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Oil recovery techniques

Oil recovery operations traditionally have been subdivided into
three stages:

* Primary Stage
* Secondary Stage

* Tertiary Stage



Tertiary Stage oil recovery

The third stage of production is that obtained after whatever
secondary process was used. In tertiary processes generally make
use of:

* Miscible gases Injection v" 0il swelling

* Chemicals Mechanisms v" 0il viscosity reduction

* Thermal energy

v Favorable phase behavior

v IFT reduction



EOR techniques:
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EOR techniques

In EOR processes, the injected fluids interact with the
reservoir rock and oil system to create conditions
favorable for oil recovery. These interactions result
into the following mechanisms:

Lowering IFT

Oil swelling via diffusion and dispersion
Oil viscosity reduction

Wettability modification

Mobility ratio modification

Favorable phase behavior
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EOR methods include:
Water flooding

Thermal methods: steam stimulation, steam flooding, hot
water drive, and in-situ combustion

Chemical methods: polymer,surfactant,caustic,and miscellar
/polymer flooding.

Miscible methods: hydrocarbon gas,CO2,and nitrogen
(flue gas and partial miscible/immiscible gas injection may
also be considered)



EOR Methods

ENHANCED
OIL RECOVERY
METHODS
l
| | I
Thermal Gaseous Chemical Others
[ l S o : [ Waterlinjection ] Alterlnated
Hot Electro- || Cyclic ||Continuous In-situ ; : Altern
Water || magnetic || Vapor Vapor Combustion N aitntthe?fggg- " Vibratien w;?gc;ﬁg goaf\s\
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Alkaline
Surfactant and

Polymer solutions

Figure 1. Some enhanced oil recovery methods (LPG = liquefied petroleum gas).



Qil Recov

¥ Cyclic Steam Stimulation

v’ Steam-assisted gravity drainage

v VAPEX (solvent assisted gravity drainage) v Surfactant Flood

v Gas-added CSS v Alkaline Flood

v Gas-added SAGD v ASP (alkaline-surfactant-polymer)
v Steam fiood v Foams

v In-situ Combustion Miscible/Immiscible Displacement

v" Polymer Flood

¥ Microbial (perm modification; Bio-surfactant)
v Seismic Vibration/Pressure Pulsing
v Emulsion Flood (solid-stabilized emuision)




Screening Criteria Revisited- Part 1: Introductionto Screening Criteria and
Enhanced Recovery Field Projects

J.J. Taber, SPE, F.D. Martin, SPE, and R.S. Seright, SPE,
New Mexico Petroleum Recovery

Research Center

SPE Reservoir Engineering, August 1997 189-198

Taber Martin Seright




Summary

all Screening criteria have been proposed for enhanced oil recovery ®or) methods. Data from EOR projects around the world have
been examined and the optimum characteristics for successful projects have been noted. Steam flooding is still the dominant EOR
method. All chemical flooding has been declining, but polymers and gels are being used successfully for sweep improvement and

water shutoff. Only C02 flooding activity has increased continuously.
.2—0il gravity range of oil that is most effective for EOR methods. Relative production (BID) is shown by size of type.



0il properties

Reservoir characteristic

EOR Grawity | Viscosity | composition il Formation Met Average Depth | Temparature
method (&P} {cpl saturation type thickness | Permeability [ft] {f]
[Ft) [imned}
Gas Injection Method [miscible)
Mitrogen =23-41 | =0.4-0.2 High % of =A0-T5 Sandstons Thin MC G000 NC
And C1to CF or unless
Flus Gas Carbonate dipping
Hydrocarbon | =23-41 <3-0.5 High % of =30-E0 Sandstons Thin MC =00 NC
C2to CF or unless
Carbonate dipping
o032 =22-36 <1D-1.5 Hizh % of =20-55 Sandstone Wide MG =2 S0 MNC
C5 1o C12 or range
Carbonate
Immiiscible =12 <500 =-MNC =35-T10 Sood MNC =1B00 NG
Eases wertical
K
[Enhanced) waterflooding
Pohymer, =20-35 435-13 Light =35-53 Sandstons MC =10-450 =00 = 200-B0
&lkaline Some organic Freferred To
Flooding Acids for 3250
alkaling
Pohymer =15 =150 MC =50-E0 Sandstons MG =10-E00 R ] = 200140
flooding =10 rreferred
Thermal/Mechanical
Combustion =10-16 | <5000 to Some =50-72 High porosity =10 =50 =11500 =100-135
1200 asphaltic zand/=andston To
Componsnts 3500
Steam »E-13 L] MNC =A0-55 Hizh porosity =20 = 0= 5 = 500 NC
1o 4700 =and/sandston o
1500
Surface =T-11 Zero MC = Tar =and =10 MC MC NC
mining Cold
flow
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Figure 1-1- the study of enhanced oil recovery project, by considering depth and API (Halliburton)
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Fig. 1-EOR productioninthe U.S. (datafrom Ref. 25).
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Fig. 2—0il gravity range of oil that is most effective for EOR
methods. Relative production (BID) is shown by size of type.
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TABLE 1—CURRENT AND PAST EOR METHODS

Table Number

Method (inRef. 16)

Gas (and Hydrocarbon Solvent) Methods

“Inert” gas injection

Nitrogeninjection

Flue-gasinjection 1

Hydrocarbon-gas (and liquid) injection
High-pressuregasdrive
Enriched-gasdrive
Misciblesolvent (LPGor propane) flooding

COs; flooding 3

Improved Waterflooding Methods
Alcohol-misciblesolvent flooding

Micellar/polymer (surfactant)flooding 4
Low IFTwaterflooding

Alkalineflooding 4
ASP flooding

Polymer flooding 5
Gelsfor water shutoff

Microbialinjection

Thermal Methods
In-situcombustion 6
Standard forward combustion
Wet combustion
02-enrichedcombustion
Reversecombustion
Steam and hot-waterinjection 7
Hot-waterflooding
Steam stimulation
Steamflooding

TABLE 2-CLASSIFICATION OF CURRENT ENHANCED
RECOVERY METHODS*

Solvent extractionand/or “miscible-type”processes
Nitrogen and flue gas
Hydrocarbon-misciblemethods
CO,, flooding
“Solvent” extraction of mined, oil-bearingore

IFT reduction processes

Micellar/polymer flooding (sometimesincluded in miscible-
type flooding above)

ASP flooding

Viscosity reduction (of oil) or viscosity increase (of driving fluid)
processes plus pressure
Steamflooding
Fireflooding
Polymerflooding
Enhanced gravity drainage by gas or steam injection
‘Classified by the main mechanismof oil displacement (excluding gel treatments).
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TABLE 3-SUMMARY OF SCREENING CRITERIA FOR EOR METHODS
Oil Properties
Reservoir Characteristics
2:51‘2 oil Net Average
in MEt(f)'le Gravity Viscosity Saturation Formation Thickness Permeability Depth TemFoerature
Ref. 16 etho (°APY) (cp) Composition (% PV) Type (ft) (md) () F)
Gas InjectionMethods(Miscible)
1 Nitrogenand >35/748 <0.4%0.2N Highpercent | >407757 Sandstone Thin unless NC NC
flue gas ofC1 toc7 or dipping > 6,000
carbonate
2 Hydrocarbon >23741/ <3N0.5N Hi%pe{rc&nt >307807 Sandstone Thinunless NC > 4,000 NC
of vz o7 or dipping
carbonate
3 CO2 >22/3672 | <10NL5N | Highpercent | >20/55/7 Sandstone Wide range NC >2,5002 NC
0fCs toC12 or
carbonate
1-3 Immiscible >12 NC >357707 NC NCif dipping NC NC
gases <600 andlor > 1,800
good vertical
permeability
(E| hanced) Wate| flooding
4 Micellar/ >20735/ <35\13\ Light, >35.753 | Sandstone NC >10.7450 7 >8,000%3,250 [ >200\80
Polymer, - intermediate, - preferred -
ASP, and some organic
Alkaline acids for
Flooding alkalinefloods
5 Polymer >15 <150,>10 NC >50/780/7 Sandstone NC >10,800.7 b <9,000 >200% 140
Floodina Dreferred -
Thermal/Mechanical
6 Combustion  >10416—? <5,000 S f >50,272.4 | High-porosity - 10 2500 <11,50048,500 | >100135
1 — . asphaltic - sand/
200 components sandstone
7 Steam <200,000 NC >407667 | High-porosity >20 >2002540 79 | <4500+ 1,500 NC
> 8to 18.5-? ! = sand/ T
4,700 sandstone
— Surface mining 7to 11 Zero NC =8 wi%e Mineable >108 NC >31 NC
coldflow sand tar sand overburden to
sand ratio
NC=notcritical.
a Underlinedvalues represent the approximatemean or average for currentfield projects.
oo Table 3 of Ref. 16.
>3MA fom some carbonatersserveirs if the intent s to sweep only the fracture system.
Transmissibility™ md-Wcp
ﬂTransmmsnbﬂﬂ?@ 50 md-Wep
eSee depth.
. meth-
COz-miscible
S0g0 & + non-t-5: 5,000 3o oo Steamfiooding
s Steamficoding . » - 27 °
* o ¢ oo . 3 oﬂ’ ‘ a
o7t g ° Hot Water ’ o0 o Hot
- Y E o O0%o iﬁ';?;; Water
= a * = *
E + £ e ‘ = 3 | ]
* Combustion L
:; 10,00p [‘JE S, % Oo[;ﬁ’-, - E 10.000 o ‘&%’&‘ Combustion
o (g o *
0 m ‘g’ coz K .
g 5 9 oo . ° 1 % coz
* X ) *
HC Miscible X x
=]
15,000 o%( x & Imeniscibie 15,000 HC Miscible
* + * & Immiscibla
* ; Nitrogen Miscible %
% & Immiscible
* + Palymer
- Polymer m]
* &) Micellar-Polyme:
20.000 o 2 Micallar- 20.000 X
1 30 40 5 Polymer ‘ N L
L 1 . L 1 | | | . x 0 10 20 30 40 50 60 Surfactant
Alkaline/ API .
80|  sufactant
oAPI . . . . . . .
Fig.4—Depth and oil gravity of producing EOR projects outside

Fig. 3—Depth and oil gravity of producing EOR projects in the
U.S. (data from Ref. 25).

SPEReservoir Engineering, August

the U.S. (data from Ref. 25).
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Fig. 6-EOR production vs. oil gravity
outside the U.S. (data from Ref. 25).

ed. They are considered together because

the pressures required
(MMP) for good displacement are similar,¢ and it
appears that they
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EOR processes:

Regardless of the mechanisms involving in EOR
processes, they classified into five categories:

» Mobility control processes
» Chemical processes
» Miscible processes

» Thermal processes
Other processes



Only CO2 flooding activity has increased continuously.

Sources

= Availability for long period of time
= Must be relatively pure
= Must be continuous supply
= Natural source best!
= Stack gas from power plants
— Not pure, O,, N,, water
= Ammonia Manufacture
- Relatively pure 98%

ocober «  Schlumberger

Miscible CO2 Flooding - Challenges

Early breakthrough of CO2 causes problems.
Corrosion in producing wells.

The necessity of separating CO2 from saleable
hydrocarbons.

= Repressuring of CO2 for recycling.

A large requirement of CO2 per incremental barrel
produced

October 13 Miscible Gas Injection 63 schl“mhel‘gel‘




Screening Reservoirs for CO2 Miscible EOR

Qil Properties
— API Gravity: > 25, Ideal 36
- Viscosity : <10 cp, Ideal < 1.5 ¢p

— Composition: High percentage of Csand Cy,
Reservoir Properties

— Depth: >2500 ft

— Pressure: > 1500 psi (Pres>MMP ; Py < Prac)
— Temperature:  Low enough for miscibility
— GasCap: Small to none.

— Heterogeneity: Low

— Oil Saturation:  >20%, Ideal >55%
— Permeability: >1mD

— Formation Type: Carbonate or sandstone
Site

- Large volumes of CO; are available

october 13 » Schlumberger

Conditions for CO2 Flooding

Stock tank oil gravity: 15° to 45° API
Reservoir temperature: 80 — 300 °F
Reservoir Pressure: 1,000 - > 4,000 psia

Sandstone & Carbonate reservoirs
Thickness <10’ to 100s’

October 13 Miscible Gas Injection

 Schlumberger




Mechanisms for CO;

Injected CO, CO; and Oil expands and moves
encounters trapped oil oll mix towards producing well
m—————
Flow Direction
October 13 Miscible Gas njection 0 SI:|I|IIIII|IGI‘!|EI'

Recovery Mechanisms for CO; Flooding

= Swelling of crude oil
= Reduction of crude oil viscosity

= Vaporization of intermediate and heavy hydrocarbons
(Cs— Csp)

= Multi-contact miscibility

= |nterfacial tension lowering (miscibility)

= Internal solution gas drive.

october 13 Wiscible Gas Ijecton » Schlumberger
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Reduce uncertainty and risk

EOR Road Map
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Screening Criteria:
v' Please read 2 Taber’s papers

EOR processes:

Regardless of the mechanisms involving in EOR processes, they
classified into five categories:



» Mobility control processes
» Chemical processes
» Miscible processes
» Thermal processes

» Other processes



Idealized Characteristics of an EOR Process

Efficiencyv of a displacement process

The overall displacement efficiency of any oil recovery displacement
process can be considered conveniently as the product of
microscopic and macroscopic displacement efficiencies:

Efficiency on
Lieldscale pproduction
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Idealized Characteristics of an EOR Process

Efficiencyv of a displacement process

oil recovery by the process

E = overall displacement Ef f.=
- /7 oil in place at start of process

Ep = Microscopic displacement ef ficiency, expressed as fraction
Ev = Macroscopic or volumetric displacement ef ficiency,expressed as fraction



Idealized Characteristics of an EOR Process

Microscopic displacement, E;,

Microscopic displacement relates to the displacement or
mobilization of oil at the pore scale. That is a measure of the
effectiveness of the displacing fluid in moving (mobilizing) the oil at
those places in the rock where the displacing fluid contacts the oil. It
is reflected in the magnitude of the residual oil saturation in the
regions contacted by the displacing fluid. It is generally defined as:

g Sty o, e M ——
So, = Residual oil saturation



Idealized Characteristics of an EOR Process

Microscopic displacement, E;,
Example:
In a typical water flooding which initial oil saturation is 0.6 and

residual oil saturation in the swept regions is 0.3. the microscopic
displacement efficiency is:




Idealized Characteristics of an EOR Process

Macroscopic or volumetric displacement, Ey

[t is a measure of how effectively the displacing fluid sweeps out the

volume of a reservoir, both areally and vertically, as well as how
effectively the displacing fluid moves the displaced oil toward
production wells.

Both areal and vertical sweeps must be considered. It is often useful
to further subdivide EV into the product of areal and vertical
displacement:

E.=Areal i
Ev _ Es o EI s . swept efficiency
E,= Vertical swept efficiency



Idealized Characteristics of an EOR Process

Areal displacement Efficiency, Eg

The area of sweeps by displacement fluids increases with time, but it
never becomes equal to the area of the reservoir, even long after the
initial breakthrough of the front at the production well.

Always remains certain “dead zones” not swept by the displacing
fluid. For this reason, the areal sweep efficiency is defined as:

E. =_Swept area, W
S Reservoir area




Idealized Characteristics of an EOR Process

If vertical heterogeneity is negligible:

EV — ES xh- ¢ .S
h= Reservoir thickness
@= Porosity
S = gas or oil saturation

In the case of constant thickness, porosity and saturation, we have

E, =E,



Idealized Characteristics of an EOR Process

If vertical heterogeneity is not negligible:

When there are vertical heterogeneities within the volume swept, some
zones will not be invaded by the displacing fluid. This can be accounted
for by using an invasion efficiency, E,, of less than unity. E, is also known

as the vertical sweep efficiency.
E;, =E xE,

For water flooding, typical Ey is 0.7 and therefore, the overall efficiency
becomes:

E=E, xE; =0.7x0.5=0.35!



[dealized EOR process

Therefore an idealized EOR process would be one in which the
displacing fluid remove all oil from the pores contacted by the fluid.

Hence:
S. —> 0 > E, - 1

or

And in which the displacing fluid contacts the total reservoir volume
and displaces oil to the production well

W — Reservoir area:>Ev - 1



Parameters affecting microscopic
displacement efficiency, E,

= Miscibility between the fluids
= Reduction of IFT between the fluids

" Oil volume expansion (swelling) as a result of diffusion and
dispersion between phases

= Oil viscosity reduction

= Favorable mobility ratio between the displaced and displacing
fluid

21C



Parameters affecting macroscopic
(volumetric) displacement efficiency, E,,

The Ratios of Sweeping aerial/ Reservoir areal and vertical Sweeping / Reservoir height

* Maintenance of favorable density difference between the displacing and displaced fluids

v Large density differences can result in gravity segregation which result in underriding or

overriding of the fluid being displaced. The net effect is to bypass fluid at the top or bottom of
reservoir and so reducing Ey

* Reservoir geology and in particular geologic heterogeneity is an important factor in
consideration of macroscopic displacement efficiency

= The influence of reservoir characteristics

Average depth
Structure, in particular the dip of the bed
Degree of homogeneity

Petrophysical properties including, permeability, capillary pressure, wettability, thermal
conductivity, etc.

AN NANAN



Microscopic displacement of fluids in a
reservoir

As discussed before, microscopic displacement efficiency depends
on the magnitude of the residual oil saturation.

On the other hand, the residual oil saturation itself depends on:
= Phase trapping
* Phase mobilizing

Oil trapping and mobilizing are also governed by:

v' Capillary forces: results of surface and interfacial forces

v Viscous forces



Capillary forces

Fluid distribution in porous media are affected by:

* Forces at fluid /fluid interfaces: surface tension and IFT

Surface and interfacial tensions:

The net surface forces between two immiscible phases is quantified in
terms of surface tension. Surface tension is related to the energy required
to create new surface area or:

_W Nm
A m’

N
O P
m

213



Capillary forces

Wettability

Wettability is the tendency of one
fluid to spread on or adhere to a solid
in the presence of a second fluid.

Rock wettability affects the nature of
fluid saturations and the general
relative permeability characteristics
of fluid/rock system

Solid Grains?

Oil —

Water Surrounds Qil
and Contacts Rock

Water-Wet System

Qil Contacts Rock

Oll -Wet System



Capillary forces

Wettability

Wettability can be quantified by examining the interfacial forces
which exist when oil and water are in contact with solid rock by
Young’s equation

O ps — Tys =0y COS 0
Rock Surtace

21t



Capillary forces

Wettability

While oo,w can be measured, cos and ows have never been measured
yet directly. Experimental methods have not developed yet to make
these determinations. Therefore, contact angle is used to measure
wettability.

v 0<90 therockis considered water wet

v' 0>90 the rockis considered oil wet

0 = 0, strong water-wet 0 =180, strong Oil-wet 0 =90, intermediate or mixed wet



Capillary forces

Capillary pressure

IFT (o) and wettability (0) are related to capillary pressure. Because the interfaces
are in tension, a pressure difference exists across the interface. This pressure is
called capillary pressure.

Force balance: 2nr.cos 0. c=nr2. (pw —po).h.g

20, c0s0
Y

Pc=Fo~-P,=(p,~p,)hg=

32

Fig. 1—Oil/water interface In a caplllary tube.




Capillary forces

Viscous forces

Viscous forces in a porous medium are reflected in the magnitude of the pressure
drop that occurs as a result of flow of fluid through the medium(pores).

The pressure drop in a single pore is given by Poiseuille’s law in capillary pore
model

Consider one pore

s WAA/ l?‘ hC ~ "-l:l, " ‘-r.' ! :;‘;"-' s X - v
- (N IS ATN TR, e SR Y T h !
v l‘.?u-xm o VIR AL e LR T e e
b

| by pseda oty W N A P Y
s b L 'k'u':ﬁ 23 Ok TR 2.

4 Onepore

AL | el
'.'TP o :'!-l.":'
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Capillary forces

Viscous forces

The viscous forces in a single pore is given by the Poiseuille’s law:

SuL

rZ

AP =— Vv

Therefore, in the absence of gravity, the net forces which try to displace oil from
the pore is equal to:

SuL 2cc0s0
———V+
Y | §

AP =




Ap/pg=f.L/D.v2/2g
F=64 /Re=64u/pvD

Ap/pg=64u/pvD.L/D.v2/2g= 8 uL/r’.(v)/ pg
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Capillary number

Nca=8 uL/r2(v)./2.cos 0. c /r

The importance of viscous and capillary forces in any displacement process can
easily been shown by the defining a dimensionless capillary number

N - . Viscous forces _ SLpv ~_Hw¥
Ca Capillary forces 2q5rcosd® ocosbd

Other forms of capillary number that can be seen in the literature are:



Capillary forces

Capillary number

The definition shows that as capillary number increases, the residual oil saturation
decreases and, therefore, microscopic displacement efficiency increases.

Capillary number can be increased by:

d Increasing water viscosity
1 Decreasing interfacial tension between water and oil

J Increasing water injection rate



s ALY P LN L TR T B

Example 2.2—Calculation of Pressure Gradient for Water Flow
in a.Capillary. Calculate the pressure gradient, Ap/L, for water
flow at a typical reservoir rate of 1.0 ft/D through a straight capil-
lary with a diameter of 0.004 in. and water viscosity is 1.0 ¢p.

Solution. Bq. 2.12 is applicable.

Ap 8uv

— -
"o

L rlg,
Ap 8(0.672% 103 1bm/ft-sec)(1.157 x 103 ft/sec)

——p T e

L (1.667x10~5 f1)2(32.2 Ibm-ft/Ibf-sec?)

— —6.95 Ibf/(ft2-ft) = —0.048 Ibf/(in.2-ft)
= —0.048 psi/ft.
The effective permeability of this single capillary is given by
k=20% 106 X 1.0 X (0.0004)?

=13.2 darcies.

44



Example 2.3—Calculation of Pressure Gradient for Viscous Oil
Flow in a Rock. Calculate the pressure gradient for flow of an oil
(viscosity of 10 cp) at an interstitial flow rate of 1.0 ft/D. The rock
permeability is 250 md and the porosity is 0.20.

Solution. Bq. 2.14 is applicable.

Ap 0.158x1.0 ft/Dx 10 cpXx0.2

—_— T
T

L 0.250 darcies
= —1.264 psi/ft.

Examples 2.2 and 2.3 illustrate that viscous forces yield pres-
sure gradients in reservoir rocks on the order of 0.1to >1 psi/it.
These are typical values for the bulk of the reservoir volume, Values
can be significantly higher for the regions around injection and pro-
duction wells.
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Example 2.4—Pressure Required To Force an Oil ﬂmp Through
a Pore Throat. Calculate the threshold pressure necessary to force
an oil drop through a pore throat that has a forward radius of 6.2
um and a rear radius of 15 um. Assume that the wetting contact
angle is zero and the IFT is 25 dynes/cm. Express the answer in
dynesfcmz and psi. What would be the pressure gradient in psi/ft
if the drop length were 0.01 cm? |

Solution:

1 1
prn—pa=2%25d nes,’cm( - )Hcm
BPA g 0.00062  0.0015

= —47,300 dynes/cm?
= —47,300 dynes/cm? X 1,438 x 103 psi/(dynes/cm?)
=—0.68 psi.

0.68 psi  30.48 cm

ApfL=— X =—2,073 psi/ft.
0.01 cm ft

46



wi ttttttttt [ ][ st ng | B3

| =

0~ < - (5 sbob
. IR 6@_/’J 5
‘ =15 JCQH
W“”

;Erﬁub |
Noa, “%
ro ! gff“’/ ﬂ

OOOOOO

47



E 211600301 - 4042 - ais piny Cudilsy 303j1 - @l cahl jslideze (Sharing) - Adobe Connect

Audio

=

Ell.‘ Meeting  Layouts  Pods

[ & || [ stopsharing | B3 |

Whiteboard 14

<
e 100% ¥

“(B s

48



8 211600301 - 4042 - aid riny “udlp 3bojl - gl Cihl jolidaze (Sharing) - Adobe Connect

=
=
-*
o
o
)
~
wn
o
U
wn
-
og
"4
111

[

49



E 211600301 - 4042 - ais iy “udilsy 30sj1 - (gl cahl j3l1e=e (Sharing) - Adobe Connect

I!I - [« I — .p —

=

Pods Audio ) -

Il
1

Ell.‘ Meeting  Layouts
[ Ty ] | [ Stop Sharing ] :: |

Whiteboard 14

Jélw AP _ f\\:

<
(s 100%+w

& (B 10

50



PERCENT PORE VOLUME
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Capillary forces

Experimental observations
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Capillary forces

Capillary number

The general trend of all experimental data show that

0 When N_, <10° the residual oil remains constant
0 When N_, > 10° the residual oil decreases smoothly

d Atvalues on the order N_, = 102, virtually all oil recovered



Mobilization of trapped oil

Theoretically the trapped oil can be mobilized in two different
methods

1) Alteration of viscous/capillary forces ratio (capillary number)

2) Alteration of phase behavior



Alteration of viscous/capillary forces ratio (capillary number)

Extensive experiments were performed by varying N_, in order to
reduce the ratio and mobilize. Some of these works are summarized

in this figure:

1.0

-~

Taber12

- Nonwetting Residual
=== Wetling Residual

1 I i 1 1

~

N
Foster24

\
\.— Dombrowski

-ePU Prey25‘\‘ & Browneil26

0
108

10°6 1074
Nca = u/o

1072 100
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Phase trapping

Trapping in a single capillary - Jamin effect

It has been recognized that some time the pressure required to force a
nonwetting phase through a capillary system such as a porous rock can be
quite high.

This phenomenon is called Jamin effect which is the result of the variation in

pores radius
A .A B, B

-
ATATA\Y NS Py
3%

A 5N S

212207
24,

o L
pogd reog
(20 22350

¢

¥
dedide

7,
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Phase trapping
Trapping in a single capillary - Jamin effect

A .A B, B

SERARINRNNT 3 A%
r = ;'x{-k u:;: "L-. N Wy AW Sy 2% 3%
A v‘:vw S -;_ : ;s“ 5 rB
PA] - PBl
2cco0s0 2cco0s0
- - A - B
PAI PA = y Pm "PB -
]:'A rB
1 1
PB—PA=2'°°“’COSG" _ 20,,€086; | > P, P, =20 ——— [cos@_,
X, Yg Y, Iy
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Phase trapping

Trapping in a single capillary - Jamin effect

A
The equation show that the trapping mechanism x,|g % ?&“ &
depends on: e
A The pore structure of the porous medium, sizes
dFluid/rock interactions related to wettability
» n u u - P —_ =
dFluid/fluid interaction reflected in IFT s~ Fa ZG[

A, B, B

9ag
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Phase trapping

Extending the Jamin effect to various physical conditions
Case 1: Both phases are continuous

B P.=20(1/r) cos
Oil
In this case, the pressure across the interface is just the capillary pressure

20 cos0O
B = = °“'r




Phase trapping

Extending the Jamin effect to various phvsical conditions

Case 2: water is continuous but oil is discontinuous as droplet

Because the conditions at points A and B are the same, pressure in the oil
phase is higher than the pressure in the water phase by the value of Pc, but
there is no pressure change across the drop

P,-P, = 20,, €080, 20  cos0, =

X, |




Phase trapping

Extending the Jamin effect to various phvsical conditions

Case 3: water is continuous but oil is discontinuous as droplet and
pore diameter is changing




Phase trapping

Extending the Jamin effect to various physical conditions

Case 4: water is continuous and oil is discontinuous as droplet but
the wettability of rock is changing

P,—P, = 2(::“’ (cos6, —cosb,)



Phase trapping

Extending the Jamin effect to various physical conditions

Case 5: a gas slug trapped at oil/water interface

2
P, —P, =;(0'gw cos6, —c,, cos6,)



Phase trapping

Capillary doublet

Another case which causes oil trapping and therefore, reduction in microscopic efficiency
of displacement process is capillary or pore doublet

Phase trapping

Capillary doublet
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PA—PB':(PA—Pwi) + (Pwi-—Pol) + (Poi—PB)

U J U

Caused by viscous Caused by capillary forces Caused by viscous

forces in water phase  across the interface forces in oil phase



Phase trapping

Capillary doublet

Substituting Poiseuille’s and capillary pressure equations into above equation for
pore 1:

Sp L v, 2 Zocos0 _8p L v,
) oy X, X,

P,-P,=—

Now for simplicity

Hw =Ho & L=L,+L,



Phase trapping

Capillary doublet

So:
SulLv
AP, = uI; 1, 2ccos0
rl l".l

In the pore doublet model, the same pressure drop exists across both pores until
water breaks through from one pore. Thus, for pore 2, we can also write

AP — SuLv2+20cose

BA 2
rz rz




Phase trapping

Capillary doublet

On the other hand, we have

P.,<P., because r,>r,

Substituting for the capillary pressure in previous equations and considering the

above inequality:
c-cosO-xr’(1 1
vV,> -
UL L G
+ Pc,l < Pc.z = o 2 c,2 _ Pc.l

Sulv,

al
11

APg, <P, =



Phase trapping

Example

Consider the oil displacement by water in a single pore of radius r at a velocity of 1
ft/D. the length of the pore is 0.02 in, the viscosity is 1 cp and the IFT is 30
dynes/cm. the contact angle is zero. Calculate the pressure difference, Pgz-P, for

different radius values.
Solution

The derived equation can be used for these calculations and the results are given
in the following table.

Sul
AP, =21 Ap

L




Phase trapping

Solution
Capillary and viscous forces for different sizes of pore radii
Pore radius, pm — 8’; szl, psi AP,., psi P;-P,
2.5 -3.250x10 3.45 3.45
5 -0.810x104 1.73 1.73
10 -0.200x10* 0.86 0.86
25 -0.033x10* 0.35 0.35
50 -0.056x10 0.17 0.17
100 -0.014x10+# 0.086 0.086




Phase trapping

S8uLv, 2occos0 AP, =— SuLyv, + 2ccosf
APBA e 2 + BA 1'2 -
l:'1 l'l 2 2
Solution

Now let the radius of pore 1 to be 2.5 um and calculate values of V1 for which
the velocity in pore is zero, V=0, and therefore the oil in pore 2 is
immobilized.

The condition for which V>0 was,



.cos9-r’(1 1 c-cosO-r’( 1
v,> = . — ‘ V2=0 if at least vV, = 1 - 1
GpL Y, K 4pL

Phase trapping

PORE-DOUBLET MODEL, REQUIRED VELOCITY
IN SMALL PORE TO MAINTAIN ZERO VELOCITY iN
Solution LARGE PORE (r; =2.5 um)
v

The values of vi are much larger than normal ralt (ft/D)
reservoir velocity, hence to displace oil from < ke
pore 2, very large velocities are required. 10 9,580

i : 20 10,090
Therefore, oil is displaced just from the small 20 10,600
pore.

In fact, for velocities that could be present in a
reservoir (i.e. 1 ft/D) during the displacement
in pore 1, the computed velocity in pore 2
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would be negative and reservoir flow is limited
and probably does not occur.

Phase trapping

Contact angle hysteresis:
Solution

The isolated oil drop could also be trapped in a uniform pore by hysteresis in contact angles. If the
recording contact angle were 0 degree, the advancing contact angle for the motionless of drop can
be computed from:

pB_pA=£°—°‘"—(cos9A—cos6,,) = -22.6= el (cos6, —cos6,)

r 10pm x10~*cm/pm
cosf, —cosf, =3.767x10* = 6,=1.57°

This example shows that a small change in contact angle caused by hysteresis or a small change in
pore radius would sufficient to trap the oil droplets.



e Pa,

"Darcy t . - - ] "Darcy

Fig. 2.1 7—Pore-doublet model for illustration of displacement
and trapping of oil filament {from Willhite ").

Considering the pressure difference between Points A and B after
water enters Pore 1, for either pore there results

PA—PBT  PA™Pwi +Pwi—Poi TPoi—Pp. --{(2.24)
pressure drop caused by  pressure change  pressure drop in
viscous forces in water across interface  oil phase caused
phase resulting from by viscous forces
capillary force

Substitution of Egs. 2.22 and 2.23 into Eq. 2.24 for Pore 1 yields
Eq. 2.25 for downstream minus upstream pressure.
8 Vi 2c0cosf 8u,L,v
PE—PA=— Bwlw?t - ";‘. e (2.25)
rr'l2 ry ri
Because p,=p,,=p and L=L  +L,,

EJ.LLFI
.ﬁpBA=PB _pﬂ=__2"'_' 'f'ﬂ.Pcl, ................. (2.26]
r
1
Viscous capillary
pressure pressure
drop :
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Example 2.5—Pressure Change Along a Capillary, Two-Phase
Flow. Consider the oil displacement by water in a single pore of
radius r at a velocity of 1 ft/D. The length of the pore is 0.02 in.,
the viscosity is 1 cp, and the IFT is 30 dynes/cm. The contact an-
gle, 6, is zero. Calculate the pressure difference, pg—p, for
different radius values.

Solution. Eq. 2.26 applies. Numerical values of pg—p, for
different pore radii are shown in Table 2.2.

As Table 2.2 shows, pg—p, is always positive for the displace-
ment of a nonwetting phase at rates expected in reservoir rocks;
i.e., downstream pressure, pg, is always larger than upstream
pressure, p, because of the dominance of capillary forces over
viscous forces.

In the pore-doublet model, the same pressure difference
(pg—pPa) exists across both pores until water breaks through from
one pore. Thus, for Pore 2,

8ulvy, 20 cos @
+

rﬁ? ra

PR—PA=— e, 2.27)
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TABLE 2.2—CAPILLARY AND VISCOUS FORCES FOR
DIFFERENT SIZES OF PORE RADII, EXAMPLE 2.5

Pore Radii —8ulvir? AP¢ Ps—Pa

() dynesfcm?  psix10%  dynes/cm? psi dynes/cm? psi

2.5 -2286 -3.25 240,000 3.45 + 239,977 3.45

5 -586 -0:81 120,000 1.73 +119,994 1.73

10 -1.41 -0.20 60,000 0.86 + 59,899 0.86

25 -0.23 —0.033 24,000 0.35 + 24,000 0.35

50 -~ 0.056 =0.008 12,000 0.17 + 12,000 0.17
100 -0.014 —0.002 6,000 0.086 + 5,000 0.086

20, COs & 20, cos f
Fiy s —pA=<r) - (4"‘___') =U, ...... (2»+13)
r A r B

because the conditions at Point A are the same as at Point B. Pres-
sure in the oil phase would exceed the pressure in the water phase
by the value of P, but there would be no net pressure change
across the drop.

Fig. 2. 14a.

1 1
PR —PA =205, COS 5‘(_ — e e e (2.1%)
Fa re

Assuming that 8 , =@y, the pressure difference at static conditions
is directly proportional to the difference, across the oil drop, of
the inverse of the capillary radii. If rg<<r,, then ps >pp and a
pressure drop exists in the direction from Point A to B. This gra-
dient would have to be exceeded to induce flow into the narrower
part of the capillary constriction. The drop is trapped at a finite
pressure difference of (pp —pa).
Fig. 2.14b.

20 40

PR PA= (cos Gy —cos O). + o v it e i (2.20)

¥
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Example 2.6—Jamin Effect. Water flowing in Pore 1 of the pore-
doublet model has reached Point B, isolating the oil in Pore 2. The
radius of Pore 1 is 2.5 um and the velocity is 1.0 ft/D [0.3 m/d].
Find the radius of curvature ai the downstream end of the drop that
would hold the drop motionless if the radius of Pore 2 is 10 pm.
Also, if the capillary were straight, find the advancing contact an-
gle that would hold the drop motionless. (Assume the water is wet-
ting with =0 when the drop is at rest.)

Solution: The pressure drop owing to viscous flow in Pore 1 was
computed from Eq. 2.22 in an earlier example and is given in
Column 2 of Table 2.2. From the table, Apgs = —22.6 dynes/cm?.

The capillary pressure at the upstream interface of Pore 2 was
computed from Eq. 2.23 and appears in Column 3 of Table 2.2.
By substitution into Eq. 2.19, —22.6=60,000—20d/rg.

1 60,022.6 60,022.6 dynes/cm

rg 20 2 %30 dynes/cm

=1000.38 cm 1
rg=9.996 pm.
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Therefore, a decrease of only 0.004 um in the radius of curva-
ture on the downstream side would be sufficient to trap the isolat-
ed oil in the 10-um pore.

The isolated oil drop could also be trapped in a uniform pore
by hysteresis in contact angles. If the receding contact angle were
0°, the advancing contact angle for the motionless globule can be
computed from Eq. 2.20:

20
—(cos flg —cos 0,)=22.6 dynes/cm?,

Fa
(2)(30 dynes/cm)

(cos fg—cos 0 4)
10pmXx 104 cm/pm A

=22.6 dynes/cm?,

where cos g —cos 4 =3.767x 104,
Because 6 =0°, cos 4 =0.99962 and 6,4 =1.57°.

From this example, either a small change in contact angle caused
by hysteresis or a small change in pore radius, r, would be suffi-
cient to trap the oil globule. In systems composed of water, crude
oils, and reservoir rocks, oil/water contact angles exhibit much
greater hysteresis than calculated in this example.
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Example 2.7—IFT Required for Oil Mobilization, Taber Ex-
periments, Calculate the IFT required for a Taber number, Ap/La,
of 30.0 (psi/ft}/{dynes/cm) in a sandstone reservoir if the maxi-

mum pressure gradient obtainable is 0.5 psi/ft.

Solution.
ip_ =30.0 (psi/ft)/(dynes/cm).
Lo
Ap 0.5 psi/ft
o=

 L(30.0)  30.0 (psi/ft)/(dynes/cm)

=0.016 dynes/cm.
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Macroscopic or volumetric displacement
efficiency of fluids in a reservoir

The overall displacement efficiency of any oil recovery process was defined as:

E=ED><]3v

Microscopic displacement efficiency, Ep, and the effect of various parameters on it was

discussed. Now the macroscopic or volumetric displacement efficiency and its variation
with different parameters will be considered.

Oil recovery in any EOR displacement process depends also on the volume of reservoir
contacted by the injected fluid. A quantitative measure of this contact is the volumetric
displacement efficiency, Ey. Volumetric displacement is a macroscopic efficiency

defined as the fraction of reservoir PV invaded 02,8 »al¢l by the injected fluid. Clearly
Ey is a function of time in a



The parameters controlling E,

Because in a reservoir heterogeneities may exist both in areal and
vertical directions, it is more convenience to express the volumetric
displacement efficiency as the product of areal and vertical
displacement efficiencies:

EV = EA X EI
' Area of swept
| _T__otal reservoir area

EA -

E = Pore space invaded by the m]ected ﬂmd
I Pore space enclosed in all layers behlnd the location of front
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Areal displacement efficiency, E ,

Areal displacement efficiency is controlled by Four main parameters
(Macroscopic or volumetric displacement efficiency):

1) Mobility ratio of displacing and displaced fluids
2) Injection and production well pattern
3) Reservoir permeability heterogeneity

4) Relative importance of gravity and viscous forces



Mobility of fluids flowing in a porous medium

As discussed in reservoir engineering, mobility of a fluid phase
flowingin a porous medlum is defined on the basis of Darcy s law

k. dP = SUperﬁcml or Darcy velocity
=== dx ki = Effective permeability of phase i = E(S;)
R e L, = viscosity of the fluid ,

Mobility of the fluid phase is defined as:

| ki K absolute permeablhty
A =— where It =k -k :> {Kr relative permeability

B
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Mobility ratio of displacing and displaced fluids

Ap :> { Ap = Mobility of displacing phase

Xa A4 = Mobility of displaced phase

The parameters which almost takes into accounts the effect of almost
all variables is the mobility ratio of the displaced and displacing
fluids. Experimental studies also confirmed that both E, and E; are
strongly influenced by mobility ratio in either miscible and
immiscible displacement processes.

For this reason, almost all experimental measurements of the areal
and vertical displacement efficiencies of various EOR processes are
correlated in terms of mobility ratio



The importance of mobility ratio

For miscible displacements, when only one phase is flowing

M Ha H4 = viscosity of the displaced phase
- E D { H,, = viscosity of the displacing phase

For immiscible displacement with only displacing fluid flowing behind the front
and only displaced phase flowing ahead of front, we can write:

S

M:(l‘.ﬂj .(“d] Sor
A Hp Sar \]{rd r

For water flooding this equation becomes: Water

i

front

flowing
B Js. ko Jg

P—-qn———-——-——

g
%




Reservoir permeability heterogeneity

Permeability heterogeneity often has a marked effect on the areal
sweep.

This effect may be quite different from reservoir to reservoir. Thus, it
is difficult to develop generalized correlations for this variable.



Correlations of areal displacement efficiency
based on physical model studies

Physical models have been widely used to studies of areal sweep
efficiency. Specific well patterns are represented by model configurations
that appropriate fractions of the pattern being investigated.

For example one-quarter of a five-spot pattern with an injection well on
one corner and a production well on the opposite corner of the model.

Gravity effects are eliminated by adjusting the densities of the different
fluids or by using thin models so that gravity override or underride is
minimized.



Correlations of areal displacement efficiency
based on physical model studies

Because laboratory models are small in size compared with a reservoir,
physical model scaling laws should be used in constructing and operating
the models so the hydrodynamic and geometric similarity are exist
between model and the specific reservoir.

In these models the front between the displacing and displaced fluids are
monitored by X-ray shadowgraph techniques. One of the fluids is tagged
with a substance that absorbs X-ray while the other fluid is invisible to X-
ray.

The figures show fluid fronts for immiscible and miscible processes at
different points for different mobility ratios.
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Prediction of areal disnlacement nerformance

for five-spot pattern

Figs. 4.9 through 4.11 show data from the experiments. In Fig.
4.9, E, is given as a function of M (defined as in Eq. 4.12) for
varions values of injected PVs, The ratio V,/V,; 15 a dimension-
less injection volume defined as injected volume divided by dis-
placeable PV, I"p,f. For a waterflood, ¥ is given by

de=db¢(5m--3wj. AP 9 1]
Figure1

In this figure, Ep, is given as a function of M for

various values of injected PVs given as the ratio of
Vi/vpd where V; is injected volume and Vpd is

displaceable pore volume. For water flood it is
equal to:

Vpd =Ahd(S oi S or)

Areal Sweep Efficiency, E,
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Prediction of areal displacement performance

for five-spot pattern
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In this figure, E,, is given as a function of M for
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different values of fractional flow of the
displacing phase fy at the production well
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Fig. 4.10 gives E 4 as a function of M for different values of the
fractional flow of the displacing phase, fp, at the producing well.
Ag previously stated, production of the displaced phase is assumed

to come entirely from the unswept region of the pattern.

Areal Sweep Efficiency, Ex
o
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By N, P
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Areal sweep efficiency as a function of mobility ratio and fractional flow at displacing
phase, five-spot pattern (from Caudle and Witte).




Prediction of areal displacement performance

for five-spot pattern

Figure 3
Gives conductance ratio, y, as a function
of M for wvarious values of E,.

Conductance is defined as the ratio
between injection rate to pressure drop,

q/AP.

Conductance Ratio, y
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Conductance ratio as a function of mobility ratio and areal sweep, five-spot pattern




Prediction of areal displacement performance for five-spot pattern

Figure 3

Finally., Fig. 4.11 presents the conductance ratio, -, as a func-
tion of Af for various values of &, but only for values of M be-
tween 1.1 and 10. Conductance is defined as injection rate divided
by the pressure drop across the pattern, /A p. At any mobility ra-
tio other than Af=1.0, conductance will change as the displacerment
process procesds. For a favorable mobility ratic, conductance will
decrease as the area swept, &4, increases. The opposite will occur
for unfavorable M values., The conductance ratio, shown in Fig.
4.11, is the conductance at any point of progress in the food divided
by the conductance at that same point for a displacement in which
the mobility ratio is unity (referenced to the displaced phase).

By combining Figs. 4.9 through 4.1 1, performance calculations
can be performed. Areal sweep, as a function of volume injected,
is available from Fig. 4.9. Fractional production of either phase
can be determined with Fig. 4. 10. Rate of injection may be deter-
muned as a function of £y from Fig. 4.11. To apply Fig. 4.11,
howewer, it is also necessary to use the appropriate expression for
initial injection rate. This is given by Craig? for a five-spot pat—
tern using parameters for the displaced phase:

0.001538kk, ;A p

d L]
#_F_r(lﬂg— —0. EEB:E)

Fye

f =

where i=injection rate at start of a displacement process, B/D;
k=absolute rock permeability, md; k,;=relative permeability of
displaced phase, ik =reservoir thickness, fi: Ap—=pressure drop, psi:
g =viscosity of displaced phase, cp; d=distance measured be-
tween Injection and production wells, ft; and r, =wellbore radius,
fr.

87



To apply this figure, it is necessary to use the appropriate expression for initial

injection rate. This is given by Craig for five-spot pattern as:

i = injection rate at start of the displacement
process

“h. k = abs permeability, md
0.001538k - krd h-AP Kk, 4 = relative permeability of displaced phase

d AP = pressure drop, psi
Hq

i=

log r 0.2688 14 = viscosity of displaced phase, cp

- d = distance between injection and production
wells, ft
r,, = well bore radius, ft

q=1-y

At any point in the flood, the flow rate is given by:

q = total flow rate at any specific time in the displacement process. Where the total flow rate q
at any time is equal to the injection rate and = production rate at that same point in time
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Prediction of areal displacement performance for five-spot pattern
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Example

A water flood is conducted in a five-spot pattern for which the pattern area is 20 acres
(1 acre = 43560 ft?). Reservoir properties are:

h=20ft u,=1cp K.=0.27 (atS,,)
©=0.2 w,=1cp K.,=0.94 (atS$,,)
S,;=0.8 B,=1RB/STB AP= 1250 psi
Sor=0.25 K=50 md R,=0.5ft

Use the correlation of Caudle and Witte to calculate:

1) The barrels of oil recovered at the point in time at which the producing WOR= 20
2) The volume of water injected at the same point



3) The rate of water injection at the same point
4) The initial rate of water injection at the start of water flood



solution

fp=WOR/(WOR+1)

(1) Mobility ratio of the process and fractional flow at displacing phase are:

M=(l{£) -(“") =2.9 £ =2%_o.95
Hw or km 21

Sie

From Figure 2, E,= 0.94.

From definition of E, oil recovery is:

Sor)Ea X 5.615(ft’ /bbl) B,

(43560 ft* /acre)x 20 acre x 20 ft x 0.2(0.8-0.25) x 0.94
5.615 ft’/bbl x1 RB/STB

N, =Ah¢(S,, —

=321000 STB

90



(2) From figure 1, calculate total water injected. Knowing M and E,, figure 1 gives
V./V,4=2.5. Hence:

v Ve(S,=S,) _Ah¥(S, -S,) _(43560x20)x20x0.2(0.8-0.25)
P4 5,615 £t /bbl 5.615 5.615 |
?  =341300bbl  V,=2.5xV,, =853000bbl
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solution

(3) Calculate water injection rate at the same point in time from:

0.001538kk_hAP _ 0.001538x50x0.94x20x1250

ﬁi =
660
", (log_‘l-o.zsss) lo(log—o—s-—o.2688)
) o o

From figure 3, y= 2.7, therefore, q=ixy=63.4x2.7=171 B/D

=63.4 B/D
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(4) The initial water injection rate is the injection rate, i, calculated from the above

equation given for I with the properties of the oil. This yields:

i=63.4B/D



FRERE N o8 ] FrAETEE mERy e T e ms m—= ———e e mem—e = o e

Solution. Apply the correlations presented in FLgs 4.9 through

4.11.
1. Calculate oil recovered.

M=k s/,

If we assume piston-like displacement, M=(0.27/1.0 cp)(10.0
cp/0.94)=2.9 andfﬂ =20/21=0.95. From Fig. 4.10, EA—U 94
Oil recovered is then

1 1
5.615 fi3/bbl B,

=[(43,560 ft2/acre =20 acre) =20 f10.20
% (0.80—0.25) x0.94]/(5.615 ft3/bblx 1.0 RB/STRE)
=321.,000 STB.

2. Calculate total water injected. From Fig. 4.9, V/V,,;=2.5 (at
E..-‘i ={). 9‘4}
Vi =V p(Soi —Sor)
=Ahd(S,; —8,,1/5.615)

N, P =Ahd(S,; —Sor)E 4

(0.8B0—0.25)
={43,5600x20)x20x0.20x
5.615
=341,300 bbl.
=341,300>x2.5

=§53,300 bbl.
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3. Calculate water injection rate at the same point in time. From

Eq. 4.19,
0.001538kk, hAp

§ e

d
_:Lﬂ(l:::-g— —n,zﬁsa)

P

_ 0.001538 X 50x0.94 x20x 1250

660
10{ log—— —0.2688

.5
=63.4 B/D.
From Fig. 4.11, v=2.7. From Eq. 4.20,
g=1ry
=63.4x2.7
=171 B/D,

which is the injection rate because flow is constant through the
system.

4. Calculate initial water injection rate. This is the injection rate,
i, calculated from Eq. 4.19 with the properties of the oil: i=63.4 B/D,
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Prediction of areal displacement performance
for five-spot pattern

Claridge correlation for miscible displacement
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Claridge correlation for a:::”:t:/:::oe.f::ciency (from Claridge).
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