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1
Discovery

2
Appraisal

3
Development

4
Production

5
Abandonment

Where  
i s  t he  
field?

 Reservoir
structure

 Reservoir
connectivity
 Reserves

 Drilling
 Completion
 Flow Lines
 Facilities

 Production
 Injection
 Disposal
 Delivering

Decommissioning

1-3 years
- Geologic structure
- No of Flow units
- Rservoir Properties
- Fluids Properties
- Size of reservoir
- Driving Mechanism
- No Producing wells
- No of Injection wells
- Expected workovers

1-5 years
- Payzones
- Well pattern
- Drilling & Completion
- Well Testing
- On line reservoir model  updating 

and fine-tuning
- Flow Lines
- Surface Facilities for produced and 

injected  fluids: Separators,  
Compressors, Pump  stations, 
Measuring System

10-50 years
- Production System 

Surveillance
- Downhole Data Acquisition
- Asset Management

Geology+
Geochemistry
Geophysics+
Engineering

If commercial



Classification Data Acquisition  
Timing Responsibility

Seismic Structure, stratigraphy, faults, bed thickness, fluids, inter-well  
heterogeneity Exploration Seismologists, Geophysicist

Geological Depositional environment, diagenesis, lithology, structure,  
faults, and fractures

Exploration, discovery  
& development

Exploration & development  
geologists

Logging
Depth, lithology, thickness, porosity, fluid saturation, gas/oil,  
water/oil and gas/water contacts, and well-to-well  correlations Drilling

Geologists, petrohysicists, and  
engineers

Coring Drilling
Geologists, drilling and  
reservoir engineers, and  
laboratory analysts

Basic Depth, lithology, thickness, porosity, permeability, and residual  
fluid saturation

Special Relative permeability, capillary pressure, pore compressibility,  
grain size, and pore size distribution

Fluid Formation volume factors, compressibilities, viscosities,  
chemical compositions, phase behavior, and specific gravities

Discovery, delineation,  
development, and  
production

Reservoir engineers and  
laboratory analysts

Well Test

Reservoir pressure, effective permeability-thickness,  
stratification, reservoir continuity, presence of fractures or  
faults, productivity and injectivity index, and residual oil  
saturation

Discovery, delineation,  
development, and  
production and  
injection

Reservoir and production
engineers

Production &  
Injection

Oil, water, and gas production rates, and cumulative  
production, gas and water injection rates and cumulative  
injections, and injection and production profiles

Production & Injection Production and reservoir  
engineers

From A. Satter & G. Thakur8











 













F. Jahn , M. Cook & M. Grahm 2008

secondary 
gas cap



F. Jahn , M. Cook & M. Grahm 2008



 The initial condition for gas cap drive is an initial gas cap. The high  
compressibility of gas provide drive energy for production, and  the 
larger the gas cap, the more energy is available

Energy supply
The gas cap expands to fill the pore space formerly occupied by the oil, and 
thus displaces oil downwards towards the producing well.



 Prolonged and slower decline 
due to highly compressible gas 
cap

 RF-20-60%
 Abandonment conditions are caused by 

very high producing  GORs, or lack of 
reservoir pressure to maintain production

 The gas injection well  would 
be located in the  crest of the 
structure,  injecting produced 
gas into the existing  gas cap.

F. Jahn , M. Cook & M. Grahm 2008
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 According to the location of the  aquifer 
relative to the reservoir,  they are 
classified as :

- Peripheral water drive - the  aquifer 
areally encircles the reservoir, either 
partially or  wholly

- Edgewater drive - the aquifer  
exclusively feeds one side or  flank of 
the reservoir

- Bottomwater drive - the  aquifer 
underlays the  reservoir and feeds it 
from  beneath

Edgewater drive aquifer

23



F. Jahn , M. Cook & M. Grahm 2008

 Injecting into the water column to 
avoid by-passing  down-dip oil.

 If the permeability in the water leg 
is significantly reduced due to  
compaction or diagenesis, it may be 
necessary to inject into the  oil 
column.

 Initially produce the reservoir using  
natural depletion, and to install 
water injection facilities in the  
event of little aquifer support

 Large increase  in water cut  over 
the life of  the field, which  is 
usually the  main reason for 
abandonment.











  
 Drive mechanism Percent ultimate recovery [%]

Gas Oil

Strong water 30–40 45–60

Partial water 40–50 30–45

Gas expansion 50–70 20–30

Solution gas N/A 15–25

Rock 60–80 10–60

Gravity drainage N/A 50–70





 Waterfooding is the injection of water into a wellbore for 
pressure maintenance as well as pushing, or “driving” oil to 
another  well where it can be produced. The principal reason 
for waterflooding an oil reservoir is to  increase the oil-
production rate and, ultimately, the oil recovery.

 This is accomplished by "voidage replacement"—injection of 
water to increase the  reservoir pressure to its initial level and 
maintain it near that pressure.



The water displaces oil from the pore spaces,  but the 
efficiency of such displacement  depends on many factors 
(e.g., oil viscosity  and rock characteristics).

Waterflooding is one of the most widely used  post-primary 
recovery method. Reservoir  engineers are responsible for 
waterfood  design, performance prediction, and reserves  
estimation. They share responsibilities with  production 
engineers for the  implementation, operation.



William M. Cobb & Associates, Inc.



 Wettability is a fundamental property, being that it influences the fluid  
saturations and relative permeability.

 The relative permeability to a fluid is defined as the ratio between the 
effective  permeability to that fluid and the absolute permeability of the rock. 
Absolute  permeability is an intrinsic property of reservoir rock, and defines 
the ease with  which a fluid can flow through the interconnected pore spaces 
when the rock is  saturated in a single fluid, whereas effective permeability 
defines a fluid’s ability  to do the same in the presence of other fluids (water, 
gas, oil).



 Therefore, relative permeability is a property that is dependent 
on the fractions  or saturation degree of the different fluids 
present in the porous medium, and  by definition can vary 
between zero and one. The greater the percentage of fluid  present 
in the porous medium, the higher its relative permeability will be.

 On the other hand, every fluid has a saturation point, referred to as 
critical  saturation; below this point, the fluid is no longer mobile, 
though still present  within the porous medium; at that point the 
relative permeability becomes  zero.



Consequently the maximum 
amount of oil than can be 
displaced (recovered)
during a waterflood is:

36

 During the viscous displacement flood, the water saturation increases from its  
irreducible value ( Swc ), at which it is immobile, to the maximum or flood-out  
saturation ( Sw = 1 – Sorw ) at which the oil ceases to flow.

 Sorw , is the residual oil saturation representing the  unconnected oil droplets  
trapped in each pore space  by surface tension forces at  the end of the 
waterflood.

MOV = PV (1 - Sorw - Swc)



 Three are the factors governing the oil recovery  

efficiency achievable by the waterflooding  process. 

They are:
- Mobility ratio

- Heterogeneity

- Gravity



- Mobility ratio M

M ≤ 1 means that the injected water cannot travel faster than the  oil and
             therefor displaces the oil in perfect piston-like manner.

M ≤ 1 Stable displacement (piston-like displacement)

M > 1 Unstable displacement (water fingering, poor oil recovery)
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 Good sweep efficiency
 No by-passed oil

Water
M ≤ 1

Good‘piston like’ flooding

Oil

Bad flooding ‘water fingering’ Water

 Poor sweep efficiency
 Early water breakthrough
 By-passed oil

M > 1
Oil









EOR Technologies

Steam  Hot 
Water
In-situ 
Combustion
Electric heat

CO2
Hydrocarbon  
Nitrogen/inert gas
Flue gas
Miscible solvent

Alkali  
Surfactant  
Polymer
Caustic
Combination

Microbial  
Acoustic/vibration 
Electromagnetic

Chemical OtherGas InjectionThermal









 Carr et al., 2005





- Vertical
- Slanted
- S-shape
- Horizontal
- Multilateral

 This gives us the  flexibility to select  the most  appropriate,  according to 
the  production target  and the subsurface  formation  characteristics.

Well Type by Shape



 The drilling of a well involves a major investment ranging from a few million US$ 
for  onshore well to 100 million US$ for a deepwater exploration well.

 Well engineering is aimed at maximizing the value of this investment by employing  
the most appropriate technology and business process, to drill a ‘’fit for purpose”  
well, at the minimum cost, without compromising safety or environmental standards.

 To optimize the design of a well it is desirable to have as accurate a picture as  
possible of the subsurface: identification of boundaries, heterogeneities, and  
anisotropies.

M. J. Economides -A. D. Hill – C. Ehlig-Economides – D. Zhu  
Copyright © 2013 Pearson Education, Inc.
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The subsurface team will define  optimum location and well  

architecture for the planned wells to  penetrate the trajectory 

through the  objective sequence.

Completion engineering, as part of is  that part FDP integrated team, 

is  responsible of well completion design  aimed to maximize 

production (or injection) in a cost-effective manner.



 Vertical well is the ideal  solution to produce from  a single 
flow unit having a  large net pay or multiple  flow units can 
be  produced commingled.

 Easy to be drilled.

 Very good bottom hole  accessibility.

 Less expensive.
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J-shape wells are made up of a vertical  section, a deep kick 

off and a build up  to target. They are also called Deep  

Kick off wells or J Profile wells (as they  are J - shaped).



The well is deflected at the kickoff  point, and inclination is 

continually  built through the target interval (Build).  The 

inclinations are usually high and  the horizontal departure low.

This type of well is generally used for  multiple sand zones, 

fault drilling, salt  dome drilling, and stratigraphic tests.





Horizontal wells have been employed in a variety of reservoir 
applications:
-Thin zones
-Naturally fractured reservoirs,
-Reservoirs with water and gas coning problems
-Low permeability reservoirs
-Gas reservoirs
-Heavy oil reservoirs
-Waterflooding
-EOR applications.



Disadvantages of horizontal wells  are:

High cost as compared to a  vertical well.

Generally only one zone at a time  can be produced using a  
horizontal well.

If the reservoir has multiple pay-zones, especially with large 
differences in vertical depth, or  large differences in permeability,  
it is not easy to drain all the layers  using a single horizontal well.





A multilateral is a well with more than one branch (lateral).

Multilaterals find wide applications:

—Compartmentalized reservoirs
— Stacked intervals
— Increased reservoir drainage
— Reducing drawdown
— Slot constrained platforms or pads.





Laredopetro



J. Bellarby – ELSEVIER 2009



 Wells to be completed can be producers or injectors.
- A producer can be an oil or gas producer well.
- An injector can be an water, gas (hydrocarbon gas or waste products such 

as  carbon dioxide, Sulphur, hydrogen sulphide, etc.), steam well injector or  
disposal well.

 Completion planning of a producer, involves:
- Defining the well architecture
- Defining the mode of formation fluid production: Natural flow or assisted 

flow by Artificial Lift system.
- Choosing the equipment to be used
- Selecting materials
- Defining operational guidelines



 The completion planning for the injector is the same of the producer but  

considering that the is in of “hydraulic injection flow condition” only.

 The completion design mast take into account the evolution of the  

production/injection characteristics (BHFP, WC, GOR) of the well 

along the field  life time, according to the production/injection forecast.



Single zone completion is one of the  types of upper completion 
which allows  producing only one zone. Production  tubing is a flow 
path for fluid from a  reservoir to flow to the surface so it  protects the 
casing from corrosion and  maximizes the efficiency of the flow.

In a single tubing string completion,  typically a packer is set on top 
of a  reservoir so the reservoir fluid can flow  up into the production 
tubing. Types of  packers are based on several factors as  temperature, 
pressure, reservoir fluid,  etc. Additionally, complexity of tubing and 
packer installation is driven by objectives.





Multiple zone completion is one type of  
completion which allows operators to  
selectively produce or comingle  reservoir 
fluid from different zones into  one well.

It is also possible to workover the upper  part 
of completion string without  removing the 
next interval completion.

Additionally, through tubing perforation  is 
can performed at the bottom zone.

A multiple zone completion can be  divided into 
two parts, which are single  string completion 
and multiple string  completion.



 A multiple-string configuration  consists 
of two or more  completion strings in 
one well.

 This is more expensive and  complicated 
to install than a  single-string 
configuration.  However, it has some 
advantages  such as the ability to  
simultaneous produce or inject  into 
different zones in  commingled.



 A multiple-string configuration  consists of 
two or more  completion strings in one 
well.

 This is more expensive and  complicated to 
install than a  single-string configuration.  
However, it has some advantages  such as 
the ability to  simultaneous produce and 
inject  into different zones and has a  
more accurate production  allocation 
than a single string  type.
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 Multilateral technology can be used in a variety of scenarios including:
- The development of in fill field programs with limited slots.
- The extension of field life by accessing new reserves.
- The development of deepwater plays.

 Generally, multilaterals can be  divided into two categories:
- Re-entry - Where an existing well  is re-entered and multiple  branches are drilled off of 

the
existing well bore.

- New development -Where a new  well is designed and drilled,  utilizing multiple 
branches and  various completion types as  required.

 Design concepts
In a multilateral completion, a unique system may mechanically connect directional and  
horizontal laterals to a parent well bore, allowing production from the individual laterals to  
be selectively produced or commingled.



 For the dry tree system, trees are located on or close to the platform,  whereas wet 
trees can be anywhere in a field in terms of cluster, template,  or tie-back methods.

 Globally, more than 70% of the wells in deepwater developments that are  either in 
service or committed are wet tree systems.

FPSO or FPU
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3D heterogeneity from 
regional scale to nano-scale





 All oil reservoirs are heterogeneous rock formations. The primary  
geological consideration for development is to determine  nature and 
degree of heterogeneities in a particular oil field.

 Matrix permeability variation in the vertical direction causes  displacing 
fluid to advance faster in zones of higher permeability and  results in 
earlier breakthrough in such layers.

 To achieve a good recovery factor, the displacement fluid, whether of  
natural origin or induced by injection, must efficiently sweep the  
hydrocarbons in the pore spaces and must also come into contact  
with the greatest possible volume of the reservoir.

 The macroscopic displacement efficiency, in turn, is the product of  two 
elements: areal sweep efficiency and vertical invasion  efficiency.



Porter, et al, SPE 58735 (2000)

 Ram Powell N reservoir (Kendrick, 2000)

Oil Reservoir with perched water

- Net pay??
- Net pay?





Production logging test profile of a producer in 
Mishrif Formation of Halfaya Oilfield.

Song and Li, 2018

Major pay zone,
Produced from natual
Depletion and waterflooding

Future 



Heterogeneous reservoir



> 7%
3% < x < 7%

• Only ~20% of  net reservoir is over 7% φ  
(“conventional pay”).

• That means that ~80% of  the porous rock is 
below7% φ (potentially, “tight  pay”).

12.0% φ, 47.3 mD, Swi 20.6%, Krg , Krg 0.993

Illinois Basin





 Areal sweep efficiency. Areal sweep efficiency, is defined as the ratio  between 
the area of the reservoir with which the displacement fluid comes  into contact 
and the reservoir’s total area

 Vertical sweep efficiency. Vertical sweep efficiency is a parameter that  
expresses the degree of displacement of the oil by the displacement fluid  along a 
vertical section of the reservoir at a specific moment in its  productive life.



Porosity and well positions for a model 
consisting of subset of the Tarbert 
formation in Model 2 from the 10th 
SPE Comparative Solution Project

K.A.Liu, 2015



The majority of the 
injected water 
enters at the base, 
this leads to 
premature 
breakthrough.

Gravity 
segregation

The Practice of Reservoir 
Engineering – L. P. Dake - 2001

Gravity 
segregation



F. Shen, et al., 2018, Energies

A.P. Byrnes, et al

Cross-plot showing the dependence of 
cumulative gas on the vertical 
permeability (kv) for a reservoir with 
0.01 md and a 1-ft thick bed of 100 md, 
Pinitial =450, BHP=50 psi. 





N/O sand structure map (Weiland, 2008) 
and cross-section (Reynolds, 2000)

 Carr et al., 2005

Commingled or 
Separated Production



3 tubing strings producing from 3 
different reservoirs: 

•The Texas RRC requires 
operators to file production 
separately for each reservoir. 
The allocation is performed 
separately for each oil reservoir. 
There can be different wells 
associated with the lease-level 
production for each reservoir 





 



Layer 6 239.7at

Layer 7 152.1at

Layers 8-9
224.1at

One development system in 1973

1980:
Oil production dropped 2t/d, 
fw=95%, Pf:200 a t

Adjustment: 
separation and producing
Oil production increased to 97.8t/d, 
fw=2.2%

Question: 
 Which layer has the increased production?



Lu and Xu, 2017, SPE-186431



Well Spacing Rules



Well Spacing for Horizontal Well

Laredopetro



Normal Well Spacing and Target Areas

250 m

 
250
 m

100 m
100 
  m

GAS WELL 
SPACING AREA OIL WELL 

SPACING AREA

One gas well per pool per
4 units (NTS) or,
1 section (DLS)

One oil well per pool per
1 unit (NTS) or,

1/4 section (DLS)

target
 area

target
 area

~ 928 m

  ~ 698 - 820 m

~ 804 m

~ 810 - 818 m
unit

¼ section

unit

unit

160 acre



Well Spacing is Pool Specific

single spacing area
well producing from 

Bluesky “B” pool
well producing from 

Bluesky “A” pool

well producing from 
Halfway pool

well producing from 
Gething pool



 Spacing Patterns

1 mile

200m

1600m



Parameters of Typical Spacing

5280ft 
(1610m)

400m
200m

100m

200m



Injector/Producer Well Patterns for Waterflooding

In waterflooding, water is injected 
into one or more injection wells 
while the oil is produced from 
surrounding producing wells 
spaced according to the desired 
patterns

nonsymmetrical arrangement



Outside water injection peripheral water injection Inner edge water injection

injector

Example-peripheral injection pattern 

Even water drive, low water cut
No more than 3 line producers effected



Direct line drive
Well distance =a

2

2

1:1
2

m
F a
S a







parameters：
  a: well distance 

  d: distance between lines of 

         injectors and producers

   m: producer injector ratio

   F:  area controlled per injector

   S:  well density( area per well)



Inverted nine spot

Applied in early period

Less injectors

Flexible to adjustment

2

2

3:1
4

m
F a
S a









Nine spot:

Applied in later period

For reinforced liquid production

2 2

2

1: 3
4 1.333
3

m

F a a

S a



 





For five spot well pattern, normal and inverted well arrangements  
are the same.

Five Spot

For reinforced injection and production

2

2

1:1
2

m
F a
S a









Inverted square seven spot (skewed four spot ) 

2

2

2 :1
3

m
F a
S a









Square seven spot（inverted skewed four spot）

2

2

1: 2
1.5

m
F a
S a









Triangular well pattern
ⅡⅠ

INJECTOR PRODUCER

Ⅲ Ⅳ

Ⅴ Ⅵ

Question: 
Alternative patterns for I and II?



Inverted seven spot（four spot）

3a

a

2 2

2 2

2 :1

3 3 =2.598
2
3 =0.866

2

m

F a a

S a a









Seven spot( inverted four spot）

2 2

2 2

1: 2

3 3 =1.299
4
3 =0.866

2

m

F a a

S a a









Staggered line drive well pattern

2 2

2 2

1:1

3 =1.732

3 =0.866
2

m

F a a

S a a









Question-Well Pattern? 

Black dot-production well; Blue dot-injection well









Fault

Correct?



• A large carbonate field in Abu Dhabi.

• Wide variation in petrophysical properties 
from the south to the north of the structure.

• South: 
   h = 90m, k = 400mD -> peripheral flood

• North:
   h = 30m, k = 50mD -> five-spot pattern

(Basics of Reservoir Engineering, R. Cosse)



Well Pattern Adjustment and Conversion

With the further development and recognition of reservoir heterogeneity , 
well pattern adjustment and reduced well space will be taken, with the 
recombining of oil layers.

Line drive changed to staggered line drive pattern



Inverted nine spot changed to direct line drive

Well Pattern Adjustment and Conversion



Inverted nine spot changed to five spot  

corner well



Inverted nine spot changed to normal nine spot

Well Pattern Adjustment and Conversion



Well Pattern Adjustment and Conversion

n Square well pattern

Producer Injector infill producer





Waterflood Recovery Factor







l Fraction of the horizontal plane of the reservoir that is
l  behind the flood front at a point in time.
l Factors affecting EA:

n Mobility ratio
n Well spacing
n Pattern geometry
n Areal heterogeneity



 viscosityfluid
fluid rock to ofty permeabili

wro

orw

o

ro

w

rw

k
k

kk 

kk 

      

oil ofMobility 
 waterofMobility 









M



M = 1 Neutral Water and oil move equally well
M < 1 Favorable Oil will move easier than water
M > 1 Unfavorable Water will move easier than oil

For five-spot patterns, areal 
sweep efficiency (ASE) at 
breakthrough is over 95% for 
mobility ratios less than 0.2. At M 
= 1.0, ASE = 67% and at M =10, 
ASE = 50%.



(The Reservoir Engineering Aspect of Waterflooding, Forrest F. Craig)



Vertical Sweep Efficiency

lFactors affecting EI:
n Gravity
n Barriers to vertical flow
n Lateral pay discontinuities
n Completion interval inconsistencies



Effects of Gravity



Lateral Pay Discontinuities



Completion Interval Inconsistencies



Willhite’s Correlation for Five Spot Volumetric  
Sweep Efficiency with WOR = 50.
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Oil Recovery Efficiency

Saturation, S

1

Connate water

Soi = 1- Swi

Unswept area

Oil recovery efficiency = ED x EA x EV

EA x EV

0 1
Porevolum, Vp

Residual oil
Sor

Oil
Recoverable  reserves

ED

Np = [ 1/Bo · Vp · ( Soi – Sor)] · EA · EV



Residual Oil or Bypassed Oil

Water fingering
and coning

breakthrough

 



Attic Oil



Bypassed Play from Inappropriate Design



Geological Control on Residual Pays



ROZ from Waterflood-Permian Basin Example

50 years  
of

Waterflood

Spotty oil stain in 
tighter portion of  
burrowed open 
marine 
wackestone,  





Infill Drilling to EOR
Also, development adjustment





Pre-CO2 Flood  2009 Post-CO2 Flood 2013

Green > 15% Reservoir –corrected Sor

M
cK

night LS

Bright yellow  
bleeding gas  

Fluor

M
cK

night LS

Gold Oil  
Fluorescence



K.F.Degenhardt, et al.,2001, Oilfield Review 

Isolate and Stimulate 
Individual Intervals



K.F.Degenhardt, et al.,2001, Oilfield Review 



K.F.Degenhardt, et al.,2001, Oilfield Review 

Coiled tubing-
Conveyed 
fracturing



K.F.Degenhardt, et al.,2001, Oilfield Review 



K.F.Degenhardt, et al.,2001,
 Oilfield Review 



K.F.Degenhardt, et al.,2001, Oilfield Review 



Question: what is the role of GEL?







Question: 

Which well is ROZ only completion?

What is Well B’s completion?

Well A Well B



Well A Well B

Inject to top interval only

Lu and Xu, 2017, SPE-186431

Waterflooding OPTIMIZATION-
Injection Adjustment:
Zonal water injection



Commingled Production for Multilayer payzones

Lu and Xu, 2017, SPE-186431

Bypassed

Zonal injection

Commingled injection

EUR=0.5MMBO
EUR=0.712MMBO

commingled water injection resulting in water cut increase from 35% to 60%

zonal water injection resulting in enhanced injection in the upper interval and 
reduced injection in the lower interval

Inverted 
nine-spot
 pattern



Lu and Xu, 2017, SPE-186431

Line cutting 

to 

peripheral line injection



Lu and Xu, 2017, SPE-186431

Question:

Why the areal sweep
efficiency is improved?



Spacing in SII9 was reduced from 300/260 m 
to 250/200 m with infill drilling

Spacing in SII9 was increased  from 
300/260 m to 480/300 m

Lu and Xu, 2017, SPE-186431



Optimum development for MB1 layer of the Mishrif 
Formation of Halfaya 

Schematic diagram 
of the areal 
waterflooding well 
pattern with “ low 
injection rate for 
single well with 
uniform and 
stronger areal 
flooding 
efficiency” .

Song and Li, 2018




