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Chapter 1

INTRODUCTION

The rate of oil production from a reservoir is controlled by pressure
glradients. Most of the pressure drop in conventional wells occurs near the
well because of the convergent flow (figure 1.1). [t is necessary to reduce the
resistance to flow within the reservoir particularly near the well-bore region in
order to increase the production rate. This can be accomplished by drilling
multiple wells and placing them evenly throughout the reservoir. This
approach reduces the near well-bore resistance by increasing the total

availability of contact area between the reservoir and the producing well-

bores and also decreases the average distance that the fluids have to flow
!
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before they are produced. In this regard, the use of horizontal wells which
penetrate the reservoir in a horizontal rather than a vertical direction provides
a better means of improving contact with the reservoir. They are usually
dlrilled from the surface using deviated drilling techniques. Fewer horizontal
'wells are needed to achieve the same reservoir drainage as compared to
vertical wells because of decreased resistance to flow around an extended
horizontal section and a larger contact area with the reservoir.

The recent developments in horizontal-well technology have shown
that horizontal wells can improve the efficiency and economy of oil recovery
operations considerably. The long well-bores with longer completed intervals
allow higher production rates to be achieved without causing serious coning
problems. Horizontal wells have proved particularly beneficial in reservoirs
having low productivity, vertical fractures, water and gas coning limitations
and those having thick, heavy bitumen where steam assisted gravity drainage
could be a practical option.

The major disadvantage of horizontal wells is that only one pay zone
can be drained per well. But this problem can be resolved by using ‘staircase
type' wells with long horizontal portions in more than one layer, by creating
vertical fractures perpendicular to the wells intersecting more than one pay
zone or by drilling multi-lateral wells from the same vertical hole. Another
disadvantage of horizontal wells is their higher cost as compared to that of

vertical wells. It costs about 1.5 times more for a horizontal well than a

vertical well drilled in similar conditions. But, considering the fact that a single



horizontal well can replace a number of vertical wells to produce the same
segment of a reservoir makes it more economical at the end. Reservoir
heterogeneities and damage can restrict the fluid flow in the well-bore in
some portions of the completed interval and thus pose another disadvantage
for the horizontal wells.

There are many reservoirs in the world that have either an active water
layer below the oil zone, or a gas cap above it, or both. Oil production from
such reservoirs causes the oil-water interface and/or the gas-oil interface to
imove towards the production well. The interface becomes curved and with
conventional wells assumes a shape resembling that of a cone. In such
cases, the near well-bore resistance to flow results in high horizontal
pressure gradients that can lift the water upwards to the well or draw the gas-
cap downwards resulting in early breakthroughs. As it allows by-passing of
free gas or water, coning creates serious inefficiencies leading to loss of
production, lower oil cut, poor sweep of the reservoir and lesser recovery of
oil in place‘.

The use of horizontal wells to enhance oil production from water-drive
reservoirs has been widely appreciated around the world. [nflux to the well is
significantly increased due to the larger area of the well-bore exposed to the
‘ reservoir. Therefore, a horizontal well requires a lower draw-down for a given
rate resulting in longer water breakthrough time. The improved oil recovery
that is obtained through the use of horizontal wells depends on many factors

such as the length of the horizontal section opened, rate of production,



position of the well-bore in the oil zone, etc. If the flow rate is low then the
pressure gradient is insufficient to lift the water to the production well and
water-free recovery is possible. When the progress of the interface is known,
it is possible to calculate the values of the recovery ratio at any stage of the
process. This knowledge makes it possible to select the optimal strategy of a
recovery process.

In reservoirs overlain by a gas-cap, oil production causes the gas-olil
interface to curve downwards as it advances towards the producer. With
conventional wells, the rate of production required for the operation to be
eConomic is usually too high to avoid production of free gas. However, with
horizontal wells, the critical production rate is higher and may allow
economically feasible operation without gas production. A stable interface
can be maintained much closer to the well giving higher recoveries for
comparable rates.

In reservoirs with both bottom-water and gas-cap, the analysis of the
well performance and the determination of optimal production rates without
water/gas production become more difficult.

The present work is an experimental investigation directed towards
achieving a better understanding of horizontal well performance in a bottom-
water, a gas-cap and, more importantly, a combined bottom-water and gas-

cap drive.



Chapter 2

LITERATURE REVIEW

Ever since Musket presented his approximate theory on water coning
in‘ 1935, the primary research focus has been on design and performance
optimization. Subjects such as critical production rates, time for the cone to
break-through and production after break-through have been studied with
physical, analogue, analytical and numerical simulation models.

In this regard, the performance of horizontal wells for various reservoir
and production conditions has been studied widely in recent years. These
research studies investigated the critical flow rates, break-through times, well

p'roductivity, water-cut data and the optimal well location. For the evaluation

|
of these parameters, mostly analytical and numerical techniques were used.



Some researchers did conduct experimental studies to analyze the
performance of horizontal wells, especially for studying interface movement
and the different factors that affect it.

A comprehensive review of the petroleum literature about the reservoir
and petroleum engineering aspects of the horizontal wells was presented by
Noris et alf'! and Butler®. They provided an overview of the theoretical as
well as the practical areas related to horizontal wells such as critical rate,
coning problem, well-test analysis, hydraulic fracturing, thermal recovery,
drilling techniques, production scenarios and cost and feasibility. A review of
the literature is presented below emphasizing the areas related to current

research.

2.1 Productivity And Flow Characteristics

Different authors have presented their findings of horizontal well
behavior and productivity for various reservoir conditions. For example,
Giger® examined the role of horizontal well technology in the development of
low permeability reservoirs under steady-state flow conditions for both
homogeneous and anisotropic environments. His results showed that
horizontal wells are well suited for thin reservoirs with a good vertical
permeability, based on a productivity comparison with vertical wells under
similar conditions. Similarly, Ozkan and Raghavan® conducted a
comparative study of a horizontal well with a fully penetrating vertical fracture

and discussed the corresponding pressure behavior. Their analysis was
!



based on two classical boundary conditions of infinite conductivity and
uniform flux and the results indicated that the productivity is governed by the
well-length and weli-radius. Another analytical study to calculate the
productivity of a horizontal well for pseudo-steady state conditions was made
by Babu and Odeh®™. They concluded that the well length and its degree of
penetration have the strongest effect on the productivity of the well. Kuchuk
et al®™ presented a method to interpret the horizontal well pressure transient
tests to analyze the pseudo-synthetic and real well test data. Their findings
indicated that a drawdown test followed by buildup test would produce
satisfactory results for the estimation of reservoir performance for horizontal
wells if dovs}n-hole flow rate and pressure are measured. A simple analytical
method was developed by Dikken! to link the single-phase turbulent well
flow to the stabilized reservoir flow. The resulting scheme was solved
numerically and it was concluded that turbulent well flow in horizontal
sections might result in an appreciable reduction in drawdown at positions
farther away from the start of the section. [t was observed that if gas/water
cresting is the limiting factor for producing the well, then the reduced
drawdown farther down the hole will cause less oil to be displaced by
gas/water at these positions as compared to positions near the start of the

section.



2.2 Critical Rate & Break-Through Time

One of the main advantages of horizontal wells over vertical ones is
that the pressure drop near and around the well bore is very low as compared
to that around a vertical well-bore. Due to this low-pressure drawdown, high
production rate is expected without coning. Various critical rate correlations
for horizontal wells can be found in the literature {8,9,10,11,12]. Yang and
Wattenberger'? have presented a comprehensive method to calculate the
critical rates, break-through times and the WOR after break-through in both
vertical and horizontal wells. Break-through time and WOR are also
important parameters because it is not always economical to produce below
critical rates. Ozkan and Raghavan™ studied analytically the pressure
,behavior of horizontal wells and developed a theoretical correlation to
calculate water break-through time assuming a bottom-water drive reservoir
to represent a constant pressure boundary in their calculations. Papatzacos
et al™ presented their results on break-through time in a horizontal well
placed in a reservoir in either bottom-water or gas-cap or both. They used
two semi-analytical models to solve this problem based on two separate
assumptions of (i)constant pressure boundary and (ii)gravity equilibrium in
the cone. Their method predicted single-cone gas or water, and two-cone
gas and water breakthrough times in horizontal wells completed in the oil
zone. These dimensionless solutions represented a condensed engineering
method for screening horizontal well prospects, prior to detailed simulation

studies. The detailed simulation studies showed the theory to be valid for low
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theory to be valid for low dimensionless rates, when the time to breakthrough

is sufficiently long to be of practical interest.

2.3 Coning Evaluation

Water and gas coning is a major issue in petroleum engineering. In
the case of horizontal wells this problem is significantly reduced because of
the longer exposed well-bores and lesser drawdown pressures between the
reservoir and the well bore. For horizontal wells, coning is referred to as
‘cresting’ for water and ‘cusping’ for gas (figures 2.1 and 2.2). Singhal™
conducted a very unique and extensive technology overview of the coning
problem. He found out from his research that several technologies for
designing, operating and predicting performance under coning conditions
have been developed. Many new approaches to coning mitigation seem to
be promising but still are largely unproven. Horizontal wells present a
potential solution to reservoir related problems but are restricted by the
ciurrently available completion techniques. Permadi!'® also presented a new
Imethod for fast horizontal well coning calculation based on the application of
linear displacement concepts. To account for both non-uniform flow and flow
geometry, a factor that contains drainage area, well length and well position
is introduced. The effect of relative permeability characteristics on coning

behavior was also investigated. The results showed that the production
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performance of a horizontal well in a bottom-water drive is strongly influenced
by the end-point mobility ratio and position of the well bore with respect to the
water/oil contact. Piteraru"”! presented an analytical method for gas and
water coning evaluation for vertical and horizontal wells. He also gave an
analytical correlation for the recovery factor and stated that it mainly depends

on well position, well perforation, oil-rate, anisotropy and cappiiarity.
[

2.4 Recovery Performance And Interface Movement

Supronowicz and Butler™ used the potential distribution and
streamline theory to analyze oil production from reservoirs underlain by an
actfve acquifer. The main objective of their study was to describe the
progress of the interface between oil and water phases. They studied the
effect of recovery ratio, break-through time and geometry of the potential field
and the relationship between them on the process of oil recovery and
presented ways to optimize it. They presented a mathematical model for
doing this, which was based on the assumption of equality of densities and
mobilities of both reservoir fluids. They observed that the model was even
.applicable for small density and viscosity differences. The only factor on
which the progress of the interface depended was the well spacing to
reservoir thickness ratio. The shape of the water crest created by a
horizontal well was modeled analytically by Giger"®. He considered three
production mechanisms; lateral-edge drive, gas-cap drive and bottom-water

drive. He determined theoretically, the best position for a horizontal well with
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respect to its production rate for the gas-cap drive with an under-lying non-
active acquifer. He also claimed that the critical flow rate decreases with the
cymulative production for the bottom-water drive mechanism. Aulie and
Asheim!®! investigated the cresting phenomenon and the critical flow rate for
horizontal wells, experimentally and analytically. For bottom-water drives, the
analytical model provided a reasonable prediction at low flow rates, but
deteriorated at higher rates. For edge-water drive, the developed model
predicted the measured steady-state supercritical production performance
over a wide range of flow rates. Hele-Shaw cell experiments were conducted
by Butler and Kanakia®" to examine the effects of production rate, well
§pacing, initial height of the reservoir and the types of the fluid on the
recovery for downward displacement of oil by gas to horizontal wells situated
at the base of the reservoir. They found that the interface became unstable
at flow rates higher than the critical rate and that the recovery is improved if
the rate is just below the critical rate. Closely spaced wells and higher initial
height of the reservoir also helps in improving oil recovery. Meszaros et al®
investigated the possibility of using horizontal well to achieve gravity
stabilization by placing it on top of the reservoir and producing through
another horizontal well at the bottom while injecting gas. A series of partially
scaled 2-dimensional model studies indicated that close to 70% oil in place
might be recovered by using gas injection from the top of a heavy oil reservoir
of oil viscosities of 1000 and 4000 mPa.s. Two more runs using lower oil

viscosities were conducted with high-pressure geometrically scaled physical
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models. It was found that it was much harder to maintain a stable gas front in
a geometrically scaled, high-pressure, 3-dimensional model than in a partiaily
scaled 2-dimensional model. [t was concluded that If the frontal stability was
lost, gas injection did not increase oil production beyond that of a primary
depletion case. The presence of CO, as opposed to nitrogen improved
recovery to some extent. Butler and Jiang®! presented an experimental
study related to bottom water coning flow to a horizontal well. They
investigated the stability of water-oil interface at different flow rates and
viscosity ratios. It was found that the interface remained stable and the
recovery was high for low flow rates and for water and oil having same
viscosities but as the flow rates and/or viscosity ratios increased the interface
became unstable. However, in some cases when multiple fingers formed for
high flow rates and high viscosity ratios, the oil recovery was even higher
than that for lower flow rates. The piston type displacement found in Hele-
Shaw cells, was simulated numerically to predict the advancement of the
water-oil interface, oil recovery and pressure behavior. This analysis was
found to be in agreement with the experimental results. Permadi and
Abdassah®! used a physical model representing two-dimensional
olbservation to study water cresting and oil recovery from horizontal wells in
|’the presence of impermeable streaks in a reservoir. Their results showed
that the bottom water breakthrough point through a well depended on the

well-bore flow direction, non-uniform influx occurred above critical rates and

oil recovery increased when the heel end of the long horizontal well is located
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above the upper layer of the streaks. Butler and Jiang®? studied the effect
of gravity on the movement of the water-oil interface and on the oil recovery,
experimentally and theoretically. Two sets of experiments were carried out in
a Hele-Shaw cell. They found out that the oil recovery at breakthrough
decreases if the flow rate is increased. Furthermore, if the interface was
allowed to fall under the effect of gravity alone, it fell at the center and rose at
the two ends and became progressively flatter. Analytical and numerical
studies were also used to predict the movement of the fluids that were in

agreement with the experimental results.

Hence, extensive work exists in the literature for the analysis of the
horizontal well performance. I[n this regard major contributions have been
aimed at finding the productivity, simulating the fluid flow, evaluating the
crlitical rate and breakthrough time and predicting the cone shape and the
interface movement. Most of this work is, however, analytical or numerical.
Very few experimental studies have been conducted in this area, particularly
for studying the production performance of the horizontal wells under

combined water and gas drive.



Chapter 3

STATEMENT OF PROBLEM AND OBJECTIVES

OF THE STUDY

The literature survey presents some rich works done in the field of
horizontal wells in the recent years. However most of the research has been
done to study the performance of horizontal wells theoretically and
numerically, and the little experimental work that has been done, is only for
either bottom-water drive or gas-cap drive mechanisms. For the case of
combined bottom-water and gas-cap drive, no experimental study has been

conducted to investigate the performance of horizontal wells in conventional

oil reservoirs.

17
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Thus, there is a need to investigate experimentally the performance of
horizontal weils under bottom-water, gas-cap and, particularly, simultaneous
bottom-water and gas-cap drives. The present research is directed towards
this need. Hence, the objective of the present work is to better understand
the horizontal well performance under the different drive mechanisms.
| To achieve this objective, a scaled physical model (Hele-Shaw Model)
is built to simulate a typical two-dimensional section of an oil reservoir. This
reservoir model is produced at different production rates from different well
locations for various drive mechanisms. Data collected from these
experiments provides the basis for determining the best production strategy
under different drive mechanisms by comparing the oil recoveries,
breakthrough times, water-cuts, pressure drops and interface movements for

the various .producing conditions.



| Chapter 4

EXPERIMENTAL SET-UP AND PROCEDURES

| A Hele-Shaw model (figure 4.1) is used for the experiments in which
iflow takes place between two plates. The advantage of this system is that a
visual observation of the interface movement can be seen clearly since the
plates are transparent. Any surface effects between the matrix of the porous
medium are eliminated and equilibrium conditions are established quickly.
Fluids used can be changed immediately and with a little modification the
production equipment can also be altered easily. The principal disadvantage

of the system is that it is restricted for two-dimensional flow studies.

19
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4.1 Apparatus

A detailed description of the apparatus used for the experiments is
given below. Schematic diagrams of the experimental set-up for the different

drive mechanisms are shown in figure 4.2.

4.1.1 Hele-Shaw Model:

The model (figure 4.1) consists of two vertical, transparent, parallel
plexi-glass plates, each one inch (2.54cm) thick. The length of the model is
120 cm and its height is 40 cm. These dimensions represent scaled down
values of a real field reservoir in Saudi Arabia. The space between the two
plates is made as thin as possible for representing a porous medium, and is
taken to be 0.04 cm, that is equal to the thickness of the gasket placed
between the plates around the edges. To ensure tight boundaries and an
even distance between the plates, a steel structure is placed around them
and clamped together by bolts.

The production wells are represented by small holes (diameter of 1/8")
drilled into the back plate and evenly spaced along the center of the plate.
Figure 4.1 shows the locations of these wells on the model and the respective
distance between them. They are numbered from 1 to 9 starting from top.
Holes provided at the top and bottom portion of the plate are used as injection
ports for gas and water respectively. These open into two grooves on the

inside of the plate to dampen any pulsation effects. The middle port at the top
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ls used as an oil inlet and the two at the corner as vents to remove any air

bubbles from the model.

4.1.2 Fraction Collector:
An ISCO fraction collector is used to collect the production fluids in 10
cc test tubes. The fraction collector can be set to move according to time. [n

this way the volume collected in a certain time can be recorded.

4.1.3 Water and Gas Storage Systems:

Two different mechanisms are used to represent the water storage
system during the experiments as shown in figure 4.2 . For bottom-water
drive experiments, water is introduced into the lower portion of the model by
injecting it through an injection pump [figure 4.2 (a)]. The water is allowed to
rise in the mode! upto a height of 4 cms from the bottom. At this level the
initial water/oil interface is established and then fixed for all experimental
runs.

For the simultaneous bottom-water and gas-cap drive [figure 4.2 (c)],
bottom-water drive is represented by placing a water reservoir at the bottom
of the plates. This water reservoir continuously receives water supply from a
water tank placed at a height of 41 inches (104.14 cm) above the water oil
contact. The position of the initial water-oil contact in the model is always

fixed at 4 cm from the bottom of the model. The head is kept unchanged by
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constant level control mechanism involving refilling of the water tank
continuously. At this height of 41 inches, the water creates a pressure head

of 3.4 psig at the point of water/oil contact. This is calculated as follows:

Since,
P(psig) = 0.052 x p(lbs/gal) x h(ft)
But,
1[b=453.59 gms
1 gal(US) = 3785.43 cc
1 ft = 12 inches
1 cm = 0.3937 inches
therefore after unit conversions,
Pw(psig) = 0.07477 x pw(gm/cc) x hy(inches)
Pw(psig) = 0.07477 x 1.08(gm/cc) x 41(inches)
Pw(psig) = 3.4 psig
For the 34 cm head of oil inside the model above the water/oll
interface,
Po(psig) = 0.07477 x po(gm/cc) x ho(inches)
Po(psig) = 0.07477 x 0.83(gm/cc) x 34 x 0.3937(inches)
Po(psig) = 0.85 psig
Therefore the pressure of the gas at the inlet should be about

Pg(psig) = 3.4-0.85 = 2.55 psig
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2.5 psig in order to maintain equilibrium inside the model before the start of
production. |

Gas-cap drive is represented by a gas storage and a supply system
that consists of a nitrogen gas cylinder fitted with a pressure regulator and a
gauge and a gas bottle (volume 500cc) with a low pressure gauge (figure 4.2
_(b)). The gas cylinder, the gas bottle and the manifold connecting the gas
injection ports in the top section of the model are all connected in line with a
series of steel tubings and valves. The same set-up is used for the
simultaneous bottom-water and gas-cap drive also. Before starting each
experiment for gas drive or simultaneous gas and water drive, the valve
between the cylinder and the gas bottle is opened and the gas is allowed to
fill the bottle and the upper section of the model until a pressure of just above
two psig is reached. It is difficult to make this pressure exactly 2.5 psig
because the valves are manually handled and the gas pressure inside the
gas bottle is monitored by a low range pressure gauge of 15 psig which is still
too high for the required pressure setting. Then the inlet valve to the gas
bottle is closed and the system is checked for any leaks. The pressure
should hold at this value until the experiment is started by opening the

production valve.
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41.4 Pressure Transducers, Digital Displays and Data Acquisition
System:

Three pressure transducers are used in the system for recording the
pressure distribution. Two of them are differential type (Validyne DP303 with
20 psig diaphragm for gas side and 12.5 psig diaphragm for water side), each
is‘used to measure the differential pressure between the production point and
the gas and water inlet points. The third one (Omega DP12/PX-800-010GV
with 10 psig diaphragm) is just a point measuring device used to measure the
injlection pressure at gas inlet. Each of the transducer is connected to a
digital display. The electrical signals sent by the transducers are digitized by
a data translation board and sent to a data acquisition software in the

computer where they are recorded every three seconds.

4.1.5 Flow-controllers:
The production rate is controlled by calibrated flow-controllers (Cole-
Palmer). Two such flow-controllers are used to account for a range of 0-10
|

cc/min. The calibration charts for these are given in figures 4.3 and 4.4.
{

These are based on the readings taken at various rates.

4.1.6 Camera and Recording Equipment:

Photographs are taken and video film is made to record each
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experiment. This will help in defining the interface movement and the
development of a possible cone. For this purpose the following equipment
was used;
: o Still Photographic Camera (Nikon with 55mm lens)

e Video Camera (Sony with Cannon zoom lens 11.5-68mm)

e Camera Adapter (Sony)

e Color Video Monitor (Sony Trinitron)

e VCR (Sony Multi-System)

4.1.7 Miscellaneous Items:
Tubings, fittings, shut-off valves, needle valves, pressure gauges,
Ostwald’s viscometer, hydrometers, stop watch, tripods, flasks, beakers, test

tubes, funnels, background screen.

4.2 Fluids

Fluids used in the experiments are glycerol-water solution and nitrogen
as displacing fluids and oil as the displaced fluid. The density and viscosity of
the glycerol-water solution 1.08 gm/cc and 3.26 cp respectively, and those for
oil are 0.83 gm/cc and 4.6 cp respectively. Water solution is colored with a
green dye and oil with a red one to make visualization clear. The oil/water
viscosity and density ratios were determined to simulate scaled conditions for

one of the reservoirs in Saudi Arabia (refer to Table A-1).
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4.3 Experimental Procedures

All experiments are started after the two phase/three phase system
has reached an equilibrium condition with an approximately horizontal
t

interface. The general procedures that follow throughout the experiments

involve the following steps:

4.3.1 Preparing The Set-UP:

The set-up is first prepared for a new run. Water from the water
reservoir system is allowed to rise in the model up to a height of 4 cm. QOil is
introduced into the model from top and allowed to fill the model under gravity.
Flor bottom-water drive experiments the whole model is filled with oil and any
Igas bubbles are removed from the top vents. For the other two scenarios, oil
is filled up to 2 cm below the top of the model. The space above the oil is
occupied by gas, which enters the model from the connected gas bottle. The
volume of the bottle is 500 cc. So, the initial size of the gas-cap (which
includes the volume of the gas bottle, the connecting valves and tubings and
the upper portion of the Hele-Shaw model) is approximately 525 cc. The
system is left for sometimes to stabilize and then the water/oil and the gas/oil

interfaces are adjusted until they approximately reach the fixed level of 4 cms

from bottom and 2 cms from top, respectively as shown in figure 4.5.
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4.3.2 Start-up and Production:

The experiment is started when the production valve is opened. Water
or gas or both are injected through their respective ports to displace the oil
already inside the cell. This oil is thus produced from the pre-set well
Jocations at the center numbered from 1 to 9 from top to bottom (figure 4.1).
The production fluids are collected in test tubes placed in the fraction collector

after they have passed through the flow-controller set at a particular rate.

4.3.3 Photography and Data Collection:

Each experimental run is carefully timed by a stop watch. Photographs
are taken intermittently and video film is made continuously throughout the
run, from which the movement of interface can be established later on.
Pressures are also recorded throughout the experiment by transducers and

volumes are collected by calibrated test tubes.

4.3.4 Experiment End and Cleaning Process:

The experiments are stopped when more than 95% water-cut is
oBtained in case of water drive and simultaneous bottom-water and gas-cap
drive or just after the break-through point in case of gas drive. After the
experiment has reached its end, the injection and production valves are
closed, stop watch, pressure data-acquisition program, video photography

and fraction collector are also stopped. The fluid volumes collected in the test
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tubes are noted down and then the test tubes are drained, washed, rinsed

and dried. The model is again prepared for the next run.



Chapter 5

RESULTS AND DISCUSSION

In this chapter the experimental results are presented, analyzed and
discussed. These results are based on the experiments that were conducted
for the following scenarios:

e Bottom-Water Drive Experiments (BWD)
e Gas-Cap Drive Experiments (GCD)
‘e Simultaneous Bottom-Water and Gas-Cap Drive Experiments (SWGD)

Production parameters like oil recovery, water-cut, pressure drop,
breakthrough time and interface movement were obtained for each of the

above production mechanisms. Comparisons of these parameters are made
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and the effects of different production rates and well locations on them are
studied for each of the above mentioned drive mechanisms.

In all, 18 experimentai runs have been selected and presented here
from the numerous runs that were conducted in the laboratory. These include
four for BWD, two for GCD and twelve for SWGD. More emphasis is placed
here on presenting the results of SWGD because investigation of this case is
the main objective of this study. The other two cases of BWD and GCD are
presented here to provide supporting data and base runs for this research.

The list of these 18 runs with their respective weli-locations and the
production rates at which they were conducted is presented in Table 5-1. A
s‘ummary of the results for these runs is presented in Table 5-2 which
presents the values of oil recovery at breakthrough and breakthrough time at
various production rates and well locations for the three drive mechanisms. [t
is important to mention here that for gas-cap drive and simultaneous bottom-
water and gas-cap drive, average production rate values are presented in this
table based on the total volume produced divided by the total time. For the
boﬁom-water drive runs, when an injection pump was being used instead of a
constant head water supply mechanism, the production rate is the average
value based on the volume collected at breakthrough divided by the

breakthrough time.
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List of Experiments
Drive Mechanism | Run # Well-No. Average
(cm from bottom | Production Rate
of the model) (cc/min)
BWD 1 1 (37.5cm) 1.0
BWD 2 1 (37.5cm) 1.7
BWD 3 1 (37.5cm) 3.0
BWD 4 1 (37.5 cm) 4.7
GCD 5 8 (9.5cm) 2.6
GCD 6 8 (9.5cm) 5.3
SWGD 7 6 (17.5cm) 1.0
SWGD 8 6 (17.5cm) 2.0
SWGD 9 6 (17.5cm) 4.0
SWGD 10 6 (17.5cm) 7.6
SWGD 11 7 (13.5cm) 1.0
SWGD 12 7 (13.5¢cm) 2.0
SWGD 13 7 (13.5cm) 4.0
SWGD 14 7 (13.5cm) 7.6
SWGD 15 8 (9.5cm) 1.0
SWGD 16 8 (9.5cm) 2.0
SWGD 17 8 (9.5cm) 4.0
SWGD 18 8 (9.5cm) 7.6




Table 5-2
Results Summary
Exp. No. | Well #| Prod. Rate | BT Time | Rec. @ BT | Total Time | Max Rec.
{cc/min) (min) (%00IP) {min) (%00IP)
Bottom Water Drive (BWD)
1 1 1.0 156.0 87.2 240.0 96.0
2 1 1.7 82.1 82.4 136.0 93.4
3 1 3.0 44.8 77.3 85.5 93.0
4 1 4.7 26.8 72.4 50.5 88.3
Gas Cap Drive (GCD)
5 8 2.6 48 83.5 - -
6 8 5.3 25 87.8 - -
Simultaneous Bottom Water & Gas Cap Drive (SWGD)

7 6 1.0 118.0 63.7 192.0 64.5
8 6 2.0 76.0 71.8 106.0 78.6
9 6 4.0 35.0 75.1 91.0 85.6
10 6 7.6 18.0 81.7 61.0 98.3
11 7 1.0 130.0 71.1 176.0 71.7
12 7 2.0 66.0 71.2 162.0 76.5
13 7 4.0 30.0 73.1 108.0 814
14 7 7.6 17.0 76.4 103.0 93.7
15 8 1.0 65.0 37.2 119.0 38.7
16 8 2.0 40.0 44.5 112.0 45.9
17 8 4.0 28.0 59.3 118.0 65.2
18 8 7.6 16.0 66.9 89.0 75.1

38
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5.1 Bottom Water Drive Experiments (BWD)
t

i For BWD, the well should be placed as far from the initial oil/water
contact as possible. This will give the best possible well position with
maximum recovery. In the present research, different well-locations near the
top (well numbers 1,2 and 5) were used to study the production performance
of the horizontal wells for BWD. The best well location is the top most one,
that is, well # 1 because it is the farthest from the initial oil/water contact.
Therefore, the results of the experiments conducted for different production
rates for well # 1 are only presented here (figures 5.1 to 5.4). In these
figures the oil recovery (as a percent of the original oil in place), the water-cut
and pressure are plotted versus time for the four production rates
investigated.  Ideally, the production rate should be exactly equal to the
injection rate at which the pump is set. But, due to problems with the pump,
faced during the experiments, the injection rate could not be maintained
constant. The reason for this was that during the initial portion of the
experiment, the pump injected at a lower rate and took some time to achieve
the required rate and stabilize there. This was especially true for higher flow
rates. Therefore, the results that are presented here, are based on the actual
fluid volumes that were produced and collected in the test tubes and not on
the injection rates that were set for the pump. Table 5-2 shows the

production rates for the BWD calculated on the basis of the volume of the oil

that was actually produced until breakthrough during the experiments.
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511.1 Oil Recovery

: A comparison of oil recovery versus time for different production rates
is presented in figure 5.5. It can be seen from this figure that oil recovery gets
higher as the production rate decreases. This is because at higher rates the
water front approaches the well very fast and due to the higher pressure drop
it cones towards the well giving an early breakthrough. Thus most of the oil is
left behind and not recovered for higher production rates.

A closer observation also shows that the relationship is linear for all the
four production rates until water breakthrough. After breakthrough the
recovery relationship almost becomes flat and there is a large drop in the
gradient. This means that most of the oil is recovered before breakthrough
regardless of the production rate. As seen from figure 5.5, the lower the rate,
the higher is the ultimate recovery because the actual breakthrough is
delayed for lower production rates and thus there is more time available for a
larger pbrtion of oil to be recovered. At the time of breakthrough (figure 5.6),
the oil recovery is 87.2% of original oil in place (OOIP) at 1cc/min, 82.4% at
1.7cc/min, 77.3% at 3cc/min and 69.8% at 4.7cc/min. Therefore, at 1cc/min
about 17.4% more oil can be recovered than that at 4.7cc/min. But after the
breakthrough, the maximum recoveries that are obtained for 1cc/min and
4.7cc/min are 96% and 88.3% respectively. This means that only 7.7% more
oil is recovered for lower production rate after breakthrough. After the

breakthrough as water-cut increases water becomes the continuous phase
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and oil the discontinuous one. Therefore there is not as much increase in oil
recovery after breakthrough for lower production rates, as it was before

breakthrough.

5.1.2 Breakthrough Time

Table 5-2 presents the values for the breakthrough time for the four
runs. At 1 cc/min, water breakthrough occurs at 156 minutes while at 1.7
cc/min, 3.0 cc/min and 4.7 cc/min it occurs at 82, 45 and 27 minutes,
respectively. Therefore as the production rate increases, breakthrough time
decreases. This is because the approaching water/oil interface advances at a
faster speed at higher production rates and thus breaks through earlier

through the well.

5.1.3 Water-Cut

Figures 5.7 and 5.8 compare the water-cut for different flow rates as a
function of time and oil recovery, respectively. It is observed from these
figures that the increase in water-cut varies for each production rate. At the
lowest production rate, 1cc/min, the first ten minutes after breakthrough show
an increase of about 35% in water-cut, while at 4.7cc/min for the same
duration it is about 86%. Therefore, at higher production rates the increase in
water-cut is very sharp as compared to that at lower rates, which causes an

increased water production and reduced oil recovery.
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5.1.4 Pressure Distribution

The injection pressure and the differential pressure distributions for the
four producﬁon rates are shown as a function of time in figure 5.9. Initially,
the system is at static equilibrium with the oil/water contact at 4 cms from the
bottom of the model. The injection pressure at this point is about 0.75 psig
and the differential pressure is approximately 0.4 psig for the four runs. This
initial pressure is due to the static head of oil column above the point of
measurement. Once the water is injected into the model and production is
started, the injection pressure increases gradually until water breakthrough.
At breakthrough it rises sharply to 2.25 psig and 1.1 psig for 4.7 cc/min and
1.0 cc/min respectively.

The differential pressure also shows a slightly increasing trend until
water breakthrough and continues on the same pattern until 85% water-cut is
reached. Then it starts to decrease and continues to do so until the
experiment is terminated. As the water-cut increases and water becomes the
continuous phase, the pressure drop reduces. But these variations in
differential pressure distribution are very minute, in the present experiments,

and the overall trend appears to be almost constant.

5.1.5 Interface Movement
The advancement of the water/oil interface for each of the four runs for

BWD is shown in figures 5.10 to 5.13. The production well (well # 1 at 37.5
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cm from bottom) is located near the top of the model. The oil is displaced
upwards by water and produced from the well. In general, as the interface
aPproaches the production well, it becomes curved due to the higher
convergent velocities near the well. The three important factors that might
affect the stability of the interface are production rates, viscous forces and
gravity forces. For upward displacement of the oil by water, the viscous
forces tend to make the interface unstable if the viscosity of the water is less
than that of oil, while the gravity forces tend to stabilize it if the water has a
higher density than oil. Hence, the stability of the interface is governed by
any one of these three factors. Since, for the present work viscosity and
density differences are fixed and do not change for various experimental runs,
therefore the determining factor for the stability of the interface is production
rate. The' results showed that a stable interface with higher recoveries is
obtained for lower production rates. It becomes more curved as the

production rate increases giving rise to a prominent cone.

5.2 Gas-Cap Drive Experiments (GCD)

The most suitable location for the well in GCD would be at the bottom
of the oil column. As the gas expands from the gas-cap that lies above the oil
column in the reservoir, it pushes the oil down. Therefore, if the well is

positioned near the bottom of the reservoir, it would be expected to give the
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maximum recovery because the gas breakthrough in the well is delayed as it
takes more time to reach the bottom of the reservoir. Also in doing so the
advancing gas front has more oil volume available to be swept away.

| Keeping this in mind, the gas-cap drive experiments were conducted
with the lowest well location (well # 8) as the production well. Although
several experiments were performed, the results of two of these experiments
for production rates of 2.6 cc/min and 5.3 cc/min are presented here. These

results are shown in figures 5.14 and 5.15 for 2.6 cc/min and 5.3 cc/min

cases, respectively.

5.2.1 Oil Recovery

Figure 5.16 shows the comparison of the oil recovery for the two
production rates as a function of time. It is important to mention here that the
experiments were terminated soon after gas breakthrough since the oil
recovery was insignificant after that.

The results show that the oil recovery is higher for higher production
rate. Also the curve for the higher production rate is steeper, which means
that more oil is being recovered per unit time. The oil recovered at
breakthrough for 5.3 cc/min and 2.6 cc/min is 87.8% and 83.5%, respectively.

These results indicate that the effective application of the gas-cap drive
means producing at higher rates. However, the velocity of the gas should be

controlled in such a manner that it does not become so high that the gas
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Figure 5.14: Production performance for GCD @ 2.6 cc/min from well # 8
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fingers through the oil and bypass it, but rather displaces it smoothly. It is
expected that the interface stability will be disturbed at very high rates, giving

rise to a single or multiple gas fingers through the oil.

5.2.2 Breakthrough Time
It is observed that breakthrough time will be lower for higher production
rates. From Table 5-2, the respective breakthrough times for the 5.3 cc/min

and 2.6 cc)min runs are 25 and 48 minutes.

5.2.3 Pressure Distribution

The gas-cap pressure and the gas differential pressure versus time are
shown in figure 5.17 for the two production rates studied. It is seen that the
inlet pressure starts at around 2.5 psig and then drops continuously until
breakthrough whereas the differential pressure almost remains constant with
a slightly increasing trend. It is important to note that for GCD, the gas-cap
pressure is actually depleting itself. Thus as production starts, the gas
pressure declines continuously. It is also observed (figure 5.17) that the inlet

pressure shows a greater decline at the higher production rate.

5'.2.4 Interface Movement
The results for the interface movement for the GCD are shown in
figures 5.18 and 5.19. The interface approaches the production well (well # 8
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at 9.5 cm from bottom of the model) more quickly at the higher production
rate. Initially it is almost a horizontal plane but as it moves downwards it
becomes slightly curved. It is expected that a cone will appear at the
interface as the production rate is further increased. For the presént study,
higher rates than 5.3 cc/min could not be achieved because of equipment
restrictions and low initial gas pressure. Therefore, the critical rate could not
be determined. But, from the general trend of the results it is clear that it is
better to produce just below the critical rate to get a higher recovery. [f the
production rate is made higher than the critical rate, instant cohing of gas is

expected to occur with gas breaking through very quickly.

5.3 Simultaneous Bottom-Water and Gas-Cap Drive (SWGD)

From the experiments conducted for BWD and GCD it is concluded
that if both of them are applied together then the best well location would be
somewhere in the middle region of the model. For SWGD, the well locations
at the top and the bottom should be avoided because they will cause an early
breakthrough of gas or water. Therefore, experiments were conducted using
wells in the middle portion of the model for SWGD in order to find out the
optimum well location. The results of twelve of these runs that were carried

out for well numbers 6,7 and 8 are presented here (figures 5.20 to 5.31).
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Figure 5.28: Production performance for SWGD at 1cc/min from Well # 8
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For wells above well # 6, that are wells number 1 to 5, the gas/oil
interface moves too fast and breakthrough occurs very quickly without giving
any significant oil recovery. Similarly for well # 9 below 8, the oil/water
interface breaks through very early and is therefore not discussed here. For
each of the three well locations (No. 6, 7 & 8), experiments were conducted at
four different production rates for each of the three well locations (refer to
Table 5-2). Average production rates of 1, 2, 4, 7.6 cc/min were used. But,
as the production rates were being controlled by flow controllers that were
being handled manually, all the rates were not exactly the same for different

well locations but were all within a range of 10 % error.

5.3.1 Oil Recovery

Figures 5.32 to 5.34 illustrate the effect of production rate on the oii
recovery for the three well locations. It is observed from these figures that for
the same well location the oil recovery is higher for higher production rates
provided that there is no significant gas/oil or water/oil interface disturbénce.
'For example at well # 6 (figure 5.32) the maximum recovery at breakthrough
achieved for a production rate of 7.6 cc/min is 81.7% as compared to 63.7%
at 1 cc/min. Another important observation from these figures is that for
higher production rates the slope of the oil recovery curve is also higher, that
is more oil per unit time is being recovered at higher production rates.

Therefore, the effective application of the gas-cap and the bottom-

water at the same time requires not only controlling the advance of the gas
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flow in such a manner that it does not finger through the oil and bypass it but
also to utilize the energy of the strong bottom-water to get,the maximum
recovery. This is achieved at a production rate that is high enough to provide
a high gas velocity which can displace most of the oil behind the gas/oil
interface without actually destabilizing it and at the same time Iét the
approaching 'water front to give a good sweep of the oil in front of it. At too
high rate, the interface stability will be disturbed giving rise to a single or
multiple gas or water fingers through the oil instead of pushing it in front of it

and displacing it efficiently.

Figures 5.35 to 5.38 present the same results in another forr'n to
illustrate the effect of well location on oil recovery for the different production
rates studied. These figures show that at higher rates, recovery follows the
same trend, being highest for well # 6, then for 7 and then for 8. The
recovery decreases as the well gets closer to the water/oil interface. But at
1cc/min, the oil recovery for well # 7 is more than that of well # 6 (figure 5.35).
This is probably because of the fact that at higher rates oil is being recovered
at a faster rate and the approach of both the interfaces (i.e. gas/oil and
water/oil) is in such a manner that it maximizes the recovery for well # 6. But
at 1cc/min the time to breakthrough is significantly increased due to the low
rate that slows down the approaching interfaces. This causes the gas to

breakthrough momentarily in well # 6, which is at a higher location than well #

7, and thus the gas cap pressure is no longer high enough to provide the
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balanced support to the incoming water-front for a higher oil recovery. But for
well # 7, lying between 6 and 8, this does not happen thus the .balanced
support of the two drives is available to it a few minutes longer and thus it is |
able to give slightly higher recovery.

Figure 5.39 shows the relationship between oil recovery ' at
breakthrough and the production rate for different well locations. It can be

seen from this figure that there is a clear increasing trend at higher rates.

5.3.2 Breakthrough Time

Breakthrough time decreases with production rate for allI well locations
(Table 5-2). For example, for well # 6 breakthrough occurs at 118 minutes at
1cc/min while it occurs at 18 minutes at 7.6cc/min. Well # 6 has a longer time
to breakthrough than that for well # 7 and well # 8 for all the production rates
except at 1cc/min. Well # 8 has the lowest breakthrough time because it is
closer to the water/oil interface and therefore water breaks through very early.
Well # 6 is the farthest from the water/oil interface but closest to the gas/oil
interface, so it is more prone to gas breaking through in first. But at higher
rates the gas pressure depletes faster and quickly looses the force to push
the oil column down at the same intensity. Also, because of this lowered gas
pressure, the water finds more room to push the oil up at a faster pace. Thus
the gas/oil interface does not really advance further after this and just

provides a constant pressure boundary against which the water pushes the oil

into the well. Thus more oil is recovered for well # 6 and water breakthrough
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occurs last for it because it is farthest from the water/oil interface.

5.3.3 Water-Cut '
The results of water-cut as a function of time and of recover;} for
different well locations are presented in figures 5.40 to 5.45. These figures
illustrate the effect of the production rate on the water-cut for each well-
location. These results show that the water production starts earlier for higher
production rates. However, unlike BWD the recovery at breakthrough is
higher for higher production rates. The increase in water production is very
sharp for almost all the cases and within 10 minutes of breakthrough the
water-cut becomes more than 90% for all the cases. The same results are
shown in figures 5.46 to 5.53 to illustrate the effect of well location on the
water-cut for the various production rates studied. In continuation of the
previous discussion about the oil recovery and breakthrough time results,
these also show similar trends. At higher rates well # 6 starts water

production later than well # 7 and 8 because of a later breakthrough.
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5.3.4 Pressure Distribution

The pressure distributions (figures 5.54 to 5.67) are presented here as
a set of two types of graphs, one having the inlet and differential pressures for
the gas and the other for the water. In case of the water the inlet pressure is
presented as a constant pressure line of 3.4 psig that is equal to the head of
the water that is applied at the point of the water inlet. These calculations are
presented in section 4.1.3 where the gas and the water storage systems are
discussed. The results show that at a given well location (figures 5.54 to
5.59) the gas pressure decreases as the production rate increases and the
differential pressure on both sides, that is, gas and water increases with
increasing production rate. The reason is that the high production rate
causes the gas-cap pressure to decline rapidly. As discussed earlier, the
gas-cap pressure is actually depletiné itself and there is no re-injection of the
gas once the experiment starts. The pressure drop on the water side is also
higher for higher rates in agreement with the discussion in section 5.1.4 and
the results of figure 5.9.

Figures 5.60 to 5.67 show the effect of the well location on the
pressure distribution. It is observed that the gas pressure at ‘all the rates is
higher for well # 7 and those for well # 6 and 8 closely follow behind. The
major decline occurs during the first 10 minutes and then it just trails off in a
gradually decreasing manner. For lower rates the values stay above 1.5 psig
but at the higher rate of 4 cc/min they fall below and even touch up to 1.25

psig for the highest rate of 7.6 cc/min.
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Figure 5.66: Gas-cap and gas differential pressures at 7.6cc/min for different
well locations for SWGD. ‘
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The gas differential pressure at different well locations for constant broduction
rates shows an almost constant distribution with well # 7 having a distinctly
higher value at 1 cc/min (figure 5.60) and well # 8 at 4cc/min and 7.6 cc/min
(figures 5.64 and 5.66). At 2 cc/min (figure 5.62) the distributions for different
wells are closely packed together and clear distinction between them is
difficult. This means that the change of well location does not really have a
marked effect on the gas pressure distributions as compared to the change in
production rate that hence constitutes the major factor for the pressure drops.

The results for water differential pressure also behave in a similar manner.

5.3.5 Interface Movement

Figures 5.68 to 5.79 present the results for the interface movement of
the SWGD. All runs start with the gas/oil interface 2 cm from the top and the
water/oil interface 4 cm from the bottom. The gas/oil interface drops sharply
with the start of the run and then moves gradually towards the well. This
initial sudden drop of gas-cap pressure is also observed in the gas-inlet
pressure distributions presented in the previous section. Therefore, for the
initial portion of the runs gas-cap pressure dominates the movement of the
interfaces, in the sense that the gas/oil interface moves faster towards the
well as compared to the water/oil interface.. After a while, the gas-cap
pressure has lost most of its strength and thus stabilizes. It then just provides

a sort of constant pressure boundary to the now dominant BWD. Therefore,
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water/oil interface moves upward displacing the oil and also pushing the
gas/oil interface slowly back. The interfaces approach the production well
more quickly at the higher production rates. No significant gas cone was
observed even at the highest rate considered ie. 7.6 cc/min. Water/oil
interface did develop a cone when it reached near the well for higher rates.
Instantaneous coning with multiple gas fingering is observed for very high
rates. So it is better to recover more oil in a lesser time provided that a

significant cone is avoided.




Chapter 6

CONCLUSIONS

An experimental study has been conducted to investigate the
production performance of horizontal wells under a bottom-water drive, a gas-
cap drive and a simultaneous bottom-water and gas-cap drive. The study
was.conducted using a Hele-Shaw model of dimensions 120 cm by 40 cm.
The fluids used included oil (density = 0.83 gm/cc and viscosity = 4.6 cp) as
the displaced fluid and, glycerol-water solution (density = 1.08 gm/cc and
'viscosity = 3.26 cp) and nitrogen gas as the displacing fluids. The model
dimensions and the fluid properties have been determined from a previous

scaling study to represent a real field in Saudi Arabia.
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Based on the present results and analyses of the oil recovery, water-

cut, breakthrough time, pressure drop and interface movement, the following

conclusions are made:

1.

For bottom-water drive, the oil recovery is higher and breakthrough time is
longer for lower production rates, and for the well located farthest from the
water/oil interface, that is, near the top of the reservoir. The recovery
achieved at breakthrough was 87.2 % of original oil in place with a
breakthrough time of 156 minutes at a production rate of 1 cc/min. At a
production rate of 4.7 cc/min, these values were 72.4 % and 26.8 minutes,
respectively. Also, the water/oil interface would become unstable as flow

rate increases, giving rise to a significant water cone.

'For gas-cap drive, oil recovery would be higher for higher production rates

as long as no significant cone is developed. Breakthrough time would be

lesser for higher rates. The optimal well location in this case would be

near the bottom of the reservoir.

In the case of simultaneous bottom-water and gas-cap drive, oil recovery
is higher for higher production rates if no prominent cone develops. The
maximum recovery at breakthrough obtained for this scenario was 81.7 %
of original oil in place at 7.6 cc/min with a breakthrough time of 18

minutes. At a production rate of 1 cc/min and for the same well location,
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the recovery at breakthrough was 63.7 % and the breakthrough time was
118 minutes. The effective application of the gas-cap and the bottom-
water at the same time would require not only to control the advance of
the gas flow in such a manner that it does not finger through the oil and
bypass it, but also to utilize the energy of the strong bottom-water drive to
get the maximum recovery. This would be achieved at a production rate
that is high enough to provide a high gas velocity which can displace most
of the oil ahead of the gas/oil interface without actually destabitizing it and
at the same time let the approaching water front to give a good sweep of
the oil in front of it. At too high a rate, the interface stability is expected to
be disturbed giving rise to a single or multiple gas or water fingers through

the oil instead of pushing it in front of it and displacing it efficiently.

. For simultaneous bottom-water and gas-cap drive, the well should be
located c!oser to the water/oil interfface as compared to the gas/oil
interface, for recovering more oil. In the present study, the best well
location under these conditions was found to be in a ratio of 1:1.5 between
the water/oil and the gas/oil interface. The breakthrough time would be
lower for such conditions, and therefore more oil would be recovered in

lesser time.
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Recommendation

The results show that if the reservoir has a strong water influx with a gas-
cap at the top, it would be advantageous to have a gas-cap pressure that can
retard the water encroaching the reservoir. In the present study, the gas-cap
pressure was not being maintained by gas re-injection and the gas-cap
pressure was depleted over time. Therefore, oil recovery can be improved in
this regard by using gas re-injection into the gas-cap and maintaining its

pressure. Further, investigation is needed to study this option.
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Appendix

The scaled values for the model dimensions and the fluid properties
along with the actual reservoir values are presented below in Table A-1. The
produétion data obtained from the experiments follows next in this appendix
as a series of tables (Table A-2 to Table A-19). The original oil in place

(OOIP) for BWD and SWGD is 173 cc and for GCD it is 150 cc.

Table A-1

Parameter Reservoir Model
Length (m) 1000 0.12
Oil Column Héight (m) 112 0.34-0.36
Permeability (D) 3.75 13333
Oil Viscosity (cp) 0.82 4.6
Water Viscosity (cp) 0.58 3.26
Oil Density (gm/cc) 0.86 0.83
Water Density (gm/cc) 1.12 1.08
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Name: Irfan Sami Khan
Address: 1-B % Nazimabad, Karachi-74600, Pakistan.
Date of Birth: May 28, 1970

Nationality: Pakistani

Education: MS Petroleum Engineering
King Fahd University of Petroleum & Minerals,
Dhahran, Saudi Arabia
BE Mechanical Engineering
NED University of Engineering & Technology, Karachi,

Pakistan.

Graduation Dates: MS In Petroleum Engineering in December 98
BE in Mechanical Engineering in January 95
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