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ABSTRACT

Heglig oil field is suffer from massive water production which is not
only negatively affects the oil production rate, but also entails costly and
time-consuming water management operations in order to be able to
tackle the excess water production problem effectively, it is vital to
identify the source of the problem first. and therefore accurate
methodology required to diagnose and evaluate water production
mechanisms.

In this work, a new developed program was presented for quickly
diagnose of water production mechanisms, using Chan’s conning and
channeling differentiation mechanism.

Different 5 wells were studied using the generated program; through
which 3 wells were presented water channeling behavior while one well
was presented water conning and the last well appear to be water/oil
contact rising through its plot.

Key Word:
Water Production, Diagnoses, Water Conning, Channeling,

Production Data
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A Computer Program for Excess Water Production Diagnosis Introduction

Chapterl

Introduction

Excessive water production is one of the major factor contribute in
reduction of wells productivity and one of the common and challenging
economic and environmental problems associated with hydrocarbon
production(Bailey, 2000,). When excess of water production exists, the
cost associated to surface facilities, artificial lift systems, corrosion and
scale problems increases. Besides, the recovery factor decreases as oil is
left behind the displacement front. The best completions and production
practices can delay, but not stop this water production. many petroleum
reservoirs are bounded by or are adjacent to large aquifers. These aquifers
can provide the natural drive for petroleum production. Once the aquifer
pressure is depleted, additional water is also injected into the reservoir to
provide further pressure to the hydrocarbon reserves to move towards the
production wells. Water from these various sources can flow into the
wellbore and co-produced with the hydrocarbon stream. Such water is
referred to as produced water. The ratio of produced water to the
produced oil is denoted as WOR (water/oil ratio). The WOR economic
limit is where the cost of handling and disposal of the produced water
approaches the value of the produced oil. Problems arise when water
flows in to the oil well at a rate exceeding the economic WOR limit.
Water production can be related to mechanical problems, poor
completion procedures or reservoir conditions. However, reservoir related
problems of coning and channeling through high permeability layers are
more challenging to diagnose and treat(Seright, R. S., R. H. Lane, and
R.D. Sydansk., 2003.). Nonetheless, the water production mechanism
must be properly investigated and accurately diagnosed in order to design

an appropriate and effective treatment method.

-1-
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Numerous technologies have been developed to control unwanted
water production, but the nature of the water production must be known
in order to design an effective treatment. Each problem requires a
different approach to find the optimum solution. Once the water
production mechanism is understood, an effective strategy can be
formulated to control water production.

In the original reservoir, the pores in the mineral matrix contain the
natural fluids at chemical equilibrium. Because reservoir rock is largely
of sedimentary origin, water was present at the time of rock genesis and,
therefore, is trapped in the pores of the rock. Water may also move or
migrate according to the hydraulic pressures induced by geological
processes that also form the reservoirs. It is believed that the rock in most
oil-bearing formations was completely saturated with water prior to the
invasion and trapping of petroleum. The less dense hydrocarbons
migrated to trap locations, displacing some of the water from the
formation and becoming hydrocarbon reservoirs. Thus, reservoir rocks
normally contain both petroleum hydrocarbons (liquid and gas) and
water. Sources of this water may include flow from above or below the
hydrocarbon zone, flow from within the hydrocarbon zone, or flow from
injected fluids and additives resulting from production activities. This
water is frequently referred to as “connate water” or “formation water”
and becomes produced water when the reservoir is produced and these
fluids are brought to the surface.

The sources of produced water include formation water, aquifer, and
injected water. The formation water can be originated from a water
saturated zone within the reservoir or zones above or below the pay
zone(Bailey, 2000,). Many reservoirs are adjacent to an active aquifer and

are subject to bottom or edge water drive. Water is often injected into oil
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reservoirs for pressure maintenance or secondary recovery purposes. The
injected water is one of sources of water production problem.

Production of oil and gas from reservoir can only be achieved by
applying a pressure draw-down at the wellbore which create a pressure
gradient within the formation. Production from a fully penetrating and
perforated well results in a horizontal pressure gradient in the formation.
However, flow from a partially penetrated well will result in a vertical
pressure gradient near the wellbore as well as the horizontal gradient in
the formation(Echufu-Agbo Ogbene Alexis ,, 2010,).

For water to flow through a zone, the water saturation in that zone
must exceed irreducible water saturation. As water saturation increases
beyond the irreducible saturation, the relative permeability to water
increases and relative permeability to hydrocarbon decreases. In water-
drive reservoirs and reservoir that are subject to water flooding, water
sweeps the formation and displaces the hydrocarbon toward producing
wells. In such situations, reservoir heterogeneity can result in water
channeling through high permeability streaks. Examples of reservoir

heterogeneity that could result in channeling include fractures,
faults, discontinuous layers, and layering(Echufu-Agbo Ogbene Alexis ,,
2010,).

250,000

225,000

175,000
150,000

125,000

g1

000 bl per day

2004 2006 2008 2010 21z 20

Figure 1:1- Global onshore and offshore water production (Dal Ferro and Smith 2007).
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1.1 Field Background:

Heglig oil field is one of the largest fields of oil and gas deposits in
Sudan. It has been the site of conventional petroleum production for more
than one decade (since 1999), but recently it has become producing water
exceed the economic range. Heglig field is located in southeast and
middle of Block 2B, Muglad Basin, discovered by Chevron. It consists of
10 fields (Heglig main, Toma, El Bakh, EI Full, Laloba, Kanga, Barki,
Hamra, Simbir East and Rihan). A general structure which follows
average distance between fields is about 3 to 5 km. 8 layers are developed
I.e., Aradeiba main, Aradeiba B, Aradeiba E, Aradeiba F, Bentiu-1,
Bentiu-2 and Bentiu-3 and Abu Gabra. First Field Devolved Plan (FDP)
was carried out in 1998. Last FDP was carried out in 2011. Field
development started in June 1999 with development of 29 wells i.e.,
Heglig main (17), Toma (4), Barki (3) , Hamra (2), EI Full (2)wells and
El Bakh (1) well (Fatima -2018).

The Oilfield has excessive water production and the water cut was
reached 95% with non-economical oil production resulting in many

operational problems
1.2 Problem Statement:

Produced water represents the largest waste stream associated with
oil and gas production; the environmental impact, treating, and disposing
of this water can seriously affect the profitability of oil industry. Many
sources can cause water to be produced and different techniques are
required to manage water according to its sources; therefore, good
diagnosis required to estimate the source in order to found the suitable

solution.
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1.3 Research Objectives:

The main objective of this work is the diagnosis of the production of
the excessive water through different wells in Heglig oil field which
include:

1) To estimate water oil ratio (WOR) and derivative water oil
ratio (WOR/) for the different wells and Plotting of WOR and
WOR/ versus the cumulative time to identify the source of the

produced water.
2) To design a computer program for the calculation and plotting

to diagnose and estimate the source of produced water.
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Chapter2

Theoretical Background and Literature review

Excessive water production is one of the major factor contribute in
reduction of wells productivity and one of the common and challenging
economic and environmental problems associated with hydrocarbon
production (Bailey, 2000).

2.1 Water Production Mechanisms

Water production mechanisms have been classified in the literature
using different criteria depending on the purpose of the author’s work as

follows:
2.1.1Reasons Related to Reservoir:

Water coning and Water channeling are the two major causes of
excess water production in oil wells related to reservoir problems
(Seright, et.al- 2003).

Channeling occurs because of the early breakthrough in the high
permeability or fractured formations especially in water flooding.
Channeling is one of the more important excessive water productions.
Furthermore, reservoir heterogeneities lead to the presence of high
permeability streaks. Fractures or fracture-like features are the most
common cause of the channeling. Water production could emanate via
natural fractures from underlying aquifers. Induced or natural fracture
fractures can cause channeling between wells in un fractured reservoir
often stratification and associated permeability variations among various
layers can result in channeling between an injector and producer or from

an edge water aquifer to the producers (Seright, et.al- 2003).
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Fig2.1 Channelling due to Water Flooding (Bailey et al., 2000)

While water coning is term used to describe the mechanism
underlying the upward movement of water and/or the down movement of
gas into the perforations of a production well. Coning is primarily the
result of movement of reservoir fluids in the direction of least resistance,

balanced by a tendency of the fluids to maintain gravity equilibrium,

Fig 2.2:Water and Gas Coning (Ahmed, 2010)

The term coning is used because, in a vertical well, the shape of the
interface when a well is producing the second fluid resembles an upright
or inverted cone (Fig. 2.3).

In a horizontal well, the cone becomes more of a crest (Fig. 2.4), but the
phenomenon is still customarily called coning. In a given reservoir, the
amount of undesired second fluid a horizontal well produces are usually

less than for a vertical well under comparable conditions. This is a major

motivation for drilling horizontal wells, for example, in thin oil columns
underlain by water. Coning is a problem because the second phase must
be handled at the surface in addition to the desired hydrocarbon phase,

-7-
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and the production rate of the hydrocarbon flow is usually dramatically
reduced after the cone breaks through into the producing well. Produced
water must also be disposed of. The Specific Problems of Water Coning

can be summarized as follows:

1. The water is often corrosive and its disposal costly.
2. The afflicted well may be abandoned early.
3. Loss of the total field overall recovery.

4. Costly added water handling.

Fig. 2.4: Coning Horizontal Well (Aliev,2014)

Many factors effecting on water coning such as:

1) Capillary Pressure:
Increasing the capillary pressure (P), caused the transition zone was

higher which increased water saturations near the wellbore.
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2) Completion Interval Position:

The intervals closer to the Gas water contact (GWC) had earlier
increased water production which is reasonable since the cone had a
shorter distance to rise before reaching perforations.

3) Residual Gas Saturation:

Residual gas saturation had a strong influence on water production;
water production is increases with high residual gas saturation.

4) Off Take Rate:

The reduced rates caused significant lower water production. As
expected, the lower rates decreased the pressure gradient necessary for
coning resulting in a smaller, later cone and lower water production. The
water production increased with an aquifer size.

5) Matrix Permeability:

Changes in the matrix permeability had relatively little impact on the
results. Increasing matrix permeability caused a slight rise in water
volumes likely due to higher production from the matrix in the transition
zone.

6) Fracture Permeability:

With the highest permeability, water production was significantly
higher.

7) Vertical/Horizontal Permeability Ratio:

When k,/kpvalue is increased, the water production increase.

8) Fracture Spacing:

The degree of imbibition of water from the fractures to the matrix is
strongly dependent upon the fracture spacing.

9) Viscous Forces:

The term viscous forces refer to the pressure gradients’ associated

fluid flow through the reservoir as described by Darcy’s Law.
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10) Gravity Forces:

Gravity forces are directed in the vertical direction and arise from
fluid density differences.

Therefore, at any given time, there is a balance between gravitational
and viscous forces at points on and away from the well completion
interval. When the dynamic (viscous) forces at the wellbore exceed

gravitational forces, a “cone” will ultimately break into the well.

2.1.2 Reason Related to Mechanical:

Casing leak is a failure happens in the casing because of the high
pressures exerting against the casing by formation pressures or high
hydrostatic pressure, Casing leak can happen by tension, collapse, biaxial
loading, or casing buckling Fig 2.5. The excessive water production
considered as an indicator for the casing leak often casing leaks occur
where there is no cement behind the casing (Reynolds. R.R., 2003).

T
{Z_ )\

Y

.
|
/ /
Fig 2.5 Casing Leak (Bailey et. al 2000)

2. 1.3 Reason Related to Completion:

Failed primary cementing can connect water-bearing zones to the
pay zone. These channels allow water to flow behind casing in annulus.
Response of Cement Failure can lead to pipe movement, contamination
of fluids and mud channels (Fig 2.6).

-10-



A Computer Program for Excess Water Production Diagnosis Theoretical Background and Literature review

Fig 2.6: Water Production due to Cement Failure (Bailey et. al 2000)
Another factor that is the bad perforation; even if perforations are

above the original water-oil or water-gas contact, proximity allows
production of the water to occur more easily and quickly through coning

or cresting.

Fig 2.7: Tubing, casing and packer leak (Bailey et. al 2000)

2.2 Water Production Diagnostic:

To aid understanding excessive water mechanism (WPM) In order
to evaluate the problematic situation at hand and apply the proper
solution to stop or reduce the water flow. it is imperative to identify the
source of excess water production first, several methods and techniques
have been developed to attack and control WPMs. Majority of the
techniques are specialized plots (Echufuet. al, 2010) emphasize that
deficiency in understanding the source of the WPM has been the main

-11-
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reason for unsuccessful and ineffective water control treatments in the
industry. Conventionally, information such as production data, and
various logging measurements are used in well diagnostic applications.
This information is also used in deciding whether any remedial action
needs to be taken. Generally, the techniques used for identifying WPMs
in wellbore can be categorized into two groups. The first group mainly
includes logging and survey tools for evaluating and monitoring the
physical conditions of the well, reservoir and fluid flows. The second
group consists of various analytical and empirical techniques based on
production data. Many diagnostic tools and techniques are available in

the literature as described in the following paragraphs:

_ Treatment to remove
r—————— solids and other contaminants |————m
such as hydrogen sulfide

[ ] Reuse or
Water ): waste disposal

treatment Water
Water I : injection
system \
Facilities Optimization
* Separation

= Water treatment
* (3as handling

Producer Performance

* Shut off unwanted water
* |mprove production profile Environment

* Dptimize lift = Water-guality monitoring

and control = -
. uifer
= Discharge @
Injector Performance
|| * Water quality

* Injection mechanism
# Injection profile

Reservoir Management
* Areal and vertical sweep
= \/nidage replacement

oil

Water

Fig 2.8: Water Management System in Oil and Gas Fields (Arnold et al., 2004)

2.2. 1 Well Testing:

Numerous well testing and logging techniques are available to
observe fluids flow into the wellbore and assess the condition of the well.
Radioactive tracer logs, temperature logs, cased hole formation resistivity
(CHFR) tool, total dissolved solids (TDS) test are few examples of

various available well testing tools and techniques. The use of such tools

-12-
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and techniques can provide some insights into the WPM encountered in
the well. For example, TDS tests can determine the source of the
produced water and whether it is coming from the aquifer or from the

injector.
2.2. 2 Well Logging:

The common practice to identify the source of excessive water
production and then select design to do the job is using production
logging tools(PLT). Although the PLT is a high technology available, it
still has some limitations in horizontal wells due to complex fluid entry
mechanisms and flow dynamics of multi-phase flow in the wellbore.
Nevertheless, while these logs are vital tools in well and reservoir
surveillance, their application during production is somehow limiting.
The logging instruments or application of them can be expensive.
Sometimes it is required to shut down the well during logging which
consequently affects the production rate and revenue. Log data are often
very complex and could entail costly and time-consuming data processing
and log analysis and interpretation.

Different factors influence the log responses, which might lead to
uncertainties in log data measurements and interpretations such as the
presence of conductive clay minerals, Washouts in borehole and natural

noise (corrupt Well log data).
2.2.3 Production Data Analysis

Production data analyses are the most commonly used techniques for
investigating the overall performance of the reservoir as well as
individual wells. The key elements of the production data are the
information on the rate of the produced oil and water, collected at regular

time intervals (usually on a daily basis). Production data analyses by

-13-
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means of analytical and empirical techniques such as decline curve plots,

and water-oil ratio (WOR) versus cumulative oil production or time is a
widely usages.

1) Recovery Plot:

The plot of the logarithm of WOR against the cumulative oil
production. Cumulative oil production at any particular time during the
field life cycle is the total amount of the oil produced from a reservoir at
that time. The recovery plot can be extrapolated to predict the future
performance and estimate the ultimate oil recovery. The point where this
plot reaches the economic WOR plot shows the amount of oil production
without any remedial action for water production (Bailey et. al 2000)

10 — WOR ( fraction )

—— T —

Cum Ol [ bbl )

Fig 2.9: Recovery plot (Bailey et. al 2000)
2) Production History Plot:

A plot of oil and water rates against production time (Fig. 2.10)
which helps in visualizing rate changes during the field life cycle and
assessing any “uncorrelated behaviors” (Mattar et. al 007), such as

changes in the rate without corresponding changes in pressure. Wells

-14-
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with water production problem usually show a simultaneous increase in

water production with a decrease in oil production.

10,000
E:
1000 e
Oil flow rate 5 F
& 100 ' :
‘2)1 ‘A .:' & -~
= Water flow rate > B9
S 10 <
1
0.1
0 10 100 1000 10,000
Time, days

Fig 2.10 Oil and Water Rates Against Production Time Plot (Bailey et. al 2000)

3) Decline Curve Analysis:

Production decline analysis is commonly used for predicting future
performance of the well and also for identifying production
problems(Guo, B., W. C. Lyons, and A. Ghalambor., 2007.). A typical
decline curve analysis consists of a plot of production rates against either
time or cumulative production of a well or a field. The theory behind the
decline curve plot is that past production trends and conditions remain
unchanged and can be extrapolated to show future production behavior. A
simple and straightforward way of investigating excess water production
problem in the oil well is by plotting the oil production rate against the
cumulative oil production. normal depletion is characterized by a constant
decline rate resulting in a straight-line. Any sudden changes in the slope
of decline may be an indication of excess water production. However,

any deviation from the expected estimates of the future production does

-15-
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not necessarily indicate water production problem and may be a sign of

other problems such as severe pressure depletion or damage build up.
4) Shut-In and Choke-Back Analysis:

Decreased WOR during choke-back or after shut-in period compared
to the WOR value before the test may be an indication of water coning or
water coming from a fracture intersecting a deeper water layer. On the
contrary, increased WOR value is viewed as the result of water coming

from fractures or faults intersecting an overlying water layer.
5) Diagnostic WOR Plot:

Chan (1995) proposed a new methodology to analyze the log-log
plot of WOR and derivative of WOR against time in order to differentiate
between two common and more complicated water problems of water
channeling and water coning. Based on Chan’s report, three behavioral
periods can be observed in the WOR versus time plot for both coning and
channeling. During the first period from the start of the production to
water breakthrough time, the WOR is constant for both mechanisms.
However, this period called the departure time is usually shorter for
coning than channeling. In coning, the departure time corresponds to the
time when water—oil contact (WOC) rises and reaches the bottom of the
perforations. In channeling, the departure time relates to the time of water
breakthrough for the highest permeable layer in a multilayer formation.
After water break—through, which denotes the beginning of the second
period, WOR in coning and channeling shows different trends.

In channeling, however, the WOR increase rate is relatively quick
but it could slow down until it reaches a constant value. In coning, WOR
gradually increases until it reaches a constant value. Thereafter, the WOR

increases quite rapidly for both mechanisms during the third period.

-16-
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Chan (1995) also investigated the behavior of the time derivative of
WOR (WOR’) for channeling and coning mechanisms. Coning WOR’
shows a changing negative slope while channeling WOR’ exhibits an

almost constant positive slope.

Previously, different authors studied the water production and the factor
affecting water cut; Khan, A. R., (1970) studied water movement in the
vertical direction using three dimensional model consists of formation
sand involve oil and water layers, the results found the mobility ratio
effect in the water coning and water cut, if the mobility ratio increase the
water coning rise.

Blades et. al (1975) presented examined water coning phenomenon
In an under saturated reservoir with the bottom water drive and high
viscosity crude oil. This paper presents the results of the high viscosity
crude oil reservoirs being pressure maintained by bottom water drive.
Crude oil viscosities of 3, 10 and 60 cp are considered. It was farther
shown that the oil production without water was reduced as the well
penetration was increased. Wellbore radius proved to have negligible
effect on water breakthrough time and water-oil ratio. Of particular
significance in this phase.

Menouar et. al (1995) used numerical method to investigate water
cresting in horizontal wells. In This Study, a Simple and accurate method
to calculate the critical rate is presented. Their study is depending on the
observation of saturation gradient in the reservoir, which was assumed
homogeneous and anisotropy ratios. The present study shows that this is
true only for 0.5 <a <1 .in fact for 0.01 < a < 0.1 the production rate is a
strongly decreasing function of the anisotropy ratio. Most of the studies
describe the vertical well critical as decreasing function of the anisotropy

ratio, opposite in behavior to horizontal wells.
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Wu et. al (1995) water gas coning is serious problem in many oil

field applications. considered the Amber Field in the Gulf of Mexico for
their study. The aim of their study was to observe the probability of
horizontal wells to delay water coning and enhance oil recovery.
Stanley et al. (1996) and Love et al. (1998) reported the use of WOR
diagnostic plots in successful water treatment design case studies in
Indonesia and New Mexico, respectively. However, it is important to
notice that in both of these studies, the WOR diagnostic plots was not
applied as a stand-alone technique but rather a supplementary tool with
other methodologies such as production loggings and reservoir
modelling.

Despite the wide use of WOR diagnostic plots in wellbore and
reservoir performance investigations, Seright (1998) challenged the view
of using WOR plots as a diagnostic tool for WPM identification. He
conducted a research study to determine whether Chan’s proposed
technique (Chan 1995) in interpreting WOR and WOR’ plots is generally
applicable or if there are limitations to consider. Using numerical
simulation and sensitivity analyses, the effects of various reservoir and
fluid parameters on WOR and WOR’ were investigated for both coning
and channeling problems.

Jiang et. al (1998) studied empirically the movement of bottom
water to a horizontal well using Hele-Shaw cell. They checked the effects
of different flow rates and viscosity ratios. The results indicated that oil
recovery is a decreasing function of flow rate and viscosity ratio. The
results further showed that increase in flow rate and viscosity ratio makes
water-oil interface sharper.

Yortsos et al. (1999), motivated by Chan’s work investigated the
behavior of WOR versus time under a variety of conditions (for example,
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following a break through or at late times) using analytical studies. They
demonstrated that the late time slope of the log-log plot of WOR against
time could be associated to the relative permeability and production
geometry. The effect of relative permeability was investigated by
conducting a one dimensional (single layer or homogeneous formation)
analysis, in which, the late time behavior of the log-log plot of WOR
versus time is a straight line of slope b/ (b -1), where b is the exponent in
the dependence of relative oil permeability on saturation.

Yang and Ershaghi (2005) developed a library of diagnostic plots of
WOR versus oil recovery and/or time for a variety of rock and fluid
properties with different architectural positions of high permeability
zones based on analytical modelling and simulation studies.

Gasbarri et al. (2008) proposed a diagnosis technique using transient
test and multiphase flow meters. They used reservoir simulations to build
three base cases of WPM models of coning, water channeling and flow
behind casing. Then, different ranges of production rate, APl gravity,
permeability ratio and diameter of the flow channel behind casing were
used to generate various instances of the mentioned base cases.

Applicability of WOR plots for excess water production diagnosis in
horizontal wells was investigated by Al Hasani et al (2008). They used
simulation models to examine the behavior of WOR plots in water coning
and water channeling problems in vertical and horizontal wells. They
reported that the WOR trends in their simulated models were in
agreement with Chan’s diagnostic plots and concluded that these plots
could be used for problem identification in horizontal wells.

M.Rabiei et al (2009) applies a Meta learning classification
technique called Logistic Model Trees (LMT) to diagnose water
production mechanisms based on WOR data and static reservoir
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parameters. Synthetic reservoir models are built to simulate excess water
production due to coning, channeling and gravity segregated flows.
Various cases are then generated by varying some of the input parameters
in each model. A number of key features from plots of WOR against oil
recovery factor are heuristically extracted by segmenting these plots at
certain points. LMT classifiers are then applied to integrate these features
with reservoir parameters to build classification models for predicting the
water production mechanism in different scenarios of pre and post water-
production stages.

Recently, Permadi et. al (2010): Actual coning behavior in
horizontal well is not fully understood suggestion a semi-empirical
method for prediction of horizontal well performance after the
breakthrough time. The study also established the correlation for
deviation factor to estimate displacement efficiency provided by bottom
water. water cresting efficiency is defined in this study by inverting the
correction factor and was found systematically to rate with factors that
influence the coning behavior. The study also established the correlation
for deviation factor to estimate displacement efficiency provided by
bottom water. In the model, it was assumed that all the forces have
negligible effect.

Concerning the application of the diagnostic plots derivative method,
Elradi Abass and Satti Merghany (2011) prepared a paper which provided
a simplified computation and quick technique for engineers; by using
Microsoft Excel format on calculating and plotting the derivative

response, considering two case examples of a Sudanese oil well's data.
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Chapter 3

Methodology and General Procedures

Chan (1995) method of Water/oil ratio (WOR) diagnostic plots
(which conducted using a series of systematic water-control numerical
simulation studies of black oil simulator) was selected to identify the
source of the water in different wells through Heglig oilfield as it
considered as the most appropriate methodology for identifying the
source of the water production problems. A set of diagnostic plots is
generated through a log-log plot of WOR versus time. The log-log plots
are capable to differentiate whether a production well is experiencing
water coning, channeling due to high-permeability layers, or normal with
high water cut.

1) First, the value of water/oil ratio (WOR) is calculated using the

actual oil and water production, and the equation is:

WOR = Z—W 3.1

2) Then, the derivative value of water/oil ratio (WOR) is calculated
by the following equation:

d(WOR) _ (WORss;~WOR,)
a (t2—t1)

WOR' = 3.2

Where it is the time corresponding to the production rate
3) The value water/oil ratio and derivative value of water/oil ratio
was plotted against the time for the different wells
4) The resulted plots were compared with Chan, diagnostic plots to
identify the problem
Depending on Chan, diagnostic plots (Fig 3.1), the WOR behavior
for channeling and coning is divided into three periods; During the early
time period, the WOR curves remain flat showing expected initial
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production. The value of the initial WOR depends on the initial water
saturation and its distribution among, all Layers as well as the relative
permeability functions. The time length of this period depends on the
water drive mechanism and its ending is marked by, the departure of the
WOR from a constant value. When water production begins, Chan
presented that the behavior becomes very different for coning and
channeling. This event denotes the beginning of the second time
period(Minou Rabiei, 2011).

For coning, the departure time is often short depending on various
parameters but predominantly on the distance between the WOC and the
bottom of the nearest perforation interval, vertical-to-horizontal
permeability ratio, bottom water influx rate, production pressure
drawdown or rate, and, relative permeability functions(Chan, K.S., 1995).
According to Chan, the rate of WOR increase after water breakthrough is
relatively slow and gradually approaches a constant value. This
occurrence is called the transition period.

For channeling, the water production from the breakthrough layer
increases very quickly. Accordingly, the WOR increases relatively fast.
The slope of the water channeling WOR depends on the relative
permeability functions and initial saturation conditions. the WOR
increase could actually slow down entering a transition period. This
corresponds to the production depletion of the first breakthrough
layer(Chan, K.S., 1995). The end of this transition period shows the
WOR increase resumes at about the same rate. This corresponds to the
water breakthrough at the next highest water conductivity layer.

Fig 3.2 and Fig 3.3 show the WOR and WORI derivatives for
channeling and coning, respectively. The WOR' (simple time derivative
of the WOR) shows nearly a constant positive slope for channeling and a
changing negative slope for coning. The WOR' trend for channeling
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behavior in the third period of a water coning situation is shown in Fig.

3.4. Again, the WOR' vs time plot shows a positive slop.
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Fig 3.1 Water coning and channeling WOR comparison(Chan, K.S., 1995).
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Fig 3.2. Log-log plots of the WOR and its Derivative for A Multilayer Channeling
Situation(Chan, K.S., 1995).
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Fig 3.3. Log-log plots of the WOR and its derivative for a coning situation(Chan,
K.S., 1995).
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Fig 3.4. Log-log plots of the WOR and its derivative for a coning situation with a
late channeling behavior(Chan, K.S., 1995).

Depending on Chan, the transition period between each layer

breakthrough may only occur if the permeability contrast between

adjacent layers is greater than four. After the transition period, Chan

describes the WOR increase to be quite rapid for both mechanisms, which

indicates the beginning of the third period. The channeling WOR resumes

its initial rate of increase, since all layers have been depleted. The rapid

WOR increase for the coning case is explained by the well producing

mainly bottom water, causing the cone to become a high-conductivity

water channel where the water moves laterally towards the well

(Mohanned and Elham 2015) Chan, therefore, classifies this behavior as

channeling; Table 3.1 summarizes the different categories of the curves.

Table 3.1 WOR, WOR' Slope Values

WOR Slope WOR' Slope Reason for Water Production
Positive Positive Channeling
Positive Negative Coning

Positive linear slope

horizontal line

water/oil contact rising
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A computer program was generated to perform the work using
MATLAB; four different user interface was used to insert, open and save
the information and to perform the required calculations. Then the
required plots were visual observation are required to compare the result
with the standard plots of Chan which are also presented in the result

screen.
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Chapter 4

Results and Discussion
Generally, the diagnostic plot Figs show the WOR increasing with

time. The rate of increase differs for a different problem mechanism. The
degree of sharp or gradual rate of increase presents a striking difference
between coning and channeling. The other mechanisms can be identified
through derivative response.

An (Excessive Water Production Diagnoses computer program
(called EWPD) was generated using MATLAB; three different user
interface was used to insert, open and save the information and to
perform the required calculations. The First screen is a main screen
through which the user can start the job and identify the main information

about the field, company and well (Fig 4.1)

4. Userlnformation
Company Name @ .

User Name

Field Name

Well Name
Next

Date Cancel

Back

Fig 4.1 EWPD User Main Information Screen
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Then the user can simply move to the next screen in which the
production data introduces; the production data can be introduced as new

data or an existing file can be opened (Fig 4.2).

4 InputNewData -
File Path C:\Users\User\Documents\MATLAB\BA-03.xIsx
PD Oil | PD Water time cu time
1 |1.0904e+03 561836 0 0 ~ Impart Data
2 |12166e+03 640333 31 31
3 936 1356 216 9651 31 62
4 830.2272 276771 30 92
5 871.2652  373.3993 3 123
6 634 2029 4374413 30 153 Run Result
7 6370421 4374132 30 183
3 600.6902 2490627 32 215
9 7091896 190.3714 29 244
10 7238820 356 5389 31 275
11 6759513 4132385 30 305 Cancel
12 5304182 4996622 3 336
13 962.4436 1.00156+03 30 366
14 489.0903 6793391 31 397
15 5174758 617.3397 3 428 Back
16 4298176 5233361 30 458
17 5371189 514.9796 3 489
18 4679803 462 7680 30 519
19 4326622 468 7172 31 550
20 4522889  387.8218 3 581
21 4254722 446.8268 28 509
22 3993226 458 3084 31 640
23 4713312 563 8797 30 670
24 501.2463  595.0507 3 701
25 550.6234 5514983 30 3
26 4616069 7376203 31 762
27 5252889 635 8550 3 793
28 458.5905  638.6128 30 823 .

Fig 4.2 EWPD Input Data Screen

Finally, the required plots screen appears in result screen after the
user continue to run calculations; her, visual observation is required to
compare the result with the standard plots of Chan which are also
presented in the result screen (Fig 4.3).

The results of the computer program were compared with Excel
results checked and insure the accuracy of the program; the comparison
indicates that the accuracy of the program is very high as no error was

found and a very good matching was achieved (Fig 4.5)
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Fig 4.4 Comparison of the Computer Program Results with Excel Results

The program was then used to calculate and identify the water
sources in 5 wells in Heglig oil field and the following paragraphs

presented the results

4.1. Well BA-03:

Well BA-03 is a vertical well located in Barki - Heglig Oil Field,
started production on Jun-1999 from zones (Aradeiba F, Bentiu-1A,
Bentiu-1B). Diagnostic plot of BA-03 refers to the Fig 4.5; the Figure
presented that up to 1584 days the WOR is t very low indicating that most
percentage of fluids produced are oil. After 1584 days and up to 3227
days the WOR is relatively troubled increase. During this time, since
WOR and WOR derivative vs. time showed a positive slope, it is clear
that the source of produced water in the reservoir is a channeling. On Jun-

2008 the zone (Bentiu-1B) was isolated and the well continuous
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production from the zones (Aradeiba F, Bentiu-1A) which led to decrease
in the WOR significantly. With production continuing the rate of increase
of the WOR is relatively slow, WOR derivative in the positive slope

which indication to another channeling.
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Fig 4.5: WOR and WOR" Derivatives Plot of Well BA-03
4.2. Well HE-04:

Well HE-04 is a vertical well located in Heglig Main within Heglig
Oil Field, started production on Jun-1999 from zones (Bentiu-1A, Bentiu-
1B). Fig (4.6) showed that the well started to produce and until (2407)
days left the WOR is very low. After (2435) days the rate of increase of
the WOR is relatively fast, since WOR derivative vs time showed a
positive slope indicating initiation of water channeling. On Mar-2014 all
zones were isolated and producing just from the zone (Bentiu-1A) which

result in reducing WOR significantly.
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Fig 4.6 WOR and WOR' Derivatives Plot of Well HE-04

4.3. Well HE-09:

Well HE-09 is a vertical well located in Heglig Main within Heglig
Oil Field, started production on Feb-2001 from zones (Bentiu-1A,
Bentiu-1B). Diagnostic plot of the well HE-09 refers by the Fig (4.7) The
WOR and WOR derivative plots show a positive slope, characteristics of

a water channeling case.
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Fig 4.7 WOR and WOR' Derivatives Plot of Well HE-09
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4.4, Well HE-10:
Well HE-10 is a vertical well located in Heglig within Heglig Main

Oil Field, started production on Jun-1999 from the zone (Bentiu-3A).
Diagnostic plot of HE-09 refers by the Fig (4.8) showed that until (4932)
days left the WOR is increase very low indicating that most percentage of
fluids produced are oil. During this time, since WOR and WOR
derivative vs. time showed a positive slope that means the source of
producing water in the reservoir is a channel. On Dec-2012 the well-
produced from (Aradeiba F, Bentiu-1A) which led to decrease in the
WOR significantly, with production continuing the rate of increase of the
WOR is relatively high, WOR derivative started to decline and showed

negative slope water coning was visible.
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Fig 4.8 WOR and WOR' Derivatives Plot of Well HE-10

4.5. Well HE-25:

Well HE-25 is a vertical well located in Heglig Main within Heglig
Oil Field, started production on Jan-2003 from zones (Bentiu-2A, Bentiu-
3A). Diagnostic plot of HE-25 refers by the Fig (4.9) The WOR plot
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show a linear and positive slope, WOR derivative show horizontal line

which indicate the water/oil contact rising.
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Fig 4.9 WOR and WOR' Derivatives Plot of Well HE-25
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Chapter 5

Conclusions and Recommendations

5.1. Conclusions

1)

2)

3)

4)

5)

Excess water production has always been a major issue in many
oil fields worldwide and it is not only negatively affects the oil
production rate but also entails costly and time-consuming
water management operations.

In order to be able to tackle the excess water production
problem effectively, it is vital to identify the source of the
problem first as each water production mechanism (WPM)
requires a specific type of treatment.

This study applied Chan’s methodology to diagnose and
estimate the source of produced water in different 5 wells
through Heglig oilfield in Sudan which is sandstone reservoir
with high permeability and high water saturation.

A plotting of the water oil ratio WOR and WOR derivative vs.
time on a log-log was presented for 5 different wells using a
new developed program called EWPD which stand for
Excessive Water Production Diagnosis. The results were
compared with manual Excel calculation to insure its accuracy;
good matching was observed reflecting high accuracy.

Through the five wells, 3 wells presented channeling
phenomena as the main reason of excessive water production;
one well-presented water coning behavior while another well-

presented water oil contact movement.
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5.2. The Recommendations:

From the outcomes of the research, the following recommendations

can be made:

1)

2)

3)

4)

5)

6)

This study focused on the problem of excess water production in
vertical oil wells. A possible extension to this work is to examine
the water production in horizontal wells.

Most wells in Heglig Oil Field produce using Artificial lift pumps
so care should be taken, when an artificial lifting pump is set at a
high rate, especially after well shutoff period.

The optimum pumping flow rate should be technically designed
for each well below the critical value of forming water coning, in
order to prevent early stage water breakthrough, and thus enable
maximization of the oil reserves.

Include other reservoir characteristics such as pressure and
temperature in the analysis and examine whether any significant
relation between these new parameters and WPMs can be
identified.

A preventive/proactive conformance process by using logging
tools can delay or prevent excess water production. It can provide
a higher hydrocarbon production without adventuring of early
water breakthrough problems.

According to pervious point, one of the objectives of this research
was trying to use another method for verifications of the results of
derivative method, that method was using Production Logging,
but because Production logging instruments or application of
them can be expensive, they might impose further expenses by
shutting down the well during logging which consequently affects

the production rate and revenue, Log data are often very complex
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and could entail costly and time-consuming data processing and
log analysis and interpretation do not use in Diagnosis here in

Sudan which led to lack of information of this method.
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