g Chapter 3

Analytical Water &
Chemical Flooding
Performance



Analytical Performance of water &
Chemical Flooding

= The objective is to introduce fundamental
concepts of EOR processes using simple
mathematical models that retain important
features of more complex models.

= The application of frontal advance theory to
predict
= Water flooding performance
= Polymer flooding performance
= Surfactant flooding performance



i Fractional Flow Theory

= Objectives:

> Estimate oil recoveries using fractional flow
theory and Buckley-Leveret 1-D
displacement

> Estimate the front location at any time
> Estimate production ratios



i Fractional flow of water

= In the absence of gravity & capillary effect
the fractional flow can be shown as :




Typical Fractional flow vs.

i saturation
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Frontal Advanced Equation

When water is injected into a linear system as sufficient
rate for the front advance assumptions to apply, each
water saturation, S,, travels at a constant velocity
through the system given:

SW __ qt (

dt  Ag s, "

This is called the frontal advance, or Buckley Leverett
equation

Where x,= location of water saturation
S,,; measured from x=0
t=time from the beginning of injection



General Shape of the Fractional
Flow Equation

+

Since the viscosities and densities are assumed
constant, the fractional flow equation depends only
upon saturation through the relative

permeabilities. . _,




How to apply the Buckley-
Leverett-Welge Method

1.

2.

3.

Draw the fractional flow curve
Draw the tangent line

Calculate the oll recovery at
breakthrough

Calculate the time of breakthrough

Calculate the oll production after
breakthrough



i Frontal-Advanced Equation

= The slope of flood-front saturation:

fwf _ fiw f

wf

Wf=

Swi ~ Siw Swe ~ Si

W w

= The velocity of the flood front or saturation

discon\t/inui;y,qt afw _ 9, fo
i A¢ 6SW . A¢ Suf ~ Siw

s All saturation less that Swr travel at the flood front
velocity




i Dimensionless Variables

= The location of a particular saturation is found by
Integrating dXq, respect to time,

= Introducing dimensionless variables

X
XD — t
gt
I, =
AgL
Xps, = to fv;/
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Performance Calculation

= At breakth h,
reakthroug ‘o =1

1
fo

= The oil displaced before BT=q,
= The oil displaced after BT=Np

N = (g_ Siw )A¢L
p Bo
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Average Saturation Calculation

= Where g IS computed from the Welge
equation,

SW = SWZ +tD2(1_ fw2)

where;

S, = water saturation at x, =1

f,, = fractional flow of waterat x, =1

t,, = Dimentionless time required to propagate saturation S,

from the inlet of the system (x, =0) to the end of the system (x, = 1)

1
ty, =—
D2 = ¢

w2

12



Dimensionless time
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i X, VS. t, Diagram
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i Saturation Profile- Specified t,
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Saturation History Graph-
Specified Xg
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i Example 1

A line-drive water flood iIs being considered
for a reservoir having the characteristics
given in the following Table.

Find the breakthrough time & Oil production
at WOR OF 49.
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Data

Distance between injection wells and production wells, m

Average reservoir width between injection and production
wells, m

Average formation height, between injection and production
wells, m

Formation dip angle, deg.

Porosity, percent

Average permeability, md

Proposed water injection rate, m3/d
Connate water saturation, percent

Oil viscosity at current reservoir temperature & pressure,
mPa.s

Water viscosity at current reservoir conditions, mPa.s
Oil formation volume factor at current conditions
Water formation volume factor,

200
75

20

20
50
150
10
1.0

0.5
1.2
1.0
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Calculate the fractional flow curve

Kuw
fo— Hw _ 1
Hw Mo Kukto
Water Relative Permeability Fractional
Saturation O1l, ko Water, kq Flow of
Sw (fraction) (Fraction) Water
(fraction) f
0.10 1.000 0.000 0.0000
0.30 0.373 0.070 0.2729
0.40 0.210 0.169 0.6168
0.45 0.148 0.226 0.7533
0.50 0.100 0.300 0.8571
0.55 0.061 0.376 0.9250
0.60 0.033 0.476 0.9665
0.65 0.012 0.600 0.9901
0.70 0.000 0.740 1.0000




i Plot the fractional flow curve
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Draw a tangent to determine the water

saturation at the front and the average water
saturation at the time of breakthrough.

S, = 0.469
s e f,y=0.798
. '}V | S, = 0.563
et K
2. ’/
01% 30 Y =0 o 70
Sw. WATER SATURATION, % PV 22




Calculate the volume of water injected and oll
produced up to breakthrough and the time of
water breakthrough using:

+

W, =LA$(S,-Sw.) =21780 m’

- ALP(S, - S..)
’ g = 145 days
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Calculate the post breakthrough performance

i using:
/

Pore Volumes Injected = W

- LAgé{df“}
| dSs )
?u - Sw? T (] : t,fWZ)
f w2
and
-. A¢ L (_w - S‘HC)
(NP )sn.ifn.:’e - ¢ g@
W()R _ fu?
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Sw2 - df,/dS,, Q, - Cumulative | WOR
Exit-end Exit-end Slope of | Cumulative Sw Oil

Water Flowing | Fractional Water Average Produced
Saturation | Fraction of | Flow Curve | Injected Water (Np)surface
(Fraction Water (PV) Safturation m’

PV) (fraction

PV)

0.469 0.798 2.16 0.463 0.563 23150 | 3.95
0.495 0.848 1.75 0.472 0.582 | 24100 | 5.58
0.520 0.888 1.41 0.711 0.600 | 25000 | 7.93
0.546 0.920 1.13 0.887 0.617 | 25850 | 11.50
0.572 0.946 0.851 1.176 0.636 | 26800 | 17.52
0.597 0.965 0.649 1.540 0.652 | 27600 | 27.57
0.622 0.980 0.477 2.100 0.666 | 28300 | 49.00
0.649 0.990 0.317 3.157 0.681 29050 | 99.00
0.674 0.996 0.195 5.13 0.694 | 29700 |249.00
0.700 1.000 0.102 9.80 0.700 | 30000
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i Example 2

A core Is saturated with oill and water at
Interstitial water saturation. The properties are
given as below. Relative permeability
relationships is also given by correlation.

Property Vaiue
b 0.20
Siw .0.30
Sor - 0.30
Hos CP 40
Hw, CP 1

B,, bbl/STB 1.0
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Relative Permeability Correlation

kro = al(l - SWD )m
krw =Q, Svr\]/D

Where a;=0.8,a,=0.2,m=2,n=2,and
Sup =(Sw — Siw)/(l_ Sor — Siw)

Where S = waterflood residual oil saturation (ROS). Assume

that
B,=B,=1.0
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i Required

Prepare the following:

> A dimensionless distance, dimensionless time Xp/t,
graph showing the displacement until WOR=50 Is
reached at the end of the system.

> A saturation profile when the flood front is located at
Xp=0.75.

> the volume of oil displaced from the beginning of the
waterflood to WOR=50
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Construct the fractlonal curve

fo

SwSw o = 1.0 cp
0.30 0.00000
0.32 0.02695
0.34 0.10989
0.36 0.23747
0.38 0.38462
0.40 0.52632
0.42 0.64748
0.44 0.74355
0.46 0.81633
0.48 0.87003
0.50 0.90909
0.52 0.93726
0.54 0.95745
0.56 0.97182
0.58 0.98196
0.60 0.98901
0.62 0.99379
0.64 0.99690
0.66 0.99877
0.68 0.99972
0.70 1.00000




Fractional Curve

0.1 /
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Water Saturation (fraction)
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i Fractional Curve

1.0 L
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0.8
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0.1 f

0.0
/
0.25 0.30 0.35 0.40 0.45 050 055 0.60 0.65 0.70 0.75
Water Saturation (fraction)
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i Solution

= Construction of distance/time diagram,
saturation profile, and displacement of
performance requires determination of the
flood-front saturation and derivatives of the
fractional-flow curve at various saturation
values.

= For this example S,=0.4206 and f,~0.65076. The
slope of the tangent to the fractional flow curve from
f,~0, S;,=0.3 Is found with:
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i Solutlon

Wf = — 1:iw)/(Swf — Siw)
= (0.65076 —0.0)/(0.4206 —0.3)
=5.396
When the flood reaches the end of the linear system (xy=1)
Sw2 = Swf -
tg, =1/ f,
=1/5.396

=0.185
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The average water saturation at t;,=0.185 Is
computed with:

S. =S _+t (1-f )=
0.4206 +0.185(1—-0.6508)
=0.485

So at S,=0.4206, f,=0.6508, ¥, ,=5.39578,
t;,=0.185 and S,,_0.485

The same procedure is followed for other saturations

The following table shows other saturations and
computed parameters.(with an increment of
AS,,,=0.0006)
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Summary of averaged water saturation

calculation

Sz fue
0.4206 0,65076
0.4262 0.67921
0.4318 0.70708
0.4374 0.73232
0.4430 0.75569
0.4485 Q.77727
0.4541 0.79716
0.4597 0.81545
0.4853 0.83225
0.4709 0.84766
0.4765 0.86177
0.4821 0.87469
0.4877 0.88650
0.4932 0.89729
0.4988 0.90715
0.5044 0.91614
0.5100 0.92435
0.5156 0.%3183
0.5212 0.93865
0.5268 0.94487
0.5324 0.95053
0.5380 0.95568
0.5435 0.96036
0.5491 0.98462
0.5547 0.96849
0.5603 0.97200
0.5659 0.97519
0.5715 0.97808
0.5771 0.298069

f s fp2
5.39578 0.18533
5.03890 0.19846
4,68777 0.21332
4, 34687 0.23005
4.01949 0.24879
3.70789 0.26970
3.41350 0.29295
3.13708 0.31877
2.8788B3 0.34736
2.63857 0.37889
2.41585 0.41383
2.209495 0.45250
2.02007 0.48503
1.84530 0.54182
1.68488 0.59358
1.563725 0.65051
1.40505 0.71324
1.27817 0.78237
1.168472 0.85857
1.06086 0.94263
0.96581 1.03541
0.87882 113789
0.79922 1.25123
0.72637 1.37671
0.65970 1.51585
0.598E66 1.67039
0.54278 1.84237
0.49160 2.03418
0.44471 2.24865

0.4853

0.4897
0.4943
0.4989
0.5037
0.5086
0.5136
0.5185
0.52386
0.5286
0.5337
0.5388
0.5438
0.5489
0.5540
0.5690
0.5640
0.5689
0.5739
0.5787
0.5836
0.5884
0.5931
0.5978
0.6025
0.6071
0.61186
0.6161
0.6205
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Distance time graph construction

The distance/time graph is constructed by determining
the time that each saturation arrives at the end of the
system ( Xp=1.0)

Constructing a straight line from that point to the origin
t,=1/f,
At S =0538, f =0.87882
thus, t =1/0.87882
=1.13789

The distance/time graph shown in the following graph

The graph is prepared by drawing a line from the orgin
(Xp=0, t;=0) to the end of the system (xp=1) for the
arrival time selected water saturations (t;=ty,).
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i Xp/ty graph for parameters of example 1
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+

Saturation Profile when X,=.75

= The saturation profile when the flood
front Is at x;=0.75 is the locus of all
saturations at the corresponding value
of ty;. From the frontal advance
equation,

to= Xpi/ 7w
= 0.75/ 5.39578
= 0.139
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i Calculation of other saturations

sLocations of other saturations (S,;<S,,<S,,)
at t;=0.139 are found from

Xps=tp "

At S,=0.560, ', =0.60183
Thus, Xpe,=(0.139)(0.60183)

=0.0837

The computed saturation profile is given in next
Table & Figure
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The computed saturation profile is given the following
Table and presented in the next Figure. Distance were
determined at increments Of 0.02 saturation units from
S,,—1-S,, to S+ (t5=.139)

)

W 'fi:" X0
0.70 0.00000 0.000
0.68 0.02914 0.00405
0.66 0.06842 0.00851
0.64 012137 0.01687
0.62 0.1928%9 0.02681
0.560 0.28982 0.04028
0.58 0.42169 0.05861
0.56 0.60183 0.08365
0.54 0.84880 0.11758
0.52 1.187589 0.16513
0.50 1.65289 0.22975
0.48 2.28437 0.31752
0.46 3.12370 0.43419
0.44 4.,189083 0.58251
0.4206" 5.3958 0.75
0.30 0.75
0.30 1.00
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i Saturation Profile at x;=.75

M e

i3, 80
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0.00 0.50 1.00

Flg. 3.6—Saturation profile when x5 =0.75, Example 3.1.
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i Displacement Performance Calculation

Displacement performance is obtained by computing
the average water saturation with:

v =lls-s )6 foat
Thus N / AdL= (SW— SM)/ B,
From the developed table at S =0.5547, S. =0.6025

and N /AgL=0.6025-0.3
=0.3025 (B =1)
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i F..o Calculation

The producing WOR is calculated by
rearrangement of the fractional flow
equation.

Since £ o ve
T Oyt 0

Fuo=(0w /o (B, / By, )
S0 FWO=[fW [(1-1,, )](BO/BW)
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®
B

EBRRS88888888
2aRe

1

000000000000 00000000
i
ae89t

b
~i =

o
0.00000
0.01853
0.03707
0.05560
0.07413
0.09266
0.11120
0.12973
0.14826
0.18533
0.19846
0.21332
0.23005
0.24879
0.26870
0.29285
0.31877
0.34736
0.3789%
0.41393

F

W
(bbi/bbl)

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
1.86332
2.12410
2.41390
2.73576
3.09308
3.48869
3.82890
4.41858
4.96123
5.56411
6.23434

Estimated displacement performance

N, IAGL
_(PV)
0.00000
0.01853
0.03707
0.05560
0.07413
0.08266
0.11120
0.12973
0.14826
0.18533
0.18872
0.19427
0.19895
0.20374
0.20861
0.21356
0.21855
0.22358
0.22863
0.23370



Sue

0.4765
0.4821

0.4877
0.4932
0.4988
0.5044
0.5100
0.5156
0.5212
0.5268
0.5324
0.5380
0.5435
0.5491

0.5547
0.5603
0.5659
0.5715
0.5771

o
0.41393
0.45250
0.49503
0.54192
0.59358
0.65051
0.71324
0.78237
0.85857
0.94263
1.03541
1.13789
1.25123
1.37671
1.51585
1.67039
1.84237
2.03418
5 04865

'FW
(bbi/bbl)

6.23434

6.98001

7.81043

B.73625

9.76974
10.82510
12.21878
13.66995
15.30101
17.13829
19.21285
21.56150
24.22817
27.26550
30.73700
34.71980
39.30822
44.61852
50.79517

Estimated displacement performance

N IAGL
(PV)

0.23370
0.23878
0.24385
0.24891
0.25395
0.25897
0.26397
0.26893
0.27386
0.27874
0.28359
0.28839
0.29313
0.29783
0.30248
0.30707
0.21160
0.31607
0.32048
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i Example 3: Viscous Flooding

= Injection of a viscous fluid is an attractive
possibility to improve water flood
displacement efficiency.

= Assume that the viscosity of water has
been increased to 4 cp (both interstitial
and injected water) rather than 1 cp.

= The effect of viscosity should be
considered only for example 2.
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kW

f Hw _ 1

W kW kO B 1_|_ kOII“lW

Solution ot Ky 10,

Fractional flow curves for the viscous and nonviscous waterfloods are
shown in the next figure. The following table contains values of
fractional flow and saturations used to prepare the figure.

w
Sw:Sw #“w=4.0cp Myw=1.0cp
0.30 0.00000 0.00000
0.32 0.00688 0.02695
0.34 0.02994 0.10989
0.36 0.07223 0.23747
0.38 0.13514 0.38462
0.40 0.21739 0.52632
0.42 0.31469 0.64748
0.44 0.42024 0.74355
0.46 0.52632 0.81633
0.48 0.62597 0.87003
0.50 0.71429 0.90908
0.52 0.78879 0.93726
0.54 0.84906 0.95745
0.56 0.89608 0.97182
0.58 0.93156 0.98196
0.60 0.95745 0.98901
0.62 0.97561 0.99379
0.64 0.98770 0.99690
0.66 0.99509 0.99877
0.68 0.99889 0.99972
0.70 1.00000 1.00000

fur

f
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Viscous Water flood in a Linear System

0il Recovery, Pore Volumes (Np/Ach)

0.50
- r, = 40 cp
i Ly = 40 cp
F.
B
0.25 LL-_— L, = 40 ecp
A Py = 1 cp
i
0.00 I IS NSO WA SN DN [ NN SN I SNV SN CUUY BN S NE N B
0.00 0.50

1.00

tD' Dimensionless Time or Pore Volumes Injected (Q.)
i
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Viscous Flood In Linear System

Frontal advance techniques are used to estimate
waterflood performance when the injected fluid is
viscous but still miscible with the interstitial or
previously injected water, which has a low viscosity.

No adsorption on the rock is assumed

No mixing occurs between the viscous fluid and the
low viscosity resident water

A Dboundary exists between the viscous and
displaced water where there is a step change, or
jump, in viscosity from p,, to u,*
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i Viscous Flood

= The displacement process can be described as a
waterflood in which a viscous fluid displaces both oll
and low-viscosity resident water.

= The resident water is miscibly displaced by the
Injected fluid.

= It Is the resident water, rather than the injected
viscous fluid, that forms the leading flood front

= Because there iIs a discontinuity In the viscosity
between the viscous and resident fluids, a second
discontinuity in saturation, or shock front, must form
at the viscous water/resident-water boundary.
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Determination of Velocity &
Saturation of Viscous Shock

= Based on material balance and the application
of frontal advance theory we get the following

( see the text):
61:VT/ — fvT/B B le _ fvT/S — le
oS, )<

S\TV3 _ SWl S\TV?: SWl

= Inspection of this equation shows that f,;*
and S, ;* can be found by constructing a
tangent from the origin to the f,*-S,* curve
for uyw, as shown next Figure.
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Construction of tangent to find f
f.., and S,

W

+

W3’

1.0

e
]

fw, Fractional Flow of Water

0.0

S'. Water Saturation

S

*
w3 !
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Fig. 3.13—Saturation profile during a viscous waterflood at
interstitial water saturation when S, >S ;.




Distance/time diagram
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Oill Recovery during a viscous waterflood

Because the saturation profile for a viscous waterflood
may have several discontinuities, the average water
saturation must be determined by integrating the
saturation distribution at discrete times.

Displacement efficiency and the viscous flood generates
an oil bank of much lower water saturation.

In such cases the water saturation in the oil bank can
be lower than the waterflood front saturation.

This saturation will move faster than the waterflood
front and will overtake that front.

Now the saturation distribution will look like that shown
in the next slide.
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Methodology for Analyzing Viscous Waterfloods

in
Linear Systems

Objective of Analysis

Determine the flood performance in terms of pore
volumes of oll displaced as a function of the pore
volumes of viscous water injected

Minimum Require Data

Relative permeabillity curves

Viscosity of oll

Viscosity of connate water

Viscosity of viscous water
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i Example 4: Viscous waterflood

The linear reservoir in example 2 i1s to be
flooded with a viscous solution that does
not absorb. The viscosity of the solution is
4 cp, and no mixing occurs between the
viscous solution and the interstitial water.
All other parameters used In example 2
remain the same. Find the flood-front
saturations.
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Solution

Fractional flow curves for the viscous and nonviscous waterfloods are
shown in the next figure. The following table contains values of
fractional flow and saturations used to prepare the figure.

fur

f

w
Sw:Sw #“w=4.0cp Myw=1.0cp
0.30 0.00000 0.00000
0.32 0.00688 0.02695
0.34 0.02994 0.10989
0.36 0.07223 0.23747
0.38 0.13514 0.38462
0.40 0.21739 0.52632
0.42 0.31469 0.64748
0.44 0.42024 0.74355
0.46 0.52632 0.81633
0.48 0.62597 0.87003
0.50 0.71429 0.90908
0.52 0.78879 0.93726
0.54 0.84906 0.95745
0.56 0.89608 0.97182
0.58 0.93156 0.98196
0.60 0.95745 0.98901
0.62 0.97561 0.99379
0.64 0.98770 0.99690
0.66 0.99509 0.99877
0.68 0.99889 0.99972
0.70 1.00000 1.00000
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Construction of tangent to find f
f.., and S,

W

+

W3’

1.0

e
]

fw, Fractional Flow of Water

0.0

S'. Water Saturation

S

*
w3 !
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+

= A tangent was constructed to p,*
factional curve to determine f,,*(0.926)
and S,,;*(0.576).

= The intersection of the tangent with the
fractional flow curve is at f,,=0.687
and S,,=0.428.

= Note that S from example 1 is 0.4206
and that S,,;>S;.
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| Saturation profile during a viscous waterflood at

Interstitial water saturation when S, ,>S,,.
1.00
z 30
g X = Water bank
5 5 S0 = Arrival of Oil bank
A os0 |- = Arrival of viscous
g A Spy St shock
>ooT S
1Y) P S NI N T
0.00 " 0.50 I" Ji" 1.00

’D‘ Dimenaionlm Distance

61



Saturation profile during a viscous waterflood at interstitial water

saturation when S, <S¢

1.00
i Swr < Sy
g - s“.
? - 0il Bank
3 X
“ 050 |- <
§ - Viscous e
= - Fluid .
LR -
0-00 i [ L | (] [ ] 1 i 1 1 [ I [ [ 1] 1 [ L L [ i
0.00 0.50 ‘

Xp Dimensionless Distance

The oil bank forms
immediately,
overtakes S, and
has a uniform water
saturation, S, ;.
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Example 5: performance of a viscous
i waterflood-Initial Interstitial water

Estimate the performance of a viscous water flood
when the viscous waterflood stats with reservoir at
Interstitial water saturation. Use the same

parameters and properties of the previous
examples.

Solution

When the reservoir is at Interstitial water
saturation, the saturation profile develops
Immediately and propagates though the system.
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p 1: Prepare a plot of f, versus S, and f°, versus S”, using the relative
permeability and viscosity data.
Step 2: Draw a tangent from S, on to the f,-S,, curve to determine the
saturation and the fractional flow at the ordinary waterflood front (S,; and

fo)'
Step 3: Draw a tangent on to the f*,, versus S”, curve from the origin to

determine the values of f*,, , S°,, and f,,,. Determine the slope of the
curves at these points. Make a table as follows.

S, =0.421 S,; = 0.428 S*,; =0.576
F,. =0.651 f . =0.687 f* . =0.926
f . =5.396 f.. = 4.950 f* =1.606
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Saturation for different zones &

location of

saturation behind the viscous shock when

t,=1.5
Waterflood Front of Qil Bank Viscous Shock
S+ =0.4206 S, =0.4276 Sys =0.5764
fu.s =0.6508 F,1 =0.6869 fus =0.9259
fir =5.3958 fry =4,9499 fus =1.6064
Sy f.r Xpw attp=1.5 tp at xp, =1.0
0.5764  1.6064 - 2.410 0.622
0.60 1.0865 1.630 0.920
0.62 0.7436 1.115 1.345
0.64 0.4766 0.715 2.098
0.66 0.2717 0.408 3.680
0.68 0.1164 0.175 8.591
0.70 0 0 oo
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Saturation profile during a viscous waterflood at
Interstitial water saturation when S, ,>S,,.

1.00
K > 8
: , o
n -
:§ L\
2 : 1Sua?
“ 0.50 |
'E s Syt St
= L.
mh : } Stw
0.00 i [ SR S T | SAREE WOUUE TR NN TR SN SHE SR TN B y 4
0.00 T 0.50 B lL 1.00

xD. Dtmmsionlm Distance
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Distance/time diagram

1.00
° " S, 7] S,,=0-4276 S.e*
~ 0il Bank
- (Viscous Shock)
» pe &b
5 ! é‘# ﬁ# o -g-“th
d o0.50 | < ¥ q,"eo Se
L - & o4
[} -
E : ‘?P -:-.B-Bﬁ
8 | S
DP B g ==0.68
i/
0.00 & [ ] 1 | 1 i 1 l | 1 L L1 1 1 1 1
0.00 0.75 1.50

LD' Dimensionless Time or Pore Volumes Injected
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Summary of recovery calculation

0.4206
0.4276

0.5764

0.60
0.62
0.64
0.66
0.68

0.6508
0.6869

0.9259

0.9575
0.9756
0.9877
0.9951
0.9989

Event at End of
System

|

«~Water bank
< Arrival of oil
bank
«~Arrival of
viscous shock

Region behind
viscous shock

0.1853
0.202

0.623

0.920
1.345
2.098
3.681
8.591

0.4853
0.4909

0.623

0.639
0.653
0.666
0.678
0.689
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Comparison of displacement performance for a viscous
waterflood at interstitial water saturation with a normal
water flood

0.40

= Arrival of Viscous Shook

Arrival of 0il Bank
- and Flood Front

I!Illl'l"l]'llllllll'l

N p/ML. 0il Recovery in Pore Volumes
)
S

0.00
0.00 0.78 1.50
t,,» Dimensionless Time or Pore Volumes Injected
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Chemical Flooding In a Linear System

s The viscous waterflood discussed earlier assumed that the

properties of the viscous water were not subject to change
during the flood.

= In real life, this is not a valid assumption.

= Injected fluid properties change due to adsorption of the added
chemical on rock surfaces, due to mixing with connate water,

due to partitioning into the oil, and due to degradation of the
chemical.

“—~ O
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Assumptions

* Only single chemical specie is added to the injected water.

e Flow is 1D, isothermal, with uniform properties of the
medium.

e There is no dispersion or fluid mixing.

e No gravity or capillary effects are involved.

e Fluids are incompressible.

e There is no mass transfer between oil and water phases.

e The retention of the chemical by adsorption is assumed to
reach equilibrium instantaneously and is irreversible

Based on the flow of oil and water through an elemental

volume , a material balance equation can be developed that
iIncludes adsorption of the chemical on rock surfaces.
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Material balance and fractional advanced
eory Application

X X+AX

The material balance can be written as:
Net accumulation = inflow — outflow

( CS,)pan —CiS, ) AAXG + (A o, A— ) AXA)|  — (Ao, (1—P)AxA)| =
q&f:l-'{:-i- 1—'&'? _q&fu Cf ‘&"r

x+Ax

Dividing both sides by AAxAr. gives
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@A) =@ G _[CS,] =G5
AAx - At
[4.0, A= )]en, — AP, 1= P)]..
At

Now taking the limut as At and Ax tend to zero.

4 AAC) _ACS,)  1A4p, (-9
Ap & & ¢ ot

We now define a new variable. C.. that represents the
specie ‘17 per unit pore volume of the rock.
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Based on material balance and fractional

ﬁdvanced theory we get:

fo—+S, —+—=0 o _ S
D ot ot St
1 D D D i aCI
01
aC oC aC.
fo—i4s ZZiip|—L|=0
ox, ot ot
or
coC. cC
(SH+DE)_I+fw—:U
ctp oXp
dlﬂ‘ _ dID‘ _ Sz~ _ S _ T3
dr dt L | S _+D. o*
- PSs  PG BT DT A S
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A tangent is drawn from (-Di, 0) to the fractional flow curve
f,
» The point of tangency gives f *,; and'S * 5

e The intersection of this tangent with the original fractional flow
curve gives f,, and S,

e An ordinary waterflood front will also be present and its

saturation and velocity can be determined using the normal
waterflooding theory.

e The saturation profile before the arrival of this ordinary front at the

producing end is shown in the next slide.
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Typical adsorption isotherm
i—%

Adsormption, pg Polymer/g Rock

N
o

—
14

—i
&

L4

o

100 200 300 400 500
Concentration in Fluid, ppm
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f'. Fractional Flow of Water

1.00

T F 7 ¢ § 1

0.50

LI l L]

0.00
S', Water Saturation
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, Water Saturation

S
w

1.00

0.50
-S

0.00
0.00

0.50
xD' Dimensionless Distance




Typical adsorption isotherm for
chemical species on porous media

0
0 100 200 300 400 500
Concentration in Fiuid, ppm
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Application of the chemical
flooding model

The chemical flooding model developed is
useful for understanding basic displacement
process for both polymer and surfactant floods

Certain high molecular weight polymers
Increase the viscosity of water significantly
when concentrations on the order of a few
hundred parts per million are dissolved in the
water

Addition of certain chemicals to the injected
water can reduce the IFT between the injected
fluid and the oill.

A low tension flood is one in which the IFT is
on the order of 103 dynes/cm o lower.

80



system

i Example 6 : polymer flood in a linear

= A polymer flood is to be conducted in a
linear system of example 2. The oll
viscosity Is 40 cp. A concentration of 300
ppm polymer is used to raise the viscosity
of the injected water to4 cp, and the
adsorption isotherm is given. The density
of the rock is 2.65 g/cc, and porosity Is
0.267

= Estimate the olil recovery as a function of
pore volume injected.
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Solution

+

= The value of D, must be estimated from the
adsorption isotherm before (fw3*,Sw3*) and
(fwl,Swl) can be determined. From the Figure,
A=17.5 pg polymer/g rock.

0 | | i 1
0 100 200 300 400 500
Concentration in Fluid, ppm
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C;; =300 ppm
=300x10-"% g/cm3.
From Eq. 3.89,
. 17.5%x10-6 g 2.65 g rock
e~ ( X )

g rock cm?3 rock volume

[ (1—0.267) cm3 rock vﬂlume]
>
0.267 cm> PV

=1.27x10—4 g/cm3 PV.
Thus, D; is computed with Eq. 3.88:
D;=C;/Cy
=(1.275x10—4)/(300x 10 —9)
=0.424.
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+

= The graphs of f *-S,* and f,-S,, are
shown next slide.

= From the construction,

« f,,=0.9657, f,,=0.831

. S,,*=0.6082, S,,;=0.462
- SW1>SWf
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Construction procedure to determine
f.and S;, when adsorption occurs

1.00

0.50 |-

f ’ Fractional Flow of Water
1

-1.00 0.00 |
S'. Water Saturation
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i Saturation profile when x5=0.75

1.00

'l
2]

S , Water Saturation
o
g
L L O L L L |IIT!IIII
W,/
&
-]

n'ongtllljl;lj;lllglllgl_l

0.00 0.50 1.00
xn, Dimensionless Distance
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Comparison of oil recovery from viscous water flood and
polymer flood initiated at interstitial water saturation

©
s

o
)
=]

0fl Bank
of

Front

IIIITTI1i|IIITIITI

P

N_/A¢L, 0il Recovery in Pore Volumes
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0.00
0.00 0.75 1.60
tD‘ Dimensionless Time or Pore Volumes Injected
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So far we have assumed no mixing at the boundary between
two miscible fluids.

This is obviously an approximation.

There will always be some mass transfer by diffusion and there
may be other mixing mechanisms present.

These other mechanisms that cause mixing, taken together, are
called “Dispersion.”

Dispersion has a profound impact on the performance of EOR
processes.

Mixing will occur at both ends of the chemical slug.

In general, dispersion will increase the size of slug required in a
process.
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i Dispersion during miscible displacement

= |n all miscible displacement, mixing occurs

between the displacement and displaced
fluids. That is, there is dispersion between
the different fluids.

= This dispersion dilutes the displacing fluid
with the displaced fluid and thereby affects
the phase behavior.

= Understanding the dispersion phenomenon
IS Important in the design of miscible
displacement processes.

89



When fluid B is injected to displace fluid A, two theoretical
possibilities exist for the change of concentration with time at the
producing end.

- P ;; -
Fluid ’
— , e
B Fluid A
=
10r Downstream
Concentration
inlgt _Profiles
Cg 05 Step atFixed X Response
Input-» with
Mixing
0

Time, t

e If there is no mixing, the
concentration will remain 100% A, and
then jump to 100% B at one pore
volumes of injection.

e If there is mixing, the fluid B will
start appearing in the produced fluid
before one pore volume has been
Injected and its concentration will
Increase gradually.

e This second scenario is what we see
In reality.
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Miscible displacement of fluid A by fluid B

Consider a linear porous medium such as shown

o
o
e

10r : Downstream
Concentration
Profiles
~—Inlet
_ Step at Fixed X Responsa
Ca 05T jnpit with
.Mixing

Time, t
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Concentration profiles for injection of a slug of
fluid B to displace fluid A.

A small slug of fluid B followed again by fluid A, rather than
changing totally to fluid B at the inlet. If this fluid B slug
were followed as it moved down stream and concentration
profiles were measured at different fixed times, the profile
would appear as shown:

Inlet Slug of B

Distance from Inlet, X
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i Dispersion

= Longitudinal dispersion

= It occurs in the direction of primary
flow-1.e., along the axis of flow

= Transverse dispersion

= It occurs in a direction perpendicular
to flow
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Mechanisms & Models of Longitudinal
Dispersion Phenomena

+

= The dispersion of miscible fluids may
be attributed to several different
physical phenomena

= Molecular diffusion

= Velocity profile (Taylor) effect
= Series of Mixing cells

= Stagnant pockets

= Variation in flow paths
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i Molecular Diffusion

= Molecular diffusion is present in all
systems in which miscible fluids are
brought into physical contact

= Fick’s law apply
Mg, = - Dgp A(dCg/90X)
For the porous media
Dag,/Dga = 0.707

Where Dag, IS the apparent diffusion
coefficient
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= Better approach

= Dag,/Dg, = 1/FR
FR=R/R’

Where:

FR= formation factor

R= Electrical resistivity of rock saturated with
brine

R’=Electrical resistivity of brine
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Velocity profile (Taylor) effect

— 1/2 Vmax

Vave rage

Capillary Tubej

»The velocity profile for laminar flow in tubes is parabolic, with the velocity

at the axis being twice the average velocity.
»The streamline at the center moves twice as fast as the average velocity.

»The distribution of velocity causes spreading of the sharp interface as it
travels through the tube.
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i Series of mixing cells

/- Perfec::l Mixing \

- ¥
_|'_i' o
& ."g o
A

1
i
;

S "\
: ) ¥ 2 o
A B - % " X v’ =
3 S ' : k‘“‘,.-“ 55
ot | \ ' 4 ':‘:;. ".: r -::EE""'-.
! ! P Wpoahis
v 4 N Mohan -

Dispersion based on parous medium belng viewed as a series of mixing tanks.
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Stagnant Pockets: Dispersion from
bypassing of fluid trapped Iin stagnant
pockets
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Dispersion caused by variation of
paths In a porous medium

Hoy W »
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Overall Effect of All Mechanisms

= The net effect of all dispersion mechanisms is to
enhance the mixing of the displacing and displaced
fluids.

e The dispersion process can be described by an
equation similar to the Fick’s law of molecular
diffusion

. . . . . cC
IDlspersn'e flux of B in x direction F m, =—-K,4—=| where
| cx
K, = longitudinal dispersion coetficient.
A = area open for flow.
cC

— = concenfration gradient in x direction.
cx
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Mathematical Description of
Longitudinal Dispersion

= The following primary assumptions are
made In the derivation of the model:

Fluid B is displacing fluid A, and the two fluids
are miscible

Flow Is single phase

The fluids are incompressible

The mobility ratio is unity (no viscous fingering)
Fluids density are equal

Flow is only in the x direction

Fluid viscosity Is constant

Flow Is through a porous medium of constant
porosity and of constant cross sectional area.
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Model Development

Consider a mass balance on fluid B over the volume element
AAx and over a time period At.

Accumulation = In —Out
M(t+At) — M(t) = m(x) - m(x+Ax)
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Cgli+ar—CplAx=vCp|, —vCpl 1 aA?
+[—K; (3Cp/3x)| + Ky (3Cp/3x)| 4 o (1AL
Dividing through by Ax and At gives

CB|r+ﬁr_CB|.t _ _{Vcﬂlxﬂn_vcﬂ‘x)

At Ax
+ Kf (3C353x]|x+ﬁx _KF (&CBfaI)!x
Ax .

Now let Ar—0 and Ax—0, and let v and K; be constant:

9Cy 9Cy  92Cy
— = v—2 4K,
ot ox dx?
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Cg="%{1—erf[(x—vt)/2~K, 1]},

with boundary and initial conditions given by Cg=0, 0<x, t=0;
Cg=1.0, x=0, t>0; and Cg=0, x—> o0, t>0.

Defining Cpg as having values between O and 1.0 is analogous
to defining a normalized concentration

Cp=(Cg—Cp0)/(Cp;—Cpo),

where C5 =actual concentration of Fluid B, Cgq=initial concen-
tration of Fluid B in the system, and Cp; =injected or maximum
concentration of Fluid B. The error function (erf) is a tabulated
function defined as

2 .
Erf(ﬁz?! ff_;zdf

T o

or derf()/d¢=2/we =2
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Calculation of concentration profile In
a linear miscible displacement

> A core is 0.165 ft in diameter and 4.01 ft long
> Porosity is 0.206

> The core is initially saturated with brine of
concentration 30000 ppm of NaCl

~ Brine flow rate is 2.12x10 ft3/hr.
> Flow interstitial velocity is 1.155 ft/D

> The concentration of the brine injected is suddenly
changed to 20000 ppm NaCl

> Calculate the concentration (normalized) at the
effluent end of the core at x=L=4.01 ft

> Assuming the dispersion coefficient is given by
K=3.46x104 ft*/hr.
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Solution

= The Cj is calculated & Results are shown below:

Notice that the time of 83.4 hrs corresponds to the time
required to inject 1 PV of brine and that C;=0.5 at this time.

Cg =(Cgp —Cgo)/(Cgi —Cpgo)
or Cg = (Cg —30,000) /(20,000 — 30,000)

where CE = concentration in parts per million of NaCl

4 Error Function erf :

{hours) Argument Argument Cg
76.7 0.9851 0.8364 Q.082
79.2 0.6062 0.6087 Q.196
81.3 D.2971 0.3256 0.337
B3.4 0.000 O.0000 0.500
85.9 — 0.3527 —0.3821 0.6502
88.0 — 0.683748 — 0.6330 0.817
o926 — 1.2399 — 0.9205 0.960
o95.4 - 1.58923 —0.9757 0.988

" g is a normalized concantration.
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rofiles in a linear system

| Calculated and experimental concentration

1.0 I

o |
O o8} i
=
8
b 0.4 - .
N
-g © Calculated |
2 6.2 a Experimental Data

0 | | ] | |

70 80 90 100
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Effect of viscosity ratio on the
i effluent concentration curve

® N Conc. — Caleulated 1.00E-08 — = —Cak. With 2. 00E(8
— = = Cak wath 5.00E-09 = = = = Calc with 5.00E-08
U

P

-----
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Example- plotting Experimental
Dispersion Data

= The nature of the solution to the describing
partial differential equation for the case of a
step concentration is such that a plot of C; vs.
yields a straight line on probability paper.

= Experimental miscible displacement data were
taken for a system having the same properties
as described in last example. The data are given
In the following table.

= Plot the data on probability paper
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+

2%13? ) N;:_F ( IJEPI )

1 (L-—vt*)_ 1 (LAqb qubt*)
WK, \ Vr* WK, \ VApVApr*

1 UL
Cp= [1 erf( )},
2 VKNV e*

where U=(VP“VE)/V Vf .
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Calculated concentration profile

In a dispersion process

L, 1t
Vo, ft3
v, ft/hr

Cg

0.085
0.160
(.205
0.275
0.350
0.445
0.525
0.650
0.725
0.770
0.820
0.890
0.960

4.01
0.01766
0.0481

Vi/Vp
0.920
0.940
0.950
0.965
0.975
0.990
1,000
1.020
1.030
1.045
1,085
1.080
1.110

U

0.0111
0.00822
0.00682
0.00474
0.00336
0.00134
0.0

-0.00263

- 0.00393

— 0.00585

—~0.00712

~0.0102

~0.0139

i
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Solution

U= (Vp- Vi) WV)

0.01

0.005

-0.005

-0.010

Ll

Ll 1 Ll

1

5 10 20

50

80 90 95

Normalized Concentration, Cg, %

99
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i Calculation of K,

1] 1 L )
0.9=— 1—el'f(U90 ) ,
2L WK, Ve /_

where Ugy=value of U evaluated when Cp=0.9.

1 L
Ugo
WK, VV
At CB=O.1, where U=U10,

0.90622=—
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1 1 L

0.10=5{1 erf( 2\/— Wﬂ
L

2\/_ VV Pk
L

1
1.8124= - (UIO_U90)
2VK, \/th*

Now, squaring both sides and solving for K, gives

115

and 0.90622=U 10—




L(U 10_U 90 )

3.625
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i Measurement of K|

K, may be calculated from the probability paper plot
with U values at 10% and 90% concentrations.
The following procedure can be used to
calculate K, from dispersion data in a linear
displacement experiment:

1. Measure Cg at the exit of the core. Measure
the PV’s of fluid displaced.

2. Plot Cg vs. U on probability paper

3. Place the best straight line through the data
s,  Select Uy, and Uy, from the plot

5. Calculate K,
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Example: Calculation of K, from

i experimental data

= From the probability plot of the experimental
data, we calculate the value of K.

s U,,=0.0105 & Uy=-0.0099

‘@ — L(Uyg-Ugy)
=

3.625

= K= 3.46 x 10 ftZ/hr

2

1

V *
ot
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i Dispersion zone width

= The width of the dispersion zone when one fluid
displaces a second, miscible fluid is an important
parameter to examine because it is a reflection of
the amount of mixing between the displaced and
displacing fluids.

= In a miscible displacement process, the mixing
zone width directly relates to the miscible slug
size that must be injected

= If the width is arbitrarily defined as the distance
between positions at which the dimensionless
concentration is 10% and 90%, it can be
calculated from:
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i Mixing Zone Width

e The mixing zone can be defined as the zone over which the
concentration increases from 10% to 90%. The lateral
extent of this mixing zone increases with square root of
time. It can be shown that,

Xlo — X90 —_ 36254/ K|t

e Since the width is proportional to ¢ and the distance
traveled is proportional to t, the ratio between the two
decreases with distance traveled.

e Because of this decreasing ratio, when the effluent profile is
plotted against pore volumes injected, it appears to be
sharper for a longer core. 120



i example

The objective of this example Is to
calculate the dispersion zone width after

t
t

ne front has traveled different distances
nrough the porous medium. Width is

C

eflned as the distance between

positions at which normalized
concentration are 10% and 90%. The
data from the last example.
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i Solution

= Given from last example v=0.0481 ft/hr, K=3.46x10*

ft2/hr, and X,4-Xg,=3.625VKt

Let x=4.0 ft, SO X,,-X4,= 0.61 ft, relatlve width is
(0.61/4. O)xlOO 15%

For x=100 ft, SO X;,-Xgo= 3.07 ft, relative width is
(3. O7/100)x100 =3.1%

For x=400 ft, SO X,,-Xg,= 6.15 ft, relative width is
(6. 15/400)x100 =1.5%

= This example indicates that relative width decreases as the
interface moves through the porous medium.

0 For normal reservoir well spacing, calculated dispersion
zone widths are relatively small fractions of the distances
between wells
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Empirical correlations for longitudinal
dispersion

Perkins and Johnston (1963) reviewed the early work and found
that Ky/D correlates well with Peclet number multiplied by the
inhomogeneity factor.

K { (v ) .
—=fIN_,.F )= -y A

_ﬂ f( Pa>" } f.‘. D i ) _________/’J
where.

Np. = vdy/D = Peclet number.
F; = Inhomogeneity factor
D = Molecular diffusivity
d, = particle diameter
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Empirical correlations for longitudinal
dispersion

For moderate values of the Peclet Number. the correlation can
be written as:

: 'F.d
K-r 1 D SLFIﬂT_p' f-Dl' ! ]; ? "::5[]
D F gﬁ D

where. Fg 1s the formation resistivity factor.
Use Fig 3.50 tor higher values of the Peclet number.

At hugh values of Peclet number. the second term 1s much
larger than the first: dispersion much larger than diffusion.

The formation inhomogeneity factor. Fy 1s included with Peclet
number to reconcile results obtained with different packs. Its
value must be measured independently.

For consolidated rocks. Fr.d, 1s measured together
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i Values of Fd, for outcrop sandstones

Source

Crane and Gardner '
Brigham et al.°

Raimondi et al. *
Handy '/

Fid,

Dispersion Rock  (in.)
Transverse  Berea  0.098
Longitudinal  Berea  0.154
Longitudinal  Torpedo  0.067
Longitudinal  Berea  0.181
Longitudinal  Boise  0.217
Average 0.143
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Inhomogeneity factor for
random packs of spheres

10 I T T T ITrr T T TrrIng T T T TTTr1T
8 Typical Values for
\ Ordinary Labatory Packs
Ww 8r : o -
- \
8 \
ﬂ 6 ¢ "'\\ . 'J
= \
2 ° \\!
ﬂgJ: 4 ° \'\' ° -
g 1 T r“;“--
£ Ll Theoretical Minimum - = N
= for Regular Packing ~, .
0 1 Lt 11l L L it paal 1 L1 11111
0.01 0.1 1 10

Particle Diameter, dp. mm
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Longitudinal dispersion coefficient for

i porous medium

104"'5 TTTTT ‘manlll T“TTTIT TTTTT g
103 = r
i
7
102 = //
= .
wa [ L/
10 = /
— ?3@5“
1 nso“ﬁw
1 b e = 0.7 (rypical for UnoorSTY 27
o =
ﬂll 1L ] |1t MR Bl (N3 1] [111]
107 102 107 10 1¢° 10 i0
'JF|ﬁE
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Example

Use the correlation of Perkins and Johnston to estimate K, for
experimental given before.
Solution
Use the correlation
! K;/D=1/Fg¢+0.5(vFd, /D)

In Berea core, v=0.481 ft/hr, F,d,=0.146 in=0.0121 ft(average value of
Berea cores)

1/Fr®=0.6 (estimated for relatively homogenous rock)
D=3.87x10"° ft?/hr (assumed for brine system)

K,/ D=0.6+[0.5(0.0481 ft / hr )(0.0121 ft )/ 3.87 x107° t% / hr]

K,=3.14x10 ft2/hr
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i Transverse Dispersion

 Diffusion and dispersion also occur in perpendicular direction
to the direction of flow.

e |If a tracer is released at a point in the flow stream, it will
spread not only in the direction of flow but also In
perpendicular directions.

e This spreading in perpendicular direction is described by a
transverse dispersion coefficient.

e A correlation is available for estimating the values of
transverse dispersion coefficient.
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Empirical correlations for the
transverse dispersion coefficient, K,

K,/ D=1/ Fgg+0.0157(vF,d, /D) for vF,dp / D <10
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Note that K, is much smaller than K in diDspersion dominated zone 130
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