| -0.070| 0.000] 27.673| -4.936| D132 0002| -0202| 0004] 0363] 000 0545] 122544 07a0] 0033 0000 0208 LaLlL | 099683
45| 12.083| 0.755| -0.027| 5816 237071 -0.070| 0.000| 27.304| -4367| -0.35| -0002| 0240 0004 0363 000 0541 123231 0717] 0033 0000 0204 LGLL | 089677
4| 0555 0655| -0.022| 71401 210861 -0.065| 0.000| 27788 -5052| -0.140| -0.001| 0145 0003 0973 0.002] 0553 -122537| 0BEE| -0.033 000 0202 LaLL | 039677
47| 6173 0266 NI o -0.043 0| 23404 o] 0158 0| 0054 0004 0334] o002 0am| 122897 0657] 0006 000 0197|LLL | 099523
43| 5023 0.257 NIEEE 0| -0.043 0| 23676 I o| -oo0z| ooz narz| oooz| 0403 122453| ose23| 0027 000 0997|LLL | 099527
43| 5027 0.27% NEEEE o -0.043 0| 25751 o[ -0.144 o| 0032] no003] 0975 o002 0403 122234 0505] 0058 0.000] 0495|LLL | 099483
B0| 4737|0273 o] 13562 I 0| 23575 R 0| 0083 0003 0363 0002] 0404] 21471 0563] 0033 0.000] 019Z|LLL | 099463
5i| -4609] 0267 AL o 0042 0| 23436 IEREE o| 05| oo0z| 03] no02] 0405] 121400] 0543] 0038 0.000] O13|LLL | 033485
52| 4438 0269 EEE o 004z 0| 23128 0| 0135 0| 0134 oooz[ 0wz no02[ 0407| 121478 0508] 0038 0.000] 0190|LLL | 099458
53| 4841 0z7 NIEE 0| -0.038 0| 23409 N o| -0z3s| oo0z| 0a0s] no0z] 03s| z1273| 0473 0041 0000] 008 LLL | 099553
54| 4878| 0257 NIEEE 0| 0032 0| Z3.235 IERES 0| 0236 0003 0877 0003 038 2zar7| 0457 0041 0.000] O17E|LLL | 099588
FE| 4857 0275 NIEEE ol -0.038 0| 23123 IEREE 0| -0408| 0003 -0862| 0003 0332] 1222f3| 0428 -004] 0000] O1F7|LLL | 099554
56| -+.77a] 0409 o] 15434 o 0037 0| 23956 IEEE 0| 0542| 0003 0734 0003 0439) 122624 0397] -0.054] 0.000] 0186|LLL | 099564
IR EE I o -0.036 0| 23933 o[ o 0| 0553 no02| 0770 0003 0440] z233| 0374] 0056 0.000] 0186|LLL | 099587
Ba| -3.754| 0.238 o] 12498 o 004z 0| 23716 o[ -0.109 0| 0474| no0z] 0742[ no0z[ 0450] 1zz2a0| 0370] 0055 0.000] 0090|LLL | 099599
ma| -Mae0| 0653 NEEEE 0| 0030 0| 26535 N 0| 0428 0001 0635 0003 0266] 124043 0327| 0082 0.000] OI73|LLL | 099654
&0| 2133 D676 o] 34403 R 0] 26,743 NEEE 0| 0544 0001 0622|0003 0262] 124723 01| 0083 0.000] O1F3|LLL | 089637
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[T o = = 2 w2 s E.‘L]?.Eﬂ z:esmu (5)Skin|Skin - |1Lby by |Lby |iLby [2Lby 2Lby |3Lby |3Lby [4Lby
i | s e osity[L a) thickne| thickne i i i@ sl al 4L EL al 2L by 4L EL 4L 5L EL Model | R-square
Weak ] ss[L] [ss(3] \ o

g1| 12575 0708 0| 26.084 D 0| 27289 0| 0124 0| -0e56| -000m| -0.692| 0.004] 0258] -12r06| 0323 -0024] 0000 0182[LLL | 049729
g2 12786 0740 NIEEE IR NIEEE o] 0153 0| -0933] -000| Oras| 0005 0261 133320 0420] -0084] 0000 0202[LLL | 099796
%3] 10222 | 016652 o[374ma o[ n.0z30 o[ -E.0266 o[ 00008 0 0 0 0 o 0 o 0 o 0 oL 0.86354
64| -0.2633] 0.16143 0| =385 0| 00227 o[ -€.0z08 o| 00022 0 0 0 0 0 0 0 0 0 0 oL 0.85967
£5] -0.7177| 015510 AEEE RS 0| -5.3950 B EEE 0 0 0 0 0 0 0 0 0 0 oL 0.85650
£6|-05323| 015037 R o[ n.0zz0 NEEER o 0.o04% 0 0 0 o o 0 o 0 o 0 oL 0.85422
£7]-04335| 014625 0| 64825 FITER 0| 593916 0| 0.0054 0 0 0 0 0 0 0 0 0 0 oL 0.34330
£3]-0.4365| 010828 0| 78376 o[ noziz 0| 55460 o 0.0100 0 0 0 0 0 0 0 0 0 0 oL 0.85406
£a| -0.3021 00127 0| 63436 o[ n.oz08 0| 55563 o] 0.0 0 0 0 0 o 0 0 0 0 0 oL 0.84722
70| 0.0170| 0.0833 NEEE 0| 0.0204 0| 56340 | 0.0 0 0 0 0 0 0 0 0 0 0 oL 0.52991
71| -2.1900| 0.14854 o[ 123841 0| 0.0205 0| 4 0| 0025 0 0 0 0 0 0 0 0 0 0 oL 0.32803
72| 20413 n1ae3 o 11434 AEEE o] 41364 0| 0022z 0 0 0 0 0 0 0 0 0 0 oL 0.92576
73] 1972 | 013936 007422 AIIEE o 4108 o n.023¢ 0 0 0 0 o 0 o 0 o 0 oL 0.32436
74| 17652 | 0.13515 NEELD 0| 0.0195 o -4.1050 0| 0.024% 0 0 0 0 0 0 0 0 0 0 oL 0.32141
75| 16313013088 NIEEE AIEE 0| -4.0955 0| 0025E 0 0 0 0 0 0 0 0 0 0 oL 0.91912
76| 14955 | 012468 0| 53465 AIEE 0| 4050 0| D.0z63 0 0 0 0 o 0 o 0 o 0 oL 0.30838
77| 18325 015442 FIEEE AIIEE o[ -34052 o 0.0208 0 0 0 0 0 0 0 0 0 0 oL 0.92341
78| 13571013347 o B.740 o[ ootz 0| -3.5571 0| ooire 0 0 0 0 0 0 0 0 0 0 oL 0.93643
73| 12368 (013552 AITEE RS 0|-25382 o] ez 0 0 0 0 0 0 0 0 0 0 oL 0.93405
20| 13726| 01333 0| 54933 o] 00186 B 0| 0.0253 0 0 0 0 o 0 o 0 o 0 0L 0.32432
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5.3 Surrogate model testing

surrogate model by comparing production profile from simulation and production

profile from surrogate model.

timestep and the same input numbers were transferred to simulator and then generated

the production profile and plotted both profiles together to compare the result.

and also show production profiles generated by both methods.

Case 1

This section, random numbers of input were generated to test the quality of

Random number of input were used to calculate the production profile at each

Figure 5.11 to 5.17 show input value for both simulation and surrogate models

Reservoir Porosity. | Pay Residual | Skin
pressure (fraction) | Thickness | water
gradient (ppg) (ft) (fraction)
9.000 0.160 80.0 0.500 8.00
10 —_— —
g
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Figure 5.11: Surrogate model and Simulation comparison (Case 1)
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Case 2

9.000 0.170 100.0 0.400 12.00
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Figure 5.12: Surrogate mode ar tion comparison (Case 2)

Q
For the cagmand case 2, pro

simulation are similaB Ther

m th surrogate model and
one @htly different but for the
whole profile it shows high fitting quality.

AOUUINBUINT )
RN ITNIMENAY



Case 3
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Figure 5.14: Surrogate model and Simulation comparison (Case 4)



65

As can be seen from figure 5.13 and 5.14, the final part of profile has greater
different than other part. This is because the fitting model in the final part is linear
effect model and has lower R-square value than other part as a result of greater

difference between surrogate model and simulation one.

Case 5
Reservoir | Porosity Pay Residual Skin
pressure (fraction) | Thickness water
gradient (ft) (fraction)
(PP9)
8.500 0.170 35.0 0.400 5.00
PN Sy o 417NN N
T 4
—+— Simulate
6 T
5

i sefid
W =

Week

Figure 5.15: Surrogate model and Simulation comparison (Case 5)

Figure 5.15 shows that the -production profile from surrogate model is
different from simulation since this model cannot automatically stop calculating.
Because, the surrogate model is a series of production rate equation for each timestep
and have no algorithm to stop production forecasting. It will generate the production
rates for all timestep although the production profile decline lower than production
cutoff rate. In order to use this surrogate model, user needs to carefully set the

production cutoff criteria and cut out the production profile later than cutoff value.
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Case 6

10.000 0.140 60.0 0.500 10.00
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Figure 5.17: Surrogate model and Simulation comparison (Case 7)
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As seen from figure 5.16 and 5.17 there is early section that the result from
surrogate model does not match with simulation data. Because during regression
process, some peak value were smoother out by regression equation. Then, applying
this technique needs to care about its limitation.

Figure 5.11 to 5.17 show production profile comparison between surrogate
model and simulation result. Most of production rate generated by surrogate model
show the same trend as simulation results and have slightly different production rates
between two models at each time step. Therefore this surrogate model can be used for

production prediction.

5.4 Surrogate model application

As discuss earlier, the objective of this research is to forecast field production.
So we developed surrogate model to forecast production profile based on high effect
parameters. But it still has limitation of use, simulation model would stop at certain
period while our surrogate model still continue forecasting. This requires suitable
decision to select production period.

This section shows how to apply this model to forecast production. By
applying this surrogate model to group of wells which have surface condition similar
to this surrogate model. Total field forecast is the summation of individual well
production forecast generated by the surrogate model.

Excel base tool was developed to simplify the process of calculation. Monte
Carlo technique might be applied to study uncertainties but it require carefully use

due to limitation as discuss above. Figure 5.18 shows flow chart of calculation.
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Figure 5.18: Surrogate model application flowchart
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The calculation process starts by obtaining parameter input values from the
field. Then production profile is generated by using the surrogate model. If there is
historical production data available, history matching can be done by adjusting the
input value. Finally, production from each wells are added up to total production.

Next section presents the results of applying excel based tool to forecast
production from field by comparing the result from surrogate model with historical
production data from this field. This field starts its development at October 2004 with
11 production wells. But since Jan 2004, it indicated that there were 4 wells that have
poor production performance such as show in figure 5.19. Then, 7 wells were selected

for production forecasting.

i e |
o Lo "
i ! h 2 & I:

Figure 5.19: Poor Production well

The required parameters for history matching process are reservoir pressure
gradient, skin, pay thickness and residual water saturation. This surrogate model was
developed based on production from group of pay sands in one well. Each pay sands
may contain different reservoir properties. Therefore, only exact data for performing

history match is pay thickness which is the total thickness of pay sands in well. Other



70

input parameters values should use their weight average values of individual pay
thickness. Figure 5.20 to 5.26 show each well production forecast compare with its

initial production.

i T L - i Jgmyy 11 1 115 1 11 % oFay

eMi2004 112004 21702005 ﬂﬁrﬁﬂ'[rcﬂﬁ WE2005 121402005 324/2008
=11

Figure 5.21: Well 1l production forecast
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Figure 5.23: Well IV production forecast
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Table 5.12 Summarized matching parameter value from every well

Reservoir
Delay .| pressure _ Residual
Start gradient | porosity Pay water
Start date | (weeks) (ppa) (fraction) | Thickness(ft) | (fraction) | skin

Well 1 1/14/2005 16 8.1 0.15 78 0.402 10
Well 2 | 10/24/2004 4 8.8 0.15 34 0.58 5
Well 3 | 11/21/2004 8 8.516 0.161 64 0.476 0
Well 4 | 10/23/2004 4 7.9 0.152 92 0.45 14
Well 5 | 10/4/2004 1 8 0.17 30 0.57 3
Well 6 | 10/13/2004 2 8.94 0.1675 112 0.428 3
Well 7 | 10/18/2004 3 8.5 0.179 60 0.414 0

Using values of each parameter from table 5.12 imported to excel base

tool the production profile from this group of wells can be generated as figure 5.27.
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Figufe5.28: éompariéon between field produétions with surroéate model result
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Figure 5.28 compare production profile from historical production data by
plotting together with production profile generated by response surface model. As can
be seen from the figure, both production profiles have the same trend and some
slightly differences. Therefore, this technique was proved that it can apply to forecast

field production



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

This research focuses on gas production forecast from group of wells which have
similar surface operating condition and using reference data obtained from “P” field
which is the one of major gas fields in the Gulf of Thailand.

The experimental design has been applied to this research for two purposes. First
is screening purpose. The objective of this design is to screen the variables which have
high effect on the result generated by Integrated Production Modeling toolkits
application. Plackett-Burman design which commonly known as screening design was
used to screen the main 11 input parameters for IPM simulator, namely gas gravity,
condensate gas ratio, condensate gravity, reservoir pressure gradient, porosity, pay
thickness, MD/TVD, TVD, residual water saturation, total skin factor and flowline
pressure. Other input parameters for base case simulation were the average values
obtained from “P” field.

One variable at a time (OVAT), traditional method for screening high effect
parameters, was also including in this research to compare with screening design results.
IPM output is not a single output value but it is a production profile containing
production rate at each timestep. This creates complexity in identifying high effect input
parameters. In order to identify high effect parameters, production profile characteristic
parameters were introduced to. be considered as criteria of result. These parameters
include initial gas rate, production period and cumulative production at abandonment.

As a result of screening process, it indicates that the significant high effect
parameters identified by OVAT method and Plackett-Burman design for each production
profile characteristic parameters are almost the same. But the number of simulation runs
for Plackett-Burman design are much lower than OVAT which means that Plackett-

Burman design technique is an effective tool for screening high effect parameters.
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From the result of both techniques, porosity, pay thickness, reservoir pressure
gradient, total skin factor and residual water saturation were the selected parameters to be
considered in the next experimental design to determine production forecast.

The second purpose is to develop surrogate model. This will be achieved by
performing response surface design which allows us to estimate the interaction and even
quadratic effect, and therefore give us an idea of the (local) shape of the response surface
we are investigating.

This research apply central composite design (CCD) which is a very flexible and
efficient second-order modeling design for quantitative factors to do experiment covering
entire response. This CCD is face center type. Because we need to control the star point
to stay in the range of high and low level.

After running simulation, regression techniques are applied for fitting a response
of simulation. There are 4 types of equation to capture the effect of high effect parameters
to the result including,

- Linear effect equation

- Linear effect and Quadratic effect equation

- Linear effect and Linear 2-way interactions equation

- Linear effect, Quadratic effect and Linear 2-way interactions equation

From the results, developed surrogate model has high fitting quality based on R-
square value up to 80 weeks of production period. At the early timestep, fitting model can
be complicated models such as Linear effect, Quadratic effect and Linear 2-way
interactions equation but late timestep, some experimental cases which have shorter
production period have no inputs for processing regression then the complicated model
can not be used.

Regression process also could not fit all of the exact value of input. Some peak
values were smooth out by fitting equation. So, using the model need to apply it
carefully. But for the test case and history matching process it shows high accuracy of
estimation. Therefore, this surrogate model might be applied for forecast field production.

Excel base tool was developed for applying the surrogate model to forecast
production for the group of well with have similar surface condition. This tool was tested

by applying it to forecast field production for a group of 7 wells. The result shows that
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production profile generated from the surrogate model has similar trend and its
production forecast is slightly different from historical production data.

Applying Monte Carlo simulation technique to this tool could help user to identify
the uncertainty in the gas production profile. And it would helpful for planning operation
schedule in order to sustain production rate meet business target.

Surrogate models developed by this research can be applied for field that has
similar properties only. Otherwise, it might create error in production prediction. So
recommendation for the future work is to develop model in various reservoir properties in

order to apply with more diverse reservoir properties and operating conditions.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

REFERENCES

Montgomory,D.C Design and Analysis of experiments, 5" Edition, John
Wiley and Sons, INC., 2001

Sanhi,A Uncertainty Analysis using Design of Experiments, training course
notes, presented at Chevron, Bangkok, Feb 16

J. Chewaroungroaj, O. J. Varela. L. W. Lake An Evaluation of Procedures to
Estimate Uncertainty in Hydrocarbon Recovery, SPE 59449 presented
at the 2000 SPE Asia Pacific Conference on Integrated Modelling for Asset

Management, Yokohama , Japan, Apr 25-26

W.T. Peake, M. Abatah and L. Skander Uncertainty Assessment Using
Experimental Design: Managish Oolite Reservoir, SPE 91820
presented at 2005 SPE Reservoir Simulation Symposium, Houston ,Texas
USA, Jan 31 - Feb 2

C.Y.Peng, R. Gupta, K. Vijayan, G. Smith, M. Rayfield, D. DePledge
Experimental Design Methodology for Quantifying UR Distribution Curve-
Lessons learnt and still to be learnt, SPE 88585 presented at the 2004
SPE Asia Pacific Oil and Gas Conference and Exhibition, Perth, Australia,
Oct 18-20

B. Yeten, A. Castellini, B. Guyaguler and W.H. Chen A Comparison Study on

Experimental Design and Response Surface Methodologies, SPE 93347
presented at the 2005 SPE Reservoir Simulation Symposium,
Houston, Texas USA, Jan 31 — Feb 2

Cheong Yaw Peng Experimental Design in Deterministic Modeling Assessing
Significant Uncertainties, SPE 80537 presented at the 2003 SPE Asia

Pacific Oil and Gas Conference and Exhibition, Jakarta, Indonesia, Sep 9-11

B. Li and F.Freidmann Novel Multiple Resolutions Design of
Experiment/Response Surface Methodology for Uncertainty Analysis of
Reservoir Forecasts, SPE 92853 presented at the 2005 SPE Reservoir

Simulation Symposium, Houston, Texas USA, Jan 31 — Feb 2




FONUUINYUINNS )
ANRINTUNIINENRE



81

APPENDIX A

Simulation model construction

Figure A.1 is simulation model build in GAP.

; 1 o i
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Figure A.1: GAP simulation model

Sap
This symbol j refers to separator. But the separator in GAP does not have

to be the physical separator in the field. It is simply a point of fixed pressure in the

network.

-~ . IniChk

This symbol ] E refers to choke.

This symbol ‘ refers to reservoir section which linkable to MBAL. All material

balance calculation was done here.

From MBAL required parameter was show in figure A.2 to A.5. Step of input was

describe as follow

First is parameter input for PVT calculation.
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Figure A.2: PVT input section in MBAL

Second is parameter input for Tank mode

Tank \w'ater Rock Rock
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Figure A.3: Tank input section in MBAL

Third is input parameter for aquifer model.

Tank i aber Fock Fock Pore Wolgris|  Relative | Production

Parameters Influ Compress, | Compaction | v Depth | Pemeability | Hiztory

todel IHutst-van Everdingen-Modified j
Syztem IFladiaIAquifer ﬂ

Reservair Thickness (LB feet
Reservair Radius |74 feet
Duter/rner Badius ratio |2.2
Encroachment &ngle |60 degrees

Aquifer Permeability [1.63305 m

o

Figure A.4: Water influx input section in MBAL
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Fourth is input parameter for relative permeability

Tark W ater Rock Fock  |Pore Yolume|  Relative | Praduction
Parameters Iflues Compress. | Compaction| v Depth | Permeabiliy | Histoy

Water Sweep Eff. percent

Rel Perrn. fram Carey Funchaonz

Hysteresis | Mo

R ezidual End Paoint : E xponent
Saturation |
|
|

| Fraction fraction
Kpnw 055 na 2

Krg 01 nsa 2

Figure A.5: Relative permeability input section in MBAL

Wi
This symbol _A refers to well section which linkable to Prosper. The Inflow
performance relationship and Vertical lift performance are calculated here.
From Prosper required parameter was show in figure A.6 to A.9. The step of input

was describe as follow

First is input parameter for deviation survey section to identify shape of well.

Input Data - = — .
Measured True Wertical Curnulative '&' |
| [epth Depth Dizplacement ngle

feet] [Feet] [feet] [Hegreesz)

11]0 1] 1] ]

2112500 2800 0 0

3| 8661.07 ¥231.54 287297 38.9434

A

Figure A.6: Deviation survey input section in Prosper

And deviation survey also can plotted as shown in figure A.7



| DEVIATION SURVEY

2000)

4000

True Vertical Depth (feet)

6000)

8000

2000

3000

4000

it (feet)

Figure A.7: Deviation survey plot

Second is input parameter for downhole equipment to identify restriction in well

and tubing size diameter.

—Input Data — - _—-l—v = e,
7SS feasured || Tubing Tubing
Label ~Type —Depth Inzide Inizide
fimy)n e | Diameter | Roughness
> i Tiest] linehesz] g1 [inches)
1 Frmaz Tree 1] : 2 4
2 Tubing BEE1.07 [0.0008
3 S55Y 233

a < e
Figure A.8: Downhole equipment input section in Prosper

Third is input parameter for geothermal gradient calculation.

“Input Drata
Formation Formation
teazured Depth || Temperature
[feak] [deg ]
1/]0 an
2| 8EE1.07 321.581

Figure A.9: Geothermal gradient input section in Prosper

After complete this input section, VLP can generated by vary some input variable

to make it cover entire range of variable during running simulation.
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Figure A.10: VLP calculation

Prosper also generate inflow performance relationship which can transfer to GAP
in order to do the process.
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Figure A.11: IPR calculation




APPENDIX B

Openserver template

Cption Explicit

'Petroleum Experts Ltd - Open Server VEBA Example
' These lines declare global wvariables
Dim Serwver As Cbject

Dim Connected As Integer

Dim 1lErr &= Long

Dim Command As String

Dim AppName As String

Dim O55tring A= S5tring

Dim typeFluide A=z Long

86

Sub Macrol)

Connect

'"Wirite Macro Here

Disconnect

End Sub

Sub Connect{) '"Thi=s utility ereates the OpenServer object which allow:
'comunication between Excel "and-IFHM Tools

If Connected = O Then
Set Server = Createlfbiject{"EX3Z2-OpenServer./d™)
Connected = 1

End If

End Sub

Sulbr Disconnect|()

If Conneceed = 1 Then
Set Server = Nothing
Connected = 0

End, If

End Sub

Figure B.1: OpenServer script template



'This utility funcrion extracts the application name from the tag

Function GetAppName (Strval As String) As String

Dim Paos

Pos = InStcr(Strval, ".")

If Pos < 2 Then
M=sgBox "Badly formed tag string”
End

End If

GecthppMName = Left (Strval, Pos - 1)

atring

If StrComp (GethppMName, "PROSPER", 1) <> 0 And StrComnp (GechppName, "MER

M=sgBox "Unrecognised application name in tag string"™

End
End If

End Funection

Perform a command, themweheck for errors

Suk DoCmd (Cmd A= String)

Dim 1lErr As Long
lErr = Server.DoCommand{Cmd)
If 1Err > O Then

MagBox Server.GetErrorDescription(lErr)

Set Server = Nething
End
End If

End Sub

'Set a value, then checkffor errors
Suk DoSet (5v As S5tring, WVal)

Dim 1lErr As Long

l1Err = Server.SetValue (5w, ,Val)
AppName = GetAppName [Swv)

lErr = Server.GetlLastError (AppHName)
If 1Err > O Then

MsgBox Server.GetErrarbDescription(lErr)

Set Server = Nothing
End
End If

Get a wvalue, thfm check for errors

Function DoGet (Gv As S5tring) As String

Dim 1Err A= Long

DoGet = Server.GetValue (Gv)
LppName = GetAppMName (Gv)
1lErr = Server.GetLastError{ippName)

If 1Err >,0 Then

MagBox Server.GetlastErraorMessage [(Apphame)

Set Server = Nothing
End
End IE

Fnd Foanetrinn

Figure B.1 (continued): OpenServer script template
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' Perform a command, then wait for the command to exit
' Then check for errors
Sub DoSlowCmd (Cmd A= String)

Dim starttime A= Single

Dim endtime A= Single

Dim CurrentTime A= Single

Dim 1lErr A= Long

Dim bLoop A= Boolean

Dim =tep L= S5ingle

step = 0.001

AppName = GethppMName (Cmd)

l1Err = Server.DoCommandisync (Crad)

If 1Err > 0 Then
M=sgBox Server.EetErrorDescription(lErr)
Disconnect
End

End If

While Server.IsBusy (LppName) > 0O
If step < 2 Thenm
step = step * 2
End If
starttime = Timer
endtime = starttime + step
Do
CurrentTime = Timer
'"DoEvents
bLoop = True
FEem Check first “for tThe case where we have gone over
FEem and the number of seconds wWill go back to zero
If CurrentTime < starttime Then
bLoop = False
Rem Naw.check for the 2 second pause finishing
Elself CurrentTime > endtime Then
bLogp = False
End If
Loop While BLoop
Wend
AppMName = GetAppName (€md)
l1Err = ServerdGevrlastError (AppHame |
If 1Err > @\ Then
M=gBox Server.GetErrorDescription(lErr)
Disconnect
End
End If
End Sub

' Perform a2 function in GAFP, then retrieve return value
' Finallwy, check for errors
Function DoGAPFunc (Gv A= 5tring) As 5String

DoSlowCmd Gv

DoGRPFunc = DoGet ("GAP.LASTCHMDRET™)

Figure B.1 (continued): OpenServer script template



1Err = Server.GetLastError ("GAE")
If 1Err > 0 Then
MagBox Server.GetErrorDescription(lErr)
End
End If
End Function

Figure B.1 (con -‘:Z": 1): Opense cript template
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